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Serre weights for
three-dimensional wildly ramified Galois representations

Daniel Le, Bao V. Le Hung, Brandon Levin and Stefano Morra

We formulate and prove the weight part of Serre’s conjecture for three-dimensional mod p Galois
representations under a genericity condition when the field is unramified at p. This removes the assumption
made previously that the representation be tamely ramified at p. We also prove a version of Breuil’s
lattice conjecture and a mod p multiplicity one result for the cohomology of U(3)-arithmetic manifolds.
The key input is a study of the geometry of the Emerton—Gee stacks using the local models we introduced

previously (2023).
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1. Introduction

The goal of this paper is to prove a generalization of the weight part of Serre’s conjecture for three-
dimensional mod p Galois representations which are generic at p. We also prove a generalization of
Breuil’s lattice conjecture for these representations and the Breuil-Mézard conjecture for generic tamely
potentially crystalline deformation rings of parallel weight (2, 1, 0). For a detailed discussion of these
conjectures, see [Le et al. 2020], where we establish the tame case of these conjectures.

1.1. Results.

1.1.A. The weight part of Serre’s conjecture. Let p be a prime, and let F/F* be a CM extension of
a totally real field F™ # Q. Assume that all places in F* above p splitin F/FT. Let G be a definite
unitary group over FT split over F which is isomorphic to U(3) at each infinite place and split at each
place above p. A (global) Serre weight is an irreducible I]_:p—representation V of G(OF+ ). These are all

of the form ), V, with V,, an irreducible Fp—representation of G(k,), where k, is the residue field of

vlp
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F™T atv. For amod p Galois representation 7 : Gr — GL3 (R,), let W (7) denote the collection of modular
Serre weights for 7. That is, V € W (r) if the Hecke eigensystem attached to 7 appears in a space of mod
p automorphic forms on G of weight V for some prime to p level.

For each place v|p, fix a place v of F dividing v which identifies G(k,) with GL3(k,). Define
Pv = TFlGaF,, F;)- We can now state the main theorem.

Theorem 1.1.1 (Theorem 5.4.2). Assume that p is unramified in F and that p, is 8-generic for all v| p.
Assume that r is modular (i.e., W (r) is nonempty) and satisfies the Taylor—Wiles hypotheses.
Then

Q) Vo e W(F) « V, € W(p,) forall v| p,
vlp

where W8(p,) is an explicit set of irreducible Fp-representations of GL3(k,) attached to p, (see
Definition 1.2.1).

In particular, this affirms the expectation from local-global compatibility that W (r) depends only on
the restrictions of 7 to places above p.

Remark 1.1.2. This is the first complete description of W (r) in dimension greater than two for represen-
tations r that are wildly ramified above p. Some lower bounds were previously obtained in [Gee and
Geraghty 2012; Morra and Park 2017; Herzig et al. 2017; Le et al. 2018a; 2018b].

The first obstacle we overcome is the lack of a conjecture. One basic problem is that while tame
representations (when restricted to inertia) depend only on discrete data, wildly ramified representations
vary in nontrivial moduli. Buzzard—Diamond-Jarvis defined a recipe in terms of crystalline lifts in
dimension two. However, after [Le et al. 2018a], it was clear that the crystalline lifts perspective is
insufficient in higher dimension. In higher dimensions, Herzig defined a combinatorial/representation
theoretic recipe for a collection of weights W’(5,) when f, is tame. For possibly wildly ramified p,
Gee et al. [2018] make a conjectural conjecture: they define a conjectural set conditional on a version
of the Breuil-Mézard conjecture. Our first step is to prove a version of the Breuil-Mézard conjecture
(Theorem 1.2.2 and Remark 1.2.3) when n = 3.

Having established a version of the Breuil-Mézard conjecture when n = 3, the weight set from [Gee et al.
2018] turns out (in generic cases) to have a simple geometric interpretation. Let A3 be the moduli stack
of (¢, I')-modules recently constructed by Emerton and Gee [2023]. The irreducible components of X3
are labeled by irreducible mod p representations of GL3(k,) and W8 (p,) is defined so that V,, € W&(p,)
if and only if p, lies on Cy,. However, this definition of W#(p,) gives very little insight into its structure.
We study W8(p,) using the local models developed in [Le et al. 2023b] combined with the explicit
calculations of tamely potentially crystalline deformation rings in [Le et al. 2018a; 2020]. We ultimately
arrive at an explicit description of all possible weight sets W& (0,) which allows us to then employ the
Taylor—Wiles patching method to prove Theorem 1.1.1.
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1.1.B. Breuil’s lattice conjecture and mod p multiplicity one. The weight part of Serre’s conjecture can
be viewed as a local-global compatibility result in the mod p Langlands program. In this section, we
mention two further local-global compatibility results —one mod p and one p-adic. We direct the reader
to the introduction of [Le et al. 2020] for further context for the following two results.

In the global setup above assume further that '/ F* is unramified at all finite places and G is quasisplit
at all finite places. Let r : Gr — GL3(Q ») be a modular Galois representation which is tamely potentially
crystalline with Hodge—Tate weights (2, 1, 0) at each place above p and unramified outside p (though our
results hold true when r is minimally split ramified; see Section 5.4). Write A for the Hecke eigensystem
corresponding to r. We fix places ¥ |v|p of F and F respectively. We let H be the integral p-adically
completed cohomology with infinite level at v, hyperspecial level outside v, and constant coefficients. Set
P 4 r|GFE and let o (7) be the tame type corresponding to the Weil-Deligne representation associated to
o under the inertial local Langlands correspondence (so that H [A]1[1/ p] contains o () with multiplicity
one). Let r and p be the reductions of r and p, respectively.

Theorem 1.1.3 (Theorem 5.4.4). Assume that p is unramified in FT, r is unramified outside p, p is
11-generic, and r satisfies Taylor—Wiles hypotheses. Then, the lattice

o(t) N HIA]
depends only on p.

We now let H be the mod p reduction of H. Thus, H is the mod p cohomology with infinite level at
v (and hyperspecial level at places outside v with constant coefficients) of a U(3)-arithmetic manifold.

Theorem 1.1.4 (Theorem 5.4.3). Let o(1)° be an O-lattice in o (t) with irreducible “upper alcove”
cosocle. Under the assumptions of Theorem 1.1.3, HomGL3(oFﬁ)(0(t)°, HIM\)) is a one-dimensional
Fp-vector space.

See Sections 1.4 and 2.1.F, for the notion of upper and lower alcove for Serre weights for GL3. The
statement of Theorem 1.1.4 is also true when the cosocle is not necessarily upper alcove if one imposes a
condition on the shape of p with respect to t; see Theorem 5.4.3.

1.2. Methods.

1.2.A. Local methods: geometry of the Emerton—Gee stack and local models. We begin by recalling
the set W&(p) that appears in Theorem 1.1.1. Let K be a finite unramified extension of @, of degree f,
with ring of integers Ok and residue field k. Let Xx , be the Noetherian formal algebraic stack over
SpfZ,, defined in [Emerton and Gee 2023, Definition 3.2.1]. It has the property that for any complete
local Noetherian Z ,-algebra R, the groupoid Xk ,,(R) is equivalent to the groupoid of rank n projective
R-modules equipped with a continuous G -action; see [Emerton and Gee 2023, §3.6.1]. In particular,
XK,n(Fp) is the groupoid of continuous Galois representations p : Gg — GLH(FI,). As explained in [Le
et al. 2023b, §7.4], there is a bijection o +— C, between irreducible Fp—representations of GL,, (k) and
the irreducible components of the reduced special fiber of X’k ,,. (This is a relabeling of the bijection of
[Emerton and Gee 2023, Theorem 6.5.1].)
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Definition 1.2.1. Let p € X K,,,(I]_:p). Define the set of geometric weights of p to be
Wg(la) = {G | pE CO’([I_:p)}'

While Definition 1.2.1 is simple, it does not appear to be an easy task to determine the possible sets
W&(p). The irreducible components of Xk , are described in terms of closures of substacks, but we
expect the closure relations and component intersections in X’x ,, to be rather complicated.

We now specialize to the case n = 3. A key tool in the analysis of the sets W&(p) in this setting is
the description of certain potentially crystalline substacks. For a tame inertial type 7, let X" C Xk 3 be
the substack parametrizing potentially crystalline representations of type t and parallel weight (2, 1, 0).
Recall that o () denotes the representation of GL3(O ) obtained by applying the inertial local Langlands
correspondence to t (it is the inflation of a Deligne—Lusztig representation; see Section 2.1.C). The
following is an application of the theory of local models of [Le et al. 2023b]:

Theorem 1.2.2 (Corollary 3.3.3). If T is a 4-generic tame inertial type, then X" is normal and Cohen—
Macaulay and its special fiber X[g " is reduced. Moreover, X[;’ " is the scheme-theoretic union

U ¢

oelH(o (1))

Remark 1.2.3. This shows that the choice of cycles Z, = C, solves the Breuil-Mézard equations for the
above X" (see [Emerton and Gee 2023, Conjecture 8.2.2; Le et al. 2023b, Conjecture 8.1.1]).

T

rea @nd the scheme-theoretic union | J, ¢jp5 (7)) Co is proved

The equality of the underlying reduced X[g’ ’
in Theorem 1.3.5 in [Le et al. 2023b] though we reprove it here with a weaker genericity condition (see
Remark 1.2.4). The key point is to prove that the special fiber of X% is in fact reduced. (If we replace n
by A + n with A dominant and nonzero or n = 3 by n > 3, the Breuil-Mézard conjecture predicts that
the analogous stacks never have reduced special fiber.) The special fiber of X" has an open cover with
open sets labeled by f-tuples of (2, 1, 0)-admissible elements (w;) in the extended affine Weyl group of
GL3. The complexity of the geometry of the open sets increases as the lengths of the w; decrease. When
the length of w; is greater than 1 for all j, the reducedness immediately follows from the calculations
in [Le et al. 2018a, §5.3]. Otherwise, the calculations of [Le et al. 2018a, §8] give an explicit upper
bound on the special fiber which when combined with XHZ ’;d =, JH@G (r)) Co must be an equality, and
the reducedness follows.

Remark 1.2.4. An inexplicit genericity condition appears in the main theorems of [Le et al. 2023b] (see
§1.2.1 of [loc. cit.]). While we use the models constructed in [loc. cit.], we reprove some of its main
theorems in Sections 3.2 and 3.3 with the inexplicit condition replaced by the more typical genericity
condition on the gaps between the exponents of the inertial characters in t. This is possible because of
the computations in [Le et al. 2018a; 2020].

Finally, we analyze W4 (p) using local models. The special fibers of the local models embed inside
the affine flag variety where irreducible components appear as subvarieties of translated affine Schubert
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varieties. In Section 4, we introduce a subset Wy (0) C W8(p) of obvious weights for (possibly)
wildly ramified p, which has a simple interpretation in terms of the affine flag variety. Obvious weights
generalize the notion of ordinary weights that appear in [Gee and Geraghty 2012] and the additional
weights appearing in the exceptional cases of [Morra and Park 2017; Herzig et al. 2017; Le et al. 2018b].
The set Wy (0) gives upper and lower bounds for W8(p). We finally show that, in almost all cases, one
can determine W8 (p) from Wy, (p) (Theorem 4.2.5). This last part uses a curious piece of numerology
from the calculations of [Le et al. 2018a] — points in the special fibers of the local models never lie on
exactly three components.

1.2.B. Global methods: patching. To prove Theorems 1.1.3 and 1.1.4 we combine the explicit description
of the weight sets W (r), coming from Theorems 1.1.1 and 4.2.5, with the Kisin—Taylor—Wiles methods
developed in [Emerton et al. 2015] and employed in [Le et al. 2020, §5]. A crucial ingredient is the
analysis of certain intersections of cycles in the special fiber of deformation rings. The local models
introduced in [Le et al. 2023b] allow us to algebraize the computations made for the tame case in [Le
et al. 2020, §3.6].

We now turn to Theorem 1.1.1. The key input into its proof beyond the Kisin—Taylor—Wiles method is
the fact that the local Galois deformation rings of type (1, ) are domains when 7 is 4-generic. This is
guaranteed by the fact that the stacks X" are normal (Theorem 1.2.2). Then the supports of the patched
modules of type t are either empty or the entire potentially crystalline deformation rings of type (7, 7).
The proof is then similar to the tame case in [Le et al. 2020] — one propagates modularity between
obvious weights and then to shadow weights using carefully chosen types — except for one new wrinkle.
From the axioms of a weak patching functor, one cannot deduce the modularity of an obvious weight to
get started! Indeed one cannot rule out that p, lies on a unique component C;, and W () contains exactly

one Serre weight o’ # o & ), oy with the property that for any tame inertial type 7, if JH(G (1))

v|p
contains o’, then it also contains o. We use a patched version of the weight cycling technique introduced
in [Emerton et al. 2013] to rule out this pathology. In fact, we axiomatize our setup to make clear the

ingredients that our method requires.

1.3. Overview. Section 2 covers background on tame inertial L-parameters and representation theory in
Section 2.1, and Breuil-Kisin modules with tame descent data in Section 2.2, following [Le et al. 2023b].
Section 2.1.F gives a comparison between parametrizations of Serre weights in [Le et al. 2020; 2023b].

Section 3 establishes the main results about the geometry of local deformation rings. We specialize the
theory of local models in [Le et al. 2023b] to dimension three. The main results are Theorem 3.3.2 and
Corollary 3.3.3, which establish the geometric properties that we need, some of which are specific to
dimension three.

In Section 4, we analyze possible sets of geometric weights using the affine flag variety. Theorem 4.2.5
gives a complete explicit description when p is sufficiently generic.

Section 5 contains our global applications. In Section 5.1, we introduce the axioms of patching functors
following [Le et al. 2023b, §6] and prove the weight part of Serre’s conjecture assuming the modularity of
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at least one obvious weight (Proposition 5.1.11). The latter condition is then removed in Section 5.2 using
modules with an arithmetic action (Theorem 5.2.6). In Section 5.3, we prove results on mod p multiplicity
one and Breuil’s lattice conjectures for patched modules (Theorems 5.3.1, 5.3.13), generalizing analogous
results in [Le et al. 2020] to the wildly ramified case. Finally, Section 5.4 proves our main global theorems.

1.4. Notation. For any field K we fix once and for all a separable closure K and let Gg défGal(I? /K). If
K is a nonarchimedean local field, we let Ix C Gk denote the inertial subgroup. We fix a prime p € Z. .
Let ECQ » be a subfield which is finite-dimensional over Q,. We write O to denote its ring of integers,
fix an uniformizer @ € O and let | denote the residue field of E. We will assume throughout that E is
sufficiently large.

We consider the group G =4 GL3 (defined over Z). We write B for the subgroup of upper triangular
matrices, T C B for the split torus of diagonal matrices and Z C T for the center of G. Let ®* C ®
(resp. V-1 C @) denote the subset of positive roots (resp. positive coroots) in the set of roots (resp. co-
roots) for (G, B, T). Let A (resp. AY) be the set of simple roots (resp. coroots). Let X*(T') be the group of
characters of T which we identify with 73 by letting the standard i-th basis element &; = (0, ..., 1,...,0)
(with the 1 in the i-th position) correspond to extracting the i-th diagonal entry of a diagonal matrix. In
particular, we let &} and ¢}, be (1, 0, 0) and (0, 0, —1) respectively.

We write W (resp. W,, W) for the Weyl group (resp. the affine Weyl group, the extended affine Weyl
group) of G. If Ar C X*(T) denotes the root lattice for G we then have

Wo=ArxW, W=X"T)xW

and use the notation 1, € W to denote the image of v € X*(T). The Weyl groups W, W, and W, act
naturally on X*(7T') and on X*(T) ®z A for any ring A by extension of scalars.
Let { , ) denote the duality pairing on X*(7T") x X, (T), which extends to a pairing on

(X*(T)®z A) x (X,(T) ®z A)

for any ring A. We say that a weight A € X*(T) is dominant if 0 < (A, ") for all @ € A. Set X%T) to
be the subgroup consisting of characters A € X*(T) such that (A, «¥) =0 for all @ € A, and X(T) to be
the subset consisting of characters A € X*(T) such that 0 < (A, a”) < p forall@ € A

We fix an element n € X*(T') such that (n, ") = 1 for all positive simple roots . We define the p-dot
action as tw - L = tpyw(w +n) — n. By letting wo denote the longest element in W define Wy, o wol_y.

Recall that for (a,n) € ®* x Z, we have the p-root hyperplane H, , ) A (A+n,aY) =np}l
A p-alcove is a connected component of the complement X*(7T) @z R\ (U(a’n) Hy, ,,). We say that a
p-alcove C is p-restricted (resp. dominant) if 0 < (A + 7, a") < p (resp. 0 < (A +n, «")) for all simple
rootsa € Aand A € C. If Cy C X*(T) ®z R denotes the dominant base alcove (i.e., the alcove defined
by the condition 0 < (A +n, ") < p for all positive roots & € ®T, we let

W+ e W: - Cyis dominant} and Wﬁ B e Wt :@-Cyis p-restricted).

. def ~
We sometimes refer to Cy as the lower alcove and C; = W, - Cy as the upper alcove.
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Let now O, be a finite étale Z ,-algebra. We have an isomorphism O, =[], es, O, where S, is a finite
set and O, is the rlng of integers of a finite unramified extenswn F of Q,. Let Gy _f Reso ,/2,G o0, With
Borel subgroup Bo Res@p /z,Bjo,, maximal torus To = Res@p /z, T/@p, and Zo = Resop /2,20, - We
assume that O contains the image of any rlng homomorphism O, — Z and write 7 & Homz (Op, 0).
We can and do fix an identification of G (GO) o with the split reductive group G, Jo- We similarly
define B, T, and Z. Corresponding to (G, B, T), we have the set of positive roots @+ C ® and the
set of positive coroots ¥+ C @Y. The notation Ag, W, Wa, W, @+, V_N[/;r should be clear as should
the natural isomorphisms X*(7) = X*(T)? and the like. Given an element j € 7, we use a subscript
notation to denote j-components obtained from the isomorphism G = G770 (so that, for instance, given
an element w € V_Tf we write w; to denote its j-th component via the induced identification ﬁ/ ~ W),
For sake of readability, we abuse notation and still write wg to denote the longest element in W, and
fix a choice of an element n € X*(T) such that (n, «) =1 for all @ € A. The meaning of wy, n and
W & wo?_, should be clear from the context.

The absolute Frobenius automorphism on O,/ p lifts canonically to an automorphism ¢ of O,. We
define an automorphism 7 of the identified groups X*(T') and X, (T") by the formula 7 (1), = Agop-1
for all A € X*(T) and o : O, — O. We assume that, in this case, the element n € X*(T') we fixed is
m-invariant. We similarly define an automorphism 7 of W and V_AV

Let FJ be O,[1/p] so that F" is isomorphic to the (finite) product [ ]

foreach v € §,. Let

Ff where Fjdzefov[l/p]

vES),

be the dual group of G so that the Langlands dual group of Gy is ‘G /Z < GY x Gal(E/Q)), where
Gal(E/Q),) acts on the set of homomorphisms F [j“ — E by postcomposition.

We now specialize to the case where S, = {v} is a singleton. Hence F ; = K is an unramified extension
of degree f with ring of integers Ok and residue field k. Let W (k) be ring of Witt vectors of k, which is
also the ring of integers of K.

We denote the arithmetic Frobenius automorphism on W (k) by g; it acts as raising to p-th power on
the residue field.

Recall that we fixed a separable closure K of K. We choose 7 € K such that mp! -1

= —p and let
wg : Gg — O; be the character defined by g(r) = wg (g)7, which is independent of the choice of 7. We
fix an embedding 0 : K < E and define 0 = ogo@~/, which identifies 7 = Hom(k, F) = Homg, (K, E)
with Z/fZ. We write wy : Gx — O for the character o o wi.

Let ¢ denote the p-adic cyclotomic character. If W is a de Rham representation of Gk over E, then for
each x € Homg, (K, E), we write HT, (W) for the multiset of Hodge-Tate weights labeled by embedding
k normalized so that the p-adic cyclotomic character ¢ has Hodge—Tate weight {1} for every «. For
w=(u;)jes € X*(T), we say that a 3-dimensional representation W has Hodge-Tate weights p if

HTy, (W) = {u1,j, na.j, 3.5}
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Our convention is the opposite of that of [Emerton and Gee 2023; Caraiani et al. 2016], but agrees with
that of [Gee et al. 2018].

We say that a 3-dimensional potentially semistable representation p : Gx — GL,,(E) has type (u, 7)
if p has Hodge-Tate weights p and the restriction to Ik of the Weil-Deligne representation attached to p
(via the covariant functor p — WD(p)) is isomorphic to the inertial type 7. Note that this differs from
the conventions of [Gee et al. 2018] via a shift by 7.

Let I" be a group. If V is a finite length I"-representation, we let JH(V') be the (finite) set of Jordan—
Holder factors of V. If V° is a finite ©O-module with a I'-action, we write V° for the I'-representation
Ve®eF over F.

If X is an ind-scheme defined over O, we write X g “x X spec © Spec E and X ey X spec 0 Spec [ to
denote its generic and special fiber, respectively. If M is any O-module we write M to denote M @ F.

If P is a statement, the symbol §p € {0, 1} takes value 1 if P is true, and O if P is false.

1.4.A. Tables. In Tables 1-3 we write «, 8 and y for the elements of w corresponding to (12), (23) and
wol(1,0,—1), respectively. Moreover, the image of 1 & (1,1, 1) e X*(T) in W is denoted as t1. We identify
the elements above with matrices in GL3(Z((v))) via the embedding W GL3(Z((v))) defined by

010 100 00 v! v 00
a—|100), B—[001], y—]01 0O and f1+— [0 v O
001 010 v0 0 00 v

2. Background

2.1. Affine Weyl group, tame inertial types and Deligne—Lusztig representations. Throughout this
section, we assume that S, = {v}. Thus O, = O is the ring of integers of a finite unramified extension K
of Q, and Go = ResoK /z, G 0, . We drop subscripts v from notation and we identify J = Hom@p(K E)
with Z/f 7 via o; _aoogo A=

2.1.A. Admissibility. We follow [Le et al. 2023b, §2.1-§2.4], specializing to the case of n = 3. We
denote by < the Bruhat order on V_NV = X*(T) x W associated to the choice of the dominant base alcove
Cy and set

Adm(p) ={Be W | < ts(y) for some s € W}.

We will also consider the partially ordered group ﬁ/v which is identified with I/E/ as a group, but whose
Bruhat order is defined by the antidominant base alcove (and still denoted as <). Then Adm" (n) is
defined as above, using now the antidominant order. We have an order reversing bijection w +— w*
between W and W defined as (W*); = wj_ltvj if w; =1,,w,.

2.1.B. Tame inertial types and Deligne—Lusztig representations. An inertial type (for K) is the GL3(E)-
conjugacy class of a homomorphism 7 : Ix — GL3(E) with open kernel and which extends to the Weil
group of Gk. An inertial type is tame if it factors through the tame quotient of /x. We will sometimes
identify a tame inertial type with a fixed choice of a representative in its class.
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Givens = (s, ...,s7-1) € Wand u € X*(T)NCy, we have an associated integer r € {1, 2, 3} (which is
the order of the element sosq - - - s 71 € W), integers a'U) e 73 for 0 < j' < fr—1 and a tame inertial type
(s, u+n) defined as (s, u+n) & Z?:l (w fr)“;(m (see [Le et al. 2023b, Example 2.4.1, equations (5.2),
(5.1)] for the details of this construction). We say that (s, i) is the lowest alcove presentation for the
tame inertial type 7 (s, w + 1) and that (s, u + n) is N-generic if u is N-deep in alcove Cy. We say
that a tame inertial type t has a lowest alcove presentation if there exists a pair (s, i) as above such that
T = 7(s, 4+ n) (in which case we will say that (s, i) is a lowest alcove presentation for 7), and that T
is N-generic if t has a lowest alcove presentation (s, i) such that u is N-deep in alcove Cy. We remark
that different choices of pairs (s, ;) as above can give rise to isomorphic tame inertial types (see [Le et al.
2019, Proposition 2.2.15]). If 7 is a tame inertial type of the form 7 = t(s, u + ), we write w(t) for the
element 7,45 € II/ (In particular, when writing w () we use an implicit lowest alcove presentation for 7).

Repeating the above with E replaced by F, we obtain the notion of inertial F-types and lowest
alcove presentations for tame inertial F-types. We use the notation 7 to denote a tame inertial F-type
T : Ix — GL3(F). We say that a tame inertial F-type is N-generic if it admits a lowest alcove presentation
(s, w) such that u is N-deep in Cy.

If 1 is 1-deep in Cy, then for each 0 < j* < fr — 1 there is a unique element s(/)r’j, € W such that
(). j,)*l(a’(j”) is dominant. (In the terminology of [Le et al. 2018a], see Definition 2.6 of [loc. cit.], the
fr-tuple (s(’)r’j,)ogj/sfr,l is the orientation of (a/(j/))ofj/sf,,l.)

To a pair (s, ©) € W x X*(T'), we can also associate a virtual Go([F,)-representation over E which we
denote Rs(u) (cf. [Gee et al. 2018, Definition 9.2.2], where R,(u) is denoted as R(s, w)). In particular,
R () is a principal series representation. If u — n is 1-deep in Cq then R, () is an irreducible represen-
tation. In analogy with the terminology for tame inertial type, if & — n is N-deep in alcove Cq for N > 0,
we call (s, w —n) an N-generic lowest alcove presentation for R;(1), and say that R(u) is N-generic.
2.1.C. Inertial local Langlands correspondence. Given a tame inertial type 7 : Ix — GL3(E), [Caraiani
et al. 2016, Theorem 3.7] gives an irreducible smooth E-valued representation o (t) of Go([F,) = GL3(k)
over E satisfying results towards the inertial local Langlands correspondence (see [loc. cit.] for the proper-
ties satisfied by o' (7)). (By inflation, we will consider o () as a smooth representation of Go(Z,) without
further comment.) This representation need not be uniquely determined by 7 and in what follows o (t) will
denote either a particular choice that we have made or any choice that satisfies the properties of [Caraiani
et al. 2016, Theorem 3.7] (see also [Le et al. 2023b, Theorem 2.5.3] and the discussion following it).

When t = t(s, u + n) is a tame inertial type such that u € Cy is 1-deep, the representation o (t) can

be taken to be R;(u + 1) thanks to [Le et al. 2019, Corollary 2.3.5].
2.1.D. Serre weights. We finally recall the notion of Serre weights for G(([F,), and the notion of lowest
alcove presentations for them, following [Le et al. 2023b, §2.2]. A Serre weight for Gy([,) is the
isomorphism class of an (absolutely) irreducible representation of G ([F,) over . (We will sometimes
refer to a representative for the isomorphism class as a Serre weight.)

Given A € X{(T), we write F (1) for the Serre weight with highest weight A; the assignment A — F'())
induces a bijection between X{(T)/(p —m)X O(T) and the set of Serre weights (see [Gee et al. 2018,
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Lemma 9.2.4]). We say that F'(1) is N-deep if X is (this does not depend on the choice of A).
Recall from [Le et al. 2023b, §2.2] the equivalence relation on V_T/ x X*(T) defined by

(w’ Cl)) ~ (tvw’ w — V)

for all v € X%(T). For (an equivalence class of) a pair (W, w —n) € II/T X (X*(T)NCp)/ ~ the Serre
weight Fig, o) “r (=YW - (0 — n)) is well defined, i.e., is independent of the representative of the
equivalence class of (W, ). The equivalence class of (w;, w) is called a lowest alcove presentation for
the Serre weight F(3, ). The Serre weight F(, ) is N-deep if and only if w —n is N-deep in alcove Co.
As above, we sometimes implicitly choose a representative for a lowest alcove presentation to make an a
priori sense of an expression, though it is a posteriori independent of this choice.

2.1.E. Compatibility for lowest alcove presentations. Recall that we have a canonical isomorphism
ﬁ/ /Wa = X*(Z) where W, = Ar x W is the affine Weyl group of G. Given an algebraic character
¢ € X*(Z), we say that an element w € V_T/ is ¢ -compatible if it corresponds to ¢ via the isomorphism
ﬁ/ /W, = X*(Z). In particular, a lowest alcove presentation (s, i) for a tame inertial type (resp. a
lowest alcove presentation (s, i — 1) for a Deligne—Lusztig representation) is ¢ -compatible if the element
LitnS € ﬁ/ (resp. 1,5 € IZV) is ¢-compatible. Similarly, a lowest alcove presentation (w1, w) for Serre
weight is ¢-compatible if the element #,,_,w; € V_T/ is ¢-compatible.

2.1.F. A comparison to [Le et al. 2020]. In [Le et al. 2020], the parametrization of Serre weights is
slightly different from the one in [Le et al. 2023b]. Here, we give a dictionary between the two.
Define a map
W x X*(T) = W/Wo = X"Z), (B,0)> loyibW, (2-1)

and write (V_T/ x X*(T))* for the preimage of ¢ € X*(Z) (presentations compatible with ¢). The map (2-1)
is constant on equivalence classes, and we write (I/I/ x X*(T))¢/ ~ for the set of equivalence classes in
the preimage of ¢. The equivalence relation restricts to one on V_T’ | X X*(T) or @1 X (X*(T)NCo+n),
and we use similar notation, e.g., (V_T/1 x (X*(T)NCo+n))¢/ ~, for these subsets.

We let Ay and Waer be X* (T)/X%(T) and VT//XO(Z), respectively. Recall from [Le et al. 2020, §2.1]
the set

P = {(w, W) € Aw x W™

| tom (W) € W}
Letting A be the set of p-restricted alcoves in X*(T) ®z R, the map
B:PY = Aw x A, (@,®) > (0, 7(@) - Co)

is a bijection by [Le et al. 2020, Lemma 2.1.1].
For A € X*(T), the map

(W, x X*(T))" M2/~ e (@, ) > (0 — A, 7~ (W)

is a bijection. (Here w — A also denotes its image in Ay.)
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Then o, : (ﬁ/l x X*(T))* "z / ~— Aw x Ais a bijection which induces a bijection
(W, x X*(T)NCo+ )2/ ~— Afy x A, (#,0) = (@ =4, @ - Co) (22)

when A —n € Co and A}, is defined to be the set of ' € A satisfying o'+ —n € C, see [Le et al. 2020,
§2.1]. By the definition of Tt; in [Le et al. 2020, §2.1], for (w, w) € (I/_T’l x X*(T)YNCo+ n)k_'ﬂl/ ~,
we have

Fi.w)=FEu(w—A, w-Co)). (2-3)

2.1.G. Reduction of Deligne-Lusztig representations. For i € {1,2}, let ¢; denote the image of ¢/ via the
surjection X*(T) — Aw.

Proposition 2.1.1. Let . —n and t —n be 0-deep and 1-deep in Cy, respectively, such that t+n—A € Ap.
If o € JH(R; (1)) is a O-deep Serre weight, then o is contained in F(‘Zm (tﬂ_ks(Z))), where £ = (Z0) C
AM—n

Ay ' x Aand

To = {(e14+2,0), (61 —£2,0), (62— £1,0), (0, 1), (1, 1), (€2, 1), (0, 0), (¢1,0), (&2, 0)}.
If u — n is furthermore 2-deep, then JH(R; (1)) is F(Tt,\ (IM_AS(Z))).
Proof. [Herzig 2009, Appendix, Theorem 3.4] gives the identity

Rwy= > W(W- us @) (0) — )

TeW /X0(T)

at the level of characters (in our situation, y’ I:)r;ijz is 1 if w; = wy and is O otherwise). That u — 7 is
1-deep in Cy implies that @ - (7,5 (@), w) ' (0) —n) is —1-deep in a p-restricted alcove. This implies that
for each w € V_T/T, W - (t,5 (W, W) "1 (0) — n) + 1 is dominant so that & - (t,,s (W, @)~ (0) — n) is dominant
or W (i - (t,,s (W, ) ~1(0) — 1)) is zero. If o € JH(R, (w)), then o € JH(W (i - (t,,5 (0, )~ (0) — ))) for
some w € II/T Herzig [2006, Proposition 4.9] gives a decomposition of such p-restricted Weyl modules.
The proof of [Le et al. 2020, Proposition 2.3.4] shows that o € F (Stk(tu_ks(il))). If u — n is 2-deep,
then w - (7,5 (Wp, )~1(0) —n) is 0-deep in a p-restricted alcove and hence dominant. The description of
JH(m) again follows from the proof of [Le et al. 2020, Proposition 2.3.4]. O

If 4 —nis 1-deep in Cy, we let the subset JHout(IT,u)) C JH(M) be the Serre weights of the form
F(W - (t,s(@pw)~"(0) — 1)) for some W € V_NV]L We call the elements of JHou (R (1)) the outer weights
(of JH(R,())). In the notation of Proposition 2.1.1, JHou (R (1)) is the subset F(Tt; (t,—5.5(Zou))),
where Sou = (Sour0)’ € A% x A and

Zout,O déf {(81 +827 0)7 (81 — &2, 0)7 (82 — €1, 0)(0’ 1)7 (81s l)7 (829 1)}

If A\ —n and u — n are O-deep and 2-deep in Cy respectively, and u +n — A € Ag, we define
W?(T(s, w + n)) to be the set of Serre weights F(Tt;(fyqy-15(r(X)))), where r(Z) is defined by
swapping the digits of a € A in the elements (¢, a) € X.
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2.1.H. The covering order.

Definition 2.1.2. We say that a 3-deep Serre weight oy covers o if

oce () JH(R)
R 1-generic

opeJH(R)

(where R runs over 1-generic Deligne—Lusztig representations).
Lemma 2.1.3. A Serre weight oy covers o if and only if o» 1 o71.

Proof. This follows from [Le et al. 2023b, Proposition 2.3.12(4)] where the slightly weaker genericity
hypotheses come from Section 2.1.G. O

2.1.I. L-parameters. We now assume that §), has arbitrary finite cardinality. An L-parameter (over E)
is a GY(E)-conjugacy class of a continuous homomorphism p : Ga, > LG(E) which is compatible
with the projection to Gal(E/Q,) (such homomorphism is called L-homomorphism). An inertial L-
parameter is a G (E)-conjugacy class of a homomorphism 7 : Ig, — G"(E) with open kernel, and
which admits an extension to an L-homomorphism. An inertial L-parameter is tame if some (equivalently,
any) representative in its equivalence class factors through the tame quotient of /g, .

Fixing isomorphisms F,” => Q p forall v € §,, we have a bijection between L-parameters (resp. tame
inertial L-parameters) and collections of the form (py)ves, (resp. of the form (7,)yes,) where for all
v € S, the element p, : GFU+ — GL3(FE) is a continuous Galois representation (resp. the element
Ty : I+ — GL3(E) is a tame inertial type for ).

We have similar notions when E is replaced by F. Again we will often abuse terminology, and identify
an L-parameter (resp. a tame inertial L-parameter) with a fixed choice of a representative in its class.
This shall cause no confusion, and nothing in what follows will depend on this choice.

The definitions and results of Sections 2.1.B-2.1.H generalize in the evident way for tame inertial
L-parameters and L-homomorphism. (In the case of the inertial local Langlands correspondence of
Section 2.1.C, given a tame inertial L-parameter T corresponding to the collection of tame inertial
types (Tv)ves,,» we let o(7) be the irreducible smooth E-valued representation of Go(Z,) given by

Res, 7(1).)

2.2. Breuil-Kisin modules. We recall some background on Breuil-Kisin modules with tame descent
data. We refer the reader to [Le et al. 2020, §3.1-3.2; 2023b, §5.1] for further detail, with the caveat that
we are following the conventions of the latter on the labeling of embeddings for tame inertial types and
Breuil-Kisin modules (see [loc. cit., Remark 5.1.2]).

Let T =1 (s, u+n) be atame inertial type with lowest alcove presentation (s, 1) which we fix throughout
this section (recall that w1 is 1-deep in Cop). Recall that r € {1, 2, 3} is the order of sgs1s2---s7-1 € W.
We write K'/K for the unramified extension of degree r contained in K and set f’ &t fr, e & pf —1.
We identify Homg, (K, E) with Z/f'7 via o défaé o~/ > j', where o, : K" — E is a fixed choice



Serre weights for three-dimensional wildly ramified Galois representations 1233

for an embedding extending o : K < E. In this way, restriction of embeddings corresponds to reduction
modulo f in the above identifications.

Let 7’ € K be an ¢'-th root of —p, let L' EK'(r") and A" € Gal(L'/K') ¢ A € Gal(L'/K). We
define the (’);,—Valued character a)K/(g) g(n/ )/’ for g € A’ (this does not depend on the choice of 7).
Given an O-algebra R, we set G, R = (W(k )®z, R) [u'T. The latter is endowed with an endomorphism
¢ : S g — S/ g acting as Frobenius on W (k'), trivially on R, and sending u’ to (u’)?. It is endowed
moreover with an action of A as follows: for any g in A/, g(u') = (g(7") /7" )u’ = wg (g)u’ and g acts
trivially on the coefficients; if of e Gal(L’ /K) is the lift of p/ -Frobenius on W (k') which fixes 7/, then
o/ is a generator for Gal(K’/K), acting in natural way on W (k') and trivially on both u’ and R. Set
v=@)",

Gr E (G )2 = (W) ®z, B[]
and E(v) &y +p=®w) +p.

Let YIO21(R) be the groupoid of Breuil-Kisin modules of rank 3 over G/ g, height in [0, 2] and descent
data of type t (see [Caraiani and Levin 2018, §3; Le et al. 2020, Definition 3.1.3; 2023b, Definition 5.1.3]):

Definition 2.2.1. An object of Y[%217(R) is the datum of
(1) afinitely generated projective &/ g-module 9T which is locally free of rank 3;
(2) an injective &1/ g-linear map ¢gy : ¢* (M) — M whose cokernel is annihilated by E (v)?; and

(3) a semilinear action of A on 9t which commutes with ¢y, and such that, for each j' € Homg, (K " E),

M Ow )0, R) mod u’ = 7V Q0 R
as A’-representations.

Note that MU & E)Jt®w(k/) oy R is an R[[u']-submodule of 91 in a standard way, endowed with a semi-
linear action of A’ and the Frobenius ¢y induces A’-equivariant morphisms ¢(] ) ) *(OMU' =Dy — oY,
In particular, by letting T’ denote the tame inertial type for K’ obtained from 7 via the identification Ix = I
induced by the inclusion K’ C K, the semilinear action of A induces an isomorphism ¢y : (o Dy =m
(see [Le et al. 2018a, §6.1]) as elements of Y0217 (R).

Let 9 € Y0217 (R). Recall that an eigenbasis of 9 is a collection of bases B = (f(j/) f e f(J )
for each MU such that A’ acts on fi (/") via the character w7, f (see Section 2.1.B for the definition of

a'© e 73) and such that yp((o)*(BY))) = U+ for all j' € Homg, (K’, E). Given an eigenbasis
for 9, we let Céjjt)/s be the matrix of ¢£(D]t) e* (MU' =Dy > MUY with respect to the bases ¢ *(BU'=D)
and BU" and set

1Gh

Ay E A5l ) @)™

for j' € Homg,(K', E). It is an element of GL3(R((v + p))) with coefficients in R[[v + p]], is upper
triangular modulo v and only depends on the restriction of j’ to K (see [Le et al. 2023b, §5.1]).

Let Z(F) denote the Iwahori subgroup of GL3(F((v))) relative to the Borel of upper triangular matrices.
We define the shape of a mod p Breuil-Kisin module 9t € Y%217(F) to be the element 7 = (Z j)E ﬁ/v
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such that for any eigenbasis 8 and any j € J, the matrix A(j ) lies in Z(F)z; Z(F). This notion doesn’t
depend on the choice of eigenbasis, see [Le et al. 2023b, Proposition 5.1.8] (but it does depend on the
lowest alcove presentation of 7; see [ibid., Remark 5.1.5]).

3. Local models in mixed characteristic and the Emerton—-Gee stack

We assume throughout this section that S, = {v} so O, = Ok is the ring of integer of a finite unramified
extension K of @,. We identify 7 = Homgq, (K, E) with Z/fZ via 0; = ago¢ ™/ - j.

3.1. Local models in mixed characteristic. We now define the mixed characteristic local models which
are relevant to our paper. We follow closely [Le et al. 2023b, §4] and the notation therein.
For any Noetherian O-algebra R, define

LGo(R) = & {A € GL3(R(v+ p)), A isupper triangular modulo v};
L+QO(R) {A € GL3(R[[v+ pl), A is upper triangular modulo v};

A, (v+ p)?A~" are elements of Matz(R[[v + p]) }

[0,2] def
L7 Go(R) = {A € LGo(R), and are upper triangular modulo v

The fpqc quotients L+ Gy \ LI®21G» < L*Gp\ LGo induced from inclusions LT G (R) € LI%?1GH(R) C

LGn(R) are representable by a projective scheme Gr[0 2]

and an ind-projective ind-scheme Grg ¢, respec-
tively.

Forany 7 = (Z;)jes € ﬁ/v and any Noetherian O-algebra R, define
U@R) = (UENPR),.; S LIo(R)
to be the set of f-tuples of matrices (A(j))jej € (LGo(R))7 such that forall 1 <i, k <3 and jeJd,
¢ AL €V R+ p 1/ pl;
. degv+p(A ) ik ,<Z,(k), and
o deg,, (Ai] (ox) = Vj.k and the coefficient of the leading term is a unit of R,

where we have written z =zt, and v = (v} 1, v; 2, v} 3) jes (and recall from Section 1.4 the notation for the
Kronecker deltas -, 8i <z;x)). We set glo.2] @)(R)= &g U @) (R)N(L"2IG(R))Y . Note that both glo.21 )
and U (z) are endowed with a I(Vg—action induced by left multiplication of matrices. It follows from [Le
et al. 2023b, Lemmas 3.2.2 and 3.2.7] that the natural map U (Z) — Grg o (resp. U102(z) — Gr[g({’é]’ )
factors as a T ,-torsor map followed by an open immersion. (We have written Grg o for the product, over

Spec O, of f-copies of Grg ¢ indexed over elements j € J, and Gr[o 2.

7 is defined similarly.)
We now compare the objects above with groupoids of Breuil-Kisin modules with tame descent. Let
(s, ) € W x X*(T) be a lowest alcove presentation for the tame inertial type T o (s, u +7n). We have

the twisted shifted conjugation action of T% on U!21(Z) given by

AY) sz<f>Ad(sj—1)(tj,l),
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which is exactly the restriction to T of the (s, u1)-twisted -conjugation in [Le et al. 2023b, §5.2]. By [Le
et al. 2023b, Corollary 5.2.3] the quotient of U2 5); by this action is isomorphic to an open substack
Y[EO’Z]’T(Z) of Y%O’z]’t. We denote by Y%-217 (%) the open substack of Y27 induced by Y%O’Z]’T(Z) (see
[Le et al. 2023b, Definition 5.2.4]).

By [Le et al. 2023b, Theorem 5.3.1], whenever u is 3-deep in Cp, we have a morphism of p-adic
formal algebraic stacks over O,

17[0,2](2)/\,, N Y[O,Z],T(Z) s Y[O,Z],‘L’

where the left map is a 7 5-torsor for the twisted shifted conjugation action on the source and the second
map is an open immersion.

We finally consider Breuil-Kisin modules with height bounded by the cocharacter n € X, (T"). The
fiber Grg g of Grg’(9 over E is the affine Grassmannian of GL3 and we let M 7(<n) be the Zariski closure
in Grg o of the open affine Schubert cell associated to (v 4+ p)” in Grg g Let U (z, <n) be the pull back
of U1%21() along the closed immersion M7 (<n) < Gr‘g7, o

Let Y=""7 denote the closed p-adic formal substack of ¥[%-217 appearing in [Caraiani and Levin 2018,
§5] (and denoted Y7 there). The computations of [Le et al. 2018a, §4] give the following:

Proposition 3.1.1. Let 7 € Adm"” (). Then U (z, <n) is an affine scheme over O, with presentations
®]f:_01 (’)(ﬁ(Zj, <nj)), where the O-algebras O(ﬁ(Zj, <mnj)) are given in Table 1. Moreover, let
(s, ) € W x (X*(T)NCy) be a lowest alcove presentation of T o (s, u+n), with i being 3-deep in
Co and denote by Y="7(Z) the pull back of Y%7 (%) along the closed immersion Y ="7 < y0:2l.7,

Then we have a morphism of p-adic formal algebraic stacks over O
UG, <n)r — Y7 (F) e Y=IT, (3-1)

where the left map is a T },-torsor for the twisted shifted conjugation action on the source and the second

map is an open immersion.

3.2. Monodromy condition. We introduce closed subspaces of Y="7, Y=""7(Z) and UG, <n)”"r, and
compare them with potentially crystalline substacks of the Emerton—Gee stack (introduced below).
Recall the element n € X*(T) we fixed in Section 1.4. Let t et (s, u + n) be a tame inertial
type with lowest alcove presentation (s, i), where u is 1-deep in alcove Cp. By [Le et al. 2023b,
Proposition 7.1.6] the datum of a p-adically complete, topologically finite type flat O-algebra R, and a
morphism f : Spf R — Y0217 (corresponding to an element 9t € Y[%-217(R)) defines a p-saturated ideal
Inn v, C R which is compatible with flat base change. (In the terminology of [loc. cit.], and in the case
where 9 is free over &/ g, the morphism f : Spf R — Y217 factors through Spf R — Spf(R/Iy.v..)
if and only if 9 satisfies the monodromy condition [Le et al. 2023b, Definition 7.1.2].) This gives rise to
a O-flat closed substack Y0217V s Y1027 (see [Le et al. 2023b, §7.2]) characterized by the property
that for any 9 € Y1%217(R) corresponding to Spf R — Y1027 the pullback of the substack Y1027 Ve
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Zjto AY O G, <n)))
(+p)icf 0 0
afay v(v + p)ea (v+p)z, 0 Olciys eats €31, €45 €3y, €32, Co3]
v(csi +(+p)cy)  venr
v+ p)ct, (v+p)en 0
Byay 0 (v+ p)ich, 0 Olciy, €12, €3y, €31, €32, €5y, Ca3]
vesr v(en 4+ (v+p)cy,) o
v+ p)en w+p)y, 0 Oleit, €y, €315 €22, €31, €51, €32, €331/ I,
Bay v(v + p)cs, (w+p)cn 0
v(csi +(v+p)es)  ven e Iz, = (crican + peiycsy)
(v + p)ict, 0 0 Olctys €1, €5 €22, €33, €5y, €55 €331/ 1,
afy v(car + (v + p)cy) 0 Ch
v(ca1e33(c3y) ™ + (v + p)cyy) vek, e Iz, = (c22633 + pciycs3)
O b 9 b x 9 5 b 9 x b 9 b g I’-'
c11 C11C32(C§F1)71 ci3+ v+ p)cly len e, €13, € 0 €25, €51, €320 €33, /K
afa 0  (+pey, (v+ p)en B} .
vek vesp ¢33+ (v+ p)c; I = (C”c32_clzc3" €11€33 + peiacy >
31 33 Z C11Ch — C13€%, + pelyed,
Table 1 (continued)

Table 1. We list the O-algebras (’)(17 (Zj, <n;)) appearing in Proposition 3.1.1. Note
that O(U (z;, <n;)) = (’)(U((SZ,-S_I, <n;)) using the following change of coordinates

. . . ). 9 ? ?
in terms of universal matrices A": for ? € {&, %, 7} we have ¢;, > Clit1) k1) where,

for 1 <i, k <3, the integers (i + 1), (k+ 1) € {1, 2, 3} are taken modulo 3.

is Spf(R/Isn,v,.). We finally define Y =77V as the pullback of Y[0:217:Ve < y10.217 along the closed
immersion Y =77 < Y0217,

Let Xk 3 be the Noetherian formal algebraic stack over Spf O defined in [Emerton and Gee 2023,
Definition 3.2.1]. It has the property that for any complete local Noetherian O-algebra R with finite
residue field, the groupoid Xk 3(R) is equivalent to the groupoid of rank 3 projective R-modules equipped
with a continuous Gg-action, see [Emerton and Gee 2023, §3.6.1]. (In particular, we will consider closed
points of Xk 3(F) as continuous Galois representations 0 : Gg — GL3(F), and conversely.) Moreover,
by [Emerton and Gee 2023, Theorem 4.8.12], there is a unique O-flat closed formal substack X" of
Xk 3 which parametrizes, over finite flat O-algebras, those G -representations which after inverting p
are potentially crystalline with Hodge-Tate weight n and inertial type . We define X=""" in the same
way, except that the condition on Hodge-Tate weights becomes <pn. In particular, XY="7 is the scheme
theoretic union of the substacks X7 for A dominant and A < 1.

The substacks X7, X=""T have the following fundamental properties:
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Zjty AD oW (z;, <nj))
Olcia, €13, €, €51y €22, €23, Chay €315 Coyy Caal/ Iz
N =1 X X R s €135 €135 Cpy5 €22, €23, Cp3, €3], C3p, C33 z
arenn(cy,) ™ cn ci3t+ @+ p)ey; !
s . v
ap Ve, 2 e+ (U4 p)es c0C31 + pesi ey, cnc e
* * \—1 / _ 22€31 21¢32, €12€23 — €22€13
vesy ve3; (C3|Cz3(021) +(U+p)£‘%) IZ/'_(,* * ek et — et e =0
€21€32€13 — PG C3pC3 — €336 C12 =
Olci1, €fys €13, Chys Coay €515 €32, €33, Ci31/ Iz,
—1 s G125 €135 Cpp5 €35 €375 €32, €33, C33 z
en (@) enen + W+ p)ely) c13 g
/ *
Ba 0 (U+P)sz (U+P)Cz3 R
« , - €11€33 T pPC3C13
v c3V ¢33+ v+ p)e I;;, =
31 33 Zj C/ (C C/ —c C*)— k.ot ok
2(C11C33 = C13C31) — PCy3C1HC3
/
Olcit, ci2, €1y, €13, €3y, €22, €, €23, €31, €32, €33, €331/ I35
cit e+ @+ pch, 13 Cl1C2 + pCiacyy, €163 + pCi3csy, C12C23 — C13C20,
" , ~ .,
o v e+ (v+ p)cs, €23 C11C32 — €31C12, €11€33 + PC31C13, €12€33 + PC3cis,
c31v c3v (c3+ (v+ p)cs3) I:; = | pcyic32 +encsn, €31633 — 23031, €22033 + peazcas,
/ /
C]]CZZC;E +CI3C;IC32—6‘136‘22631
. Rk kR ok
— C12€3C33 1 PC3 C1C33
Oleur, €y, c12, €13, €21, €22, €3, €23, €31, €32, €33, €331/ I35
cii+cf(v+p) ey 13 c11can + peiacar, 11623 + peizcar, C1aca3 — €132,
id Ve cn+c5 v+ p) €23 C11€32 — €31C12, C11€33 + PC31C13, C12€33 + PC3acis,
ves3g ve3n ¢33+ (v+p) Iz, = | peaicsr +c0031, €21633 — €23031, €22033 + PC3ncas,
Cl1655C53 + CC336T +€33¢7 €5y
— C]1€23C32 — C5,C13C31 — C33C12€21 + €21 €133

Table 1 (continued). The remaining relevant O-algebras for Proposition 3.1.1.

Theorem 3.2.1 [Emerton and Gee 2023, Theorem 4.8.12, Proposition 4.8.10]. Let X %7 denote either the
substack X" or X="", Then:
(1) The stack X is a p-adic formal algebraic stack, flat and topologically of finite type over Spf O.

(2) X7 is equidimensional of dimension 143 f, while for . dominant and . < 1, X*% is equidimensional
of dimension < 1+3f.

) Let p € XT*(F) corresponding to a mod p representation of Gg. Then the potentially crystalline
deformation ring Rg’r is a versal ring to X" at p.

(4) For any smooth map Spf R — X7 with R being a p-adically complete, topologically of finite type
O-algebra, the ring R is reduced and R[1/p] is regular.

Using Proposition 3.1.1, we can finally relate the objects introduced so far:

Theorem 3.2.2. Let 7 € Adm" () and assume that the character u (appearing in the lowest alcove

presentation (s, ) of t) is 4-deep. We have a commutative diagram of p-adic formal algebraic stacks
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over Spf O:
UG, <y ——— Y57 () ¥
U, <. Veoo) — YSIEVo(5) ey y STV
)?57),7(2) - an,t(z)(—> Xfr”f
XNT(F) ———— AT () AT
where

e all the stacks appearing in the left column and in the central column are defined so that all the squares

in the diagram are cartesian,
o the hooked horizontal arrows are open immersion;

o the left horizontal arrows are T /)-torsor for the twisted shifted conjugation action on the source (induced

by the twisted shifted conjugation action on UG, <n)"r);

e the vertical hooked arrows are closed immersions and the vertical arrows decorated with “=” are

isomorphisms.

In particular, 17(2, <n, Vi.0) is an affine p-adic formal scheme over Spt O, topologically of finite type.
Furthermore, if £(Z;) > 2 for all j, then Uz, <1, Vi.0) is the p-adically completed tensor product over
O of the rings in Table 2.

Proof. This is [Le et al. 2023b, Proposition 7.2.3]. The last assertion follows from the computations in [Le
et al. 2018a, §5.3] noting that the whole discussion there applies to the p-adic completion (as opposed to
completions at closed points), and that the computations of [loc. cit.] can be performed with less stringent
genericity assumptions (see the proof of Theorem 3.3.2 for the precise genericity). ]

Remark 3.2.3. Note that X7"* C X=""T can be characterized as the union of the (1+3f)-dimensional irre-
ducible components (which is the maximal possible dimension). In particular, by letting U (Z,n, Vr,00) de-
note the maximal reduced O-flat (1+6f)-dimensional closed p-adic formal subscheme of U (Z, <1, Vr.00),
Theorem 3.2.2 gives an identification of X7 (Z) with U Gz, 1, Vi.00)-

3.3. Special fibers. Let Fl denote the affine flag variety over [ for GL3 ¢ (with respect to the Iwahori
relative to the upper triangular Borel), identified with the special fiber of Grg . As in [Le et al. 2023b,
(4.7)], we define the closed sub-ind scheme FIY° < FI.
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th—l O(U(zj’ n, v(s,lt)))
* ’ *
afay O[C“v €21, C315 Cyy, €32, C§3]
* * ’ *
Byay O[Cll, C12, Cyp, €31, C39, 033]
ﬁ O[Clls CTZ’ C;] ’ C227 cg] ) C327 C§3]/12j,V(S_H)
ay
_ * ok
Iz, v, = (Cr1622 + pepycsy)
%/ %/ * -
aﬂy O[Cll’ 6215 6227 C23’ 6317 C323 C33]/Izj’v»?_j(lf-/+'7_j)
_ %%
Iz, Vi = (€22633 + PC3)Ca3)
/ % % .
Olesa, €23, €33, €315 Cops €131/ Iz,
afa

L), 9y = (c11((@ = b)easesy — (@ — €)c55c53) + ple' —a +€)c} 55c1s)

/ / * * * ~
Olle31, €22, €12, Cr3, C33, Co15 Cr35 032]]/1zj,vsj(,‘j+nj>

af ( ci2((@ — b)csichy + (b —e)ch ;) — ple/ —a+¢)ch el )

Loy, . =
SR €22C31 +PC§10§2

’ IoE Lk k ~
Ollcir, €y, €13, €32, C33, C31, Cp9) 623]]/Izj,Vsj(,Lj+,,j)

Ba o = ( 011((a —b)c3cs, — (a— c)c’22c33) — p(e' —a+c)ci,chcs,,
e chy(C11¢h3 — €1365)) — PC33ciHcy

Table 2. We list the O-algebras O(ﬁ (Zj,mj, Vs, ) appearing in Theorem 3.2.2. The
triple (a, b, ¢) is (s(’)r’j,)_l(a/(j/)). Note that

OW Gy Vis) ZOW G787 0, Vis.u)

using the following change of coordinates: for ? € {&, %, /} we have c;'k — czi (kD)
(where, for 1 <i, k <3, the integers (i + 1), (k+ 1) € {1, 2, 3} are taken modulo 3) and
moreovera — b, b—c¢, c—~a—¢'.

3.3.A. Labeling components of (F1V°)7 .

Definition 3.3.1. Let (W, w) € V_T/;r X (X*(T) N Co + 1) and write Sp(wjw() for the open affine
Schubert cell associated to W{w(’; € ﬁ/v. We define C(3,,0) to be the Zariski closure in (FIVO)J of
S[‘F’(ﬂifwa")tw* N (F1Y9)7 . 1t is an irreducible subvariety of (FIVO)J of dimension 3 f when w — n is 2-deep
(see [Le et al. 2023b, Proposition 4.3.3]). It does not depend on the equivalence class of the pair (w1, @)
defined in Section 2.1.D.

3.3.B. T'/-torsors. Replacing the Iwahori with the pro-v Iwahori in the construction of Fl yields a
T/ -torsor F1¥ — FI7. We use ™ to denote the pullback via this T')-torsor of objects introduced so far

(e.g., C (@1.0) C (1’51%)5 ). Let A2 C Fl be the pullback of the special fiber of Grg ’(29].
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On the other hand, 17 is also endowed with a T/ -action by twisted shifted conjugation induced, at
level of matrices, by (A(j))jej — (tjA(j)t;JI)jej for (tj)jes € ZE.

3.3.C. Labeling by Serre weights. Recall from [Le et al. 2023b, Lemma 2.2.3] the bijection (W1, w) >
(F@,,0) tw_,@l W./W.,) between lowest alcove presentations (wy, w) of O-deep Serre weights and 0-
deep Serre weights o with the choice of an algebraic central character { € X*(Z) lifting the central
character of o. If (1, w) maps to (o, ¢) under this bijection, then we set Cé &f C(#,,w)- If the algebraic

central character ¢ € X*(Z) is understood, we will simply write C,,.

3.3.D. The local model diagram in characteristic p. As explained in [Le et al. 2023b, §7.4] there is a
bijection o — C, between Serre weights and the top dimensional (namely, 3 f-dimensional) irreducible
components of Xk 3. (This is a relabeling of the bijection of [Emerton and Gee 2023, Theorem 6.5.1].)
The main result of this section describes sufficiently generic C, in terms of the coordinate charts of
Theorem 3.2.2.

Recall that @—Mod?’} denotes the fppf stack over | whose R-points, for a finite type F-algebra R,
parametrize projective rank n étale (¢, Og xk QF pR)—modules (recall that O¢ g denotes the p-adic comple-
tion of (W (k)[v])[1/v]). We have a morphism (Xg 3)F — CI)—Mod%’fF corresponding to “restriction to
Gk (see [Emerton and Gee 2023, §3.2]).

Theorem 3.3.2. Let (s, u) be a ¢-compatible 4-generic lowest alcove presentation of a tame inertial
type 1. Let 7 € Adm" () and o € JH(5 (1)).

We have a commutative diagram

Cs
~ ~ ~ ~10,2]
Poz: > U0, Veoo)r > U@, < ——— Bl - s™ 104
= Remark 3.2.3 | =

Co(2) — X"T(2)F
7 7 7 (3-2)

~N

Co(R) —— X" (D

~ e

L(s.p)

~[0,2 .
Co e AT ey ¥ L (RO gt/ T s cn]

i

(XK,3)[F > CD-MOd%"[ZF

where

e All the squares are cartesian (this defines the previously undefined objects Cy (), Cy (z) and ﬁég’g).
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o All the hooked arrows decorated with a circle are open immersions; all the hooked undecorated arrows
are monomorphisms and, except 1y, are moreover closed immersions; all the arrow decorated with T[Fv’j
are T[Fv’j—torsors.

. ﬁ(z, <nNf— Y[an’r is an open immersion followed by a T[FV’J—torsor map. The map ﬁ(Z, <Nr —>

~[0,h . .
Flf7 ] - 8%ty x4+ IS given by the formula

(A (AD) 5%t
and is a locally closed immersion.

o The map (s ) is given, fpgc locally, by I +— (Aé;.t)ﬂ)js*tﬂum*,for any choice of eigenbasis B for
Me Y (R).

o The map 1 is defined, fpgc locally, by sending the class of a tuple (AD)) jeg to the free rank n étale
@-module with Frobenius given by (A(j))jej in the standard basis.

o Ifo = F(%v,42y(s(€), a)), then the closed immersion ‘330,5 U (2, 1, Vz,00)F corresponds to the ideal
Zj Be;.a).z;OW(Z M, Vi,o0)F) With Bee; a)).z; in Table 3 (or the unit ideal if B, 4,7, up to symmetry,
does not appear in Table 3 for some j); in particular U (Z, n, V¢ o0)F is reduced.

e The bottom horizontal map identifies X[g " with the reduced union of [C 5, / T[Fv’j—sh.cnj] foro’eJH(G (1)).

Proof. Theorem 3.2.2 (together with Remark 3.2.3) and [Le et al. 2023b, Proposition 5.4.7, Theorem 7.4.2],
imply the existence of the portion of diagram (3-2) which excludes the leftmost vertical column, the top
triangle, and the identification of U (zZ, m, Vr,00)F With entries of Table 3. (In the notation of [Le et al.
2023b, Proposition 5.4.7] the monomorphism ¢y would be denoted as ¢+,

.y the morphism ¢ ;) would

be the diagonal arrow.) Furthermore, all stated properties of this portion of the diagram are already known
to hold, except possibly for the last item. We now explain how to fill in the missing parts with all the
desired properties except for the last item.

(1) We first deal with the case £(z;) > 2 for all 0 < j < f — 1. In this situation, the computations in [Le
et al. 2018a, §5.3.1] show that ﬁ(Z, 1, Vioo)F = (7(2, < n)f identifies with the scheme given by Table 3.
Indeed, we note that:

o The computations in [Le et al. 2018a, §5.3.1] of various completions of U (Z, n, Vr,00)F are in fact
valid for U (Z, 1, Vz.00)F-

» The computations are performed with an unnecessary strong genericity condition: indeed, by using
the “(1,3)-entry” of the leading term in the monodromy condition, one recovers the last displayed
equation at page 59 of [loc. cit.] with n — 3 replaced by n — 1.

Choosing the closed subscheme ‘fim ; according to Table 3, we have now constructed the top horizontal
arrow of diagram (3-2). This uniquely induces the leftmost vertical column of the diagram for some
choice of irreducible component C, of X7'*. We need to show that
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Zjt_y Uzj,m;, v, 1(M1+,7]))n; (¢j,a;) € Xy Beejap.z;
vchl 0 0
afay viey wey, 0 (e1+£2,0) 0)
U2d31 VC32 6;3
vel, Ve 0
0 v2c§2 0
/3)/0()/ vC3 vesp + Uzdgz C;} (82’ 1) (0)

(=1=b+c)cscl; — (=1 —a+c)ciacz1 =0

verg vej, O
vies, veay 0 (e1+&2,0) (c11)
Bay v(c3t +vds) ven
I =0;
(&2, 1) (c22)
(=1 —a+c)cie31 — (=1 =b+c)eze =0
U26‘11 0 0
v(co1 + vday) cn 3y (e1+€2,0) (c22)
By v(caren(cy) ™ +uds)) vek, e
L r=0;
(e, D (c33)
(—1—a+ C)C21C§2 + (b —c)d3icn =0
e enexn(cl) ™ dsen () Fuck
0 veh, Ve 0,0) (c11)
afa vej, ve3n vds;
I p=0;

0,1 —b —(a—c)cid
cri((a—Db)epezn — (a—c)ciydzz) =0 O (@ =b)ezsen = (@ = )c5yn)

Table 3 (continued)

Table 3. The table records data relevant to Theorem 3.3.2. The first column records
the components of z. The second column records the coordinates of (ﬁ (Z, 1, Vr.00)F)
in terms of the universal matrix AY) and the relations between its coefficients. Re-
call that in the statement of Theorem 3.3.2 the Serre weight o is parametrized by
([L +n—Xx+s(e),a) € AA x A. The 1deal correspondlng to the closed immersion
&Ba ;<> UG n,V r.00)F 18 of the form ZJ —0 &B(gj a;).z;» Where each ‘B(e «aj).z; 1S a min-
imal prime ideal of O(U(z], nj, Vs (&+n,))[p) The elements (¢;,a;) € Xy are speci-
fied in the third column and the ideal ‘B¢, 4;).z; specified in the fourth column records.
The structure constants that feature in the presentation are given by (a, b, c) € [F3 with
(a, b, C)_S (MJ+77/) mod p.



Serre weights for three-dimensional wildly ramified Galois representations

1243

it Ty Vs aupen)r (¢j,a;) € Zo Beejan
cizcnn(ciy) ™ cn c13+vely
ey (65} c23 + vdo3 (e1, 1) (12, €31)
ves veh, csicas(ci) ™ 4 vds;
apf (61— €2,0) (c31, d33)
If,'.[F =0
cin((@a —b)esidy — (b —¢)dscs)) = 0; (0,0) (c12, c22)
(ml=ato)encs = (-1 —a+bends =0 ©.1) (c22, (b= €)ddsac}; + (@ = b)esidas)
ci1 (Cﬁl)_16‘11032+vCT2 ci3
0 vd vehy (e2, D) (d2, c11)
ves ve ¢33+ vd:
31 3 33 33 (62— 1.0) (. c32)
ﬁa Ifj.ﬂ: = O’
X 0,0 (115 €13)
c11((a —b)c3pcy; — (a — ¢)dndsz) = 0;
(I +a —c)esscise, = ci3((a — b)esncy; — (a — ¢)dndss) o, 1) (@ = b)encs; — (a — )dndss,
ci3¢i —cnidz3) =0
(e, (c11, €13, €31)
ci cat e, c13 .
vel, cx + vdn o3 (&2, 0) (c11, €31, €32¢5; — daac3y)
vewven (e enen +ueiy =0 (en1, €363, — dnesy
(&2, 1) ’ o
Ly =0; ’ (a=b)eisdn + (=1 —a+cench)
o
a—b)cipct, — (a—c)ci3czn =0;
( )C12653 — ( )C13C32 (62— e1.0) (o s, sty — )
(e —a+c)eassn — (e —a+Db)ency; =0;
0,0 Ci1, €13, C
(c —1—a)csicasct, — (€ — L —a)esicizdn ©.0) (€n, €13, ¢23)
+ (e = L =b)esacrzey; +ciae33¢p; — cridacs; =0 ©, 1) (enesy —cizean, e,
' (a —b)cardn + (¢ — b) (3l — dacsr))
(1,0 (Ciiy i=1.23, €21, €31, €23)
(c31, €33, a1,
C11+UCTI C12 C13 (8151) (*1*a+C)6326‘137(717a+b)clzc§3,
vey e+ v, 23 21613 — €23¢%)
*
e vem enue (£2,0) (cii, =123, €12, €31, C32)
i I; §=0;
ld . o . (12, €22, 11,
(c=1=a)pen+b—1-a)mcy; — (=1 -a)encn =0; (&2, 1) (@ —b)caicr3 — (=1 =b+c)excyy,
(a —b)cizerr + (e — 1 =b)esze}, — (a —b)eyzez =05 C21€32 — CBICEKZ)
(b=o)cfien+(a—c)ency — (b —c)cnen =0 (0,0) (Ciiyi=123, €13, C23, C12)
(623, €33, €22,
(0, l) (d - b)621632 - (a — C)C3]C§2,

A, S - K
32613 — C126%3)

Table 3 (continued). Further data relevant to Theorem 3.3.2.
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(a) the composite of the top horizontal arrows identifies ‘i}g,g with an nonempty open subscheme of Cs;
and

(b) Cc =Cs.

For item (a), we use [Le et al. 2023b, Propositions 4.3.4, 4.3.5]: one checks that according to Table 3, the
image of ‘33(,’ ; along the top horizontal arrows is, in the notation of [loc. cit.], a T[Fv’j-torsor over

Vo, ~ ~ ~
S|]:0(w19 w27 s)

for suitable choices of w;, w,, and for § taken to be 7,,4,s, and this is exactly an open subscheme of Cs.
For item (b), we use the just established item (a), and then use the same argument as in the third
paragraph in the proof of [Le et al. 2023b, Theorem 7.4.2] to recognize that C, is actually C,.

(2) We deal with the general case. The computations in [Le et al. 2018a, §8], namely Propositions 8.3,
8.11 and 8.13, as well as those of! [loc. cit., §5.3.2, §5.3.3], show that the closed embedding of

Uz, 0, Veoo)F = UG, < n)f

factors through U (Z, 1, Vr.00)table,F» Where we temporarily write U (2, M, Vr.00)table,F for the scheme
defined in the second column of Table 3.
We have to prove that this closed immersion is actually an isomorphism. Let n; be

#(W2 (252, i+ 50" + ) NTHR, (i + 1))

Note that the arguments of [Le et al. 2018a, §8] show that U (Z, 1, Vr.00)table,F 18 reduced, and that its
number of irreducible component is n;. We will show that there are at least n; irreducible components of
XF" '" which intersect the open substack X7 (Z).

Now, from the previously established cases of diagram (3-2), we see that X" must contain all the
Co+ which occurs in diagram (3-2) for 2’ such that £(Z}) > 3 forall 0 < j < f — 1. In particular, Xt
contains all C,» such that o’ € JH(R; (1t + n)). Note that by definition,

Xn’r(Z)ﬂ: = XH?’T N [ﬁ(z, < n)[FS*l‘M*_H]*/T[Fv’j—Sh.an].
We are thus reduced to showing that there are at least n; choices of o’ as above such that
Co N[U G, < es™ 1/ T -shicnj] # 2.

IThe computations of [Le et al. 2018a, §5.3.2, §5.3.3] are also performed with unnecessary strong genericity conditions:
again using the “(1,3)-entries” of the leading term in the monodromy condition recovers, in Sections 5.3.2 and 5.3.3 of [Le et al.
2018a], respectively, the equations

c11((a—b)expcsy — (a—c)chychs) — ple —a+ )i ch5ch, + o',

cra((@a—b)esichy + (b —0)c3 ch3) — ple —a+0)c5 etz + 0 (p"

(see the last displayed equations on pages 60 and 61 of [Le et al. 2018a]) obtaining the “monodromy equations” claimed in
[loc. cit.] as soon as u is 4-deep in alcove C.
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But this last condition is equivalent to
CoNUGE, < es*tyrgy # 9,

and in turn equivalent to Zs™#,+ 4+ € 55, To summarize, we need to show the combinatorial statement
that the number of Ef; which contain Zs*#, 4« is exactly nz. But this is the same combinatorial statement
as [Le et al. 2023b, Theorem 4.7.6], and we observe that the conclusion of that Theorem holds in our
current setup: this follows from the invariance property [Le et al. 2023b, Proposition 4.3.5] of 5({;,, as
well as the fact that Z's™#,+ 4, € Eﬁ, whenever 65, occurs in diagram (3-2) for ' such that E(Z’j) > 3 for
0<j=f-1L

At this point, we have shown that U (Z, m, Vr,00)F identifies with U (Z, My Vr,00)table,F» and thus we
establish the top horizontal arrow of diagram (3-2). The rest of the proof now is exactly the same as in
the previous case.

Finally, it remains to check the last item in the theorem. But the reducedness follow from the reducedness
of each U (Z, 1, V:.00)F, While the identification of the irreducible components was already established in
the arguments above. O

Corollary 3.3.3. Ler 7 € Adm" (n) and assume that the character |1 (appearing in the lowest alcove
presentation (s, 1) of T) is 4-deep. Then

. X[g’t is reduced,
. (’)(ﬁ(Z, 1, Vi.00)) is a normal domain; and
e forany p : Gx — GL3(F) the ring Rg’r is either O or a normal domain.

Remark 3.3.4. It can be showed that both (’)(ﬁ (Z, 1, Vr.00)) and Rg’r are Cohen—Macaulay. This can be
done by either explicit inspection of the schemes occurring in Table 3 as in [Le et al. 2018a, §8], or by
using the cyclicity of patched modules proven in Theorem 5.3.1 below.

Proof. The fact that (9((7 @, n, Vf,oo)) is a normal domain follows from the fact that its special fiber
is reduced, as in the proof of [Le et al. 2018a, Proposition 8.5]. The statement for Rg’r follows in
the same way, noting that RZ’E, being (equisingular to) a completion of the excellent reduced ring
O (Z, 0, Vi.00)F), is reduced. O

We can finally introduce the notion of Serre weights attached to a continuous Galois representation

,5 . GK —> GL3(|]:)

Definition 3.3.5. Let p : Gk — GL3([F) be a continuous Galois representation. We define W8 (p) to be
the set of Serre weights o such that p € C, (F) (cf. [Le et al. 2023b, Definition 9.1.2]).
If o|1, is tame so that p|, is isomorphic to a tame inertial F-type t(w, u 4 n), then we define W?(p)
to be W’ (Z(w, +1)) (see Section 2.1.G for the latter). We also say that p is N-generic if t(w, u+n) is.
Finally, we say that a Serre weight is generic if it is a Jordan—Holder constituent of a 4-generic Deligne—
Lusztig representation. (By equation (2-3) and Section 2.1.G, a Serre weight is generic if and only if it
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admits a lowest alcove presentation (W;, w) such that (w, w; - Co) € t,,4,5(X) for some u € CoN X*(T)
that is 4-deep.) A generic Serre weight is necessarily 2-deep by [Le et al. 2023b, Proposition 2.3.7]. We
let ngen(,é) and W_._(p) denote the subsets of generic Serre weights of W8 (p) and W2 (p), respectively.

gen

Remark 3.3.6. When restricted to the present setting, the subset ngen (p) € W8(p) defined in [Le et al.
2023b, Definition 9.1.2] (consisting of 8-deep Serre weights) is a subset of the set defined above.

Corollary 3.3.7. Let p : Gk — GL3(F) be semisimple and 4-generic. Then Wégen () = Wgen(,é).

Proof. Let o be a generic Serre weight so that o € JH(m) for some 4-deep u € Copand s € W.
By Theorem 3.3.2, if p ¢ X[g " then o ¢ W4(p). Else p, being semisimple, corresponds to a point in
T[FV’jZ el (z, < n)f in the diagram (3-2). The proof of Theorem 3.3.2 (precisely, the end of the third
paragraph in the proof of item (2) there) shows that p € C, if and only if o € W’ (p). ]

Proposition 3.3.8. If p : Gk — GL3(F) is a Galois representation such that p*|;, is 6-generic, then
every Serre weight in W8(p) is generic, i.e., Wgen (p) = W8(p).

Proof. Since the proof uses methods which are now well-known (see, e.g., [Gee et al. 2017, §3]) but
orthogonal to those of this section, we will be brief. Let p be as in the statement of the proposition.
Then in particular, p > 6. Suppose that F(1) € W8&(p). Let p' : Gk — GL3(F) be a maximally
nonsplit Galois representation lying only on Cr(;). Then p’ has an ordinary crystalline lift of weight
A+ n by [Emerton and Gee 2023, Lemma 5.5.4]. Then by [Emerton and Gee 2014, Corollary A.7]
there is an automorphic globalization ' : Gg+ — G3(F) (where Gs is the algebraic group defined
in [Clozel et al. 2008, §2.1] with n = 3) of p’ which is potentially diagonalizably automorphic in
the sense of [Le et al. 2019, Theorem 4.3.1]. The proof of [Le et al. 2019, Theorem 4.3.8] im-
plies that Homg (o, (®,, WM, SU))™
HOHIG(OF;)(®U|}, F(\)Y, S(U))Ord — HomG(@Fﬁ)(®v|p W)Y, S(U))” is an isomorphism by [Gee
and Geraghty 2012, Lemma 6.1.3], we conclude that Homc(oF;) (®U|p F(A)Y, S(U)) is nonzero. This
implies that Homgo;.+) (®v| » Ri(0)Y, S(U)) # 0 by [Herzig 2011, Lemma 2.3]. In particular, 5’ has a
potentially semistable lift of type (1, T) for t =7 (1, ). Since W8(p') ={F (1)}, we conclude that Cr ) is

# 0 in the notation of [loc. cit.]. Since the natural map
)ord

a subset of the substack of X’k 3 corresponding to potentially semistable representations of type (1, 7). In
particular, since p € Cr(3)(F), p has a potentially semistable lift of type (5, 7). By [Enns 2019, Lemma 5],
0° has a semistable lift of type (1, t). Then R;(A) is 1-generic by [Enns 2019, Proposition 7] (the proof
of [Enns 2019, Theorem 8] shows that R;()) is 2-generic in the sense of [Enns 2019, Definition 2] where
8 =6 and n + 1 = 4 here so that R;(X) is 1-generic by [Le et al. 2019, Remark 2.2.8]). In particular,
any potentially semistable lift of type (5, t) is potentially crystalline. By the proof of [Le et al. 2019,
Proposition 3.3.2], t is 4-generic (the proof shows that any lowest alcove presentation of t is 3-generic,
but one compatible with a 6-generic lowest alcove presentation of p7} is 4-generic). We conclude that
R ()) is 4-generic and that F(A) is generic. U

Corollary 3.3.9. Let p : Gx — GL3(F) be semisimple and 6-generic. Then W4(p) = W’ (p).
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Proof. This follows from Corollary 3.3.7, Proposition 3.3.8, and the fact that W, gerl(/o) = W’(p) in this
case. (Il

Remark 3.3.10. The notions and the results of this section hold true, mutatis mutandis, when the set
S, has arbitrary finite cardinality, and 7, 0 are a tame inertial L-parameter and a continuous F-valued L-
homomorphism respectively. In this case U (2), glo.2] (2), etc. are fibered products, over Spec O and over
the elements v € S, of objects of the form U(z,), U02(3), etc. for 7, € (WY)Homa, (FLE): the twisted
shifted T'}-conjugation action is now induced by AV ¢, AU )s (tz-1;y) for j e Homg, (Fp, E). Analo-
gously, the algebraic stacks Y1027 Xk 3, X7, etc. are fibered products, over Spf O and over the elements
veS,,of yl0-2ln  yp Fras X T etc. The results of this section hold true in this more general setting.

4. Geometric Serre weights

The irreducible components of X’x ,, from [Emerton and Gee 2023, Definition 3.2.1] give rise to a partition

e\ U

oceW+t o¢Wt

of Xk , with locally closed parts

indexed by sets W+ of Serre weights. It is of interest to determine the geometric properties of these
pieces, e.g., when they are nonempty. In principle, one can directly study

N\ U 6 4-1)

oeW+ ogWT
o generic
for a set W of generic Serre weights using the relationship between X _, and F1V°, but this seems to be
complicated even when n = 4. In this section, we determine when (4-1) is nonempty in generic cases
when n = 3 using a notion of obvious weights for wildly ramified representations.

4.1. Intersections of generic irreducible components in F1V°, We first study the geometry of F1V°. The
set J will be a singleton, and so we will omit it from the notation. For n € N, let C,_geep be the set of
w € X*(T) such that w — n is n-deep in Cy. Recall from Section 3.3.A that given (0, w) € VTG X Ca-deeps

we have the irreducible subvariety C(.,) of FIV°. We define F1J° . as the union of the C(,w) With

2-deep
(W, w) € W1 X Cp-geep (in particular, these C(5 ) are its irreducible components). The action of Tv

2- deep and

its irreducible components. We let Tv be the extended torus Ty’ x G,,. We write Fl, %;p for the set of

under right translation.

(resp. G,,) on FI1V0 induced by right multiplication (resp. loop rotation - v = t~'v) preserves FL,°

T’ -fixed points (or equivalently TV—ﬁxed points) of Fl2 —deep

Definition 4.1.1. For x* € F1°, (F), let Wy deep (¥ ) be the set

2-deep
(@, ) € (Wi X Cougeep) | x* € Can(P)}/ ~ .

Recall that the equivalence relation is given by (w, w) ~ (t,w, @ — v) for any v € XT).
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The main result of this section classifies the sets Wzg deep (x*) for x* € Fl2 deep
of Theorem 3.3.2 (namely, the combinatorial statement in the proof of item (2) there) and Corollary 3.3.7

(x*) for

(F). Combining the proof

(see also [Le et al. 2023b, Proposition 2.6.2]), we obtain the following description of Wég_ deep
x* e FLYL (F)

Theorem 4.1.2. For x* e F1L%T"

8
2-deep’ W,

5 deep()c*) is the set

(@, x5 (0)) € Wi X Coudeep | W2 4 B}/ ~ .

A first step towards understanding W;’ deep (x*) will be the determination of the subset Wy, (x*) C

2 deep (x*) of obvious weights. It is defined as follows (see [Le et al. 2022]).

Definition 4.1.3. (1) Let y € W and & € W, be such that yw 1 (0) e Ca-deep- We define C g \5-1(0)) (V")
to be the intersection C g yz-1(0)) N 7§ \ U (y*)¢ in FL}°

2-deep*”
(2) Letx* e F1Y° (F). Then define SP(x*) to be the set

2-deep
{(y, @, yB~1(0))) € W x (W) X Caudeep)/ ~ | x* € Ciyi110y 7))}

and S(x*) and Wypy (x™) be the images of SP(x*) under the projections of W x (VTfl X Co-deep)/ ~ to W
and (Wl X Ca-deep)/ ~ respectively.

We call elements in S(x*) specializations of x*. The set SP(x*) is the set of specialization pairs
consisting of a specialization and an obvious weight.

Lemma 4.1.4. For x* € F\° ([F) and W € W1 such that xw 1 (0) € Cy. deep> X* € C(i5 xi-1(0))-

2- deep
Proof. For any w € Wi, since x* € S[‘F’(zﬂ*w(’;)(x@* wo)*, x* € S[Fo(ﬁ, e, xw lwp) = Cw.xi-1(0y (see
[Le et al. 2023b, (4.9) and Proposition 4.3.5)). [l

Remark 4.1.5. (1) Let x* € FI° Since x* is the unique 7;’-fixed point of C g ,5-1(0)) (x™),

2deep
SP(x*) = {(x, (i, xB'(0))) € W x (W1 X Caudeep)/ ~}

by Lemma 4.1.4. In particular, S(x*) = {x}. Moreover, for all tame inertial F-types 7, (W, w) €
Woby (W(7)*) if and only if F(5 .) € Woby(T) in the sense of [Le et al. 2023b, Definition 2.6.3].

(2) For x* € FIyYy. . (F), clearly, Wopy (x*) C W5 .0 ().

To determine Wf deep (x*), we first determine SP(x*). The idea is that W,y (x*) gives a lower bound for

Wy Gleep(x*) (Remark 4.1.5(2)) while S(x*) gives an upper bound by Lemma 4.1.7(2) and Theorem 4.1.2,
and SP(x*) combines these invariants into a more uniformly behaved set (see Corollary 4.1.10).

The following results are key to our analysis of SP(x*). For x* € FIYO , let O, : SP(x*) — W be the

2-deep’
map that takes (y, (W, w)) to the image of yw™ Lin w.

Proposition 4.1.6. For x* € Fl2 deep? O+ : SP(x*) — W is injective.

Proof. This is [Le et al. 2022, Proposition 3.6.4]. (It can also be proven by direct computation in the case
of GL3.) O
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Let 7¥ L*GF be the Iwahori group scheme. For w, € W and x* € Fl, let w(x*, w,) € W be the
unique element such that x* € 7\ Zw (x*, w,)*Zw?.

Lemma 4.1.7. Suppose that y € S(x*). Then
() W(y*, W) < wx*, Wy); and
(2) Wideep(x*) - Wideep(y*)-

Proof. That y € S(x*) implies that x* € Ty \ U (y*) or equivalently that y* is in the T[Fv—orbit closure
of x*. For (1), y* is in the (T[Fv—orbit) closure of Z\ Zw (x*, w,)*Zw; which implies the desired inequality.
For (2), if x* € C(,0), then y* € C (i, since C(g, o) 1S ﬂv—stable and closed. O

The following result provides a method to start with an element of SP(x*) and produce another using
a simple reflection in W.

Vo

2-deep and s € W be a simple reflection. Suppose that for some y € W,

Proposition 4.1.8. Let x* € Fl

(D yﬁ_lst,nﬁ(O) —n, ySw~ ' (0) —n, and Vt_(sw)-1 () (0) — n are 2-deep; and
(2) (y, (w, yw_l(o))) € SP(x™),

where Sw € Wl is the unique element up to X°(T) such that sww 's~' € X*(T). Then either
(yw=lsw, (@, yw='(0))) € SP(x*) or (y, (Sw, ysw~'(0))) is in SP(x*).

1 1

Proof. Let w, be y(@_lﬁh_ wosw) ! so that W(y*, W) =W~ if)h_lwos@. In Galois-theoretic language,

this corresponds to the choice of the inertial type t in [Le et al. 2018a, Proposition 7.16(3)]. We will see

Ywos < @W(x*, W,) by Lemma 4.1.7(1).

that there are only two possibilities for @ (x*, ). First, w1,
Let M (< n)r C Fl be the reduced closure of Uy,ewZ \ Z1,,-1(,,)Z (this is compatible with the notation in
Section 3.1). Let M (1, Vg, 0))rw; be the intersection M (n)Fw? NFIY, Forz € WY, let M(n, Vi, 0)F(Z)

denote the intersection M (1, Vi, 0))F N (T§" \ U (z)) which is isomorphic to
~ def ~ o~
UG, 1, Vi, ©0)F = T \ UG, 1, Vi, 0)F-
Now, x* lies in C(g yi5-1(0)) Which is the closure of
M(n, VEI(O))F(tz;fl(n))w: = I\Itwq(n)IiE: N FlvO,

hence w(x*, W) < t,-1(,. Combining this with the last paragraph, we have

w_lﬁglwosﬁ S W™, We) < by
Since E(ﬁ_lwh_lwosw) =3 ={(t,-1(;) — 1 (this is a consequence of a more general result in [Le et al.

2022], but can be checked directly using [Le et al. 2018a, Table 1]), we see that w(x*, w;) = Ly=1(p) OF
1@;1 wosSW.

If W(x*, We) = t-1(y), then (y s, (W, y~'(0))) € SP(x*) (this is represented by the red and
1

iba_

blue parts in Figure 1). We claim that if w(x*, w;) =w~ w;lwos@, then x* € C (& y-1(0)) (V") (this is
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Figure 1. We illustrate the dichotomy given by the last paragraph of the proof of
Proposition 4.1.8. We represent the data (y, (w, ®)) € SP(x*) by the alcove labeled by
y and the dot (resp. circle) at w € X*(T)/X 0(T) when W - Cy is lower (resp. upper)
alcove (thus the left picture is the case where w - Cy is upper alcove, and the right picture
the case where w - C is lower alcove). The starting pair (y, (w, y@_l(O))) € SP(x*) is
given by the red triangle (with vertexes labeled by the set Wy, (y*)) and the source of
the arrow (labeled by the obvious weight (w, yw 1 (0)) € Wypy (x*)). The dotted triangle
represents the possible new specialization, while the tip of the arrow represents the new
obvious weight.

represented by the arrows in Figure 1). It suffices to show that

~ ] s~ Y v
I\Z(w™ w, wosw) Zw; NFI'° C I\Itaw),l(n)lti(w),l(n)y* NF1Y0. (4-2)

Using (1), [Le et al. 2023b, Theorem 4.2.4] shows that both
I\NZ@ "W, ' wos W) ZwE NFIY®  and T\ Z(wossw)*Z(Sw '), )*w: NFIY (4-3)

1 1

are isomorphic to AZ. The equality &', 'wos® = s, 'wossw implies that the latter space in
(4-3) is contained in the former by the proof of [Le et al. 2023b, Proposition 4.3.4] (one can directly
check that (ﬁb—l@;l)(wos)ﬁf} is a reduced factorization) so that the spaces in (4-3) are equal. Finally,

observe that
I\ Z(wossW)*I(Sw W}, ) Wk C T\ Z(wosw)*L(woswy ) (S~ ", ) i}

and

I\ Z(wos)*L(woswy ) * (W~ i, ) *wr NFIY0
=T\ ZEW ™" W), ' wosW)*T(WxSW)* (woswy ) * (S~ ', )*w: NFIV
_ * * * Vi
= I\ Tty iy L g1 Y™ OFL

by (the proof of) [Le et al. 2023b, Proposition 4.3.4]. Putting this all together yields (4-2). U
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Vo

Proposition 4.1.9. For x* € Fl, 5.,

SP(x*) is nonempty.
Proof. By hypothesis, we have x* € C 5. for some (0, w) € VT’l X Co-geep- It follows from the definition
of C,.) that it is a closed subscheme of S[‘F’(ib*w(")‘)tw* NFI1Y°. Thus C,w C Uz < uy Sf(2)t.+. Note
that Sp(2) C Ty \ U@ty = T\ U (Gt,+)f, for example, see [Le et al. 2023b, Proposition 4.2.13]. It
follows that C(g ) has an open cover Uzgm*wg Ci,0) (Ztwr).

If w - Co = Co, then any 7 < w*wj satisfies Z* € Ww. Choosing such a Z with x* € C 5, (Zt+) gives
(t,Z*, (W, w)) € SP(x*) and we are done.

Suppose now that w - Cy is the upper p-restricted alcove. For Z < w*wy, either Z* € Ww*, or 2* € W',
where w’ is the unique element in W, such that @' < . In particular w’ - Cy = Cy. There are two cases:

o If x* € C(iy.0) (1) for some Z* € W™, we get (1,2%, (W, w)) € SP(x*) as above.

o Otherwise, x* € (Uz*eWﬁ’ St (Z)tw*) NFIY0 = C(i.«). Repeating our arguments with (i, ) replaced

by (w’, w), we are also done in this case. O

Corollary 4.1.10. Let x* € Flzv_odeep. If there exists yo € S(x*) with yo(0) € Co-deep, then O+ : SP(x*) — W

is bijective.
Proof. By Proposition 4.1.6, it suffices to show that 6y« : SP(x*) — W is surjective. By Proposition 4.1.9,
SP(x*) is nonempty. If (y, (w, yw_l(O))) € SP(x*) and s € W is a simple reflection, then either

(yo s, (@, y@~'(0) € SP(x*) or (y, (W, ysw™'(0))) € SP(x*)

by Proposition 4.1.8 so that 0, (y, (W, yw™! (O)))s is in the image of 6,+. (The hypothesis that yy(0) €
Cé-deep guarantees that Proposition 4.1.8(1) applies.) Since simple reflections generate W, the result
follows. U

Lemma 4.1.11. Suppose that x* € Flzv_ (:ieep such that there exists yo € S(x*) with yo(0) € Ce.deep- Then

there exists . —n € Cy and w € W such that the image of Wopy (x™) under (2-2) is one of the sets
(1) w{(0,0)};

(2) w{(er —&2, D}

(3) w{(0,0), (&1 — &2, D}

4 w{(0,0), (e1 —&2, 1), (2 — &1, D}

(5) w{(0, 1), (¢1,0), (&2, 0), (&1 + €2, D}; and

(6) w{(0,0), (61 — &2, 1), (e2 — &1, 1), (€1, 0), (€2, 0), (61 4 €2, D}

Moreover, every possibility arises. Finally, with respect to the six above alternatives for Wopy (x™*) the
image of Wf_ deep (x*) under (2-2) is contained in

(1) w{(0,0), (0, DH};
(2" w{(e; —e2, D};
(3") w{(0,0), (0,1), (61 — &2, D};
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) w{(0,0), (0, 1), (e1 — &2, 1), (62 — &1, D};
(5") w{(0, 1), (e1,0), (g1, 1), (2, 0), (e2, 1), (&1 + &2, 1)}; and
(6,) w{(ov 0)9 (Ov 1)’ (81 — &2, 1)’ (82 — €1, 1)’ (81v 0)’ (817 1)7 (82’ 0)7 (82’ 1)9 (81 +82’ 1)}

Remark 4.1.12. The sets in the second part of Lemma 4.1.11 are the minimal sets containing the
corresponding sets in the first part closed under changing a O in the second argument to a 1. Since the set
in the second part are obtained by taking intersections [ ) yes(r) Wi deep( y*) which are closed under this

operation, these sets are a natural upper bound for Wf_ deep (x™).

Proof. We will illustrate the proof with various figures, all of which follow the same graphic conventions
as in Figure 1.

Recall that we have canonical isomorphisms w /W, = X*(Z) and no(Fl) = X*(Z). In this proof
we will choose various A € X*(T) with the property that the image of 7, in X*(Z) is the same as the
image of x*, and use (2-2) to identify (VT’l x (X*(T)YNCy+ n)k_”‘l)/ ~ and A%V x A, since the latter
set is more convenient to work with here.

By Corollary 4.1.10, one obtains the elements of Wy, (x*) by repeatedly applying the process described
in Proposition 4.1.8 which we call a simple walk. We use the following two basic facts repeatedly.

(1) If (e, a) € Wopy(x™), then either W, (x*) = {(g, @)} or there is a simple walk from some (y, (&, a))
giving another element (&', a’) € Wopy (x*) in which case a # a’ and ¢ — &’ € W{ey, &2}.
(ii) Wf_deep(x*) C ﬂyes(x*) Wf_deep(y*) by Lemma 4.1.7(2).

The analysis can be divided into a number of cases.
o Suppose that there is no element of the form (g, 1) in Wopy(x*). Then Wepy (x*) consists of a single
element by (i), which after changing A, we assume to be {(0, 0)}. Then by Corollary 4.1.10, S(x*) =
{thw | w e W}. Then Wfdeep(x*) C ﬂyeS(x*) Wideep(y*) ={(0, 0), (0, 1)} by (ii); see Figure 2, left. This
gives (1) and (1").
o Suppose now that (g, 1) € Wy (x*) for some ¢ € Aw. Say (y1, (g, 1)) € SP(x™). If a simple walk

produces (yz, (¢, 1)) € SP(x*) (i.e., a new element of S(x*) rather than Wopy(x*)), then there exist
A —mn € Cyand w € W such that y; = t,w and y, = t, wwyp. Then

W3 teep 1) N W5 e (73) = w{(0, 0), (0, 1), (g1 — &2, 1), (e2 — &1, D).

Fact (i) precludes w(0, 1) from being in Wy, (x*). Moreover, if w(e; — &3, 1) and w(e; — 1, 1) are in
Woby (x*), then so is w(0, 0). Changing w if necessary, we assume that ¢ is w(e; — &2, 1). Then Wy (x™*)
is one of cases (2), (3), or (4).

— In case (2), S(x*) has six elements by Corollary 4.1.10, and furthermore

Wi 4eep @) C [ Wiaeep ) = (e, 1}
yES(x*)

by (ii) —this is (2'); see Figure 2, middle.
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Figure 2. Left: Case where W,y (x*) = {(0, 0)} and #S(x*) = #W. The set Wy, (x™)
is pictured by the red dot and the set S(x*) by the 6 triangles. The simple walks only
produce new specializations. Middle: Case where Wopy, (x*) = {(g, 1)} and #S(x*) = #W.
The set Wopy (x™) is pictured by the red circle and the set S(x*) by the 6 triangles. Again,
the simple walks only produce new specializations. Right: Case where #S(x*) = 4. We
have the four specializations given by the triangles, and the starting obvious weight (¢, 1)
by the red circle. The simple walk producing the new obvious weight is pictured by the
black thickened arrow.

— In case (3), S(x*) has four elements, and ﬂyes(x*) Wf_deep(y*) is given by (3'); see Figure 2, right.

— In case (4), given by Figure 3, left, S(x*) = {y1, y»} and Wideep(y;") N Wideep(yz‘) is given by (4).

« Finally, we suppose that (&, 1) € Wqpy (x*) for some & € Ay and a simple walk starting with (¢’, 1) for any
g e A%V such that (&', 1) € Wopy (x*) always yields a new element of Wy, (x*). Let (y1, (g, 1)) € SP(x*).
After possibly changing A, there exists w € W such that Wég_ deep 7)) is

'LU{(O, O)s (0’ 1)’ (81 — &2, 1)’ (‘92 — &1, 1)’ (817 O)’ (81’ 1)’ (82’ 0)7 (82’ 1)7 (81 +82’ 1)}
and ¢ = €| + &;. By assumption, we have that (y;, w(ey, 0)) and (y1, w(ez, 0)) € SP(x*).

— If a simple walk starting with (y;, w(ey, 0)) yields (y2, w(ey, 0)) € SP(x™*) for some y; € VT/, then
Wfdeep(x*) C Wfdeep(yf) N Wzg_deep(y;‘) which is (5') (see Figure 3, middle).

We claim that w(e1, 1) € Wopy(0). If w(ey, 1) € Wopy(0) then, as argued before with w(e; + &2, 1),
there would necessarily be two elements in Wopy (x™) C Wi Gleep(y]k) N Wf_ deep (y3) which correspond
to two adjacent vertices in Figure 3, middle. However, there are no such elements in (5"). Sim-
ilarly, w(ez, 1) ¢ Wopy(x*). A simple walk from (y,, w(ey, 0)) € SP(x™*) yields two elements in
SP(x*) — (y1, w(eq, 0)) and (y3, w(e’, a)). If y, # y3, then w(ey, 0) ¢ Wég_deep(ygk), which contradicts
Lemma 4.1.7(2). We conclude that w(e’, a) = w(0, 1) € Wypy(p). This gives the set in (5).
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(£|+S:J)

(&,00)
(£,,0) (&,,0)

(€, £,0)

Figure 3. Left: Case where #S5(x*) = 2. We have the two specializations given by the
red and blue triangles, and the starting obvious weight (e, 1) by the red circle. The
simple walks producing the new obvious weights are pictured by the black thickened
arrows. Middle: We picture (for w = 1) the simple walks pertaining the third bullet point
in the analysis of the proof of Lemma 4.1.11. The arrows from (g, 1) € Wopy(x*) to
(e1, 0), (&2, 0) exist by the assumption that any simple walk from (¢, 1) always yields
a new element of Wy, (x*). In this middle picture, we consider the case where a
simple walk from (y;, (e1, 0)) yields (yz, (¢1,0)) € SP(x*) with y, # y; (such y; is
uniquely determined.) Since (y3, (g2, 0)) ¢ SP(x*), we have the arrow from (g1, 0) to
(0, 1). Right: Again, we consider the third bullet point in the analysis of the proof of
Lemma 4.1.11, but now we consider the case when a simple walk from (yy, (¢1, 0))
yields (y1, (e — &2, 1)) € SP(x*) (hence, yields the arrow from (g1, 0) to (g; — &3, 1);
compare with the middle figure.

— If the process in Proposition 4.1.8 from (yy, (¢1, 0)) € SP(x*) yields (y;, w(e; — &2, 1)) € SP(x*)
instead of (y», w(ey, 0)), then S(x*) = {y1} by (ii) since y; is the unique y € W such that Wég_deep(y*)
contains w(e; — &3, 1), w(ey, 0), w(ey, 0), and w(e; + &3, 1); see Figure 3, right.

We conclude from Corollary 4.1.10 that Wy (x*) = Wby (y]) which is given by (6). Then the

upper bounds for Wf_ (x*) in cases (5) and (6) again follow from (ii).

deep
We now show that every possibility arises.
e One checks that case (6) arises when x* =7\ Z(t, w)*.

o If welet y =t(1,0—1ywo and x* € Z\ Zy*Z(t, w)*(F) but is not equal to Z \ Z(t,wy)*, then one can
check that f,w, fwy € S(x*) so that Wy (x™) C Wideep(t,xw) N Wideep(tkwy) by Lemma 4.1.7. This
rules out (6). One can furthermore check that the image of Wy, (x*) under (2-2) contains (5) so that out
of the six possibilities it must equal (5).

o Next, if 51 and s, € W denote the simple reflections and x* is generic in

I\ ZIs15:Tsos1(tw)* NI\ Isysi1Isysa(tw)™,
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then f,w, Hwwy € S(x*) so that

Woby (6*) C W goep (130) 1 W5 oo (1 w000)

deep

by Lemma 4.1.7. This rules out (6). One can furthermore check that the image of W,y (x*) under (2-2)
contains (4) so that out of the six possibilities it must equal (4).

o If x* is generic in Z \ Zsps1Zs1s2(tw)*, then thw, Hwssy, HLwszsy, hwwy € S(x*). Then by similar
arguments as above Wqpy (x*) is contained in (3). One can furthermore check that Wy (x*) contains (3).

o If x* is generic in Z \ ZwoZ(t;, w)*, then Wi deep(x*) only has one element, namely (1).

o If x* is generic in an upper alcove component, then Wf_ deep (x*) only has one element corresponding to
2). U

Theorem 4.1.13. Suppose that x* € FIZV—(Zleep such that there exists yo € S(x*) with yo(0) € Ce.decp- Then

there exist . —n € Co and w € W such that under (2-2) the image of Wopy(x™) is as in Lemma 4.1.11 and
the image of Wzg_

deep (x*) is correspondingly one of

(1) w{(0, 0)} or w{(0, 0), (0, D};

(2) w{(e1 —&2, D}

(3) w{(0,0), (e1 — &2, D};

(4) w{(0,0), (1 — &2, 1), (62 — &1, D};

(5) w{(0, 1), (¢1,0), (e1, 1), (€2, 0), (2, 1), (e1 + &2, D}; and

(6) w{(0,0), (0, 1), (61 — &2, 1), (2 — &1, 1), (£1,0), (e1, 1), (62, 0), (£2, 1), (1 + &2, D}.
Moreover, every possibility arises.

Proof. We explain how the bounds on W, (x*) and Table 3 can be used to determine Wég_ deep (x*). Let
x*e Flzv_ %eep be as in the statement of the theorem, and let A and w be as in Lemma 4.1.11. Define X8 (x*)
to be the image of Wzg_ deep (x*) under (2-2). Table 3 (with s; in the notation there~ taken to be w in this
proof) implies that the number of irreducible components of the completion of U(Z, 0, V-1 (,4.n))F at
an [F-point is never three (and that each irreducible component is smooth). Theorem 3.3.2 then implies
that #38 (x*) N1,s(Xg) # 3 for all ¢,5 € W,. (The relevant type 7 in Theorem 3.3.2 is 4-generic since
w(yg, w(r)) < wx*, w(r)) € Adm(n) by Lemma 4.1.7(1) and yo(0) € Cs.decp.) This is the key fact that
we will use in our analysis of %8 (x*).

The upper and lower bounds, say Z"°(x*) and ='°(x*), respectively, for £&(x*) from Lemma 4.1.11
give upper and lower bounds for X8 (x*) Nt,s(Z¢) for each t,s € W,. For each (¢, a) € "0 (x*)\ T (x*)
in cases (3)—(6), one can choose #,s € W, such that

o (2 \ BP0 N1s(To) = {(e, a)}; and
o #X0(x*) N1,5(Zo) =3 or #TP(x*) N1,5(Zg) = 3.
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Figure 4. Choice of #,s in cases (3) and (4). The red circles and the dot represent
= (x*), the black circle the element in " (x*) \ =!°(x*). We have fixed an element
tupqw € W so that s~ 'z,.w ™! Ly € S(x™).

Figure 5. Choice of ¢,s in cases (5) and (6).The red circles and dots represent = (x*),
the black cncles the element in " (x*)\ ' (x*). We have fixed an element LupqW € W
so that s~ !#cw ™1ty e € S(x¥).

Then the fact above implies that #-°(x*) N7,5(Xo) = 3 if and only if (¢, a) € £&(x*). From this, one
checks that X8 (x*) is as claimed. We now illustrate in Figures 4 and 5 the choices of 7 in cases (3)-(6).

Finally, we show that every possibility arises. Since Lemma 4.1.11 showed that every one of the
six possibilities arises, we only need to show that the two possibilities in case (1) arise. The case
w{(0, 0)} arises when x™ is generic on a lower alcove component so that Wzg_ deep (x*) only has one element
corresponding to this component. The case w{(0, 0), (0, 1)} arises when x™ is generic in the intersection
of the two components corresponding to w{(0, 0), (0, 1)}. Indeed, this intersection is two-dimensional

so as long as x* is not in cases (5) or (6) which are of dimensions one and zero, respectively, the case

w{(0, 0), (0, 1)} must apply. O
Remark 4.1.14. The notions in this section extend to the case of products: if x* = (x/);c7 € (FL; deep)j ,
we let Ws deepX™) and Wopy (x*) be the subsets [Tics Wy deep(xl. ) and [ ;s Wobv(x]) of

(W, x (X*(T)NCo+m))/ ~,
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respectively. The natural analogues of Theorems 4.1.2 and 4.1.13 generalize to this setting.

4.2. Classification of geometric weight sets. Let p : Gk — GL3(F) be a continuous Galois representation.
If t is a 4-generic tame inertial type and p arises as an F-point of X[? " then Theorem 3.2.2 attaches a
Breuil-Kisin module 9t € Y02.7(F) to 5. In this scenario, we define the shape 0*(5, T) € W¥-7 of p
with respect to 7 to be the shape of It € Y10-2L7(F) (see Section 2.2). Let Wzg_ deep (0) be the set of Serre
weights {o | o is 2-deep and p € C, (F)}.

Definition 4.2.1. Let SP(p) be the set of pairs (o1, o) with p; a tame inertial F-type and o € W2 deep( 0)
such that there exists a 4-generic tame inertial type T with

e 0 € JH(6 (7)) and
o TP, T) = W*(P1, T) € twvy

for any, or equivalently all, extensions ,5 1:Gg — GL3(F) of p; (in particular o € Wy (01)). Let Wopy (0) C
w5 deep(,0) be the image of SP(p) under the projection to Wé”deep(p) Let S(p) be the image of SP(p)

under the projection to the set of tame inertial F-types. We call an element of S(0) a specialization of p.

Definition 4.2.2. We say that a Galois representation p : Gg — GL3([F) is m-generic if the tame inertial
F-type p*|1, is m-generic and p has an m-generic specialization.

Remark 4.2.3. (1) If m > 6, p: Gx — GL3([F) is semisimple, and p|;, is m-generic, then p is m-generic
in the sense of Definition 4.2.2 since p|7, € S(p).

(2) It is shown (in greater generality under a suitable genericity assumption) in [Le et al. 2022] that
P%|1x € S(p) so that the requirement that p has an m-generic specialization in Definition 4.2.2 is
superfluous when m is sufficiently large.

We now recall the setting of Theorem 3.3.2. In particular, we have a pair (o, ¢) which corresponds to a
lowest alcove presentation (W, w) of a Serre weight o. Given the auxiliary choice of an appropriate tame
inertial type t (and letting (s, ;) be the compatible lowest alcove presentation), we have the diagram

C = Cioy — Ci,w

l |

Sty ——— Fly
ne (4-4)

Fl[O ,2]

C —> [Flfg 2] S*Z‘M*_i_n*/Tﬂ;v’J-Sh.an]

[

(Xk 3)F ——— ®-Mody}
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In particular the composite of the middle column gives a map Cs — @-Modi}”’[} which does not depend

on 7 and which factors through Xk 3. Note also that Ciisa subvariety of (Isivo)J , and that the rightmost
vertical arrow factors through (F1V0)7

The following proposition relates the Galois theoretic notions in Section 3.3 with the geometric notions
in Section 4.1 (or rather, its product version as in Remark 4.1.14):

Proposition 4.2.4. Let p € Xk 3(F) be 6-generic and (W, w) be a lowest alcove presentation of an
element of ngen (p) compatible with a 6-generic lowest alcove presentation of p*. If X* € (ﬁVO)J (F) has
images x* € (Flzv_%eep)J([F) and p € Xk 3(F) then (W, ®) is in Wopy (x*) (resp. Wf_deep(x*)) if and only if
Fiip,w) € Wobv(P) (resp. W3 e ().

Proof. This follows from Theorem 3.3.2, applied to suitably chosen auxiliary 4-generic types T containing
F(&.0)- O
Theorem 4.2.5. If p : Gx — GL3(F) is 6-generic, then there exist A € X*(T) and w € W such that
Woby (0) is F(‘Itx (]_[jej w; Zobv,j(ﬁ))) where for each j € J, Zoby, j(p) is one of the sets

(D) {0, 0}

(2) {(e1 —&2, D}

(3) {(0,0), (61 —&2, D}

4 {(0,0), (61 —&2, 1), (62— &1, D}

(5) {(0, 1), (¢1,0), (62, 0), (61 + €2, D}; and

©) {(0,0), (61 —e2, 1), (e2—e1, 1), (€1, 0), (62, 0), (61 + &2, D}.
Furthermore, ngen (p)=F (Sm (]_[ jeg Wi Ef (,5))), where with respect to the six above alternatives for
Zoby, j (0), Ef(ﬁ) is

(1) {0, 0)} or {(0,0), (0, D}

(2) {(e1—&2, D};

(3) {(0,0), (61 —&2, D}

) {(0,0), (61 — &2, 1), (e2 — &1, D}

(5" {0, 1), (21, 0), (e1, 1), (62, 0), (82, 1), (1 + &2, D}; o1

(6") {(0,0), (0, 1), (1 — &2, 1), (2 — &1, 1), (1, 0), (€1, 1), (62, 0), (g2, 1), (61 + €2, D}

Moreover, every possibility arises. If p is furthermore 8-generic, then W8 (p) = F(‘Itk (]_[jej w; Ef (,5)))

with Ef as above.
Proof. This follows from Proposition 4.2.4, Theorem 4.1.13, and Proposition 3.3.8. (Il

Remark 4.2.6. By the proof of Theorem 4.2.5 (and Lemma 4.1.11), if p is 6-generic and has an m-generic
specialization, then every specialization is (m—4)-generic.
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Theorem 4.2.7. Let T and t’ be 4-generic tame inertial types and p € X" (F) and p' € X7 (F). Suppose
further that X*, X'* € (Fl "I (F) have images x*, x'* € (Fl2 ~deep
that x"* is in the closure of the T[F -orbit of x*. Then p' € X" (F) and w*(p’, t) < w*(p, T). Moreover,
Wéen(5) C Wien ().

Proof. Since p € X"*(F), x* € C, for some o € JH(c (7)) by Theorem 3.3.2. Since C, is closed and

Y (F) and p, p’ € X3(F), respectively, such

ﬁv—stable, x"* € C,. We conclude that 5’ € X" %(F) again using Theorem 3.3.2. Similarly, x'* is in the
closure of Z\ Zw*(p, t)Zw*(r) which implies the desired inequality.
If p € C, for a generic weight o, then the same argument above shows that p’ € C,. O

Corollary 4.2.8. Let T and T’ be 4-generic tame inertial types and p € X" (F) N X" (F). Suppose that
p1 € X" (F) such that W*(py, ') = 0*(p, T'). Then py € X" (F) and W*(p1, T) < W*(p, 7).

Proof. This follows from Theorem 4.2.7 since there is a contracting T[FV -cocharacter for each translated
Schubert cell (see [Le et al. 2023b, Lemma 3.4.7]). O

5. Results for patching functors

We start in Section 5.1 by recalling the formalism of weak (minimal) patching functors and we prove
abstract versions of Serre weight conjectures assuming the modularity of an obvious weight (see Proposi-
tions 5.1.10 and 5.1.11 below). This assumption is removed in Section 5.2 if the weak patching functor
comes from an arithmetic module. In Section 5.3, we prove results on cyclicity of patching functors
arising from arithmetic modules and we finally give global applications of the above results in Section 5.4.

5.1. Patching functors and Serre weights. We recall the setup and the basic definitions for weak
minimal patching functors. Recall from Section 1.4 that we write the finite €tale Z,-algebra O, as the
product [],. s, Ovs, Where S, is a finite set and for each v € §), O, is the ring of integers in a finite
unramified extension F," of Q,, and that “G denotes the Langlands dual group of Go = Res@], /z,(GL3,0,).
Following Section 2.1.1, an F-valued L-homomorphism p : Gg, — LG(F) (resp. a tame inertial L-
parameter 7 : Ig, — GY(E)) is identified with a collection (Pv)ves, of continuous homomorphisms
Pv : G+ — GL3(F) (resp. with a collection (7y)yes, of tame inertial types 7, : I+ — GL3(E)).

Let p be an L-homomorphism over [ with corresponding collection (py)ves,. We write Ro for the
O-algebra R; ®o R?, where

def ® R

ves,,0

and R? is a (nonzero) complete local Noetherian equidimensional flat O-algebra with residue field [ such
that each irreducible component of Spec R” and of Spec R” is geometrically irreducible (we remind the
reader that M denotes M ®o F for any O-module M). We suppress the dependence on R” below. For a
Weil-Deligne inertial L-parameter 7, let Roo(7) be R ®r; Rg’r, where

n,T def ® Ny, Ty
R[3 = Rﬁu .

ves,,0



1260 Daniel Le, Bao V. Le Hung, Brandon Levin and Stefano Morra

Let Xoo, Xoo(7), and X oo (7) be Spec R, Spec R (T), and Spec Roo(7) respectively. Let Mod(X ) be
the category of coherent sheaves over X, and let Rep,(GL3(0,)) denote the category of topological
O[GL3(0,)]-modules which are finitely generated over O.

Recall from Section 2.1.C that given a tame inertial L-parameter t we have an irreducible smooth
E-representation o (7) attached to it. If 0°(7) C o (7) is an O-lattice, we write ¢°(t) for 0°(7) ®o F in
what follows.

Definition 5.1.1. A weak patching functor for an L-homomorphism p : Wg, — LG(F) is a nonzero
covariant exact functor M, : Rep,(GL3(0,)) — Mod(X ) satisfying the following: if 7 is an inertial
L-parameter and o°(t) is an O-lattice in o (1) then:

(1) M (0°(7)) is either zero or a maximal Cohen—Macaulay sheaf on X (7).
(2) For all 0 € JH(6°(7)), Moo (o) is a maximal Cohen—Macaulay sheaf on Xoo(7) (oris 0).

(3) Suppose o° is an O-lattice in a principal series representation R (). Then My (0°) is supported
on the potentially semistable locus of type (n, T(1, w)) in X .

We say that a weak patching functor M, is minimal if R? is formally smooth over O and whenever Tt is an
inertial L-parameter, Mo, (0 °(7))[p~'], which is locally free over (the regular scheme) Spec R (T)[p~'],
has rank at most one on each connected component.

Remark 5.1.2. The above definition of weak patching functor is slightly weaker than that in [Le et al.
2023b, Definition 6.2.1] and closer in spirit to that of [Le et al. 2019, Definition 4.2.1]: the purpose of the
third item is to eliminate nonregular Serre weights.

Let d be the (common) dimension of X () for any inertial L-parameter 7. If M is an R oo-module
whose action factors through Roo(7) for some inertial L-parameter 7, let Z(M) be the associated d-
dimensional cycle. Note that Z (M, (—)) is additive in exact sequences.

We now fix an L-homomorphism p : Wg, — LG (F) and a weak patching functor M... Let W(p) be
the set of Serre weights o such that M (o) # 0.

Proposition 5.1.3. Ifp: Wg, — LG (F) is an L-homomorphism with 6-generic semisimplification, then
Wgen(ﬁ) =W(p).

Proof. We adapt the argument in Proposition 3.3.8: If F(A) € W(p), then M (F (X)) # O so that
Moo (R (1)) # 0. This implies that o, and hence 0%, has a potentially semistable lift of type (1, T(1, A)).
The rest of the argument is the same. U
Proposition 5.1.4. (1) If p*|;, is 7-generic, then W (p) C W?(ﬁss|1K).

(2) If p*| 14 is T-generic, then for any 4-generic p; € S(p), W(p) C W?(p1). (Note that S(p) consists of
tame inertial F-types so that W’ (p1) is defined.)

Proof. Let o be in W(p). By the proof of Propositions 5.1.3 and 3.3.8, R;(}) is 5-generic if 0 = F(A) so
that o is 3-deep. Let p; be a 4-generic element of S(p) or p*|;,. Suppose that o ¢ W?(p1). By (the
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proof of) [Le et al. 2020, Lemma 2.3.13] and Proposition 2.1.1, we can find a 1-generic type 7 such that
o €JH(o (7)) and JH(o (7))NW?(5;) = @. That o € W(p) implies that p, and thus 0%, has a potentially
crystalline lift of type t as in the proof of Proposition 5.1.3. Proposition 3.3.2 in [Le et al. 2019] implies
that 7 is 4-generic. Lemma 5 in [Enns 2019] or Corollary 4.2.8 then implies that 5 1 € XT7(F) for any
extension ,g 1 of p1 to an L-homomorphism. Theorem 3.3.2 implies that JH(o (7)) N ngen(,g 1) # 2. On
the other hand,

JH@ (2) N W, (B1) = TH(E (1) N Wiy (1) = THE () N\W(51) = @
by Corollary 3.3.7. This is a contradiction. O

For a Serre weight o, let p(o') be the prime ideal or unit ideal in R; corresponding to the pullback of
the stack C, to Spec R;. For an inertial L-parameter 7, let / (7) be the kernel of the surjection R; — Rg’r.
Observe that if /(t) C p(o) # 1, then p(o) induces a minimal prime of Rg’r, and all minimal primes

arise this way.

Lemma 5.1.5. Suppose that t is an inertial L-parameter corresponding to a collection of 4-generic tame
inertial types (ty)ves,. Then any minimal prime ideal of R (%) is of the form I (t) Roo + pRoo for some
minimal prime ideal p C R?.

If M is a nonzero finitely generated maximal Cohen-Macaulay R (t)-module, then Anng, (M) =
I(7) 4 ().

Proof. Since Rg’r is geometrically irreducible (its special fiber is reduced after arbitrary finite extension of
[ and hence is normal; see the proof of [Le et al. 2020, Lemma 3.5.4]), the first part follows from [Barnet-
Lamb et al. 2011, Lemma 3.3(5)]. Similarly, any minimal prime of R (7) is of the form p(c) Roo + PR oo,
where p(o) corresponds to a minimal prime of R%’t, and p is a minimal prime of R”.

If M is a nonzero finitely generated maximal Cohen—Macaulay R, (7)-module, then Z(M) is at least
the reduction of the cycle in Spec R (t)[1/ p] corresponding to a minimal prime of R (7). In particular,
for any prime p(o) of R; inducing a minimal prime of R”T, Ann Roo(T) (M) is contained in a prime induced
by p(0) Reo + P Roo for some minimal prime p of R”. Since Roo/(§(0)Roo +PRo) = R;/p(0) ® R” /P,
(P(0)Rx +PRs) NR; =p(0) by Lemma 5.1.6. We conclude that Anng; (1\71) C p(o) for each minimal
prime ideal p(a)ﬁoo(t) of Roo(T). Since Rso(7) is reduced, AnnRﬁ(ZVI) C I(t) + (w). The reverse
inclusion is clear. U

Lemma 5.1.6. Let | be a field. If R and S are complete Noetherian local F-algebras with residue field [,
then the natural map R — R Q¢ S, r +— r ® 1 is an injection.

Proof. Let mg C S be the maximal ideal. The composition R — R ®FS — R®r (S/mg) = R Q[ is the
isomorphism given by r — r ® 1. The result follows. ]

For the rest of the section, we assume that p is 8-generic. In particular, every element of S(p) is
4-generic by Remark 4.2.6.
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Lemma 5.1.7. If 0y is a Serre weight and Anng; M (01) C p(02) & Rj for a Serre weight oy, then
(o)) T 1.
Proof. Since Mo (o1) is nonzero by assumption, Proposition 5.1.4 implies that o; € W’(5;) for any

specialization p; of p. Then o7 is 6-deep because p is 8-generic. If o1 € JH(6 (7)) for a tame inertial
type T (necessarily 4-generic), then

[ p@)=(@)+1(r) CAnng, Ms(01) Cp(02) G R;
o €IH(E (1))
by Theorem 3.3.2. This implies that o3 € JH(o (7)). We conclude that o covers o, (Definition 2.1.2).
The result now follows from Lemma 2.1.3. ]

Lemma 5.1.8. If Wopy (0) N W(0) is nonempty, then Wopy (0) C W(p).

Proof. Let oy € Wopy(0). We claim that there is an n € N and sequences of tame inertial types (7;)7_,,
; such that

specializations (0;)}
° {Ui}?:() = Wonv(0);
e pieS(p) forali=1,...,n;

« W(5;) NTHE (1)) = W (51) NTH(@ (1)) = {071, 0;) foralli =1, ..., n.

| (elements in S(p)), and (not necessarily distinct) Serre weights (o;)

n
= i=

Indeed, the proof of Corollary 4.1.10 gives a sequence of elements (y, (w, yw ! (0))) in SP(x*). We
define the sequences by taking the specializations p; corresponding to the elements y, taking the
Serre weights o; corresponding to the elements Fg ,5-1(p)), and taking the tame inertial types 7; to
be r(u, y(@‘lwglwosw)_l(O)) where u is the image of y(ﬁ‘lﬁglwosw)_l in W (see also the proof
of Proposition 4.1.8). We will use these sequences to prove the result by induction.

Suppose that o;_1 € W(p) for some 1 <i <n. Then My, (6°(t;)) is nonzero. Since M, (6°(7;)) is a
nonzero finitely generated maximal Cohen—Macaulay R (7;)-module, Proposition 5.1.4 and Lemma 5.1.5
give

[1 Anng, Moo(0) C Anng; Moo(3°(w)) = 1 (1) + (@) C p(0)).
o’ €TH(@ (z)NW? (5;)
Then Anng, Moo (0i—1) C p(0;) or Anng; M (0;) C p(o;). The former contradicts Lemma 5.1.7 and so
o; € W(p). O

Lemma 5.1.9. If p is semisimple and 8-generic, and o € W’ (p), then there exists a tame inertial

L-homomorphism t such that
(1) o € JH(o(7)); and
(2) o' € W (p) NIH(G (1)) implies that o' 4 o.
Proof. This follows from [Le et al. 2020, Lemma 3.5.9]. U

In fact, T is unique. We say that 7 is minimal with respect to p and o.
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Proposition 5.1.10. Let p : Wg, — LG (F) be an 8-generic L-homomorphism and let My, be a weak
patching functor. If Wony(p) N W(p) is nonempty, then Anng, Moo (o) C p(0) for all Serre weights o. In
particular, Wé(p) C W(p).

Proof. The inclusion is trivial if o ¢ W&(p). Suppose that o € W&(p). Choose an 8-generic p’ € S(p)
(e.g., p**) and choose the tame inertial type T which is minimal with respect to o’ and o.

For any Serre weight ¢’ 1 o, o’ € JH(6(t)). Theorem 4.2.5 implies that JH(G (7)) N Wopy(p) is
nonempty. Lemma 5.1.8 implies that M+, (6°(t)) is nonzero for any lattice 6°(t) C o(r). Since
Moo (5°(7)) is a nonzero finitely generated maximal Cohen-Macaulay R (7)-module, Proposition 5.1.4
and Lemma 5.1.5 give

I1 Anng, Moo(c') C Anng, Moo(6°(1)) = I (1) + (@) C p(0).
o’ eJH(@ (v)NW? (")

Then Anng, M (c") C p(o) for some o’ € JH(G (7)) N W?(p'). Lemma 5.1.7 implies that o 1 ¢’. That
7 is minimal with respect to p’ and o implies that ¢’ 4 o, hence o = o’. O

Proposition 5.1.11. Let p : Wg, — LG (F) be an 8-generic L-homomorphism and let M, be a weak
minimal patching functor. Assume that Wopy (0) N W () is nonempty. Then Z(Mx(0)) is the irreducible
or zero cycle corresponding to the prime or unit ideal (o) Roo. In particular, W(p) = W8(p).

Proof. Let t be a 4-generic tame inertial type. Let C, (0) be the irreducible or zero cycle corresponding
to the ideal p(0) Ry. Then

Z(Rao(1) 2 Z(Mo(0°(™)) = Y Z(Mxo(@) = Y. Co(p),
o eJH@E (1)) o €JH(E (1)

where the first inequality follows from the fact that M, is minimal (see [Le et al. 2018a, Proposition 7.14])
and the second inequality follows from Proposition 5.1.10. However the first and last expression are equal
by Theorem 3.3.2, which forces the inequalities to be equalities. We conclude that the result holds for all
o € JH(o (1)) for a 4-generic tame inertial type t. In particular, the result holds for all generic o.

Finally, suppose o is nongeneric. Then Proposition 5.1.3 shows that Z(My(0)) =0 and o ¢ W&(p),
by Proposition 3.3.8, s0 p(0) R = Reo. O

5.2. Arithmetic patched modules. Let R, be as in Section 5.1 and set F, o » ®z, Q,.

Definition 5.2.1. An arithmetic Ro[GL3(F,)]-module for an L-homomorphism p : Wa, — LG(F)is a
nonzero O-module M, with commuting actions of R, and GL3(F}) satisfying the following axioms:

(1) The Roo[GL3(O)p)]-action on My, extends to Ry [GL3(0),)]] making M, a finitely generated
Roo[[GL3(O))]-module.

(2) The functor HomoycLyo,)1(—: M) : Reppn(GL3(0))) — Mod(X ), denoted M (—), is a weak
patching functor.
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3(F) GL3(£,)

(3) The action of ’H,GL © ( () = HGL;( ( (1)°)[1/p] on My (o (T)°)[1/p] factors through the

composite

HIEE (0(0) 5 RIT[1/p] = Roo(D[1/p],

where the map 7, is the map denoted by 7 in [Caraiani et al. 2016, Theorem 4.1] except with r),
normalized so that r,, () = rec, (7 ® | det |"~1/2),

We say that an arithmetic R[GL3(F),)]-module My, is minimal if Moo (—) is.

Let I be the preimage of Bo([F,) under the reduction map Go(Z,) — Go(F,). Let I be the (unique)
pro-p Sylow subgroup of I. Let x : I/I; — O™ be a character. Let 0(x) be indIG(O” ) x. If x is regular,
ie., x = x* implies s =1 for s € W(GL?”), then 6(x)[1/p] is absolutely irreducible.

Lemma 5.2.2. If x : I/} — O is a regular character, then the Go(Z)-cosocle of 6(x) is isomorphic

to the unique Serre weight o (x) with o (x)'' = ¥

Proof. By Frobenius reciprocity, HomGo(zp)(Q (x), o) =Hom;(x, o) =Hom; (¥, o). Then

Homgz,)(0(x), o) #0
if and only if 0 = o' ()) in which case it is one-dimensional. O

Lets € W(GL§P) and x* be the character such that x*(¢) = x (s~'ts) for

teTy(Z,) ZTO,) = [[ T,
vES)
The representations 0 () and (x*) are isomorphic.

Lemma 5.2.3. Let x : I/I{ — O be a regular character. Fix s € W(GL‘;”), and let 0(x) — 0(x*) be a
nonzero map which is unique up to scalar. Let I (x, s) be the image of this map. Then o (x) € JH(I (x, )).

Proof. The natural surjection 6(x) — I (x, s) induces a surjection on Go(Z,)-cosocles by Lemma 5.2.2.
Thus the cosocle of I (), s) is isomorphic to o ()). U

Let x = ®ues Xv be as above and decompose each x, as x,.1 ® xv.2 ® xv.3 in the usual way. For each
vES), let 1:,, (resp. 1,,1) be the tame inertial type (xy.1 D Xv.2 D Xv.3) © ArtF (resp. xv,10 ArtF ). Then
letting ¥ (Tu)ves,, (resp. r1 (rv 1ves,) we have that o (7) =60 (x)[1/p] (resp. o (71) is the inflation of
X1 to OX) For each v € §), let U,1 ’ be the endomorphism defined in [Le et al. 2023a, §10.1.2] so that

: F,
uh 2 nves U;!" is an endomorphism of deLzEO ))9( )-

Lemma 5.2.4. With x and t as above, suppose that T is 4-generic. If o € JH(G (1)) is not an outer weight,
then Noo(Uy, 1) vanishes on Cy (p).

Proof. Up to a unit, for each v € §,, the image of 7o (U, r,) (mod @) € [ in (the completion of) the
second column of Table 1 is a nonempty product of diagonal elements modulo v by [Dotto and Le 2021,
Corollary 3.7]. One can check that each of these diagonal elements modulo v is contained in each of the
ideals in the final column corresponding to (0, 0), (g1, 0), or (&2, 0). [l
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Lemma 5.2.5. Let p be 8-generic, and let M, be an arithmetic Rx[GL3(F))]-module. Then

Suppe, Moo (@) C Co (5).
In particular, W (p) C W8(p).

Proof. Let o’ be a Serre weight such that C,/(p) C SuppRﬁ My (o). We will show that 0’ = o. Set
¥ to be the Teichmiiller lift of o/, i.e., 0 = o(x). Let 7 and 7; be defined in terms of x as before,
e.g.,0(t) =0(x)[1/p]. Since o covers o’ by Lemma 5.1.7, ¢’ € JH(G(t)). Since the only weight in
JH,u (o (7)) that o covers is o itself, we conclude that 6’ = o or ¢’ is not in JHyu, (7 (7)).

We have

Co'(P) C Suppg, Moo(0) C Suppr, Moo(I (X, 5))
= SuppRﬁ noo(Un,r)Moo(e(X)/(w)) - SuppR/3 noo(Url,r)Rf;,

where the second inclusion follows from Lemma 5.2.3 and the equality follows from the fact that
Moo (0(x))/(Moo(Uz, 1), @) = Moo ((0(x°) ®0 F)/1(x, 5)), where s, = (132) for all v € S, by [Le et al.
2023a, (10.1.9)] (and using the exactness of Moo (—)). Then (oo (Us, ¢), @ )po’) /(@ )py # 0. Since
1?:3 is reduced, Lemma 5.2.4 implies that o’ € JHou (5 (7)). U

Theorem 5.2.6. Let p be 8-generic and M, be an arithmetic Roo[GL3(F),)]-module. For a Serre weight o,
SuppR/j Moo (0) =Cy (). In particular, W(p) = W8(p). If M is furthermore minimal, then Z (Mo (o))
is the irreducible or zero cycle corresponding to the prime or unit ideal (o) Roo.

Proof. If o is nongeneric, then o ¢ W(p) and o ¢ W8(p) as in the proof of Proposition 5.1.11 and the
desired equality holds. Since M, is nonzero, there is a generic o € W(p). Choose a 4-generic tame
inertial type t such that o € JH(6 (t)). Then M. (o (7)) is nonzero and in fact

Suppg, M@(@) = | J Cor(p)
o’eJH(G (1))

by Theorem 3.3.2. On the other hand, we have
Suppg, M@ (1)) = | )  Suppg, Moo(o).
o’eJH(o (1))

Then Lemma 5.2.5 implies that SuppRﬁ My (0") =Cy(p) for all 6’ € JH(G(7)); in particular,
Suppg, Moo (0) = Co ().

It is easy to see from Section 2.1.G and Theorem 4.2.5 that W,y (0) NJH(G (7)) is nonempty. Combined
with the above, Wy (0) N W (0) is nonempty. By Proposition 5.1.10, W8(p) C W(p). With Lemma 5.2.5,
we have W8 (p) = W(p). By the above parenthetical, Supp R; My (0) =Cs(p) if 0 € W(p) while it holds
trivially otherwise.

If M is minimal, then the last part now follows from Proposition 5.1.11. ]
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5.3. Cyclicity for patching functors. In this section, we show that certain patched modules for tame
types are locally free of rank one over the corresponding local deformation space. The argument follows
closely that of [Le et al. 2020, §5.2].

Recall from Section 2.1.C the irreducible smooth E-representation o () attached to a tame inertial
L-parameter t. Given o € JH(c(r)) we write o (1) for an O-lattice, unique up to homothety, in
o (t) with cosocle o. For an L-parameter p : Gg, —> LG (F), we write W8(p, t) for the intersection
W8 (p) NJH(c (r)). Throughout this section, we fix an L-parameter 0 and a weak minimal patching
functor My, for o which comes from an arithmetic Ro[GL3(F),)]-module. The main result of this section
is the following:

Theorem 5.3.1. Suppose that p : Gg, — LG (F) is a 11-generic L-parameter arising from an F-point
of X for tame inertial L-parameter T (in particular, T is 9-generic) and let 7 & w*(p, t). Let
F(L) € W&(p, t) be a Serre weight such that for all j € 7,

Az-1(jy € X1(T) is in alcove Wy, - Co if £(Z;) < 1. (5-1)
Then My (o (7)F M) is a free Ry (t)-module of rank 1.

The proof is similar to the case when p is semisimple ([Le et al. 2020, Theorem 5.1.1] with slightly
weaker genericity assumptions), and we will indicate the necessary modifications. First, [Le et al. 2020,
Theorem 5.1.1] relies on a structure theorem for lattices in generic Deligne—Lusztig representations of
Go(F,) [loc. cit., Theorem 4.1.9]. The following proposition improves the genericity hypothesis of that
result. We refer the reader to [loc. cit.] for unexplained notation or terminology.

Proposition 5.3.2. Let R be R,(i) where n — n € Cy is 9-deep. Then the radical filtration of R° is
predicted by the extension graph with respect to o, and the graph distance, the radical distance and the
saturation distance from o all coincide on '(R°).

Proof. As we now explain, the proof of [Le et al. 2020, Proposition 4.3.7] works for 9-generic R using
some minor improvements to genericity hypotheses. Replace R;%‘?:T’}V with a suitable completion of
((’)(U (w, n, V,,oo))) and the primes pe"pl (o) with suitable completions of the primes corresponding to
%g,@ in Theorem 3.3.2. The results of [Le et al. 2020, §3.5, 3.6] appearing in the proof of [Le et al.
2020, Proposition 4.3.7] hold for 7-generic ps. Indeed, [Le et al. 2020, Theorem 3.5.2] holds by the
same argument using Proposition 5.1.4 in place of [Le et al. 2020, Proposition 3.5.6]. The rest of the
results follow from Theorem 3.3.2. In particular, it holds for the ps chosen in the proof of [Le et al. 2020,
Proposition 4.3.7] since R is 9-generic. (Proposition 3.4.5 in [Le et al. 2020] holds with (n — 3) replaced
by (n —2). Indeed, [Le et al. 2019, Proposition 3.3.2] holds with m — n replaced by m —n 4 1. The
proof shows this stronger result and that all lowest alcove presentations of t are (m—n)-generic.) All the
subsequent statements appearing in [Le et al. 2020, §4.3] then hold for 9-generic R (note that [Le et al.

2020, Theorem 4.2.16] holds for 8-generic R). O
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We prove Theorem 5.3.1 through a series of lemmas. Until the end of the proof of Theorem 5.3.1, fix
0 8-generic, T a tame inertial L-parameter such that o € X7 (F) (in particular 6-generic), Z = w*(p, ),
w difz , and A satisfying (5-1). We write o (t)° for 0(7)? ®o F in what follows.

Below, we modify the proofs of [Le et al. 2020, §5.1]. We will refer to the following as the usual
modifications: we replace ts, ps, W’ (ps), W (ps, Ts), w;, and w} in [loc. cit.] by 7, p, WE(p),

Ws(p, t), Zi, and w;, respectively. (In [Le et al. 2020, §5.1], the set Sp is denoted S.)

Lemma 5.3.3. Assume that t is 9-generic (for instance, if p is 11-generic) and £(Z;) > 1 forall j € J.
Let V be a quotient of 6 (t)°. Then Mo (V) is a cyclic Rs(t)-module.

Proof. First, the scheme-theoretic support of M, (o) is, by Theorem 5.2.6, (nonempty and) generically
reduced and hence reduced, e.g., by the proof of [Le et al. 2020, Lemma 3.6.2]. It is then formally smooth
by Table 3, and so M. (o) is free over its scheme-theoretic support by the Auslander—Buchsbaum—Serre
theorem and the Auslander—Buchsbaum formula.

Now the proof of [Le et al. 2020, Lemma 5.1.3] applies after the usual modifications. Moreover,
in the setup for [Le et al. 2020, Proposmon 4.3.7, Lemma 3.6.10], SXP;V should be replaced by
((’)(U(Z n, V; c>o))) (for a suitable x € U(Z N, Vr.oo)(F)) and N by log, #W48(p, 7). (Lemma 3.6.10 in

[Le et al. 2020] holds for p and T with W’(p, t) replaced by W4(p, ) by Theorem 3.3.2.) [l

We now assume that p is 11-generic (in particular, t is 9-generic). We fix a semisimple p®P :
Ga, —~ LG (F) such that * (5, ) = *(p, T) = Z. By Corollary 4.2.8, if 5 € X" (F) for a 4-generic 7/,
then o € X7 (F) and

w*(p*, ) < W (p, 7). (5-2)

Let (s, u — n) be the 7-generic lowest alcove presentation for p°P compatible with the implicit 9-generic
lowest alcove presentation of t so that p®P| Io, =T(s, ).

Now let V be a quotient of & (7)° such that there exist subsets Xy ; C w (Eo) such that

1_[ Yy, = JH(V), (w,a) 0@w.a o F (%, (sw, a))
ieg
is a bijection. We will show the cyclicity of M, (V) by inducting on the complexity of the set Wé(p, T) N
JH(V).
Let Ef C r(Zo) such that (w, a) = F(%t,(sw, a)) defines a bijection from Zf — W&(p). (The sets
Ef exist by Section 2.1.G, Corollary 3.3.9, Theorem 4.2.5, and Corollary 4.2.8.)

Lemma 5.3.4. Suppose that for all j € J either £(Z;) > 1 or Zy ; C {(&, 1), (0,0), (1, 0), (&2,0)} for
some ¢ € {0, €1, &}. Then M (V) is a cyclic Rx(t)-module.
Proof. We induct on

nS#lie g @) <land#Zy,; =3).

If n =0 we let 7’ be the tame inertial L-parameter corresponding to t§ constructed in the first paragraph
of [Le et al. 2020, Lemma 5.1.4] with respect to p*°. Since o € JH(6 (7)) by construction, X .7 (F)
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contains the 11-generic p so that 7" is 9-generic. Then p arises from a point in U (7', n, Vo .00)(F) by
Theorem 3.3.2 since o € JH(G(t')) and E(Z’j) > 1 by (5-2). The result follows now from Lemma 5.3.3.

Observe that if £(z;) < 1, then Ar-1(j) € wy, - Cy so that (g, 1) is necessarily in Ef since F(L) €
WE(p)NJH(V). The general case then follows verbatim as in the proof of the general case in [loc. cit.] with
the usual modifications. Moreover, references to [Le et al. 2020, Theorem 3.6.4, Table 3, Theorem 4.1.9]
are replaced by references to Theorem 3.3.2, Table 3, and Proposition 5.3.2 respectively; and references
to [Le et al. 2020, Lemmas 3.6.12, 3.6.16 (3.19)] are replaced by references to Lemma 5.3.9 and 5.3.10
after localization at x (in fact [Le et al. 2020, Lemma 3.6.12] is sufficient for the case of 7; = 11). U

Lemma 5.3.5. Suppose that £(Z;) > 1 or
Ty,; C 5 (Zo\ {(v1,0), (v, 1), (v3,0)}),

where (v1, V2, V3) is (81 — €2, €1, €1 + €2), (62 — €1, €2, €1+ €2), or (61 — 2,0, &2 — €1). Then Moo (V) is

a cyclic Ry (t)-module.

Proof. This follows from the proof of [Le et al. 2020, Lemma 5.1.5] with the usual modifications. (In the
reduction step in the first paragraph of the proof, one possibly changes t and so possibly changes p*P. This
only affects this proof.) References to [Le et al. 2020, Theorem 4.1.9] are replaced by Proposition 5.3.2
above, and references to [Le et al. 2020, Lemma 5.1.4] are replaced by references to Lemma 5.3.4.
Finally, we can and do choose V2 in the final paragraph of the proof of [Le et al. 2020, Lemma 5.1.5]
so that if (¢/,0) € Vl.? in the notation of [loc. cit.], then (¢, 0) € Ef’j. Indeed, £(Z;/) < 1 and [Le et al.
2018a, §8] ensure that ﬁ(Z,-/, ni’, Vs;l(u,-fv“n,-/))[F has at least 5 components, where T = 7(s, i + 1), so that
#Eﬁ > 6 and contains two of w;l((O, 0), (e1,0), (&2, 0)) by Theorem 4.2.5. Then by Theorem 5.2.6, we
can apply [Emerton et al. 2015, Lemma 10.1.13] as described in [Le et al. 2020]. U

Remark 5.3.6. There was a gap in the proof of [Le et al. 2020, Lemma 5.1.5]: in the proof there one
needs to possibly change the type T to an auxiliary type, which may cause a loss of 2 in the genericity.
Since we need to apply [Le et al. 2020, Theorem 4.1.9] to this auxiliary type, one needs to increase the
genericity assumption by 2 in [Le et al. 2020, Theorem 5.1.1].

Lemma 5.3.7. Suppose that £(Z;) > 1 or Zy; C 175;1(20 \ {(v,0)}), where v is €1 — &2, & — €1, or
&1+ &2. Then Mo (V) is a cyclic Ry (t)-module.

Proof. This follows from the proof of [Le et al. 2020, Lemma 5.1.6] with the usual modifications and
using Lemma 5.3.5 and Lemmas 5.3.11 and 5.3.12 below (completed at x). U

Lemma 5.3.8. With V as described before Lemma 5.3.4, M (V) is a cyclic R (t)-module.

Proof. The argument in the proof of [Le et al. 2020, Lemma 5.1.7] holds verbatim with the usual

modifications and the reference to [Le et al. 2020, Lemma 5.1.6] replaced by a reference to Lemma 5.3.7.
O

Proof of Theorem 5.3.1. Theorem 5.3.1 follows from the proof of [Le et al. 2020, Theorem 5.1.1] using
Lemma 5.3.8 in place of [Le et al. 2020, Lemma 5.1.7]. U
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In the lemmas below we refer the reader to Section 1.4.A for unexplained notation. These lemmas
are algebraizations of [Le et al. 2020, Lemmas 3.6.12, 3.6.14, 3.6.16(3.19), 3.6.16(3.17) and (3.18)].
Their Broof follows verbatim in our setting by replacing E%‘?IZ’V and gle ideals ¢y, q) of [loc. cit.]
with U(z, n;, vsj—l(uj_i_nj))[F (with pu; € X*(T) 4-deep) and the ideals Py q4).ar, respectively. (The
second displayed equation in the statement of the Lemma 5.3.12 is not covered by [Le et al. 2020,
Lemma 3.6.16(3.17)], but the proof is analogous.) Alternatively, one observes that all the ideal equalities
we need to verify can be checked after projecting UGz jsMjs Vsj—l (uj+ nj))[p to Fl, where there is a contracting
T -action with unique fixed point Z;. Since all the ideals involved are 7}’-equivariant one only needs to
check the equalities after completion at Z;, which are exactly the results of [Le et al. 2020, §3.6.3].

Lemma 5.3.9 [Le et al. 2020, Lemma 3.6.12]. In l7(t1, njs Vsj—l(ﬂﬁ,“))[p, we have the following ideal

relation:

(‘ﬁ(o,om N ‘ﬁ(o, 1, N i?(e. 0.)+ (q~3(0,0),rl N ‘f?(o, 1, N ‘i(sz,O),rl) = (‘ﬁ(o,om N ‘i?(o, D.t1)-
Lemma 5.3.10 [Le et al. 2020, Lemma 3.6.16 (3.19)]. In ﬁ(atl, nj, Vsj—l(ujﬂj))[p, we have the following
ideal relation:

(‘ﬁ(o, 1, N ‘$3(0,0),azl N %(82,0),&[1) + (‘33(0, D, N ‘i}(o,O),aq N %(82—61 O)ary) = (‘i‘(o, 1, N ‘33(0,0),0511)-
Lemma 5.3.11 [Le et al. 2020, Lemma 3.6.14]. In ﬁ(z‘l, nj, Vslfl(ﬂjJrnj))[F, we have the following ideal
relation:

(‘13(0,0)@ mm(o’l),tl H‘B(sl,o),tl ﬂ‘ﬁ(el,lm ﬂm(sz,o),tl)
+ (B0.0. VB0.1)., VB0 NV Beer 1yt N Ber00r) = (Br0.01.e VBe0.10.1 O Beer.0.6; N Ber00.11)-

Lemma 5.3.12 [Le et al. 2020, Lemma 3.6.16 (3.17), (3.18)]. In ﬁ(atl, Njs Vx]fl(ﬂjﬂj))[p, we have the

following ideal relations:

(‘i‘(o,l),ml N ‘1~3(0,0),atl N %(52,0),% N ‘i(ersl,omzl N sﬁ(sz,l),atl)
+ (si(o,l),ml ﬂ’:T}(o,O),ml 0‘33(82,0),05:1 mqﬁé(al,l),atl) = (q}((),l),atl m’ﬁ(o,()),ml ﬂ’ﬁ(az,()),ml),

(%(82, 1,0t N ‘53(82,0),(1;1 N %(0,0),% N %(82—8] 0, N ‘53(0, D.aty)

+ (%(82,1)41[1 ﬂ‘i(sz,O),azl ﬂ‘i}(o,oxml m%(sl,l),atl) = (‘I?(sz,l),ml 053(82,0),01:1 ﬂ%(0,0),atl),
(%(81,1),05@ N 53(0,1),% N ’%(52,0),% N ‘i‘(o,l),aq)

+ (‘53(51,1),04@ ﬂ‘%(o,l),aq ﬂ%(sz,()),aq N %(82,1),0{[1) = (%(81,1),(1[1 N ‘i‘(o,l),ml mﬁé(az,O),atl)-
5.3.A. Gauges for patching functors. Let T be a tame inertial L-parameter T and p : Gg, —> LG(F) be
an 11-generic L-homomorphism arising from an F-point X7* (F). Let M, be a weak minimal patching
functor coming from an arithmetic R[GL3(F),)]-module.

The scheme X (7) is normal and Cohen—Macaulay by Corollary 3.3.3 and Remark 3.3.4. We let
Z C X (1) be the locus of points lying on two irreducible components of the special fiber of X, (7) (in
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particular Z C X, (7) has codimension at least two) and

J i UE Xoo(0)\ Z > Xoo(T)

be the natural open immersion.

Theorem 5.3.13. Let 0, k € JH(G (1)) and let 1 : 0(1)* — o (1) be a saturated injection. For any
0 € W&(p), let m(0) be the multiplicity with which 0 appears in the cokernel of 1. Suppose further that o
is as in Theorem 5.3.1. Then the induced injection Mo (1) : Moo (0 (7)) > Moo (0 (T)?) has image

j*j*( I p(e)'"<9>Roo(r>) Moo (0 (T)7),
OeWs(p)
where p(0) is the minimal prime ideal of (R/T?)[F corresponding to 6 via Theorem 3.3.2 and localization at
pexy
Proof. The proof follows verbatim the argument of [Le et al. 2020, Lemmas 5.2.1 and 5.2.2, Theorem 5.2.3]
after replacing occurrences of W?(ps) there with W&(p). O

5.4. Global applications. In this section, we deduce global applications of Theorems 5.2.6, 5.3.1, and
5.3.13 generalizing results of [Le et al. 2020, §5.3] in the tamely ramified setting. Let F* be a totally
real field, S, the set of places of F* dividing p, and F/F* a CM extension. We assume that all places
of S, are unramified over @ and split in F'. We start with the following modularity lifting result.

Theorem 5.4.1. Let F/F™ be a CM extension, and let r : G — GL3(E) be a continuous representation
such that

e r is unramified at all but finitely many places;

r is potentially crystalline at places dividing p of type (n, T), where T is a tame inertial type that
admits a lowest alcove presentation (s, (1) with u 4-deep in alcove Cy;

o yC r\/8—2;

{p ¢ Frerad? gnd r(Gr(,)) C GL3(F) is an adequate subgroup; and

r = r/(m) for some w a regular algebraic conjugate self-dual cuspidal (RACSDC) automorphic
representation of GL3(Afr) of weight 0 so that o (1) is a K-type for  at places dividing p.

Then r is automorphic, i.e.,r = r,(7') for some ' a RACSDC automorphic representation of GL3(AFr).

Proof. This follows from standard base change and Taylor—Wiles patching arguments using Corollary 3.3.3;
see [Le et al. 2023b, Theorem 9.2.1; 2018a, Theorem 7.4], and the addendum in [Le et al. 2020, §6]. I

We now suppose that F* # Q. Let Op+ ), o F+ ®z £, be the finite étale Z ,-algebra denoted O, in
Section 5.1, 5.2. We fix an outer form G+ of GL,, which splits over F’ and is definite at all archimedean
places of F*. There exists N € N, a reductive model G of G defined over Or+[1/N], and an isomorphism

L2 G/0k[1/N) - GL3,0,11/N (5-3)
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(see [Emerton et al. 2013, §7.1]). Given a subset P of finite complement in the set of finite places of
FT which split in F and are coprime to pN, let Tp be the universal Hecke algebra Tp for places in
P (see [Le et al. 2023b, §9.1]). Given a compact open U = UPU,, < G(A;O;p) X G(OFp+,,) and a finite
O-module W with a continuous U -action, let S(U, W) be the space of algebraic automorphic forms of
level U and coefficients W, as in [Le et al. 2023b, (9.2)]. If U is unramified at places in P, then S(U, W)
has a natural Tp-action. Let Tp(U, W) be the quotient of Tp acting faithfully on S(U, W).

Let G3 be the group scheme over Z defined in [Clozel et al. 2008, §2.1]. We consider a continuous
Galois representation 7 : Gg+ — G3(F) which is automorphic in the sense of [Le et al. 2023b], i.e., for
which there exists a maximal ideal m € Tp (U, W), for some level U and coefficients W satisfying

2 .
det(1 — 7(Frob,)X) = Y (= 1)/ (Npo(w) DT X7 mod m
j=0
for all w € P. Note that the collection (r |GF + )ves, defines an F-valued L-parameter, which will be denoted
as rp, in what follows. For such 7, we define as in [Le et al. 2023b, Definition 9.1.1] the set W (r) of
modular Serre weights for r.

Theorem 5.4.2. Let i : Gr+ — G3(F) be an automorphic Galois representation. Assume further that
o 716 (Gr(,)) is adequate; and
* 7, is 8-generic.

Then
W) = WE()p).

Proof. The proof of [Le et al. 2020, Theorem 5.3.3] applies verbatim after replacing [loc. cit., Theo-
rem 3.5.2] with Theorem 5.2.6 above. |

5.4.A. Mod p multiplicity one. We continue using the setup from Section 5.4. We assume further that
F/F™ is unramified at all finite places. We now let Sy denote the set of finite places of F* away from p
where 7 ramifies and assume that every place of Sy splits in F. For each v € Sy, with fixed lift v in F, we
let 3 be the minimally ramified type in the sense of [Clozel et al. 2008, Definition 2.4.14] corresponding
to fIGFﬁ : Gg, — GL3(F) and o (1) défa(t,;) ot be the Q(OFJ)—representation attached to it (where ¢ is
the localization at v of the isomorphism (5-3); o (t,) is independent of the choice of v|v; see [Le et al.

2020, §5.3]). Fix an O-lattice W, in o (1,). We have the following mod p multiplicity one result.

veSy

Theorem 5.4.3. Let r : G+ — G3(F) be a continuous Galois representation such that r, is 11-generic.
Let T and F (L) € WE(7),, T) be as in the statement of Theorem 5.3.1. Assume moreover that

o 7 : Gp+ — G3(F) is automorphic;
* 7|6 (GF(,)) is adequate; and

e the places at which r ramifies split in F.
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Then .
S(UPQ<OF+,p>, (cﬂr)m) o[] L,;) ®0 Wso)[m]

veS),
is one-dimensional over [, where m is the maximal ideal in the Hecke algebra Tp corresponding to r.

Proof. The proof of [Le et al. 2020, Theorem 5.3.4] applies verbatim after replacing the reference to [Le
et al. 2020, Theorem 5.2.1] by a reference to Theorem 5.3.1 above. ]

5.4.B. Breuil’s lattice conjecture. Now consider an automorphic Galois representation r : Gr — GL3(E)
as in Theorem 5.4.1 which is minimally ramified, i.e., for any place v of F lying above some v € Sy, the
Galois representation r|g, is minimally ramified in the sense of [Clozel et al. 2008, Definition 2.4.14].
Let A be the kernel of the system of Hecke eigenvalues « : Tp — O associated to r, i.e., o satisfies
3 .
det(1 —r" (Frob,) X) = Y (= 1)/ (Nrjow) Da(T) X
j=0
for all w € P. For U?P < G(A;o;p ) and a finite O-module W with a continuous U”-action. Let
SWUP, W) L1im S(UPU,, W) and  S(UP, W) Z 1im S(UP, W/w*),
Up seN
where U, runs over the compact open subgroups of G(Or+ ;). By Theorem 5.4.1, §(Up, Ws,)[A] is
nonzero.

Theorem 5.4.4. Let r : Gp — GL3(E) and t be as in Theorem 5.4.1. Assume furthermore that r is

minimally ramified and that the places at which r ramifies are split in F. Finally, assume that r), is
11-generic. Then the lattice o () N §(U”, Ws)IAl Cao(z)N §(U1’, Ws)[A] ®o E depends only on r),.

Proof. The proof of [Le et al. 2020, Theorem 5.3.5] applies verbatim after replacing occurrences of
W?(Fs) there with Wé(r,) and the reference to [Le et al. 2020, Theorem 5.2.3] with a reference to
Theorem 5.3.13. O
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Combining lIgusa’s conjectures
on exponential sums and monodromy
with semicontinuity of the minimal exponent

Raf Cluckers and Kien Huu Nguyen

We combine two of Igusa’s conjectures with recent semicontinuity results by Mustatd and Popa to form
a new, natural conjecture about bounds for exponential sums. These bounds have a deceivingly simple
and general formulation in terms of degrees and dimensions only. We provide evidence consisting partly
of adaptations of already known results about Igusa’s conjecture on exponential sums, but also some
new evidence like for all polynomials in up to 4 variables. We show that, in turn, these bounds imply
consequences for Igusa’s (strong) monodromy conjecture. The bounds are related to estimates for major
arcs appearing in the circle method for local-global principles.

1. Introduction

Let f be a polynomial in n variables over Z and of degree d > 1, and let s be the (complex affine)
dimension of the critical locus of the degree d homogeneous part of f. The main objects of our study are
the finite exponential sums from (1) and their estimates in terms of 7, d, and s as in Conjecture 1 below.
For any positive integer N and any complex primitive N-th root of unity &, consider the exponential sum

Z Sf(x)- (1)

x€(Z/NZ)"

When N runs over the set of prime numbers, the sums from (1) fall under the scope of works by
Grothendieck, Deligne, Katz, Laumon, and others, building in particular on the Weil conjectures. We
don’t pursue new results for N running over the set of prime numbers. Instead we put forward new
bounds for these sums uniformly in general N with, roughly, a win of a factor

N—(=s)/d

on the trivial bound; see Conjecture 1 below. In this context, Birch [1962] proved and used bounds with
exponent

(n—s)/2""d -1

MSC2020: primary 11L07; secondary 03C98, 11F23, 11S40, 14E18.

Keywords: Igusa’s conjectures on monodromy and exponential sums, local-global principles, circle method, major arcs, minimal
exponent, motivic oscillation index, log canonical threshold, Igusa’s local zeta functions, motivic and p-adic integration, log
resolutions.
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instead of our projected and stronger (n — s)/d; see (5) below. The bounds in the conjecture look
deceivingly simple, but a reduction argument to, say, the case s = 0, turns out to be surprisingly hard in
general, and moreover, the case s = 0 for nonhomogeneous f is surprisingly hard as well. As evidence
for Conjecture 1 we prove an almost generic case (based on the Newton polyhedron of f), as well as the
case with up to 4 variables, and, the cases restricted to those N which are cube free and more generally
(d+2)-th power free.

Conjecture 1 combines two of Igusa’s conjectures, namely on exponential sums and on monodromy,
and represents an update of these conjectures in line with the recently proved semicontinuity result for
the minimal exponent by Mustata and Popa [2020] and the conjectured equality of the minimal exponent
with the motivic oscillation index; see [Cluckers et al. 2019] and Section 2.7 below.

1.1. Let us make all this more precise, for f a polynomial over Z in n variables. For an integer N > 0
and a complex primitive N-th root of unity &, put

) 2

n
x€(Z/NZ)"

1
Ef(N, &)= ‘N— Y. g/W

which is simply the complex modulus of the sum in (1) normalized by the number of terms. Write d for
the degree of f and f; for the homogeneous degree d part of f. We assume that d > 1. Write s = s(f)
for the dimension of the critical locus of f;, namely, of the solution set in C"* of the equations

0 d
LA
0x1 0x,

Note that 0 < s <n — 1. Our projected bounds are as follows:

(x). 3)

Conjecture 1. Given f,n, s, and d as above and any ¢ > 0, one has
Ef(N, &) < N™m9)/dte, “4)

In this context, note that Birch [1962, Lemma 5.4] obtained the following bound, based on the very
same data of f, n, s, and d (and, assuming f to be homogeneous):

_ n—s +
E/(N,&§) < N 27 @1 )

which he used to estimate major arcs to obtain general local-global principles (see Section 1.9 below).
Remarkably, the weakening of Conjecture 1 with
n—s

- " 6

d—1 +e (6)

in the exponent of N in (4) instead of —(n — 5)/d + ¢ has just been shown in [Nguyen 2021], vastly
improving Birch’s bounds (5). The case of Conjecture 1 with d = 3 is in line with the resembling (but
averaged) bounds (170) of [Hooley 1988]. In the one variable case, similar bounds to (4) have already

been studied; see, e.g., [Chalk 1987; Hua 1959] and some generalizations in [Cochrane and Zheng 1999;
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n—s _d

2000]. Knowing only #, s and d, the exponent —(n —s)/d is optimal in (4), as witnessed by f = 7~ x
and N = p? for primes p; see also the example in (20).

Remark 1.2. The notation in (4) means that, given f and ¢ > 0, there is a constant ¢ = c(f, €) such

that, for all integers N > 1 and all primitive N-th roots of unity &, the value E¢(N, &) is no larger than
CN_(”_S)/dJ'_s.

Remark 1.3. The critical case of Conjecture 1 is with N having a single prime divisor. Indeed, by the
Chinese remainder theorem, if one writes N = [, p{* for distinct prime numbers p; and integers e; > 0,
then one has

Ef(N.&) =[] Erp{". &) %)

for some primitive p{'-th roots of unity &;. In detail, if one writes 1/N = > aif pff with (a;, p;) =1,
then one takes & = &% with b; = a; N/ p;".

1.4. Conjecture 1 simplifies Igusa’s original question on exponential sums (recalled in Section 1.6) to
bounds involving only n, d, and s. It opens a way to proceed with Igusa’s conjecture on exponential sums
beyond the case of nonrational singularities that is obtained recently in [Cluckers et al. 2019].

In most of the evidence that we provide below, one can furthermore take € = 0 and one may wonder to
which extent this sharpening of Conjecture 1 holds. Such a sharpening with ¢ = 0 goes beyond Igusa’s
conjectures in ways explained in Section 2.5. One may also wonder whether the implied constant ¢ can
be taken depending only on f; and n (and &, but not on f). If one excludes a finite set S (depending on
f orjuston fy) of prime divisors of N, then it seems furthermore possible that the implied constant can
be taken depending only on d and » (and ¢); see Remark 5.7 for more details.

1.5. In Section 2 we relate the bounds from Conjecture 1 to Igusa’s monodromy conjecture. Conjecture 1
implies the strong monodromy conjecture for poles of local zeta functions with real part in the range
strictly between —(n — s)/d and zero. More precisely, we show under Conjecture 1 that there are no poles
(of a local zeta function of f) with real part in this range except —1 (see Proposition 2.3); from [Mustata
and Popa 2020] it follows correspondingly that there are no zeros of the Bernstein—Sato polynomial of f
in this range other than —1 (see Proposition 2.4). Note that Conjecture 1 is much stronger than the strong
monodromy conjecture in the mentioned range, as the latter implies merely a much weaker variant of
Conjecture 1, namely the bounds from (15) instead of (4), where the constant ¢, is allowed to depend on p.

1.6. Igusa’s original question on exponential sums predicts upper bounds with a noncanonical exponent
coming from a choice of log resolution for homogeneous f (with f = f;); see [Igusa 1978]. More precisely,
leth:Y — X = Ag be alog resolution of D = £71(0) := Spec(Q[x1, ..., x,1/(f)), i.e., Y is an integral
smooth scheme, 4 : Y — X is a proper map, the restriction 4 : Y\h~!(D) — X\D is an isomorphism,
and (h~'(D))req has simple normal crossings as subscheme of Y. Such a log resolution exists by the
work of Hironaka [1964]. Write A~ (D) = Y ic; NiEi and Div(h*(dxi A -+~ Adxp)) =) ;. (vi — DE;
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for irreducible components E; of (4~ (D)).eq and positive integers N;, v;. By blowing up further, one
may suppose that £; N E; = & whenever (v;, N;) = (v;, Nj) = (1,1) and i # j. Put
J={iel|W,N;)#{,1)} and o9=0¢(h):=min i
ieJ Nj
Note that oy depends on the choice of / in general. Igusa originally conjectured, for any o < o9, and under
a few extra conditions that are most likely superfluous (namely, that oy > 2 and that f is homogeneous),
that one has a bound

Ef(N.§) <cN™° ®)

for all N > 0, all primitive N-th roots of unity £ and a constant ¢ independent of N, £. In the case that
oo < 1, the bounds (8) are proved even more generally than in Igusa’s original conjecture in [Cluckers
et al. 2019]; see Section 3.2 below. Furthermore, precisely (and only) in the case that oy < 1 holds, the
value oy is independent of the choice of 4, and, is called the log canonical threshold of f.

When one takes a fixed prime number p, Igusa [1978] proves that inequality (8) holds for N of the
form N = p™ with m > 1, primitive N-th root of unity & and a constant ¢ = ¢, depending on p and
o < og (but not on m, &).

When f satisfies the nondegeneracy condition of Section 4, there is a toric log resolution & of D
related to the Newton polyhedron of f at zero. In this case, og(h) = oy with oy defined again from the
Newton polyhedron (see Section 4 for the definition of o). Denef and Sperber [2001] conjectured that
when f is nondegenerate, one can replace inequality (8) in Igusa’s conjecture by

Ep(p™, &) <cm*~'pom, )

where « is an invariant coming from the Newton polyhedron of f at zero (see Section 4) and c is
independent of p, m, &. Thus, the Denef—Sperber conjecture is a bit stronger than Igusa’s conjecture in
the case of nondegenerate polynomials, by the more explicit form of the exponents o and «; it has been
proved and generalized in [Denef and Sperber 2001; Cluckers 2008a; 2010; Castryck and Nguyen 2019].
See Proposition 4.1 below.

In [Cluckers and Veys 2016], some of Igusa’s original conditions, like homogeneity for f, were
dropped with some care, namely by focusing on squareful integers; see Section 2.7 for more details.
Igusa’s condition that og(h) > 2 for some /h was already dropped before; it was more relevant for his
intended application of his conjecture to local-global principles than for the content of the conjecture
itself. Additionally, Igusa’s noncanonical exponent o (/) was replaced by canonical candidates for the
exponent: the motivic oscillation index of f, and, (expected to be equal) the minimal exponent of f — v
with v a well-chosen critical value of f : C" — C, see [Cluckers and Veys 2016; Cluckers et al. 2019]
and Section 2.7 below. Our suggested bounds encompass several issues related to the minimal exponent
(and, the motivic oscillation index), by replacing them by the much simpler and natural value (n —s)/d,
yielding Conjecture 1 as new variant of (8). As an extra upshot, Conjecture 1 makes sense again for all
positive integers N, and not only for squareful integers. Although the bounds from Conjecture 1 seem
simple and very natural, they appear surprisingly hard to show in general, and even the much weaker
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bounds with constants depending on p and N running over powers of p as in (15), remain elusive in
general up to date, even in the case with s = 0.

1.7. From Section 3 on we develop evidence for Conjecture 1. We first rephrase some well-known results
as evidence, namely, Igusa’s treatment of the smooth homogeneous case (with f = f; and s = 0), the case
with degree d = 2, the case with (n —s)/d < 1, the case of at most 3 variables, and, the case with cube
free N. We then generalize this further to new evidence for all N which are (d+2)-th power free (see
Section 3.6). This treatment of the (d4-2)-th power free case is mainly provided for expository reasons,
as it uses some recent results on bounds of [Cluckers et al. 2016] in the context of motivic integration and
uniform p-adic integration as in [Cluckers et al. 2018]; it indicates that the case N = p® with p prime
and e small is generally more easy than with e large.

In Section 4, we show Conjecture 1 when f is nondegenerate with respect to its Newton polyhedron at
zero, using recent work from [Castryck and Nguyen 2019] and some elementary reasoning on Newton
polyhedrons. This shows that Conjecture 1 holds under often generic conditions, including the generic
weighted homogeneous case, see Remark 4.5.

In Section 5, we show Conjecture 1 for all polynomial in up to 4 variables. This uses [Cluckers et al.
2019] to reduce to the case withn =4, d =3 and s = 0.

In our final Remark 5.7, we explain that throughout the evidence for Conjecture 1 of this paper, up to
excluding a finite set S of primes divisors of N (depending on f), the constant ¢ can be taken depending
only ond, n and ¢.

Let us finally mention the further evidence of [Nguyen 2021] for Conjecture 1, with the weakened
exponent (n —s)/2(d — 1) in the upper bound of (4) instead of (n —s)/d.

1.8. In his vast program from [Igusa 1978], Igusa studies a certain adelic Poisson summation formula
related to f, inspired by Weil’s work [1965] on the Hasse principle and Birch’s work [1962] on more
general local-global principles. Conjecture 1 would imply that Igusa’s adelic Poisson summation formula
for f holds under the simple condition

n—s>2d (10)

which simplifies (and generalizes) the list of conditions put forward by Igusa [1978], and would drop in
particular the condition of homogeneity on f.

1.9. Also for obtaining (or just for streamlining) local-global principles, Conjecture 1 may play a role.
When f is homogeneous, the sums E¢ (N, §) appear for estimating the contribution of the major arcs in
the circle method to get a local-global principle for f when

n—s>(d—1)724, (11)
in work by Birch [1962] and in the recent sharpening from [Browning and Prendiville 2017], which both

rely on Birch’s bounds (5) quoted above. Birch shows that any homogeneous form f = f; with (11) and
having smooth local zeros for each completion of Q automatically has a nontrivial rational zero. One may
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hope one day to replace Condition (11) on homogeneous f by (10), which is in line with a conjectured
local-global principle from [Browning and Heath-Brown 2017]. Conjecture 1 would put the remaining
obstacle completely with the estimation for the minor arcs (where actually already lie the limits of the
current strategies). Other possible applications may be for small solutions of congruences as studied in,
e.g., [Baker 1983].

Note that Birch’s method [1962] also helps to understand the distribution of rational points in the
projective hypersurface X associated with a homogeneous polynomial f. More precisely, the singular

G(f)ZZN_" Z Z exp(—zni(]l\{(x)>

N>1 ac(Z/NZ)* xe(Z/NZ)"

series

which is equal to the product of p-adic densities of f will contribute to the dominant term in the asymptotic
formula of the number points of X of bounded height. Conjecture 1 implies that the singular series G( f)
is absolutely convergent if n — s > 2d. Thereby Conjecture 1 may be useful for the future research on the
distribution of rational points in algebraic hypersurfaces.

1.10. Generalization to a ring of integers. Before giving precise statements and proofs, we formulate a
natural generalization to rings of integers (a generality we will not use later in this paper). For a ring
of integers O of a number field and a polynomial g over O, one can formulate an analogous conjecture
with summation sets (O/1)" with nonzero ideals I of O and primitive additive characters ¢ : O/1 — C*.
More precisely, let g be a polynomial in n variables of degree d > 1 and with coefficients in O. For
any nonzero ideal / of O and any primitive additive character ¥ : O/I — C*, let N; :=[O : I] be the

absolute norm of I and consider

1
Eo (I, ¥) = ‘—,, > w<g<x)>‘. (12)

Nj
x€(O/Dn
Write s for the dimension of the critical locus of the degree d homogeneous part g4 of g. As a generalization
of the above questions, one may wonder whether for each ¢ > 0 (or more strongly with ¢ = 0) one has
=S4

E(ILy) <N, ¢ . (13)
As above with the Chinese remainder theorem, one can rephrase this using the finite completions of the
field of fractions of O. Furthermore, one can study similar sums for the local fields [, (#)) (with similar
methods in the large characteristic case); see, e.g., [Cluckers and Veys 2016, Section 2.6; Cluckers et al.
2019, Section 1.2].

2. Link with the monodromy conjecture

2.1. Fix a prime number p. For each integer m > 0 let a,, ,, be the number of solutions in (Z/p™Z)" of
the equation f(x) =0 mod p™, and consider the Poincaré series

a
Prp(T) =) —L=1m,

m>0
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in Z[[T]). Igusa [1975; 1978] showed that Py ,(T) is a rational function in 7', using a log resolution of
£~1(0). Let Ty be a complex pole of Py ,(T) and let ty be the real part of a complex number sy with
p =Ty Leth:Y — A?Q be a log resolution of f‘l(O) and (N;, vj)ier as in Section 3. Igusa [1978]
showed that 7y belongs to the set P, = {—v;/N; | i € I}. However, P;, depends on the choice of log
resolution /. Igusa [1975, Theorem 2] also showed a strong link between exponential sums and local zeta
functions (see also [Denef 1991, Corollary 1.4.5; [Denef and Veys 1995, Proposition 2.7]]), yielding the
following corollary.

Corollary 2.2 [Igusa 1975]. For p, f, Ty and to as above, if Ty is furthermore a pole of (T — p) Py, ,(T),
then

P <, Ef(p™, §) (14)
for infinitely many m and & and a constant C;,' independent of m, &.

Proof. Proposition 2.7 of [Denef and Veys 1995] gives finitely many complex numbers 7, finitely many
characters x : C* — C* of finite order, finitely many integers b > 0, and finitely many complex numbers
c such that for large m, E¢(p™, &) is (the complex modulus of) a finite C-linear combination of the terms

X&) - T"m&",

where furthermore a term with 7 = Ty appears nontrivially in this linear combination for each pole Ty
of (T — p) Py, ,(T). Now the corollary follows by looking at the dominant terms, namely, with largest
occurring real part of 7' and for such T the largest occurring value for b. U

Denef [1991] formulated a strong variant of Igusa’s monodromy conjecture by asking whether #; as
above is automatically a zero of the Bernstein—Sato polynomial of f. The following result addresses this
question in a range of values for #p, namely strictly between —(n — s)/d and zero, assuming Conjecture 1
for f.

Proposition 2.3 (strong monodromy conjecture, in a range). Let f, n, s, and d be as in the introduction
and suppose that Conjecture 1 holds for f. Let ty be coming as above from a pole Ty of Py, ,(T) for a
prime number p. Suppose that moreover ty > —(n —s)/d. Then ty = —1, and hence, ty is a zero of the
Bernstein—Sato polynomial of f.

Proposition 2.3 is a form of the strong monodromy conjecture in the range strictly between —(n —s)/d
and zero. We don’t pursue the highest generality here, and leave the generalization for other variants of
zeta functions like twisted p-adic local zeta (or even motivic) functions to the reader. Proposition 2.4
below gives a related statement for the zeros of the Bernstein—Sato polynomial of f.

Proof of Proposition 2.3. Let p be a prime number. Let 7y be the real part of a complex number sg such
that 7o := p~* is a pole of Py, ,(T). Suppose that for all &£ > 0 there exists ¢, = ¢,(f, €) such that

Ef(p". &) <c, (p™) @ ** forall m > 0 and all primitive &. (15)
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By Corollary 2.2 it follows that # either equals —1 or, one has

P < ¢ Ep(p", ) (16)

for infinitely many pairs (m, §) and a constant ¢, independent of m, &. Clearly the bound from (15) holds
if Conjecture 1 holds for f. By (15) and (16), if o > —(n — 5)/d, then ty = —1. Since f is nonconstant,
the value —1 is automatically a zero of the Bernstein—Sato polynomial of f. This completes the proof of
the proposition. U

Showing the bounds (15) from the above proof for general f does not seem easy, although they are
much weaker (and much less useful adelically) than the bounds from (4), because of the dependence of
cp on p.

In view of the strong monodromy conjecture, Proposition 2.3 should be compared with the following
absence of zeros of the Bernstein—Sato polynomial in a similar range, apart from —1. Recall that the
zeros of the Bernstein—Sato polynomial are negative rational numbers.

Proposition 2.4. Let f, n, s, and d be as in the introduction and let r be any zero of the Bernstein—-Sato
polynomial of f. Then eitherr = —1,0r,r < —(n—1s)/d.

Proof. We write f = fo+- - -+ fq with f; is the homogeneous part of degree i of f. Item (3) of Theorem E
of [Mustatd and Popa 2020] states that the minimal exponent & o of f at zero is at least (n —s)/d if
f is homogeneous. Recall that the minimal exponent & ¢ of f is equal to min, . s-1() @ .. Moreover,
if ¢ : A" — A" is a linear change of variables then & f,x = & ¢, ,-1(x), and, for any constant 8 7~ 0 one
has @ = agry. Let ga(x) be fu+ D cicaoi A%~ f;. Then for each A % 0 we have g; (x) = A? f(x/A).
Write X = A" x Al, T =Al, 7 : A" x Al — A! for the projection, h(x, &) = g, (x) and D = h~1(0).
For each x € f_1 (0), we consider the section s, : T — X with A — (Ax, A), then s, (1) € D, since
h(Ax, X)) = g, (0x) = Adf(kx/k) =0if A #0 and h(0,0) = f;(0) = 0. Now we can use item (2) of
Theorem E of [Mustatd and Popa 2020] for X, T, 7, D and s, to see that for each x € f ~1(0) we have

&f,x = &g;”)nx > &go,O = &fd,O > (n —S)/d

for all A # 0 in a small enough neighborhood of 0. Thus,

af= min dr,>m—s)/d.
f (Jnin i = ( )/
The proposition now follows directly from the definition of the minimal exponent & s of f as the smallest

zero of by(—s)/(s — 1), where by (s) is the Bernstein—Sato polynomial of f. U

2.5. The variant of Conjecture 1 with ¢ = 0 (or even just the bounds (15) with ¢ = 0) implies for
any pole Ty of Py ,(T) with corresponding value 7y the following bound on the order of the pole: If
to equals —(n — s)/d and —(n — s5)/d # —1, then the pole Tp has multiplicity at most one, and, if
to = —1 = —(n — s)/d, then the pole Ty has multiplicity at most two, by a similar reasoning as for
Corollary 2.2.
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Remark 2.6. Conjecture 1 implies the bounds (15) with moreover constants ¢, taken independently from
p, and, the conjecture in turns would follow from this. By (7), the variant of Conjecture 1 with ¢ =0 is
equivalent with the bounds (15) with ¢ = 0 and such that furthermore the products of the constants c,
over any set P of primes is bounded independently of P.

2.7. The minimal exponent of f is defined as the smallest zero of the quotient b7 (—s)/(s — 1) with b7 (s)
the Bernstein—Sato polynomial of f if such a zero exists, and it is defined as +oo otherwise. Write ¢
for the minimum of the minimal exponents of f — v for v running over the (complex) critical values
of f. In a more canonical variant of Igusa’s original question, one may wonder more technically than
Conjecture 1 whether for all ¢ > 0 one has

Ef(N,§) KN ~0r+e for all & and all squareful integers N, (17)

similarly as the question introduced in [Cluckers and Veys 2016] for the motivic oscillation index (and
where the necessity of working with squareful integers N is explained). Recall that an integer N is called
squareful if for any prime p dividing N also p? divides N. In [Castryck and Nguyen 2019; Chambille and
Nguyen 2021; Cluckers 2008a; 2010; 2019; Denef and Sperber 2001], evidence is given for this sharper
but more technical question. As mentioned above, &y is hard to compute in general, and (n — s)/d is
much more transparent. However, & is supposedly equal to the motivic oscillation index of f, which in
turn is optimal as exponent of N~! in the upper bounds for E¢(N, &) for squareful N (see the last section
of [Cluckers et al. 2019], or, a reasoning as for Corollary 2.2). Note that by Proposition 2.4, one has

ar > (n—s)/d, (18)

which shows that (17) is indeed a sharper (or equally sharp) bound than (4).

3. Some first evidence

In this section we translate some well-known results into evidence for Conjecture 1, and we show the
(new) case of (d+2)-th power free N. A key (but hard) case of Conjecture 1 for inhomogeneous f is
when f; is projectively smooth, namely with s = 0, since the case of general s can be derived from a
sufficiently uniform form of the inhomogeneous case with s = 0, see, e.g., how (22) is used below for
squarefree N. However, the inhomogeneous case with s = 0 seems very hard at the moment. This should
not be confused with Igusa’s more basic case recalled in Section 3.1, for homogeneous f with s = 0.

3.1. When f itself is smooth homogeneous, namely, f = f; and s = 0, then Conjecture 1 with ¢ =0 is
known by Igusa’s bounds [1978] by a straightforward computation and reduction to Deligne’s bounds. In
detail, if f = f; and s =0, Igusa [1978] showed (using [Deligne 1974]) that for each prime p there is a
constant ¢, such that

E;(p", &) < cpp_m"/d for all integers m > 0 and all choices of &, (19)
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and, that one can take ¢, = 1 when p is larger than some value M depending on f. More precisely, one
can take ¢, = 1 when p does not divide d and when the reduction of f modulo p is smooth. Furthermore,
Igusa [1978] shows that the exponent —n/d of p™ is optimal in the upper bound of (19) when m = d.
This easily shows that the exponent (n — s)/d is optimal in Conjecture 1, for example by taking

f=0t ) x4y (20)
and N = p? for all prime numbers p.

3.2. When f is such that
(n—s)/d =1, 21

then Conjecture 1 follows from [Cluckers et al. 2019] and its recent solution of Igusa’s conjecture for
nonrational singularities. Indeed, in [Cluckers et al. 2019] the stronger (and optimal) upper bounds from
(17) are shown for all squareful N in the case of nonrational singularities, as well as the case with 1 in
the exponent instead of ¢ in the case of rational singularities. Recall that this is indeed stronger, by (18).
The bounds for those integers N that are not squareful are recovered by the treatment of squarefree N
below, by writing a general integer as a product of a squareful and a squarefree integer. We mention on
the side that &y < 1 if and only if f —v = 0 has nonrational singularities for some critical value v € C
of f, by [Saito 1993] and that in this case &y equals the minimum of the log canonical thresholds of
f — v for v running over the (complex) critical values of f. These results under condition (21) imply
that Conjecture 1 holds for all f in three (or less) variables. Indeed, the degree two case is easy by
diagonalizing f> over Q, and, (21) holds when n < 3 < d. More surprisingly, Igusa’s Conjecture (with
the motivic oscillation index in the upper bound) is proved recently in [Nguyen and Veys 2022] for all
polynomials in 3 variables. Some related results of the special case with n < 2 are developed in [Fraser
and Wright 2020; Lichtin 2013; Veys 2020]. In Section 5 we will prove that Conjecture 1 holds for all
polynomials in up to four variables.

3.3. Although it is classical, let us explain the case of d =2 in more detail, by showing that Conjecture 1
holds with e =0 for f of degree d =2. In fact, the argument as in the proof of Lemma 25 of [Heath-Brown
1996] is shorter and simpler for the case d = 2, but our treatment will be useful later in this paper. First
suppose that the degree two part of f is a diagonal form, namely, f>(x) =Y ", a,-xl.2 for some a; € Z. In
this case it is sufficient to show the case withn = 1 and d = 2 (indeed, f = hy(x1) + - - - + h,(x,) for
some polynomials 4 ; in one variable x; and of degree < 2). But this case follows readily from Hua’s
bounds, see [Hua 1959] or [Chalk 1987], and is in fact elementary.

For general f with d = 2, by diagonalizing f, over Q2 and taking a suitable integer multiple, we find
a matrix T € Z""*" with nonzero determinant so that f>(7'x) is a diagonal form over Z in the variables
x, namely, f>(Tx) =31, aixl.2 for some a; € Z. The map sending x to 7'x transforms Z7, into a set of
the form ]_[;le periZ, for some integers e, ; > 0 (called a box). By composing with a map of the form
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(xj)j = (bjx;); for some integers b; it is clear that we may assume that 7" is already such thate, ; = ¢,
for all p and all j and some integers e, > 0. Hence, the case d = 2 follows from Lemma 3.4.

Lemma 3.4. Let f, n, s, and d be as in the introduction and let T € 7"*" be a matrix with nonzero
determinant and such that, for each prime p, the transformation x — T x maps Z', onto p°r Z}, for some
ep > 0. Then, Conjecture 1 for each of the polynomials g; (x) := f(i +Tx) fori € 2" implies Conjecture 1
for f,and, similarly for Conjecture 1 with ¢ = 0.

Proof. For each i € 7", write g;(x) for the polynomial f (i + Tx). For any prime p, let i, , be the Haar
measure on U, normalized so that Z), has measure 1. For any integer m > 0 and any primitive p™-th
root of unity &, we have, by the change of variables formula for p-adic integrals, and with e = ¢;, and
with integrals taken against the measure (= 1 ,,

n p‘—l1

/ g/ mas | <3
er';

j=11i;=0

Ef(p™.§) =

f £/06) mod ”mu‘.
xei+(pZy)"

For each i we further have

/ %_f(x) mod pmu‘ — pfne / g_-f(i+p"’x) mod pm'u
xei+(peZy)" er’l’,

— p—ne / g_-g,-(x) mod pmu
er;’,

= p_neEgi (pmv E)

Since e, = 0 for all but finitely many primes p, we are done. U

3.5. When one restricts to integers N which are squarefree (namely, not divisible by a nontrivial square),
then Conjecture 1 with & = 0 follows from Deligne’s bound [1974], as we now explain. The reasoning is
classical but also instructive for later use in this paper; a similar induction argument on s > 0 already
appears in [Hooley 1991]. By [Deligne 1974], for each prime number p such that the reduction of f;
modulo p is smooth, one has

Ei(p,§)<@d-1)" p_"/ 2 for each primitive p-th root of unity &, (22)

where smooth means that the reduction modulo p of the equations (3) has O as the only solution over
an algebraic closure of [F,. If s = 0 then the reduction of f; modulo p is smooth whenever p is large
and thus Conjecture 1 for squarefree N and with ¢ = 0 follows for f with s = 0 (note the different
exponent of p in (22) and of N in 1 when d > 2). We proceed by induction on s by restricting f to
hyperplanes, as follows. The bound (22) for all large p is our base case when s = 0. Now suppose that
s > 0. After a linear coordinate change of A’,, we may suppose that the polynomial g(x) := f(0, X) in
the variables X = (x, ..., x;,) is still of degree d and that its degree d homogeneous part g, has critical
locus of dimension s — 1. Hence, for large prime p, the reduction of g; modulo p has also critical locus
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of dimension s — 1, in A?p_l. Hence, for large p, one has by induction on s that

! 3 £/

pn—l

<@d-1ypT (23)

A -1
X=(x2,....x,)€F,

for each a € [, and each primitive p-th root of unity £. Indeed, the polynomial f(a, X) has g; mod p as
its degree d homogeneous part for each a € F;. Now, summing over a € [, and dividing by p gives

1 .
‘_ ng(X)
pn

n
xel]:p

< (d _ 1)n—sp—(n—s)/2 (24)

for large p (coming from the condition that the reduction of g; modulo p has critical locus of dimension
s — 1). Conjecture 1 with ¢ = 0 for squarefree integers N thus follows, by comparing the exponents
in the upper bounds of (24) and (4), which allows to swallow the constant (d — 1)"~° when d > 2.
(Alternatively, one can use the much more general Theorem 5 of [Katz 1999] when d > 2 and an argument
as in Section 3.3 when d = 2.)

3.6. When one restricts to integers N which are cube free (namely, not divisible by a nontrivial cube),
then Conjecture 1 with ¢ = 0 follows exactly in the same way as for squarefree N, but now using both
the bounds from [Heath-Brown 1985] and from [Deligne 1974]. Indeed, this similarly gives

Ef(p* &) <(d— 1" p= =9 (25)

for large p and all £. Together with the squarefree case, this implies the cube free case of Conjecture 1,
with € =0 (note again the different exponent of p2 in (25) and of N in 1, when d > 2). In fact, with some
more work we can go up to (d+2)-th powers instead of just cubes, as follows.

Proposition 3.7. Conjecture 1 with ¢ =0 holds when restricted to integers N which are not divisible by a
nontrivial (d+2)-th power. In detail, let f,n, s, and d be as in the introduction. Then there is a constant
¢ = c(fy) (depending only on f;) such that for all integers N > 0 which are not divisible by a nontrivial
(d+2)-th power and all primitive N-th roots & of 1, one has

Ef(N,§) <N~/ (26)

We will prove Proposition 3.7 by making a link between E¢(p™, &) and finite field exponential sums,
as follows. For any prime p, any m > 0, any point P in [ and any &, write

1
Ef (p". €)= ‘pmn >, EW 27)

xeP+(pZ/p" )"

Compared to Er(p™, &), the summation set for E Jlf (p™, &) has p-adically zoomed in around the point P.
Let us consider the following positive characteristic analogues,

; (28)

mn

xe(Fple]/ ™))"

1
Ep(i", ) = ‘p YY)
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and

; (29)

1
EF (", ) = ‘pmn > YK
xeP+(tk,[r]/ (™))"
for any primitive additive character

¥ Bt/ (™) — C,
where primitive means that v does not factor through the projection
Fple1/ ™) — Fplel/ ™).

The sums of (28), resp. (29), can be rewritten as finite field exponential sums, to which classical bounds
like (24) apply. This is done by identifying the summation set with ", resp. with [F,(,m_l)", namely by
sending a polynomial in ¢ to its coefficients, while forgetting the constant terms in the second case.

We first prove the following variant of Proposition 3.7.

Proposition 3.8. Let f, n, s, and d be as in the introduction. Then there is a constant M (depending
only on f;) such that for all primes p with p > M, all integers m > 0 with m < d + 1, and all primitive
additive characters  : F,[t]/(t") — C* one has

Ep(",y)<p " (30)
Proof. By a reasoning as for the squarefree case, it is sufficient to treat the case with s = O for large p,
while letting the f; for i < d vary over homogeneous polynomials in [, [z, x] of degree i in x, and while
keeping f, fixed in Z[x]. So, we may assume that s = 0, and, by the squarefree case treated above, that
m > 1. We also may assume that d > 3 by the above treatment of the case d = 2. For each p, let C,
be the set of critical points of the reduction of f modulo p. Since s =0, one has #C, < ¢ for some
constant ¢; depending only on n and d, see for example the final inequality of [Heath-Brown 1985], or

Lemma 5.3 below. Clearly we have

Ep(t" )= Y Ef(™. %) (31)

PeCy

for all primes p > d, all m > 1 and all primitive v : F,[t]/(#") — C*. For m < d, note that

‘#(Iﬂ:[[l‘]]/(lm))n — pn(m—l)—mn — p—n < p—mn/d. (32)

mn

For m < d, we thus find by (31) that
Ef(t", ) <cip™", (33)

and (30) follows when m < d and p is large enough so that the constant c; is eaten by the extra saved
power of p coming from (32). We now treat the case that m = d. If p > d is such that the reduction of
f modulo ¢ is smooth homogeneous of degree d, then C,, = {0} and there is nothing left to prove since
then E; (1", y) = E;O (", ) < p~" = p~™/4 with Py = {0}. If the reduction of f modulo ¢ is not
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homogeneous of degree d, and, p is larger than d, then there is a constant ¢, (depending only on n and d)
such that
Ef(", y) <cop™ ™' (34)

for all P in C, and all primitive v. Indeed, this follows from the worst case of (23) applied to E f ", ),
after rewriting it as a finite field exponential sum as explained just above the proposition. The case m = d
for (30) follows, where the constant c; is eaten by the extra saved power of p coming from d > 3 and (34).
For d = m + 1, when we rewrite E}D (™, y) for P € C, as a finite field exponential sum over (m — 1)n
variables running over [,, we can again apply (23), now in n(m — 1) variables and with highest degree
part f; which has singular locus of dimension n(m — 2) inside A"~ _ Since d > 3, we again can use
the extra saved power of p to obtain (30) and the proposition is proved. (I

The transfer principle for bounds from Theorem 3.1 of [Cluckers et al. 2016] can be applied to compare
the exponential sums E¢(p™, &) and E¢(t™, ¥); we will use it in the following basic form. Recall that a
Presburger subset A of N is a Boolean combination of congruence classes and subintervals of N.

Corollary 3.9 [Cluckers et al. 2016]. Let g be a homogeneous polynomial over Z, of degree d > 1 and
in n variables. Consider a real number o > 0 and a Presburger subset A C N. Then the following two

Statements are equivalent.

(1) There exist constants ¢ and M such that for all primes p > M and all polynomials f in Z,[x1, ..., x,]
of degree d and with f; = g, one has

Ef(p", &) <cp™"
for all m € A and all primitive p™-th roots of unity &.

(2) There exist constants ¢’ and M’ such that for all primes p > M’ and all polynomials f in F,[[t]|[x1, ..., x,]
of degree d and such that f; = g mod (p) holds in F,[x], one has

Ef(t", ) <c'p°"

forall m € A and all primitive characters  : F,[t]/ (™) — C*.

In the corollary, we have extended the notation E; to more general f, namely with more general
coefficients than just in Z, in the obvious way. More generally than Corollary 3.9, Theorem 3.1 of
[Cluckers et al. 2016] allows to transfer bounds that hold for motivic families of functions, and, the
families in the corollary are a special case of such family.

Proof of Corollary 3.9. Clearly the left hand sides and of the right hand sides of the inequalities come
from motivic functions H and G as required in Theorem 3.1 of [Cluckers et al. 2016]. Now the corollary
readily follows from the conclusion of Theorem 3.1 of [Cluckers et al. 2016] for such H and G. O

Proof of Proposition 3.7. We show for all large primes p, all integers m > 0 with m <d 4 1, and all
primitive p™-th roots of 1, that

E;(p". &)< p ™', (35)
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where moreover the lower bound on p depends only on f;. The case d = 2 is already shown. For
m # d > 3 this follows at once from Corollary 3.9 and the corresponding extra power savings when
m # d in the proof of Proposition 3.8. Indeed, the transfer principle holds uniformly in f as long as
fa and n are fixed, since these bounds (with the extra power savings) from the proof of Proposition 3.8
depend only on f; and n. Let us now treat the remaining case of m = d. It is again enough to treat the
case s = 0. For a prime p > d such that the reduction of f modulo p is not smooth homogeneous of
degree d, we are done similarly by the transfer principle for bounds from [Cluckers et al. 2016] and the
corresponding power savings in the proof Proposition 3.8. If m = d and p > d is such that the reduction
of f modulo p is smooth homogeneous of degree d, then we have that Py = {0} is the unique critical
point of the reduction of f modulo p, and thus

Ef(p". &) =EP(pm. &) <p " =p "

The proof of Proposition 3.7 is thus finished. ]

4. The nondegenerate case

In this section we show that Conjecture 1 with ¢ = 0 holds for nondegenerate polynomials, where the
nondegeneracy condition is with respect to the Newton polyhedron of f — f(0) at zero as in [Castryck
and Nguyen 2019] (which is slightly different than the nondegeneracy notion of [Kouchnirenko 1976;
Varcenko 1976]). The nondegeneracy condition generalizes the situation where f is a sum of monomials
in separate variables, like x1xp 4+ x3x4. In detail, writing f(x) — f(0) = >, .n Bix' in multi-index
notation, let

Supp, :={i e N" | B #0}
be the support of f — f(0). Further, let

Ao(f) := Conv(Supp; + (R=0)")

be the convex hull of the sum-set of Suppf with (R>()" where R>¢ is {x € R|x >0}. The set Ag(f) is called
the Newton polyhedron of f — f(0) at zero. Let oy be the unique real value such that (1/oy, ..., 1/0y)
is contained in a proper face of Ag(f). Further, let ¥ denote the maximal codimension in R"” of ¢ when 7
varies over the faces of Ag(f) containing (1/oy, ..., 1/o0y). For each face t of the polyhedron Ag(f),

Jr= Z,Bixi~

iet

consider the polynomial

Call f nondegenerate with respect to Ao(f) when for each face T of Ag(f) and each critical point P of
fr : C" — C, at least one coordinate of P equals zero. Recall that a complex point P € C” is called a
critical point of f; if df;/0x;(P)=0foralli =1,...,n.
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The following proposition slightly extends the main result of [Castryck and Nguyen 2019] as it covers
small primes as well. Note that [Castryck and Nguyen 2019, Theorem 1.4.1] gives evidence for Igusa’s
conjecture on exponential sums in the variant of [Cluckers and Veys 2016, Conjecture 1.2].

Proposition 4.1 [Castryck and Nguyen 2019, Theorem 1.4.1]. Suppose that f is nondegenerate with
respect to Ao(f). Then, there is a constant ¢ such that for all primes p, all integers m > 2 and all primitive
p™-th roots of unity & one has

Ef(p", &) <cp™"Im ", (36)

From Proposition 4.1 we will derive the following evidence for Conjecture 1.

Theorem 4.2. Let f, n, s, and d be as in the introduction. Suppose that f is nondegenerate with respect
to Ao(f). Then Conjecture 1 with e =0 holds for f. Namely, there is c such that for all integers N > 0
and all primitive N-th roots of unity &, one has

Ef(N.§)<cN™ @ .

Furthermore, for all large primes p (with “large” depending on f), all integers m > 0 and all primitive
p™-th roots of unity & one has

E/(p".g)<p T

Proof of Proposition 4.1. In [Castryck and Nguyen 2019] it is shown that one can take a constant ¢ so
that (36) holds for all large primes p and all m > 2. So, there is only left to prove that for each prime p
there is a constant ¢, (depending on p) such that for each integer m > 2 one has

Ef(p™, &) <cop " Tm " (37)

Indeed, (37) is only used for the finitely many remaining primes. First, if f is nondegenerate with respect
to Ag(f) we show that f(0) is the only possible critical value of f, by induction on n. If n = 1, by
the nondegeneracy of f, we get that f has no critical point in C* and we are done. Now suppose that
n > 1. Let f be a polynomial in n variables which is nondegenerate with respect to Ag(f). Suppose that
u=(uy,...,u,)is acritical point of f. By the nondegeneracy of f there exists 1 < j <n such thatu; =0.
Without lost of generality we can suppose that j =n. We can write f = f(0) + Z?:O gi(X1, ooy Xno1 )x,i
for some polynomials g; with furthermore go(0) = 0. It is sufficient to show that f(uy,...,u,) = f(0).
Since u, = 0, it suffices to show that go(uy, ..., u,—1) = 0. By the fact that f is nondegenerate with
respect to Ag(f) we get that g¢ is nondegenerate with respect to Ag(gop). It is clear that (uq, ..., u,—_1) is
a critical point of go. So, we can use the inductive hypothesis to deduce that go(u1, ..., uy—1) = go(0) =0.
Now, since f has no other possible critical value than f(0) and since there exists a toric log resolution of
f — f(0) whose numerical properties (in particular its discrepancy numbers) are controlled by Ag(f)
(see for example [Varcenko 1976]), inequality (37) follows from Igusa’s work [1978]. Here, we use the
following information on the discrepancy numbers coming from the toric log resolution 7 of f — f(0), in
relation to Ag(f). If E is an irreducible component of the exceptional locus of 7 and if one writes Ng for
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the multiplicity of E in the divisor 7*(f — f(0)) and vg — 1 for the multiplicity of E in 7*(dx; A+ - -Adx,,),
then one has vg/Ng > o. Furthermore, any intersection of k¥ + 1 many such E for which the equality
ve/Ng = o holds is empty. Since f(0) is the only critical value of f, we are now done by Igusa’s work
[1978]. ]

The proof of Theorem 4.2 relies on Proposition 4.1 and Lemma 4.3. Note that the following Lemmas 4.3
and 4.4 do not require f to be nondegenerate.

Lemma 4.3. Let f, n, s, and d be as in the introduction. (In particular, f is allowed to be inhomogeneous
and there is no condition on nondegeneracy.) Suppose that d > 3. Then one has oy > (n —s)/d, and,
equality holds if and only if there is a smooth form g of degree d in n — s variables such that

)= fO) =gy, ..., xi,,)
forsomeijwithl <iy <ip<...<i_y<n.

We will first prove Lemma 4.3 in the case that s =0, using the following lemma. We write Conv(Suppy)
for the convex hull of Supp, in R".

Lemma 4.4. Let f, n, s, and d be as in the introduction. Suppose furthermore that d > 3, s = 0 and that
f = fa, namely, f is smooth homogeneous of degree at least 3. Then

dim(ConV(Suppf)) =n-—1,
and, the point (d/n, ..., d/n) belongs to the interior of Conv(Suppy). In particular, oy =n/d and k = 1.
Proof. Since f = fy, it is clear that

dim(ConV(Suppf)) <n-—1.

Suppose now that either dim(Conv(Suppy)) < n — 1, or, that (d/n, ..., d/n) does not belong to the
interior of Conv(Supp,). We try to find a contradiction. By our assumptions, there exists a hyperplane
H={aeR"|k-a=0} for some k € R" \ {0} such that the point (d/n, ..., d/n) belongs to H and
such that Supp, belongs to the half space H; :={a € R" | k-a > 0}. Let I be the subset of {1, ..., n}

consisting of i with k; > 0 and let J be the subset of {1, ..., n} consisting of j with k; < 0. Clearly / and

J are disjoint. Since (d/n, ..., d/n) belongs to H, it follows that / and J are both nonempty and that
D k= lkjl. (38)
iel jeJ

Furthermore, the inclusion Supp, C H. implies that

Y kiai = > |k;jla; for all a € Supp;. (39)
iel jelJ
Consider the set Supp})- consisting of those a € Supp, with moreover a; = 1 for some i € I and a;; =0

forall i’ ¢ JU{i}. Fora € Supp? write £ (a) for the unique i € I with a; =1 and write

Iy:={i € I| 3a € Supp) with 1(a) = i}.
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Clearly we can write
fO =) xigipjert+ Y. Pux”
i€l aeSuppf\Supp?

for some polynomials g; in the variables (x;)jc;. Also, the algebraic set

(i =0} [ ){gi =0)

i¢J il
in A, has dimension at least |J| —|Io| and is contained in Crit, the critical locus of f. By our smoothness
condition s = 0, this implies

Lol > |J]. (40)
Hence, we can write Iy = {iy, ..., i} and J ={ji, ..., ju} with m < £ and with
kiy > kiy > --- >k, and |k;|>|kj,|>"---=>lkj,I. (41)

To prove the lemma it is now sufficient to show that
ki, > |kj | forall r with 1 <r <m. (42)

Indeed, (42) gives a contradiction with (38). To prove (42), we suppose that there is ro with 1 <rg <m
and with
ki, < Ikj, | (43)

and we need to find a contradiction. If there exists a € Supp? such that a in = 1 for some r; < rp, then let
a be such an element and let 7 be 7 (a); otherwise, let a be arbitrary and put ¢ = 0. We will now show that
t < rg. If t =0 this is clear, so, suppose that # > 0. Since d >3 and a € Supp?, we find by (39) and (41)
that
ki =) kiai = ajlk;l >k, | = |kj,|. (44)
iel jeJ
Together with (41) and (43), this implies that ¢ < r¢ as desired. We can thus write

f= Z Xihe(x))jes +Zﬂax“ (45)
1<t<ro—1 acA
with
A={aeSuppf| Z a,-22}
P i)

and with some polynomials 4, in the variables (x;) jc;. It follows that the algebraic set
(| =01 () {he=0)
P {1 dirg) 1<<ro—1
has dimension at least 1 and is contained in Crity, again a contradiction with our smoothness assumption

s = 0. So, relation (42) follows and the lemma is proved. ]

The case of Lemma 4.3 with s = 0 is derived from Lemma 4.4, as follows.
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Proof of Lemma 4.3 with s = 0. Let f be of degree d > 3 and with s = 0. We need to show that oy > n/d,
and, that oy =n/d if and only if f = f;. Since f; is smooth, Lemma 4.4 implies that (d/n, ..., d/n)
belongs to Ag(f), and hence, oy > n/d. Suppose now that f # f4. Then there exists a € Supp, with
Z:’: 1ai <d. Hence, by Lemma 4.4 and the definition of Ag(f), there exists ¢ > 0 such that

{xeR"|llx=(d/n,....d/n)|| <e} T Ao(f).
Therefore it is clear that oy > n/d. This finishes the proof of Lemma 4.3 with s = 0. (]

Proof of Lemma 4.3 with s > 0. To prove the lemma with s > 0 we may suppose that

of <(n—s)/d. (46)
By the definition of oy we have
min max(a) = 1/oy, 47)
aeConv(Suppy)

where max(a) = maxj<;<,{a;} and where ConV(Suppf) is the convex hull of Suppf. We set

k:= min #{i|a =1/os},

max(a)=1/of
where the minimum is taken over a € Conv(Suppy). Let a € Conv(Suppy) realize this minimum, namely,
with #{i | a; = 1/o’} = k and with max(a) = 1/oy. We may suppose that

ay=---=a,=1/oy and a; <1/oy ifi>k.

Letb e ConV(Suppf) be such that max(b) = 1/o0y. Then, for each A € [0, 1], the point ¢; :=Aa+(1—21)b
lies in Conv(Supp;). When A is sufficiently close to 1, then we have ¢, ; < 1/oy for all i > k, and, the
definition of k implies that b; = 1/oy for all 1 <i < k. By the same reasoning, for each b € Conv(Suppy)
one has b; > 1/oy for some i with 1 <i < k. The definition of k and (47) also tell us that k/oy < d, and
thus we find

k<n-—s (48)
from (46). For any tuple of complex numbers C = (¢;, j)1<i, j<s We consider the polynomial
gC:f(xl""van1an+l+ Z Clijj,-u,xn"l_ Z Cs’jxj>.
I<j<n-s I<j<n-s

For a generic choice of C one has Supp; C Supp, .. Furthermore, we show that for a generic choice of C

hC:fd<x1,...,xn_s, Z Cl,jXjsevns Z cs,jx.,)

I<j<n-s 1<j<n-s

the polynomial

is smooth homogeneous in n — s variables, where f; is the degree d homogeneous part of f. For a
generic choice of e, = (e,,;); <, one has

dim(Sing( fa,e,)) =n —s,
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where
n—1
Jae, (X1, ..o Xn—1) == fa (xl, s Xp—1, Zen,ixi>a
i=1

considered as a polynomial in n — 1 variables x; with i < n. We repeat this argument to see that for a
generic choice E = (e;,—411, ..., ¢e,) With e; = (e ;);<; one has that

dim(Sing(falv,)) = n —s,

where

Ve = {x ‘xn = E €niXi, . oy Xn—s41 = E ens+l,ixi}-

i<n i<n—s

It is clear that the smoothness of f;|y, for generic E corresponds to the smoothness of 4 ¢ for generic C.
Let us fix such a choice of C with all these properties, namely, that /¢ is smooth and that Supp; C Supp,, ..
If a € Supp, ., it is easy to see that a; > b; for all i with 1 <i <n —s and for some b € Supp,. Hence,
0g. < o7, by the definition of k and our chosen ordering of the coordinates. On the other hand, from
Suppy C Supp,,. it follows that o, > oy, and hence, we have

Ogc = Of -
Let r be the coordinate projection from R" to R" . Then, for any e = (¢;) j—1,... s, consider the polynomial
8C.e(X1y oy Xn—g) i =8C(X1yvvy Xn—g, €1, ..., €).
Then, for generic choice of e, we have
Supp,,., = 7(Supp,.).
Let us fix such a choice of e. It is clear that

Ogc.. = Oge>

by the definition of k£ and our ordering of the coordinates. Note that the highest degree homogeneous part
of gc.. equals hic, which is smooth. Thus, we can use Lemma 4.3 with s = 0 (which is already proved)
for gc .. So, we find

O-gc,ez(n_s)/d and gC,e_gC,e(O)=hC-
Hence,
7(Supp;) C w(Supp,.) Cla € R" | a1+ - +a,—s =d}.

This holds if and only if f — f(0) = fs = h(x1, ..., x,—s) for some polynomial /, which is smooth
homogeneous since dim(Crity,) = s. This finishes the proof of the Lemma 4.3. O

We are now ready to prove Theorem 4.2.
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Proof of Theorem 4.2. The case that d =2 is treated in Section 3.3. Hence, we may suppose that d > 3. By
Proposition 4.1, there exists a constant ¢, such that for all integers m > 1, all primes p and all primitive
p-th roots of unity £ we have

Ep(p", &) <cap™"m*"". (49)

By Lemma 4.3 we have oy > (n —s)/d. If oy > (n —s)/d, then we have (n —s)/d < %(n — ), from
using d > 3 and s < n. Conjecture 1 for this case follows by combining (7) and (49) with the squarefree
case from Section 3.5 . If oy = (n — s)/d, we use Lemma 4.3 again to see that f = g4 + f(0) for a
smooth form g, of degree d in n — s variables. Conjecture 1 for this case follows by Igusa’s case from
Section 3.1. [l

Remark 4.5. If f is weighted homogeneous, then the notion of nondegenericity with respect to Ag(f)
is generic, but otherwise the genericity is more subtle, by the difference between “critical points” and
“singular points”. In fact, whether or not the notion of nondegenericity with respect to Ag(f) is generic
depends on Supp,. When Supp, is contained in a hyperplane which does not contain the origin 0 and
has a normal vector with nonnegative coordinates (see [Castryck and Nguyen 2019, Section 2.2]), then
the condition of nondegeneracy on the coefficients §; is generic within this support, that is, for any y

outside a Zariski closed subset of CS"PPs, the polynomial > x' is nondegenerate with respect to

ieSupp, Vi
its Newton polyhedron at zero. This hyperplane condition gener;ﬁfzes the case of weighted homogeneous
polynomials. However, in the general case, this genericity may be lost since we imposed conditions on
critical points of f; instead of on singular points as is done more traditionally in [Kouchnirenko 1976],
[Varcenko 1976]. Especially for T = Ag(f) this makes a difference when the mentioned hyperplane
condition is not met. For instance, polynomials of the form f(x) = ax® + by + cxy for nonzero a, b,

and c are never nondegenerate in our sense, the problem being with T = Ag(f).

5. The four variable case

In this final section we prove Conjecture 1 when n <4 (Theorem 5.1), and a slightly stronger result when
furthermore d < 3 and s = 0 (Proposition 5.2).

Theorem 5.1. Let f, n, s, and d be as in the introduction and suppose that n < 4. Then Conjecture 1
holds for f.

The proof of Theorem 5.1 relies on a concrete lemma inspired by Weierstrass preparation (see
Lemma 5.4), properties of &; based on results on minimal exponents from [Mustatd and Popa 2020],
bounds from [Cluckers et al. 2019; Nguyen and Veys 2022], and Igusa’s results as summarized in [Denef
1991].

Proof of Theorem 5.1. Suppose that n < 4. If (n —s)/d <1 or d = 2, then Conjecture 1 follows by the
arguments in Sections 3.2 and 3.3. Hence, we may concentrate on the case that d =3 and s = 0, but this
follows from Proposition 5.2 below, the squarefree case from Section 3.5, the inequality (18) and the
relation (7). U
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The rest of this section will focus on the proof of Proposition 5.2, which says slightly more than
Theorem 5.1 in the case that d <3 and s = 0.

Proposition 5.2. Let f, n, s, and d be as in the introduction and suppose thatn <4,d <3, and s = 0.
Then for all ¢ > 0 there is a constant c such that

Ef(p™, &) < c(pm)f&f“ for all primes p,allm > 1 and all &, (50)

with d as in Section 2.7. Furthermore, the value Ay is equal to the motivic oscillation index of f as given

in [Cluckers et al. 2019]. Hence, @y is the optimal exponent in (50).

The optimality of the exponent &, in (50) means that there is a constant ¢y > 0 such that for infinitely
many primes p and (some) arbitrarily large m one has

co(p™) ™% < Ef(p™, €) for some £. (51)

The motivic oscillation index of f as given in [Cluckers et al. 2019] (which corresponds to the one from
[Cluckers 2008b] but without the negative sign) is the optimal exponent of p~" in (50), see Section 3.4 of
[Cluckers et al. 2019]; therefore, the equality of &, with the motivic oscillation index is a useful property
and implies (51).

The following auxiliary lemma is well known, see for example the final inequality of [Heath-Brown
1985], where furthermore an explicit upper bound on the number of critical points is obtained.

Lemma 5.3. Suppose that g = go+ - - - + ga is a polynomial in Clxy, ..., x,]| of degree d and with
dim(Critg,) = 0, where g; is the degree i homogeneous part of g, and where Crit, is the critical locus
of ga : C" — C, i.e., the scheme associated with the ideal generated by the dg,/0dx; for 1 <i <n. Then
Critg (C) is a finite set.

Proof. This is shown by homogenizing g as in the reasoning towards the final inequality of [Heath-Brown

1985], where it is even shown that # Crit, (C) < (d — 1)", by an application of Bézout’s theorem. O

Lemma 5.4. Let f in € Z[xy, x2, X3, X4] be of degree d = 3 and with s = 0. Suppose that one can write
f = fo+ f3 with f; homogeneous of degree i and with f> # 0. Then there exists a finite field extension K
of Q and a linear transformation x; = ijl ajjy;j with (a;j)1<i, j<a4 € GL4(K) such that

92 93
F @1, X2, X3, 58) = 231, y2, 3, ya)  with a—yfm, 0,0,0)£0 and a—y§<o, 0,0,0) =0.
1 1
Proof. By a simple calculation we have
82g 83g
8_))2(0’ 0,0,0) =2f>(ai1, a1, az1,as41) and a—y3(0, 0,0,0) =6f3(ai1, azi, azi, asy).
1 1

So, it suffices to show the following relation on zero loci

Z(f3(ar1, a2, a31, as1)) € Z(fr(ain, a1, asi, as1)) U Z(det(A)) (52)
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viewed as algebraic subsets of A(g’ and with A = (a;;)1<;, j<4 and Q the algebraic closure of Q. Since
s = dim(Sing( f3)) = 0 one has that f3 is absolutely irreducible. Therefore if (52) does not hold then

f3(ai, az1, as1, asn) | f2(an, azi, azr, as1)  or  f3(air, axn, azi, asr) |det(A).

It is clear that f31 f> since f, # 0. Also, the polynomial det(A) is absolutely irreducible of degree 4. So,
(52) must hold. The lemma is proved. O

We first prove the part of Proposition 5.2 for large primes, as follows.

Proposition 5.5. With notation and assumptions from Proposition 5.2, there exist an integer M and a
constant ¢ such that for all p > M all m > 1, for all primitive p™-th roots of unity & we have

Ef(p", &) <em’p™". (53)

Proof. We may focus on the case d = 3. By Lemma 5.3, the set Crit (Q) is finite. Because of [Denef
1991, Remark 4.5.3], we are done when f has no critical point. Similarly, when f has a critical point a
such that f — f(a) has multiplicity 3 at a the proposition follows by Section 3.1 and the fact that &y = ;—‘
in this case. Now we suppose that if a is a critical point of f then f — f(a) has multiplicity 2 at a. By
[Denef 1991, Remark 4.5.3], it suffices to show that if a € Crit (Q) then there exist an integer M and a
constant ¢ such that for all p > M with a € Z*, all m > 1, all primitive p”-th roots of unity & we have

E(p",8) = / g0 Moy < em? pe. (54)
a+pZ},

Without loss of generality, we can suppose that a =0 and f(0) = 0. Lemma 5.4 gives us a finite field
extension K of @ and a linear transformation x; = 215154 a;jy; with (a;;)1<i, j<4 € GL4(K) such that if
g1, y2, ¥3, y4) = f(x1, x2, x3, x4) then

g(y1, ¥2, 3, ya) = ha(y2, y3, YO)i + hi(y2, ¥3, Ya)y1 +ho(2, ¥3, y4)

with polynomials 4, 11, ha € K (2, y3, ya) and h2(0, 0, 0) # 0, hy(0, 0, 0) = ho(0, 0, 0) = 0. We set

z1 = ha(y2, y3, YY1 + 5 O1, ¥, y)
and zo = y7,23 = y3,24 = y4. At the new coordinates (z1, 22, 23, z4) we have g(y1, y2, ¥3, y4) =
h(z1, 22, 23, z4) With
h(z1, 22, 73, 24)h2(22, 23, 24) = 23 +7(22, 23, 24)
and
r (22,23, 24) = h2(22, 23, 24)ho(22, 23, 24) — $h1 (22, 23, 24).

Using Lemma 5.3 and the argument from [Nguyen and Veys 2022, Proposition 5.9 and Section 6] (to
compare between the weights of suitable £-adic cohomology groups related to f and those related to
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z% + r), it now follows that there exist an integer M and a constant ¢ such that for all p > M all m > 1,

all primitive p™-th roots of unity & we have

ED(p". ) < em’p (55)
So we are done. (I
By Proposition 5.5, in order to prove Proposition 5.2, it remains to prove the following proposition.

Proposition 5.6. Let f be in Z[x1, x2, x3, x4] of degree d = 3 and with s = 0. Then, for each p and ¢ > 0
there exist a constant cp, . and an integer m, such that for all integers m > m, and all primitive p™-th

roots of unity & we have
Ef(p",§) < cpep @0 (56)

Proof. By Lemma 5.3, the set Crity(Z),) is finite for each p. If there exists a point a € Crit(Z,) such
that the multiplicity of f at a is 3 then we are done as in Proposition 5.5. If Crity(Z,) = @ then by
a basic argument there exists an integer m, such that we have E;(p™, &) =0 for all m > m, and all
primitive p™-th roots of unity &.

Let us now suppose that Crity(Z,) # @ and that the multiplicity of f — f(a) at a is 2 for all
a € Crity(Zp). By [Igusa 1974; 1978; Denef and Veys 1995], it is sufficient to show that the real part of
every nontrivial pole of the Igusa local zeta functions of f at U, is at most —ay, where U, is a small
enough neighborhood of a in Z?). Here, we recall that if L is a finite extension of Q,, Oy is the ring of
integers of L, V is an open subset of O}, F' is an analytic function defined on a neighborhood of V' and
x is a multiplicative character of O} then the twisted Igusa local zeta function of F at V associated with

X given by

Zy(L,V,F,s) =/ X (ac(F (x)))|F (x)|° |dx],
14

where |dx| is the normalized Haar measure on L" so that the measure of Of is 1, ac(z) =z, ordL () for
nonzero z and for a fixed uniformizing element @, of Oy and the usual valuation map ordy, : L — ZU{+00}
(see, e.g., [Denef 1991; Veys and Zuiiiga Galindo 2008]). We say that s is a nontrivial pole of the
Igusa local functions of F at V if s is a pole of Z,(L,V, F,s) when x # Xuivial OF s is a pole of
(ps+l —1Z,(L,V, F,s) when x = xuivial- Let L be a finite extension of Q,, V be an open subset of
O}, F be an analytic function on V and denote by Poly (F') the set of the real parts of the nontrivial poles
of the Igusa local zeta functions of F' at V. By [Igusa 1974; Igusa 1978; Denef and Veys 1995; Veys and
Zuiiiga Galindo 2008], Poly (F) is a finite set. To prove the proposition, it thus remains to show for all
a € Crity(Z), all small enough neighborhoods U, of a in 7%, that

a < —ay for all @ € Poly, (f — f(a)). (57)

The rest of the proof will show this (57).
Fix a € Crit7(Z,); to simplify the notation we suppose that a = (0, 0, 0, 0) and f(0) =0. Up to using
a transformation as in Lemma 3.4, we may suppose that f, is diagonal, where we write f = f> + f3
with f; homogeneous of degree i for each i. Suppose that the coefficient of xl2 is nonzero in f,. Using
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Weierstrass preparation, we can suppose that for a small enough open (p-adic) neighborhood U = p’”"Z‘I‘7
of 0, there exist analytic functions u, g1, go on U such that we have

flu = u(x)(xf +2g1(x2, x3, x2)x1 + go(x2, X3, X4))

and g1(0, 0, 0) = g0(0, 0, 0) =0 # u(0), with x = (x1, x2, x3, x4). By shrinking U we can furthermore
suppose that x (ac(u)) and ord, () are constant on U for each multiplicative character x € €. Moreover,
we can suppose that 0 is the only critical point of f in U. With these conditions on U, it is easy to show
that Poly (f) = Poly (g), where

g(x) = x7 +2g1(x2, X3, x4)x1 + go(x2, X3, X4) (58)

with g; as above. By setting y; = x; + g1(x2, X3, X4), Y2 = X2, ¥3 = X3, Y4 = X4 then at the new coordinates
(¥1, ¥2, ¥3, y4) we have g(x, x2, X3, X4) = yl2 + h1(y2, y3, y4), and hence, by the change of variables
formula, we may suppose that g; = 0 in (58), so that g(x) = xlz + go(x2, x3, x4). By using the argument
in [Denef 1991, Section 5.1] and by noting that Pol 7, (xlz) = {—1/2} and enlarging m if needed, we
have Poly (f) =Poly(g) = —1/2 +Poly/(go) = {—1/2 4+ a|a € Poly(go)}, where U’ = meZ;.

As in the proof of Proposition 5.5, we can find a finite extension L of Q,, a Zariski open subset W of
Ai and a change of coordinates such that

flw = @(x)(x] + o(x2, x3, x4)),

where i, go are regular functions on W and # is nonzero on W. Let @, be a uniformizing element of Oy .
Let m be a large enough integer and U = o, Oi. By the above argument we also have Pol,(go) —1/2=
Pol; (f) =Pol;(g) = —1/2 + Pol,(go), where U = o, Oi. Thus Pol;, (go) = Pol(go)-

Suppose first that gy has a nonrational singularity at 0 € A3, namely, @g,,0 is equal to the log-canonical
threshold at O of go. Let = be a log resolution of gg at 0, let (v;, N;);<; be the numerical data of 7 so
that 1 > @z, o = ming, n,)%(1,1) vi/N; (see [Denef 1991; Mustatd 2012]). Thus, by using [Igusa 1974;
Igusa 1978] we have o < —ag, o for all o € Pol,(go). Moreover, it follows from [Yano 1978, Corollary
3.17] that a s o = 1/2 + ag, 0. If there is B € Poly(go) such that B > —a o+ 1/2 = —ag, 0 > —1 then it
follows by [Igusa 1974; Igusa 1978; Veys and Zdiiiga Galindo 2008] that there is a log-resolution 7’ of
go with a numerical data (v, N) satisfying v < &z, 0N < N. Thus we can use [Veys and Zifiiga Galindo
2008, Theorem 2.7] to see that there is 8" € Pol 5, (go) such that 8’ > —ag, o. This contradicts the fact that
Pol;,(g0) = Pol,(go) and @ < —ag, o for all & € Pol (o). Thus we can conclude that 8 < —aro+1/2
for all B € Poly(go). Therefore o < —a o for all o« € Poly (f) as desired.

Suppose now that g has a rational singularity at 0 € A3, namely Q3,0 is strictly larger than the
log-canonical threshold at 0 of gy, or equivalently, &z, o > 1. We can use a classical result from [Durfee
1979] to see that either gg is smooth at 0, or, we can use an analytic isomorphism to transform g to one
of the following forms:

xi“ +x3+x; with d > 1, ngl +x0x3 +x7  with d > 4,

4 2 2 2
Xy +x§’+x4, x§’+x2x§’+x4, x§’+x§+x4.
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By using [Yano 1978, Corollary 3.17], we can compute &3, o in each case. In fact, ag, o < % if go is
not smooth at 0. Moreover, it is easy to find a log-resolution 7 of gy such that for all numerical data
(v, N) # (1, 1) we have v > @3, oN. For example, in the first form, we have a3, o =1+1/(d+1) and we
can choose 7 such that its numerical datais {(1, 1)}U{(34+2m,2+2m) |0 <m <k—1}U{(2+2k, 2k+1)}
or {(1, D}U{B+2m,2+2m) | 0<m <k — 1} depending on d = 2k or d = 2k — 1, respectively. Thus,
it follows from [Igusa 1974; 1978] that o < —ag, o for all & € Pol,(go)-

We now show that the multiplicity e of g at O is at most 2. If this is not true, we can find a log-resolution
7" of go such that there is a numerical data (v, N) # (1, 1) with v < N (indeed, we can find a log-resolution
of go after using a blowing up at O, thus the numerical data (3, e) appears in this log-resolution). Thus
we can use [Igusa 1974; 1978; Veys and Ziiiga Galindo 2008] as above to contradict the facts that
Pol;,(g0) = Pol;,(go) and a < —ag, o for all o € Pol;,(go). This shows that e is at most 2. If e =1 or go
is smooth at O then it is easy to have that Pol, (go) = Pol,(go) = Poly’(go) = &, so our claim follows.
If e =2 and gy is not smooth at 0, we can use Weierstrass preparation again and the above argument
to suppose that go(x2, x3, X4) = xzz + h(x3, x4) for some analytic function A in at most two variables.
We also have, as above, that Poly (f) = —1 + Poly~(h) and Pol,(go) = Pol; (go) = —% + Pol, (h),
where U” = p"™ 7% and U’ =w," O} If there is B € Poly»(h) with B > —G 0+ 1 = —Ggz 0+ 1 > —1
then we can repeat the above argument to get a contradiction. Our desired result (57) now follows from
Poly (f) = —1+Polys(h) and B < —ayo+ 1 for all B € Poly~(h). [l

Remark 5.7. For each of the above cases in which Conjecture 1 is shown in this paper, one moreover
sees that, after excluding a finite set S (which depends on f) of prime divisors of N, the implied constant
can be taken depending only on d and n (and on ¢). The only case where this is not directly clear is for
the case with (n —s)/d < 1, since its treatment in [Cluckers et al. 2019] uses a chosen log resolution
which depends on f. However, the complexity of such log resolutions (and of the corresponding proof in
[Cluckers et al. 2019]) remains bounded when # and d are fixed. Indeed, one first takes a log resolution of
a generic polynomial of degree d in n variables; this then yields a log resolution for polynomials whose
coefficients lie in a dense Zariski open subset U of the parameter space. One proceeds similarly for a
generic polynomial with parameters in the complement of the dense open U.

Note that the exclusion of a finite list of prime divisors of N is necessary, as can be seen when one
replaces a polynomial f by pf for some prime p. It is not clear at the moment whether the finite set S
has to depend fully on f in general, or, just on f;,.
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Exceptional characters and prime numbers
in sparse sets
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We develop a lower bound sieve for primes under the (unlikely) assumption of infinitely many exceptional
characters. Compared with the illusory sieve due to Friedlander and Iwaniec which produces asymptotic
formulas, we show that less arithmetic information is required to prove nontrivial lower bounds. As an
application of our method, assuming the existence of infinitely many exceptional characters we show that
there are infinitely many primes of the form a? + b%.
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1. Introduction

Understanding the distribution of prime numbers along polynomial sequences is one of the basic questions
in analytic number theory. For sparse polynomial sequences the problem is solved only in a handful of
cases. The most notable are the Friedlander and Iwaniec [1998b] theorem of primes of the form a’+b*
and the result of Heath-Brown [2001] of primes of the form a’ + 2b3, which has been generalized to
binary cubic forms by Heath-Brown and Moroz [2002] and to general incomplete norm forms by Maynard
[2020]. Also, the result of Friedlander and Iwaniec has been extended by Heath-Brown and Li [2017] to
primes of the form a® + p* where p is a prime.

Let +D be a fundamental discriminant and let xp (n) = (D/n) be the associated primitive real character.
We say that xp is exceptional if L(1, xp) is very small, say,

o0
n
L(l,xD>=ZXD—()slog‘l°°D. (1-1)
n
n=1
It is conjectured that (for an exponent such as 100) there are at most finitely many exceptional characters,
which is closely related to the conjecture that L-functions do not have zeros close to s = 1 (so-called
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Siegel zeros). However, assuming that there do exist infinitely many exceptional characters, it is possible
to prove very strong results on distribution of prime numbers. For example, Heath-Brown [1983] has
shown that the twin prime conjecture follows from such an assumption, and Drappeau and Maynard
[2019] have bounded sums of Kloosterman sums along primes. The potential benefit of such results is
that for an unconditional proof we are now allowed to assume the nonexistence of exceptional characters,
which in turn implies strong regularity in the distribution of primes in arithmetic progressions. Such
a bifurcation in the proof has been successfully used to solve problems, for example, in the proof of
Linnik’s theorem [1944] and in many results in the theory of L-functions.

The state of the art method using exceptional characters is the so-called illusory sieve developed by
Friedlander and Iwaniec [2003; 2004; 2005], which is geared towards counting primes in sparse sets.
Assuming the existence of infinitely many exceptional characters (with the exponent 100 in (1-1) replaced
by 200), Friedlander and Iwaniec [2005] proved that there are infinitely many prime numbers of the form
a® + b. For their method it is required to solve the corresponding ternary divisor problem, that is, show
an asymptotic formula for Y r3(a? + b%). This essentially comes down to showing that the sequence has
an exponent of distribution % — ¢. Friedlander and Iwaniec [2006] have solved this problem for a+ b
in a form that is narrowly sufficient for the illusory sieve.

Their method fails for sparser polynomial sequences such as a® + b3, which has an exponent of
distribution % — &. The purpose of this article is to develop a lower bound version of the illusory sieve.
That is, instead of aiming for an asymptotic formula for primes of the form a” + b®, we just want to prove
a lower bound of the correct order of magnitude for the number of primes. Morally speaking, we are
able to show a nontrivial lower bound for primes in sequences with a level of distribution greater than
(14 /e)/(1+2/e) =0.61634 ... (see Theorem 16), so that the sequence a> + b® qualifies.

We will state the general version of our lower bound sieve at the end of this article (Theorem 16). For
now we state the result for primes of the form a? + b%. For any n > 0 define

1
Kn :=/ V1 —tde.
0

Theorem 1. If there are infinitely many exceptional primitive characters x, then there are infinitely many
prime numbers of the form a*> + b8. More precisely, if L(1, xp) < logf100 D, then for exp(log10 D) <
x < exp(log'® D) we have

4
Z A@®+b%) > (0.189 — o(1)) - —kgx>/®
a’+bd<x i
a,b>0
and

D> AW@+DY) = (1 +o(1)- ixng/S.
T

a’+bd<x
a,b>0
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5

Remark. Note that ko = /4, so that the coefficient is in fact xg/x7, and %Kgx /8 is the expected main

term. It turns out that the upper bound result is much easier and for this having an exponent of distribution
1

5 is sufficient.

1.1. Sketch of the argument. We present here a nonrigorous sketch of the proof of the lower bound in

Theorem 1. Let
ap := l(n,p)=1 Z 1,

n=a>+b?
(a,b)=1
a,b>0

so that our goal is to estimate > __a,A(n).

Let x = xp. Similarly as in [Friedlander and Iwaniec 2005], we define the Dirichlet convolutions

n~x

Ai=1%xyx and A :=yxxlog,
so that
Ak A= (1x%x)*(uxlog) = (x *log)* (I xu)=»x" (1-2)

Note that A(n) > 0 and A'(n) > A(n) > 0 (by using A’ = A % A).
The basic idea in arguments using the exceptional characters is as follows. Since

L1, )™ =) umx(n)/n= H(l - %)

p

is large, we expect that x (p) = w(p) for most primes (in a range depending on D), so that heuristically
we have x ~ u and A’ ~ A. Hence, we expect that

D an Ay~ an) (). (1-3)
n~x n~x
Since the modulus of x is small, morally A’(n) is of same complexity as the divisor function t(n), so that
we have replaced the original sum by a much simpler sum.

Making the approximation (1-3) rigorous is the difficult part of the argument, especially for sparse
sequences a,. Friedlander and Iwaniec succeeded in this under the assumption that the exponent of
distribution is almost %, which was sufficient to handle primes in the sequence a? + b°. In our application
an has the exponent of distribution % — &. This results in an additional error term compared to [Friedlander
and Iwaniec 2005], but we are able to show that the contribution from this is smaller (but of the same
order) as the main term.

To bound the error term in (1-3), using A’ = A x A we see that

A(n)— An) = Z A(K)A(m).

n=km
m>1
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Let z = x? (in the proof we choose a slightly smaller z for technical reasons). Then

Z a,A(n) > Z anA(n) L, p(2)=1

n~x n~x
=Y @ Wl pey=t— Y AGm ACAM)Lgm,pcy)=1
n~x km~x
k,m>z
= Sl — Sz.

Note that by removing the small prime factors we have guaranteed that m > z in the second sum, so that
we expect A(m) ~ (1% n)(m) = 0 for almost all m in S,. Thus, we expect that S| gives us the main term
and that S, = o(S).

Remark. The above decomposition has a close resemblance to the recent work of Granville [2021] using
the identity

A1 pe) =l reylogn— Y A
n=I{m
(tm,P(z))=1
Lm>z
For the main term S; we can handle the condition (n, P(z)) = 1 by the fundamental lemma of the
sieve, so we ignore this detail for the moment. Thus, we have to evaluate

Zank/(n) = Z Amn X (m)logn.

n~x mn~x

172 or n > x1/2, so that we are able to compute S; provided that our sequence a, has an

We have m > x
exponent of distribution % This is because the modulus of x is x°1, so that x is essentially of the same
complexity as the constant function 1. We find that S; gives the expected main term, so that we need to
bound the error term S,.

Similarly as in the argument in [Friedlander and Iwaniec 2005], the range x*/3

plays a special role.
With this in mind, we define y = ﬁ + ¢ so that % —y= % — ¢ is the exponent of distribution. We split S

into three parts depending on the size of k

5= > amACIMgmprey=t+ D amACIM) gm, py=1

km~x km~x
k>xl/3+1/ x1/3—2y<k5x1/3+y
m=z m=>z

+ Y amAGROAM) L m,py=1
km~.

X
2<k<x1/3-2v
m=>z

=: 821 + S22 + Sa3.

By similar arguments as in [Friedlander and Iwaniec 2005], we are able use the lacunarity of A(m)
to bound the terms S and S»3 suitably in terms of L(1, x), using the fact that the exponent of the
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distribution is % — y. That is, for S>; we write

Sor < (logx) Y @kmA(m) L. poy)=1,

km~x
k>xl/3+y
m=z

and for S>3 we drop 1(,, p(;))=1 by positivity and write
Mmy= Y x(@),
m=cd
where ¢ or d is > x!/3*7_ In all cases we get a variable > x'/3+7 so that these can be evaluated as Type I
sums. This gives
Sa1+ 823 K¢ 73 (log™ x + L(1, x) log’ x),

which is sufficient by the assumption that x is an exceptional character.
The novel part in our argument is the treatment of the middle range

Sy = Z agm AL (M) . P (2))=1-
km~x
X132 _f<x1/3+y

m=>z
Note that also in [Friedlander and Iwaniec 2005] a narrow range near x2/3 has to be discarded, but the
argument there requires ¥ = o(1). Thanks to the restriction (m, P(z)) = 1, it turns out that we are able to
handle all parts of S, except when m is a prime number. To see this, if m is not a prime, then m = mm;
for some m, my > z, and we essentially get (recall that A(m) > 0)

Y amAROAM I pey=1 = Y. @mACIDAM) Lnmy, Py)=1-

km~x kmimy<x
X132y cp<x1/3+y X372 cf<x1/3+y
m¢pP my,my=z

since A is multiplicative and the part where (m, my) > 1 gives a negligible contribution. For the part

1/2

km; > x'/? we use A(m;) < t(m;) < 2'/¢ and combine variables £ = km, to get a bound

< Z A(m2) Z sy s

2<my<Lx1/? L~x/my

which can be bounded suitably in terms of L(1, x) by a similar argument as with S,;. The part km; < x'/?

is handled similarly, using A(m;) < t(my) K 21/¢ and extracting L(1, x) from A(m) this time. Thus,
the contribution from the composite m is negligible.
Hence, it remains to bound

Smi= Y, amA®Mp = Y amAK+x(p).

kp~x kp~x
X132 <y 1/3+y X132 <y 1/3+y
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Here we are not able to make use of the lacunarity of A(p). However, since S»y, counts products of two
primes of medium sizes, we immediately see that S>;; should be smaller than the main term by a factor
of O(y), so that at least for small enough y we get a nontrivial lower bound. We use the linear sieve
upper bound to the variable p to make this upper bound rigorous and precise, which leads to the constant
0.189 in Theorem 1.

The paper is structured as follows. In Section 2 we carry out the sieve argument and the proof of
Theorem 1 assuming a sufficient exponent of distribution for a,, (Propositions 8 and 9). In Section 3 we
prove Propositions 8 and 9 by generalizing the arguments in [Friedlander and Iwaniec 2006]. Lastly, in
Section 4 we state a general version of the sieve and explain how the method could be improved assuming
further arithmetic information.

Remark. Our sieve argument is inspired by Harman’s sieve method [2007], although the exact details in
this setting turn out to be quite different. The moral of the story is that all sieve arguments should be
continuous with respect to the quality of the arithmetic information, which in this case is measured solely
by the exponent of distribution. That is, even though we fail to obtain an asymptotic formula after some
point (in this case %), we still expect to be able to produce lower and upper bounds of the correct order of

magnitude with slightly less arithmetic information.

1.2. Notations. For functions f and g with g > 0, we write f < g or f = O(g) if there is a constant C
such that | f| < Cg. The notation f < g means g < f < g. The constant may depend on some parameter,
which is indicated in the subscript (e.g., <.). We write f = o(g) if f/g — O for large values of the
variable. For summation variables we write n ~ N meaning N <n <2N.

For two functions f and g with g > 0, it is convenient for us to denote f(N) << g(N) if f(N) K
g(N) logo(l) N. For parameters such as ¢ we write f(N) <<, g(N) to mean f(N) <. g(N) logOS(l) N.
A typical bound we use is S(N) =), v (n)k <<r.x N, where t; is the k-fold divisor function. We
say that an arithmetic function f is diV;SOI‘ bounded if | f (n)| << T(n)X for some K.

For a statement £ we denote by 1 the characteristic function of that statement. For a set A we use 14
to denote the characteristic function of A.

We let e(x) := e2™* and e, (x) :=e(x/q) for any integer g > 1. We denote

Ai=1xy and A :=yx=xlog.

2. The sieve argument

In this section state the arithmetic information (Propositions 8 and 9) and assuming this we give the proof
of Theorem 1 using a sieve argument with exceptional characters. We postpone the proof of Propositions 8
and 9 to Section 3. From here on we let g denote the modulus of the exceptional character x = x,, to
avoid conflating it with the level of distribution which we will denote by D; this also agrees with the
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notations in [Friedlander and Iwaniec 2005, Section 14]. Throughout this section we denote

ay :=1(n,q):1 Z 1, and bn Z=](n,q):1%L Z b_3/4.

n=a>+b® n=a’+b*
(a,b)=1 (a,b)=1
a,b>0 a,b>0

In b, we are counting the representations a®> + b*> weighted with the probability that b is a perfect
fourth power so that heuristically we expect ), a,A(n) = (1+o0(1)) ), ., b,A(n). Differing from
[Friedlander and Iwaniec 2005], it is convenient for us to write certain parts of the argument as a
comparison between a, and b,. This is inspired by Harman’s sieve method [2007], where the idea is
to apply the same combinatorial decompositions to the sums over a, and b,, and then compare, using
positivity to drop certain terms entirely.

We let g(d) denote the multiplicative function defined by

Q(pk)( )l
=1 1+ , 2-1
g(p ) ptq p p ( )

where o(d) denotes the number of solutions to v2 4+ 1 = 0(d). Note that for all primes p we have

o(p) =1+ x4(p). We also define
—1
(= 2 )(1 + ) |
P p

2.1. Preliminaries. We have collected here some standard estimates that will be needed in the sieve
argument.

Lemma 2. Let

Gy=]]a-gipn™".

plq
Then
[T« =0 Fol) [Ta-1m=a o) B
and
;A(n)bn=(1+o(l))L(ql§( ) I = (1 +o() D
= (I+o(1)e" logz [ [(1—g(p) Y bn,

pP=z n<x

where y1 = 0.577 ... denotes the Euler—Mascheroni constant.

Proof. The first asymptotic follows from

I—g(p) _ov1 Gqf(z)
|p| =1/, ~ G |p|( xa(p)/p)(L=p™) I )
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and Mertens’ theorem. To get the second part we apply prime number theorem for Gaussian primes
a + ib, splitting the sum into boxes (a, b) € [z1, z1 + x/10g'? x] X [z2, 20 +x/ log'® x] so that b=/ =
(I4+o0(1)z, 3/ 4, noting that the contribution from boxes with z; < x/ log10 xorz;<x/ loglO X is trivially
& x/8/log x (by writing A (n) < logx). The prime number theorem in small boxes follows splitting the
boxes in to smaller polar boxes and applying [Iwaniec and Kowalski 2004, Theorem 5.36], for instance.

Here the condition (a” + b?%, ¢) = 1 implicit in b, cancels the multiplicative factor G, since by an

expansion using the Mobius function

an: Z 1(n,q)=1211b_3/4:Z/L(d) Z %b_3/4

n=x n=a’+b* dlq n=a’+b?
(a,b)=1 (a,b)=1
a,b>0 a,b>0
dln
=(+o() Y udgid) », o7
dlq n=a*+b*
(a,b)=1
a,b>0
=(1+o(1))G," Y b7
n=a>+b*
(a,b)=1
a,b>0
1/4

For the last asymptotic note that by the change of variables t = u

1 1
}1/ w34 l—uzdtzf V1—18dt = kg
0 0

and L(1, y4) = /4. U

We also require the following basic estimate; see [Friedlander and Iwaniec 1998a, Lemma 1], for

instance.
Lemma 3. For every square-free integer n and every k > 2 there exists some d | n such that d < n'/'* and
t(n) < 2%t (@),
From this we get the more general version.
Lemma 4. For every integer n and every k > 2 there exists some d | n such that d < n'/* and
t(n) < 2t (d)¥.

Proof. Write n = blb% .. -b,’:%b’,ﬁ with by, ..., b1 square-free, by letting b, be the largest integer such
that b',i | n, so that n/ b',i is k-free and splits uniquely into b1b§ e b,’:} with b; square-free. We have

t(n) < t(b)Tt(b)? - T(bp).
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By Lemma 3 for all j < k — 1 there is d; | b; with d; < b}/k and 7(b;) < 2kt(dj)k. Hence, for
d=d;---di_1b; we have

d< by b)) by = by b b)VE </
and

t(n) < Qt(d) - t(di) TR <2X @) O

To bound the final error term we require the linear sieve upper bound for primes; apply [Friedlander
and Iwaniec 2010, Theorem 11.12] with z = D and s = 1, using F (1) = 2¢”.

Lemma 5 (linear sieve upper bound for primes). Let (¢,),>1 be a sequence of nonnegative real numbers.
For some fixed Xy depending only on the sequence (c,),>1, define ryq for all square-free d > 1 by

> =godXo+ra,
n=0(d)

where go(d) is a multiplicative function, depending only on the sequence (an)n>1, satisfying 0 < go(p) < 1
for all primes p. Let D > 2 (the level of distribution). Suppose that there exists a constant L > 0 that for

any 2 <w < D we have

_; logD L
[T d—g0n™ = 14+ .
ogw log w

w=<p<D
Then

Y cp <1+ 0dog™ " DYX2e” [TA—gop)+ D Iral.

r p=D d<D
d square free

The following lemma gives a basic upper bound for smooth numbers; see [Tenenbaum 2015, Chap-
ter II1.5, Theorem 1], for instance.

Lemma 6. Forany?2 <z <y we have

Z 1< ye /2,

n’\/}7
PT(n)<z

where u :=logy/logz.
We also need the following simple divisor sum bound.

Lemma 7. Let M >> | and let Z = M/ 19816 M2 £51 some constants ¢y, ¢; > 0. Then for any K > 0

Z r(m)Kl(m,P(Z))zl Ler,er,k M.
m~M
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Proof. For some L = L(K) we have by a standard sieve bound

Z T(m)* Lom, p(2y)=1 <€ Z (M) Lon, P(2))=1 = Z Ly, pzn=1" L., P2))=1

m~M m~M ny--np~M

M (loglog M) Z Loy, pzy=1"""1wm,,, Pz)=

Kereak log M

nl . .-nL_l

M (log log M) 1\ :!
<<CI,C2,K %( 1_[ <1+_>)
08 Z<p<M p

Ley,00,K

M (loglog M)“? (log M L=
ek M,
log M log Z Sere K
by computing the sum over n; = max{ny, ..., ny} first. O

2.2. Arithmetic information. For the sieve argument we need arithmetic information given by the
following two propositions, which state that a,, has an exponent of distribution % —¢. We will prove these
in Section 3. The first is just a standard sieve axiom on the level of distribution of the sequence a,, and

the second is similar but twisted with the quadratic character x. For the rest of this section we denote
X = Z b,.
n~x

Recall that X < x/8 by Lemma 2.

Proposition 8 (type I information). Let B > 0 be a large constant and let A € [log™8 x, 1]. Let ¢ > 0 be
small but fixed. Let D < x>/3¢ and N be such that DN = x. Let a(d) be divisor bounded coefficients
and let g(d) be as in (2-1). Then for any C > 0

dald Y. am=) a@d Y bu+0pc(Xlog T x)

d~D n~x/d d~D n~x/d
ne(N,N(14+A)] ne(N,N(1+A)]
and
doald) Y am=) ald) Y bim+0c(Xlog “x)=X > ald)g(d)+O0c(Xlog x). (2-2)
d<D n~x/d d<D n~x/d d<D

Furthermore, for D < x*/3*¢ we have the last asymptotic

Y oad) Y biw=X ) adgd)+O0c(Xlogx)

d<D n~x/d d<D

and for A =1og™8 x for any fixed B > 0 the bound

doad Y b <AX Y lad)g@).

d<D ne(N,N(14+A)] d<D

Remark. In our set up the last asymptotic actually holds up to D < x'~¢, but we will not need this.
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Proposition 9 (type I, information). Let B > 0 be a large constant and let A € [log=8 x,1]. Let
exp(log'® q) < x < exp(log'®q). Let D < x3/37¢ and N be such that DN = x. Let a(d) be divisor
bounded coefficients. Then for any C > 0

Yoad) Y amxm=) ad) D baux(m)+0pc(Xlog x) K Xlog™€x
d~D n~x/d d~D n~x/d
ne(N,N(1+A)] ne(N,N(1+A)]

and

D oad) Y amxn)=Y_a(d) Y bumx(n)+Oc(Xlog™ x) K Xlog € x.

d<D n~x/d d<D n~x/d

Furthermore, the bounds for the sums with by, hold up to D < x2/3te,

We will also need the following proposition to bound certain error terms in terms of L(1, x). This
follows from [Friedlander and Iwaniec 2005, Lemmata 3.7 and 3.9] (as mentioned in [Friedlander and
Iwaniec 2005, Section 14], the g(d) defined by (2-1) is easily shown to satisfy the required assumptions).

Proposition 10 (exceptional characters). Let A := (1 % x). Then for any x > z > q° we have

Y xmgm) <L, x) and Y rn)g(n) < L(1, x)log* x.

n<x Z<n=x
2.3. Initial decomposition. Let ¢ > 0 be small and define the parameter y := 2—14 + ¢ so that % —y = % —&
is the exponent of distribution of a,. Using A" = A x A (see (1-2)) we get

A(n)— An) = Z A(K)A(m).

n=km
m>1

2
Hence, for z := x1/00g10g%)" e have

D aA(n) = anAm) 1, piey=1 + Oc(x”*/1og" x)

n~x n~x
= Zank/(n)l(n,P(z)):l — Z e A GOAM) L o, p(2yy=1 + Oc (x7/* / Tog® x)
n~x Iicme
,m=z

=81 — 8+ 0c(x*/8/10g" x).

Similarly as in [Friedlander and Iwaniec 2005], by the lacunarity of A(m) we expect that S = 0(S7), but
this is out of reach. We will show that S} = (1+0(1)) >_, .. b, A(n) and S <(0.811+0(1))->_ . by, A(n)
which together imply Theorem 1.

n~x n~x

Remark. For technical reasons we have chosen z a bit smaller than x® (compare with Section 1.1). This
has the benefit that evaluating S is a lot easier. On the downside bounding S, is slightly more difficult
and we require Lemma 4 for this.
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2.4. Sum S;. Let D; := x® for some small ¢ > 0. We expand the condition 1, p(;)=1 by using the
Mobius function and split the sum to get

Si=) al ) Y pd =) @i ®) Y pd+Y @) Y ud)=S|+Ri.

n~x d|(n,P(2)) n~x d|(n,P(z)) n~x d|(n,P(2))
d<D d> D,

To handle the error term R;, note that if d | P(z) and d > D, then d has a divisor in [D;, 2zD;]. Since
z=x/og logx)z, by Lemma 4 (with k = 2 applied to the variable n/d to get n = cdn’ with (n) < 1(c)?M),

Proposition 8, and Lemma 6 we get

Ry < (logx) > ant(n)’

n~x
3d | (n, P(2)),d€[D1,2zD]

L(ogx) > > 1(ed)’V " deaw

de[Dy,2zD1] e<(2x)1/2 n'~x/cd
d| P(z)
< (logx)x™® 3" > t(ed)?Vg(ed) <c x*Flog € x. (2-3)
de[D1,2zD1] c<(2x)1/2
d| P(z)

To get the last bound use 7(cd)?Vg(cd) < t(cd)°V /(cd) < t(c)°PV1(d)°"Y /(cd) and apply Lemma 4
to the variable d before using Lemma 6.

For the main term we write

Si= ) wd) Y aNm= ) ud) Y amx(m)logn

n~x mn~x
ddlspb(zi) n=0(d) dd‘ng()Zl') mn=0(d)
= D ) Y amxmlogn+ Y u(d) Y amx(m)logn=:Si+Sn.
dd|<P[()?) mrs;a(xd ) dd‘<Pngl) m’;;;agcd )
N n>x!/? - n<x!/?

We write (denoting d| = (m, d))

Si= Y uldid) Y x(dim) > agaumalogdan

didy | P(z) dim<x1/? n~x/mdd>
didry<D (m,dr)=1 dyn>x'1?

We will use Proposition 8 to evaluate this sum but first we need to remove the cross-condition don > x'/2

and the weight log d>n by using a finer-than-dyadic decomposition to the sums over d»> and n. That is, for

A =1log™ 8 x for some large B > 0 we split S; into

> Y wdid) Y xdm) ) dddmalogdan.

i,j<logB+! x didy | P(2) dym<x!? ne(N,N(1+A)]
Dy=(1+A)i didr<D, (m,d>)=1 n~x/mdyd;
Ne(1+A) dre(D2,Da(14+A)] dyn>x\2

DyN(1+A)2>x1/2
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Here we can write
logdyn =log DN + 0(log_B x),

where the error term will contribute by Lemma 4 and Proposition 8

< log_B X Z un)a, K log_B X Z r(n)4an ¢ log_B X Z t(d)o(l) Z a, <pg x>'% logo(])_B X

n~x n~x dgx1/? n~x/d

so that S1; = S}, + Op(x log® P8 x) with

Sie= ), logDoN Y uldid) Y x(im) )Y addmn.

i.j<log"*! x i | P(2) dymx!? ne(N.N(+A)]
Dy=(1+A)! didy <Dy (m,dy)=1 n~x/mdyd;
N=(14+A)/ dr&(D2,Dr(1+4)] don>x1/?

DyN(1+A)2>x1/2

1/2

The cross-condition dyn > x'/“ holds trivially and may be dropped except in the diagonal part where

(1+A)2x"2 < D,N <x'/2.

The contribution from this diagonal part is bounded by using Proposition 8

< (logx) > > > Y. dadm

i,j<logB+! x didy | P2 dymx'/2ne(N,N(1+A)]
Dy=(14A) didr <D (m,dp)=1 n~x/mddy
N=(1+A)) dre(D2, D2 (1+A)]

(14+A)2x12< Dy, N<x1/2

< X log™€ x + (log x) > > > > Dadymn

i,j<logf! x didr | P(2)  dym<x'/2ne(N,N(1+A)]
Dr=(1+A)! did, <D (m.dyy=1 n~x/mdid;
N=(1+A)/ dre(D2, Dy (1+A)]

(14+A)2x12<DyN<x!/?

< x/8 log*C x+ (logo(l) x)xS/SA2 Z 1 K35 /8 logO(l)*B X

i,j<logf+tl x
Dy=(1+A)
N=(14+A)/
(14+A)2x12< Dy N<x1/2

by choosing C = B. Hence, the cross-condition dpn > x'/?> may be dropped and we get S| = ST, +
Op(x logo(l)_B x) with

Stie= >, logDoN Y uldid) Y x(dim) Y ddidmn.

i,j<loghf*tlx didy | P(2) dim<&x!/? ne(N,N(1+A)]
Dy=(1+A)’ ddr =Dy (m.dy)=1 n~x/mdyd
N=(1+A)/ dr€(D2,Dr(1+4)]

DyN(1+A)2>x1/2
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Applying a similar decomposition to the corresponding sum with bg, 4, and using Proposition 8 we get

Si= Y wldid) Y xdm) Y bagmnlogdin+ Oc(x*log™€ x)
didy | P(z) dim<x1’? n~x/md\dp
didy <D (m,dr)=1 dyn>x'/?

=My + Oc(x8 log_c x).

Similarly, we get by Proposition 9 (denoting d» = (n, d))

Sp= Y wudd)xd) Y logdn D addmax(m)

didy | P(2) don<x!/? m~x/ndydy
did,=D (n,dy)=1
= Y wdid)x) Y logdm Y badumnx(m)+ Oc(x**log™ x)
didy | P(z) dzl’lf)cl/z m~x/ndd
didr=D (n.dy)=1

=: M1+ Oc(x”®log™ x)

That is, in the sums S;; and S;2 we have managed to replace a, by b,. By reversing the steps to recombine
we get

My +Mp=Y bA(n) Y ud) =:M,

n~x d|(n,P(2))
d<D

By a similar argument as in (2-3) we can add the part d > D; back into the sum and we get
My =" b (). =1 + Oc(x*®/10g x) = > " by Am) 1, peyy=1 + Oc(x”'®/log" x)
n~x n~x
by using A'(n) > A(n). Thus, by Lemma 2 we have
S1= (1+0(1) Y byA(n),
n~x
so that for the lower bound result it suffices to show that
$) < (0.81140(1)) - Y byAn).
n~x
We now proceed to do this, and at the end of this section we will show how to get the upper bound in

Theorem 1.

Remark. We have used Lemma 6 to handle the restriction (n, P(z)) = 1 instead of applying the fun-
damental lemma of sieve. Thanks to this we were able to use the trivial lower bound A'(n) > A(n) to
simplify the evaluation of the main term.
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2.5. Sum $,. Recall that y = 2—14 + ¢ and % -y = % — &. We split the sum S into three ranges according

to the size of k

S, = Z akmA(k))»(m)l(M,P(Z))zl

km~x

k,m>z

= Y amAOI M mpey=1+ Y. amAKAIM) L py=1
km~x km~x

ko> x /3ty x13=2r cp<x1/3+y
m>z m>z

+ E Axm AL (M), p(2))=1
km~x
Zsk5x1/372y
m=>z

=: 821 + S22 + Sa3.

Using the assumption that L(1, x) is small, we will show that the contribution from S,; and S»3 is
negligible, and that Sy, < (0.81140(1))->_, ., by A(n).
2.5.1. Sum S;;. Here we have k > x!/3%7 50 that by a crude estimate we get

Sa= Y amARAM) L pey=t K (ogx) D A(M) Y awm =Sy = Mo + Ray,

km~x <m<x2/3-v k~x/m
Py 7<=mK /
m=z

where

My = (logx)X Z A(m)g(m) and Ry =S} — Ma.

Z<mLx3y
By Proposition 8 we get

Ry < x¥8log™C x,

and by Proposition 10 we have

My < xBL(1, x) log? x.

Hence, we have
Sy <e x*BL(, x)log x + x*/31og™C x.
2.5.2. Sum S»3. Recall that here m > x*/3T27_ By positivity we may drop the condition (m, P(z)) = 1.
Writing
Mmy= " x(d)

cd=m
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we split the sum S»3 into two ranges, d < x13HY ord > x13t7 . We get $o3 < 8231 + S232, where

Smi= Y, AR Y D x(daca,

s<k<x1/3-2 cx?/37 [k d~x/ck
d>x'/3ty
S232 1= Z A(k) Z x(d) Z Aedk-
7<k<x1/3-2r d<x!/3+y c~x/dk

By Proposition 9 we get (after applying a finer-than-dyadic decomposition similarly as with S;; to remove
cross-conditions)

S$231 K¢ x/8 log_c X.
By Propositions 8 and 10 we get (since the contribution from (k, d) > 1 is trivially negligible)

Sm=X Y, Ak Y x(@dgdk)+0cxlog x)

7<k<x!/3-2 d<x/3+y
KX ), AWz® ) xded) +xlog x
esh<xlA=2y d<x/3+r

< xS/SL(l, x)logx +x/3 log*C X.
Combining the bounds, we have
Sy e x>BL(1, ) logx +x>¥1og ™€ x.

2.5.3. Sum S»;. We have

Syy = D amARAM) L, po)=1-

km~x
x1/372y <k5xl/3+y

It turns out that we can handle all parts except when m is a prime, so we write

S» = E axm AK)A(M) L, p(2))=1 + E ap A(K)A(p) =: S221 + S222.
km~x kp~x
x1/3—2y<k5x1/3+;/ X1/3=2y <y 1/3+y
m¢P -

In Syy1 we have m = m my for my, my > z. Since (mm,, P(z)) = 1, the part where (m, my) > 1 triv-

o(l)

ially contributes at most < 77 1x/8 log x which is negligible. Hence, using A(mmy) = A(m)A(my)

for (m, my) =1 we get

Sn1 =< > gy my AUV AM) Ly, P(py=1 + Oc (8 log ™€ x).
kmimay~x
xl/372y<k<x1/3+y
my,my>z

1

We split this sum into two parts according to km; > x'/? or km < x'/2. In either case we get m <K x!/2

for some j € {1, 2}. We combine the variables £ = km;_; and use A(m;_;) < T(m;_;) to obtain by
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Lemma 4
So1 < (logx) Y Am) D t(O1.py=1am + Oc(x**log™ x)
z<m<kxl/2 L~x/m
< (ogx) Y 20m) Y vVl pey=t Y daem+ 0cx™*log™ x).
z<m<KLx!/? d<x1/K ~x/dm

By Proposition 8 we get (once we choose K large enough so that % +1/K < % —y)

Sao1 Kk Moo+ Oc(x*Blog™€ x),
where
My =X(ogx) > am) Y td)** Dl pey=1gd)gm),

z<m<x'/? d<xV/K

since the contribution from the part the part (d, m) > 1 is negligible by a trivial bound. Thus, by
Proposition 10 and Lemma 7 we have

My <c X(logx) Y 1@ Vglure=1 Y, Mmgm) <cx*L(, ) log’ x.
d=x/K z<m<x!?

Combining the above bounds we get
Sy e xBL(, x)log’ x +x78log =€ x,

so all that remains is to bound the sum Sy5,. The savings here will come from the fact that & is restricted
to a fairly narrow range.

2.6. Bounding the error term Sy3;. We have

Sopi= Y ap AR+ x(p)).

kp~x
xl/3721/ <kal/3+V

We will apply the linear sieve upper bound to the nonnegative sequence
Cn = an (1 + x(n))

with level of distribution x2/3~7 /k (note that by exploiting the cancellation from yx (n) we save a factor
of 2 compared to using the trivial bound A(p) < 2). For (d, k) = 1 define R(d, k) by

D a4 x(n) = g(d)g() X + R(d, k).

n~x/k
n=0(d)

Note that the contribution from sums with (d, k) > 1 is negligible by trivial estimates. Then by Lemma 5
with Dy = x?/377 / k we have

$220 < (1 +0(1))M2y + Rono,
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where
Myp:=X Y Algk2e” [T —g(p)
x13=2y <<x1/3+y P=<Dy
and

Rom= Y AWKIRWE k)| <cx*logx

dk<x?13-v
(d,k)=1

by Propositions 8 and 9. Applying Lemma 2 we get

3 A(k)g (k)

My = (2+0(1) Y by A(n) I

n~x x1/3-2y <f<x1/3+7

= D(y) ) _baA(n).

n~x
By the prime number theorem (for p = 1(4)) we have (denoting k = x%)

3 A(k)g (k)

by)~2 Klog(x2/3~7 k)

x1/3-2y cf<x1/3+7

) Z 1 2f1/3+y do
klog(x2/3=7 [ k) 13-2y 2/3—y —«a

x1/3-2v cfe<x1/3+y

We have D(ﬁ) < 0.811. Since ¢ > 0 can be taken to be arbitrarily small, this implies

S < (0.811+0(1))- Y b, A(n),

n~x

completing the proof of Theorem 1. O

2.7. Proof of the upper bound result. We now explain how to get the upper bound result in Theorem 1.
By Section 2.4 we have by negativity of S,

> @A) < 1+ 0c(x¥¥/1og Cx) = by ()L, peyy=1 + Oc (x*%/ log Cx)

n~x n~x

=Y by A n,pey=1 + M2+ Oc(x”#/log Cx),

n~x
where by reversing the initial decomposition on the b,-side (Section 2.3)

My := )" b A Ln, p2y)=1

km~x
k,m>z



Exceptional characters and prime numbers in sparse sets 1323

which is the same as S, but with a, replaced by b,,. Now M, can be bounded similarly as S, except that
we decompose with y = 0 to get My = M»; + M»3 with

M = Z bim AOA(M) L, pz))=1, M2z = Z bim AL (M) L, p(2))=1-

km~x km~x
k>x1/3 k<x1/3
m=z m>z

By similar arguments as above for Sy1, 33 we get
Moy + Moz <c x8L(1, x) log® x +x7/8/10g® x,

since for b, we have an exponent of distribution > % by Propositions 8 and 9. That is, to prove the upper
bound we only needed that a,, has an exponent of distribution % + ¢ instead of % —e.

3. Type I sums

In this section we will prove Propositions 8 and 9. The arguments are straightforward generalizations
of the arguments in [Friedlander and Iwaniec 2006; 2005, Section 14]. Since it does not require much
additional effort, we give the arguments in this section for the sequences a> + b for any k > 1, which
yields the exponent of distribution % + ﬁ — ¢, as claimed in [Friedlander and Iwaniec 2006, below
Theorem 4].

For the arguments in this section it is convenient for us to define << to mean an inequality modulo
logarithmic factors, that is, for two functions f and g with g > 0 we write f(N) << g(N) if f(N) K
g(N)1og®V N. For parameters such as ¢ we write f(N) <<, g(N) to mean f(N) <, g(N)log% D N.

Proposition 8 is a consequence of the following proposition, which we will prove in this section.

Proposition 11. Let M, L, D > 1. Let k > 1 integer and let Ly be a coefficient such that |A¢| < 1,_.
Let i denote a fixed C*°-smooth compactly supported function and denote Yy (x) := (x/M). Then for
any divisor bounded a(d) and any real number my << M we have

d ¢
Za(d)( > hevam— mo)—/WM(t)de() 320 )>

d~D (e.m)=1 (t.a)=1
o~L o~L
24m2=0(d)

<<, ME(L + M)\/2D'/2 V@0,

Proof of Proposition 8 assuming Proposition 11. For the sequence b,, which counts n = a4 b* weighted
with b~ 171k / k. we will apply similar arguments as below but with k = 1, renormalizing the corresponding
)¢ appropriately. For a, which counts n = a? 4 b® we write m = a and £ = b*, so that we are applying the
above proposition with k = 4. Similarly as with the treatment of the sum S1;, we use a finer-than-dyadic
decomposition to remove the cross-condition m?> 4 ¢> ~ x that is, writing A =log™5 x for some large B,
we partition the sum into < A2 log2 x parts where € € [Lg, Lo(1 4+ A)] and m € [My, My(1 4+ A)] with
L% + Mg ~ x and Lo, My < +/x. In fact, we need to refine this decomposition so that for m we use a
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C®°-smooth finer-than-dyadic partition of unity. Then the resulting coefficients for m are C*°-smooth
functions of the form vy (m — My), where M = MyA is the width of the window around My < /x.
We can now drop the condition £% 4+ m? ~ x, with an error contribution bounded by x°/8 1og =80 x
coming from the edges (where L3 + M3 is in [x(1+ A)72, x(1+ A)?] or [2x(1+ A)72, 2x(1 + A)?)).

To see this, note that we have by Proposition 11 using Mo, Ly < x'/?

. ler(d) o (d)
SNle@l S heWamn — M) <c x*/¥log Cx + ALK pgy 3 EELED

d
telLo.Lo(1+A)] a~D
m2+0=0(d)

& x810g=C x + x3/8 log=(1H1/0B+0()

B+0O(1) O()—B/k

and that the number of edge cases is < log X, so that we save a factor of log x, which is
sufficient for B > k.

We can now apply Proposition 11 in each of the parts separately. Note that then we have L, M <« x'/?
and D < x°/87¢, so that the error term is bounded by x°/87¢/4. To remove the condition (¢2 +m?, g) =1

implicit in Proposition 8 we may expand using the M&bius function to get

Yo=Y wnH )

Cam?=0d) [flq P4m?=0(df)
@ +m?,q)=1

since (d, ¢) = 1, and apply Proposition 11 with level x°/3~¢¢q « x>/3-¢/2,
)Lél) = 1y_,x and AEZ) =k~ 1¢~1H1/k Let g(d) extend g(d) to (d, g) > 1, that is,

—1
i(p k) _Q(P)(1+_) .
pk p

We still have to evaluate the main term in Proposition 11 to get (2-2). Recombining the finer-than-dyadic

Denote

decomposition to a dyadic one for the variable ¢, this follows we once show that for j € {1, 2}

@) H9(0) i )
NDW’) f puOdi= 3 TS =Y a@i@ Y P vam—mo)+ 067,

(Z,d):l d~D €,m)=1
~L o~L

d

which follows easily once we show that

> a) [ ar?® 5 020

d (Eﬁd)Ll
d) o(d
= Y @RI Ta - (2)2 2D Ypr(m —mo) + OB, (1)
d~D rld

L

He=Tla-p2= Y M9 (2) H(l P!

ptd (c,d)=1

Define
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and note that

Z)‘y) -1 —I-L_Sk) Z)L?)

o~L o~L
and

f Y @)dt =Y Yag(m —mg) + Oc(M~C),

172 the claim (3-1) follows once we show

Z Ol(d)Q(d)( Z Aéj)# _ @Hdzwj)) << 1.

d
d<D ,d)=1 e~L
e~L

Then, since M << x

To show this, note also that

Then for Ay = 1,_,« (and similarly for A, = k~1¢~1+1/k)

3 Ot(d)Q(d)( 3 wif) w(d)H Z)‘E)

d<D (t.d)=1 e~L
e~L
a(d)o(d) M(C) ¢(d)
=)~ 2 D ko= D M
d<D (c.d)=1 (t,d)=1 e~L
£~L/c
a(d)p(d) (C)
R ()(kaz——zkz)
d<D (c,d)=1 eld e~L/ce
a(d)p(d) m(c) 1
=) = > e ) 1=y 1
d<D (c,d)=1 eld n~LV* e n~ LUk
la(d)|p(d) L LVt 1
<L Xl X ot L og)!
d=<D eld “cgLk/e c>LVk /e
by writing £ = (nce)* since ce is square free. U

Proposition 9 follows by a similar argument from the following (recall that a, and b, are supported on
(n,q)=1).
Proposition 12. Let M, L, D > 1. Let k > 1 integer and let Ay be a coefficient such that |Ag| < 1,_ .
Let i denote a fixed C*-smooth compactly supported function and denote Yy (x) := ¥ (x/M). Let x
denote a primitive quadratic Dirichlet character associated to a fundamental discriminant £q with g > 1.

Then for any divisor bounded o (d) and any real number mg << M we have for some 1 > 0

dTad) Y evmm—mo)x (€ +m*) <<¢ g*MF(L+ M) PDVPLYEO 4 gmpm VR,

d~D (e,m)=1
o~L
24+m?=0(d)
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For the proof of Propositions 11 and 12 we need the following large sieve inequality; see [Friedlander
and Iwaniec 2005, Lemma 14.4] for the proof.

Lemma 13. Let g > 1. Then for any complex numbers o, we have

2. 2

d~D 241=0(d)
(d.)=1

> aned@né)‘ L (Dg+N) Y lanl,

n<N n<N

where gq = 1(d).
We also require the Poisson summation formula.

Lemma 14 (truncated Poisson summation formula). Ler ¥ : R — C be a fixed C*-smooth compactly
supported function with | ||; <1 and let M > 1. Fix a real number mq. Let d > 1 be an integer. Then

for any ¢ > 0 we have uniformly in m

> Ymlm—mo) = / D Ymtd —mo)e(ht)eq(—ah)di + Oc (M)

m=a(d) 0<|h|<Mtd/M

Proof. Applying the Poisson summation formula we get

> wM(m—mo)=ZwM(nd+a—mo)=Z/WM(td+a—mo)e(ht)dt
h

m=a(d) n

=> f Y (td — mo)e(ht)ey(—ha)du.
h

by the change of variables f +— t — a/d. For |h| > M®d/M we can iterate integration by parts to show
that the contribution from this part is K¢, M —C, O

We also need the following Weil bound for character sums; see [Kowalski 2021, Theorem 3.1], for
instance.

Lemma 15. Let g > 1 and let x be a primitive quadratic character of modulus q. Let a,b € 7 and
(a,q) =1. Then

> x(am® +b) < (b, q)"2q"1**
m(q)

3.1. Proof of Propositions 11 and 12. We first note that there is a gap in the proof given in [Friedlander
and Iwaniec 2005, Section 14], namely, the argument around their application of Poisson summation
works only if the sum is restricted to (¢, g) = 1. To fix this we must first bound the contribution £ = nk
which have a large factor whose prime factors divide g. Let gg = go(n) = go(£) denote the smallest factor
of n such that (n/qo, g) = 1. The parts of the sums in Proposition 12 where go > ¢" can be bounded
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trivially. To see this, note that by the divisor boundedness o (d) and Lemma 4 we have

Yoad) Y Mymm—mox(@+mH) K Y w(m®+n)00

d~D ,m)=1 mx=mo

i~L L/
+m>=0(d) P0>4"
qo0>q"
< Y @y o1
d<<ml/2 n~ L1k mxmg

go>q" m*=—n*(d)

<M Z —r(dzlo(l) Z 1< M Z 1

d<<m1/2 n~L1/k n~L1/k
qo>q" qo>q"
and
1/k —1 —n/271/k —1/2y—1 —n/4y1/k
dol=s o Y <L Y g =g L [T - AT gL,
n~Lk q0>q"  n~LYk/qy q0>q" rlq
q0>q" plao=plq rlao=plq

Hence, we may assume that A, is supported on go(£) < ¢" for some small n > 0.
Note that since d | €% + m?, we may add the condition (d, g) = 1 since otherwise x (0> +m?) =0.
Expanding the condition (£, m) = 1 using the Md&bius function, we get

Yooald) Y m(m—mo)x(€* +m?)

d~D ,m)=1
d,q)=1 ~L
24+m?=0(d)
= > ub Y a@ Z Mo > Ump(m —mo/b)x (€ +m?).
b<LM d~D m
(b,q)=1 d,q)=1 (z d) 1 b2 (£2+m?)=0(d)

Writing by = (d, b) and b, = b/b; we get (absorbing (d, b») = 1 into the coefficient @ (d) and redefining
a(d) as a(b1d))

Doonib) Y ald) Y M Y Ympm—mo/b)x (€7 +m?).

biby<KLM d~D/b e~L/b , T
(bib2,q)=1 d.g)=1 (td)=1  +m"=0(d)

Let g¢ := q(’)‘ so that (¢, £/q¢) = 1. Defining v(d) and B(q) so that m = vl(d) and m = B(£/q¢)(g) we
get by the Chinese remainder theorem

m=vLqq + p¢/qndd(dg),
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where the inverses ¢ and d are computed modulo d and g, respectively. Using Lemma 14 we get for
H:=M*®b,Dg/M
> Ymplm—mo/b)x (€*+m?)

m
C24m?=0(d)

= Z Zx(ﬂ2+q3) Z Vm/p(m—mo/b)

v(d)  B(q) n

24+1=0(d) m=vLqG+p(€/qe)dd(dq)

= Y ) x(B+ad / > Ymp(tdg—mo/b)e(ht)es(—vhig)e,(—Bh(t/qe)d)dt
v(d)  B(q) 0<|h|<H c
v24+1=0(d) +O0c (M),

Making the change of variables and 8 — Bd this becomes
/ > (Z X (B> +q7)eg(— ﬂh(ﬁ/qe))) > Ym(tbdg — mo)e(ht)eq(—vhig) dt.
0<|hl<H “B(q) V2 4+1=0(d)
From h = 0 we get a total contribution

> utbiby Y ato@ Y g [ w0 Y xR ad) <<q” uL!

biby < LM d~D/b, ¢~LJb B(q)
(b1b2,q)=1 d,q)=1 ¢, d)=1

by using the bound (Lemma 15)

D x(BPd*+q)) < (q.q7)' g
B(q)

and the fact that g, = qé‘ & ¢"™ for some small 7.

For h # 0 we can by symmetry restrict to 7 < 0. We first want to remove the cross-condition
x (Bd* + q?) between the variables d and £. To do this we fix the value of g, modulo ¢ and split £ into
congruence classes g, = y (q). Hence, we get for some |cp, ¢(f, g, B, ¥)| < 1and |cp ¢(t, g)| <1 that the
total contribution from % # 0 is

Y Y wtiby [Y Y a@x@d+ph

v(q) blbz<<LM B(q) d~D/b|
(b1b2,9)=1 d,q)=

XD Y ke Y enelt,q, B, y)ea(whtq)yu (thdg — mo) di

v24+1=0(d) ¢~L/b I<h<H
«,d)=1
qe=y(q)

Y [ X @ XY ke Y eneltpeavheqy by —mo| .

biby&KLM ® d~D/b V241=0(d)' ¢~L/b I<h<H
(d,q)=1 ,d)=1
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Note that ¥y (tbdg — mg) vanishes outside |tbdg — mo| < M. Hence, by d ~ D/b; and my << M the
integral over ¢ is supported on a fixed set T (b1, bp) with measure bounded by << M /b,q D so that by
taking the maximal ¢ the last expression is bounded by

~<q ) 5 Z @l > | D e Y cheedo}heq)‘

b1b2<<LM d~D/b1 V241=0)' e~L/b  1<h<H
d,9)=1 (,d)=1

for some coefficients ¢, ¢ = cp.¢ (b1, b2, g, mo) independent of d with |cj; ¢| < 1. Expanding the condition
(¢, d) =1 this is bounded by

LY o2 ¥ el ¥

blh2<<LM C<<DL d~D/bic V24+1=0(d)
d.g)=1

> ket Y cn czed(vhczq)‘ (3-2)

¢~L/be I<h<H

By Cauchy—Schwarz and Lemma 13 the sum over d is bounded by (denoting H; := H /b, = M*Dq /M)

Dl/2 24 1/2
S (DD M D IR )

d~D/b1c v24+1=0(d) ¢~L/bc I<h<H

d,q)=
Z )Lbcé

(Dq/bic+ HL/b)l/z( >
j=th

1<j«HL/c
¢~L/bc

Z Abee

j=th
{~L/bc

1/2

2\ 1/2
S @07 )
2)1/2
By Cauchy—Schwarz we get (writing m = bcj = bj’ and B := LM so that 1/b = j'/m <« H{L/m)

(b) 1 2\ 172 1 2\ 12
Z T Z m( Z Z )ubc@ ) <<( Z ET(]/) Z )"bﬁ >

1 1
N /2
< 575 (Dg +(DHIL) >( >

1<j<H|L/c

b<<LM c&DL I<j<HLJ/c' j=th J'<H L j'=th
£~L/bc b<B {~L/b
2\ 1/2
H1L
( T(m)’| > ke )
m<H| LB m=~th
~L
T (hn*)*\ /2
<\ H/L _—
<(mey ¥
nk~1 h<H\B
‘E(h)4‘f(l’l)4k 1/2
H| L
s(mey ¥ MO
nk~L h«H|B
<< H1/2L1/2k
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Hence, the final bound for (3-2) is

M
« %(Dq + (DH L) H2 L@

=qM5(Mq1/2H11/2L1/(2k) +MH1L1/2+1/(21<)D—1/2)

— MEGA(D'2MV2LV/CO | pl/2p1/2+1/Chy
by using Hy = M*Dg /M. O

4. A General version of the sieve

From our argument in Section 2 we can infer the following general result. We have not made an effort to
minimize the assumptions or optimize the powers of logarithms.

Theorem 16. Let x be large and let xp be a real primitive character associated to a fundamental
discriminant D = x°V with D ¢ log® x. Let a, and b, be nonnegative sequences supported on
(n, D) =1, and let g(d) be the associated multiplicative function. Suppose that g(d) < 7(d)%M /d.
Assume that g satisfies the assumptions of Lemma 5 and assume that Proposition 10 holds. Suppose that

for any z > x° we have

1
D bah ) =(1+o(h)— oz 2 ,l,jz(l —2(p) Y _ b

n~x n~x

and
A

D Akgk) = +o0(1) Y —

k~z k~z
Suppose also that for some € > 0 we have the crude bounds
Z anA(n) 1, pxe))>1, Z by A(M) 1y, p(xey>1 = O(Z A(n)bn)-
n~x n~x n~x

Suppose that the exponent of distribution is at least o« = % —y for some y < % (in the sense of Propositions
8 and 9). Then

> Amya, = (1 —2log ifé; — O(L(1, xp) log’ x) —0(1)) > Am)b,.

n~x

Assuming that the exponent of distribution is at least % + & we have

> Ama, < (1+ O(L(L, xp)log’ x) +0(1) Y A(n)by.

n~x n~x
In particular, if L(1, xp) < logj100 D and exp(log10 D) <x < exp(log16 D), then the lower bound is
nontrivial as soon as the exponent of distribution satisfies

1+ /e

—0.61634....
T 1y2/e

o
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Remark. With much more effort it is possible to get the same result as above with L(1, x) log x in place
of L(1, x) log5 X, so that one only needs L(1, xp) = o0(1/log D).

Remark. Unfortunately the above theorem just misses out the next case a® + 5'°, which has an exponent
of distribution % — &. Similarly as with the linear sieve, further improvements are possible if we make
use of well-factorability of the weights [Friedlander and Iwaniec 2010, Chapter 12.7]. For example, the
upper bound for the sum S, can be improved if we are able to handle certain Type I/II sums (that is,
Type I sums where the modulus is kd with d well-factorable). Note also that in S>; and S>3 the weight
factorizes and furthermore there is some smoothness available in the weight. Hence, assuming suitable
arithmetic information (of Type I/II or Type I,) we could handle some parts near the edges of S, by a
similar argument as for the sums S,; or S>3. Unfortunately we do not know how to carry this out for the
sequence a” + b'°, but possibly sums of Kloosterman sums methods might be able to handle these sums.
It is also unclear if the handling of the sum Sy is optimal but we have not found a way to improve this.

Remark. The ideas in this paper can be used also to the problem of primes in short intervals, to improve
the result of Friedlander and Iwaniec [2004] which gives primes in intervals of length x3%/7° < x!/2 under
the assumption of exceptional characters. The sieve argument is slightly different here since for this
problem we can also utilize the available Type I/II and Type I, information furnished by the exponential
sum estimates used for the problem of largest prime factor on short intervals [Baker and Harman 2009;
Fouvry and Iwaniec 1989; Liu and Wu 1999]. The details will appear elsewhere.

Acknowledgements

I am grateful to my supervisor Kaisa Matoméki for helpful comments and encouragement. I also wish to
thank Kyle Pratt for comments on an early version of this manuscript. I am grateful to the anonymous
referee for helpful comments. During the work the author was funded by UTUGS Graduate School. Part
of the article was also completed while I was working on projects funded by the Academy of Finland
(project no. 319180) and the Emil Aaltonen foundation.

References

[Baker and Harman 2009] R. Baker and G. Harman, “Numbers with a large prime factor, II”, pp. 1-14 in Analytic number
theory, edited by W. W. L. Chen et al., Cambridge Univ. Press, 2009. MR Zbl

[Drappeau and Maynard 2019] S. Drappeau and J. Maynard, “Sign changes of Kloosterman sums and exceptional characters”,
Proc. Amer. Math. Soc. 147:1 (2019), 61-75. MR Zbl

[Fouvry and Iwaniec 1989] E. Fouvry and H. Iwaniec, “Exponential sums with monomials”, J. Number Theory 33:3 (1989),
311-333. MR Zbl

[Friedlander and Iwaniec 1998a] J. Friedlander and H. Iwaniec, “Asymptotic sieve for primes”, Ann. of Math. (2) 148:3 (1998),
1041-1065. MR Zbl

[Friedlander and Iwaniec 1998b] J. Friedlander and H. Iwaniec, “The polynomial X 244 captures its primes”, Ann. of Math.
(2) 148:3 (1998), 945-1040. MR Zbl

[Friedlander and Iwaniec 2003] J. B. Friedlander and H. Iwaniec, “Exceptional characters and prime numbers in arithmetic
progressions”, Int. Math. Res. Not. 2003:37 (2003), 2033-2050. MR Zbl


http://msp.org/idx/mr/2508633
http://msp.org/idx/zbl/1230.11114
http://dx.doi.org/10.1090/proc/14239
http://msp.org/idx/mr/3876731
http://msp.org/idx/zbl/1455.11115
http://dx.doi.org/10.1016/0022-314X(89)90067-X
http://msp.org/idx/mr/1027058
http://msp.org/idx/zbl/0687.10028
http://dx.doi.org/10.2307/121035
http://msp.org/idx/mr/1670069
http://msp.org/idx/zbl/0926.11067
http://dx.doi.org/10.2307/121034
http://msp.org/idx/mr/1670065
http://msp.org/idx/zbl/0926.11068
http://dx.doi.org/10.1155/S1073792803130784
http://dx.doi.org/10.1155/S1073792803130784
http://msp.org/idx/mr/1995146
http://msp.org/idx/zbl/1038.11060

1332 Jori Merikoski

[Friedlander and Iwaniec 2004] J. B. Friedlander and H. Iwaniec, “Exceptional characters and prime numbers in short intervals”,
Selecta Math. (N.S.) 10:1 (2004), 61-69. MR Zbl

[Friedlander and Iwaniec 2005] J. B. Friedlander and H. Iwaniec, “The illusory sieve”, Int. J. Number Theory 1:4 (2005),
459-494. MR Zbl

[Friedlander and Iwaniec 2006] J. B. Friedlander and H. Iwaniec, “A polynomial divisor problem”, J. Reine Angew. Math. 601
(2006), 109-137. MR Zbl

[Friedlander and Iwaniec 2010] J. Friedlander and H. Iwaniec, Opera de cribro, American Mathematical Society Colloquium
Publications 57, American Mathematical Society, Providence, RI, 2010. MR Zbl

[Granville 2021] A. Granville, “An alternative to Vaughan’s identity”, Riv. Math. Univ. Parma (N.S.) 12:1 (2021), 119-124. MR
Zbl

[Harman 2007] G. Harman, Prime-detecting sieves, London Mathematical Society Monographs Series 33, Princeton University
Press, 2007. MR Zbl

[Heath-Brown 1983] D. R. Heath-Brown, “Prime twins and Siegel zeros”, Proc. London Math. Soc. (3) 47:2 (1983), 193-224.
MR Zbl

[Heath-Brown 2001] D. R. Heath-Brown, “Primes represented by X3+ 2y3”, Acta Math. 186:1 (2001), 1-84. MR Zbl

[Heath-Brown and Li 2017] D. R. Heath-Brown and X. Li, “Prime values of a’+ p4”, Invent. Math. 208:2 (2017), 441-499.
MR Zbl

[Heath-Brown and Moroz 2002] D. R. Heath-Brown and B. Z. Moroz, “Primes represented by binary cubic forms”, Proc.
London Math. Soc. (3) 84:2 (2002), 257-288. MR Zbl

[Iwaniec and Kowalski 2004] H. Iwaniec and E. Kowalski, Analytic number theory, American Mathematical Society Colloquium
Publications 53, American Mathematical Society, Providence, RI, 2004. MR Zbl

[Kowalski 2021] E. Kowalski, “Exponential sums over finite fields: elementary methods”, 2021, https://people.math.ethz.ch/
~kowalski/exponential-sums-elementary.pdf. Zbl

[Linnik 1944] U. V. Linnik, “On the least prime in an arithmetic progression, I: The basic theorem”, Rec. Math. N.S. 15(57)
(1944), 139-178. MR Zbl

[Liu and Wu 1999] H.-Q. Liu and J. Wu, “Numbers with a large prime factor”, Acta Arith. 89:2 (1999), 163-187. MR Zbl
[Maynard 2020] J. Maynard, “Primes represented by incomplete norm forms”, Forum Math. Pi 8 (2020), art.ide3. MR Zbl
[Tenenbaum 2015] G. Tenenbaum, Introduction to analytic and probabilistic number theory, French ed., Graduate Studies in

Mathematics 163, American Mathematical Society, Providence, RI, 2015. MR Zbl

Communicated by Andrew Granville
Received 2022-08-31 Revised 2023-06-19 Accepted 2023-09-03

jori.merikoski@maths.ox.ac.uk Mathematical Institute, University of Oxford, Oxford, United Kingdom

mathematical sciences publishers :.msp


http://dx.doi.org/10.1007/s00029-004-0374-6
http://msp.org/idx/mr/2061223
http://msp.org/idx/zbl/1054.11048
http://dx.doi.org/10.1142/S1793042105000303
http://msp.org/idx/mr/2196790
http://msp.org/idx/zbl/1084.11055
http://dx.doi.org/10.1515/CRELLE.2006.096
http://msp.org/idx/mr/2289206
http://msp.org/idx/zbl/1129.11041
http://dx.doi.org/10.1090/coll/057
http://msp.org/idx/mr/2647984
http://msp.org/idx/zbl/1226.11099
http://msp.org/idx/mr/4284775
http://msp.org/idx/zbl/1482.11123
http://msp.org/idx/mr/2331072
http://msp.org/idx/zbl/1220.11118
http://dx.doi.org/10.1112/plms/s3-47.2.193
http://msp.org/idx/mr/703977
http://msp.org/idx/zbl/0517.10044
http://dx.doi.org/10.1007/BF02392715
http://msp.org/idx/mr/1828372
http://msp.org/idx/zbl/1007.11055
http://dx.doi.org/10.1007/s00222-016-0694-0
http://msp.org/idx/mr/3639597
http://msp.org/idx/zbl/1405.11124
http://dx.doi.org/10.1112/plms/84.2.257
http://msp.org/idx/mr/1881392
http://msp.org/idx/zbl/1030.11046
http://dx.doi.org/10.1090/coll/053
http://msp.org/idx/mr/2061214
http://msp.org/idx/zbl/1059.11001
https://people.math.ethz.ch/~kowalski/exponential-sums-elementary.pdf
http://msp.org/idx/zbl/1146.03020
http://msp.org/idx/mr/0012111
http://msp.org/idx/zbl/0063.03584
http://dx.doi.org/10.4064/aa-89-2-163-187
http://msp.org/idx/mr/1691896
http://msp.org/idx/zbl/0937.11038
http://dx.doi.org/10.1017/fmp.2019.8
http://msp.org/idx/mr/4061964
http://msp.org/idx/zbl/1451.11101
http://dx.doi.org/10.1090/gsm/163
http://msp.org/idx/mr/3363366
http://msp.org/idx/zbl/1336.11001
mailto:jori.merikoski@maths.ox.ac.uk
http://msp.org

ALGEBRA AND NUMBER THEORY 18:7 (2024)
https://doi.org/10.2140/ant.2024.18.1333

Polyhedral and tropical geometry of flag positroids

Jonathan Boretsky, Christopher Eur and Lauren Williams

A flag positroid of ranks r := (r; < --- < ry) on [n] is a flag matroid that can be realized by a real
rr X n matrix A such that the r; x r; minors of A involving rows 1,2, ..., r; are nonnegative for all
1 <i < k. In this paper we explore the polyhedral and tropical geometry of flag positroids, particularly
when r := (a,a + 1, ..., b) is a sequence of consecutive numbers. In this case we show that the
nonnegative tropical flag variety TrFlrzy?1 equals the nonnegative flag Dressian FlDrrzfr)l, and that the points
= (Ug, ..., up)of TrFlig = FlDrf?, give rise to coherent subdivisions of the flag positroid polytope
P(p) into flag positroid polytopes. Our results have applications to Bruhat interval polytopes: for
example, we show that a complete flag matroid polytope is a Bruhat interval polytope if and only if its
(< 2)-dimensional faces are Bruhat interval polytopes. Our results also have applications to realizability
questions. We define a positively oriented flag matroid to be a sequence of positively oriented matroids

(X1, -- -, xx) which is also an oriented flag matroid. We then prove that every positively oriented flag

matroid of ranks r = (a,a+ 1, ..., b) is realizable.
1. Introduction 1333
2. Background on total positivity and Bruhat interval polytopes 1338
3. The nonnegative tropicalization 1341
4. Positively oriented flag matroids 1349
5. Subdivisions of flag matroid polytopes 1352
6. Three-term incidence relations 1356
7. Projections of positive Richardsons to positroids 1358
8. Fan structures for and coherent subdivisions from TrGr;.), and TrFI;° 1366
References 1372

1. Introduction

In recent years there has been a great deal of interest in the tropical Grassmannian [Speyer and Sturmfels
2004; Herrmann et al. 2009; 2014; Cachazo et al. 2019; Bossinger 2021], and matroid polytopes and
their subdivisions [Speyer 2008; Ardila et al. 2010; Early 2022], as well as “positive” [Postnikov 2007,
Speyer and Williams 2005; 2021; Oh 2008; Ardila et al. 2016; Le and Fraser 2019; Lukowski et al. 2023;
Arkani-Hamed et al. 2021b] and “flag” [Tsukerman and Williams 2015; Brandt et al. 2021; Bossinger et al.
2017; Jarra and Lorscheid 2024; Joswig et al. 2023; Boretsky 2022] versions of the above objects. The aim
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matroid, tropical flag variety.
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of this paper is to illustrate the beautiful relationships between the nonnegative tropical flag variety, the
nonnegative flag Dressian, and flag positroid polytopes and their subdivisions, unifying and generalizing
some of the existing results. We will particularly focus on the case of flag varieties (respectively, flag
positroids) consisting of subspaces (respectively, matroids) of consecutive ranks. This case includes both
Grassmannians and complete flag varieties.

For positive integers n and d with d < n, we let [n] denote the set {1, ..., n} and we let ([Z]) denote
the collection of all d-element subsets of [n]. Given a subset S C [n] we let eg denote the sum of standard

basis vectors ) ;¢ €;. For a collection B C ([Z]), we let
P(B) = the convex hull of {eg : B € B} in R".

The collection B is said to define a matroid M of rank d on [n] if every edge of the polytope P(B) is
parallel to e; —e; for some i # j € [n]. In this case, we call B the set of bases of M, and define the matroid
polytope P(M) of M to be the polytope P (). When B indexes the nonvanishing Pliicker coordinates of
an element A of the Grassmannian Gry ,(C), we say that A realizes M, and it is well-known that P (B) is
the moment map image of the closure of the torus orbit of A in the Grassmannian [Gelfand et al. 1987].
We assume familiarity with the fundamentals of matroid theory as in [Oxley 2011] and [Borovik et al.
2003].

The above definition of matroid in terms of its polytope is due to [Gelfand et al. 1987]. Flag matroids
are natural generalizations of matroids that admit the following polytopal definition.

Definition 1.1 [Borovik et al. 2003, Corollary 1.13.5 and Theorem 1.13.6]. Letr = (r;,...,7¢) be a
sequence of increasing integers in [n]. A flag matroid of ranks r on [n] is a sequence M = (My, ..., My)
of matroids of ranks (rq, ..., ry) on [n] such that all vertices of the polytope

PM)=P(M;)+---+ P(My), the Minkowski sum of matroid polytopes,

are equidistant from the origin. The polytope P(M) is called the flag matroid polytope of M; we
sometimes say it is a flag matroid polytope of rank r.

Flag matroids are exactly the type A objects in the theory of Coxeter matroids [Gelfand and Serganova
1987; Borovik et al. 2003]. Just as a realization of a matroid is a point in a Grassmannian, a realization
of a flag matroid is a point in a flag variety. More concretely, a realization of a flag matroid of ranks
(r1,...,rr) 1s an rp X n matrix A over a field such that for each 1 <i < k, the r; x n submatrix of A
formed by the first ; rows of A is a realization of M;. For an equivalent definition of flag matroids in
terms of Pliicker relations on partial flag varieties; see [Jarra and Lorscheid 2024, Proposition A].

There is a notion of moment map for any flag variety (indeed for any generalized partial flag variety
G/ P) [Gelfand and Serganova 1987; Borovik et al. 2003]. When a flag matroid M can be realized by a
point A in the flag variety, then its matroid polytope P (M) is the moment map image of the closure of the
torus orbit of A in the flag variety [Gelfand and Serganova 1987; Borovik et al. 2003, Corollary 1.13.5].

There are natural “positive” analogues of matroids, flag matroids, and their polytopes.
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Definition 1.2. Letr = (7, ..., rx) be a sequence of increasing integers in [n]. We say that a flag matroid
(M, ..., My) of ranks r on [n] is a flag positroid if it has a realization by a real matrix A such that the
r; X n submatrix of A formed by the first r; rows of A has all nonnegative minors for each 1 <i <«k.

We refer to the flag matroid polytope of a flag positroid as a flag positroid polytope. 1t follows from
our definition above that flag positroids are realizable.

Setting kK = 1 in Definition 1.2 gives the well-studied notion of positroids and positroid polytopes
[Postnikov 2007; Oh 2008; Ardila et al. 2016]. Therefore each flag positroid is a sequence of positroids.

In recent years it has been gradually understood that the tropical geometry of the Grassmannian and
flag variety, and in particular, the Dressian and flag Dressian, are intimately connected to (flag) matroid
polytopes and their subdivisions [Speyer 2008; Herrmann et al. 2009; Brandt et al. 2021]; see also
[Maclagan and Sturmfels 2015, Section 4]. A particularly attractive point of view, which sheds light on
the above connections, is the theory of (flag) matroids over hyperfields [Baker and Bowler 2019; Jarra
and Lorscheid 2024]. In this framework, the Dressian and flag Dressian are the Grassmannian and flag
variety over the tropical hyperfield, while matroids and flag matroids are the points of the Grassmannian
and flag variety over the Krasner hyperfield.

The tropical geometry of the positive Grassmannian and flag variety are particularly nice: the positive
tropical Grassmannian equals the positive Dressian, whose cones in turn parametrize subdivisions of
the hypersimplex into positroid polytopes [Speyer and Williams 2005; 2021; Lukowski et al. 2023;
Arkani-Hamed et al. 2021b]. And the positive tropical complete flag variety equals the positive complete
flag Dressian, whose cones parametrize subdivisions of the permutohedron into Bruhat interval polytopes
[Boretsky 2022; Joswig et al. 2023]. Theorem A below unifies and generalizes the above results.

Definition 1.3. Let T = RU {oo} be the set underlying the tropical hyperfield, endowed with the topology
such that —log : R>¢9 — T is a homeomorphism. Given a point w € T(l’rﬂ), we define the support of w to
be w = {S € (['r’]) Tws F oo}. When w is the set of bases of a matroid, we identify w with that matroid.
Let P(T(T])) be the tropical projective space of T([fl), which is defined as (T(['rﬂ) \ {(c0, ..., 00)}/ ~,
where w ~w’ if w=w'+(c, ..., c) for some ¢ € R.

Our main result is the following.

Theorem A. Suppose r is a sequence of consecutive integers (a, . .., b) for some 1 <a < b < n. Then,
for w = (g, ..., Up) € ]_[ﬁ’:a [P’(T([?])), the following statements are equivalent:

(a) p € TrF1ZY | the nonnegative tropicalization of the flag variety, i.e., the closure of the coordinate-wise

r,n’

valuation of points in Fl, ,(C>0).

(b) pe FlDrrz’(,)l, the nonnegative flag Dressian, i.e., the “solutions” to the positive-tropical Grassmann—

Pliicker and incidence-Pliicker relations.

(c) Every face in the coherent subdivision D, of the polytope P(p)=P(u1)+---+ P(u) induced by
1 is a flag positroid polytope (of rank r).
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€12 (3.2, 1)

(2,3, 1) 3,1,2)

€23

€14

(1,3.2) (2,1.3)

(1,2,3)

€34

Figure 1. Left-hand side: the coherent subdivision of the hypersimplex into positroid
polytopes induced by a point p € Dri g such that i3 + pog = o3 + (14 < 12 + (U34.
Right-hand side: the coherent subdivision of the permutohedron into Bruhat interval
polytopes induced by a point u € FlDr(>l(,)2’3)’3 such that w4+ 13 = 1 + (23 < 3+ (12.

(d) Every face of dimension at most 2 in the subdivision D, of P(n) is a flag positroid polytope (of
rank r).

(e) The support p of p is a flag matroid, and p satisfies every three-term positive-tropical incidence
relation (respectively, every three-term positive-tropical Grassmann—Pliicker relation) when a < b
(respectively, a = b).

For the definitions of the objects in Theorem A, see Proposition 3.6 for (a), Definition 3.3 for (b),
Definition 5.1 for (c), and Definition 3.8 for (e).

We note that if » = (d) is a single integer, Theorem A describes the relationship between the nonnegative
tropical Grassmannian, the nonnegative Dressian, and subdivisions of positroid polytopes (e.g., the
hypersimplex, if g has no coordinates equal to co) into positroid polytopes. And when r = (1,2, ..., n),
Theorem A describes the relationship between the nonnegative tropical complete flag variety, the nonneg-
ative complete flag Dressian, and subdivisions of Bruhat interval polytopes (e.g., the permutohedron, if @
has no coordinates equal to co) into Bruhat interval polytopes. We illustrate this relationship in the case
where p has no coordinates equal to oo in Figure 1.

We prove the equivalence (a)<=(b) in Section 3.2, the implications (b)=>(c)=>(d)=>(e) in Section 5.2,
and the implication (e)=>(b) in Section 6.1.

Theorem A has applications to flag positroid polytopes.

Corollary 1.4. For a flag matroid M = (My, M1, ..., Mp) of consecutive ranks r = (a,a+1, ..., D),
its flag matroid polytope P(M) is a flag positroid polytope if and only if its (< 2)-dimensional faces are
flag positroid polytopes (of rank r).

Proof. Let u = (g, ..., Up), with u; € {0, oo}([?]), where the coordinates of each u; are either O or co
based on whether we have a basis or nonbasis of M;. This gives rise to the trivial subdivision of the
corresponding flag matroid polytope P(p) = P(M). The result now follows from the equivalence of (c)
and (d) in Theorem A. U
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In the Grassmannian case, that is, the case that r = (d) is a single integer, the flag positroid polytopes
of rank r are precisely the positroid polytopes, and in that case the above corollary appeared as [Lukowski
et al. 2023, Theorem 3.9].

Also in the Grassmannian case, the objects discussed in Theorem A are closely related to questions
of realizability. Note that by definition, every positroid has a realization by a matrix whose Pliicker
coordinates are nonnegative, so it naturally defines a positively oriented matroid, that is, an oriented
matroid defined by a chirotope whose values are all 0 and 1. Conversely, every positively oriented matroid
can be realized by a positroid: this was first proved in [Ardila et al. 2017] using positroid polytopes,
and subsequently in [Speyer and Williams 2021], using the positive tropical Grassmannian. It is natural
then to ask if there is an analogous realizability statement in the setting of flag matroids, and if one can
characterize when a sequence of positroids forms a flag positroid; indeed, this was part of the motivation
for [Benedetti et al. 2022], which studied quotients of uniform positroids. Note however that questions
of realizability for flag matroids are rather subtle: for example, a sequence of positroids that form a
realizable flag matroid can still fail to be a flag positroid (see Example 4.4). By working with oriented
flag matroids, we give an answer to this realizability question in Corollary 1.5, in the case of consecutive

ranks.
Corollary 1.5. Suppose (M1, ..., My) is a sequence of positroids on [n] of consecutive ranks r =
(r1, ..., rr). Then, when considered as a sequence of positively oriented matroids, (M, . .., My) is a flag

positroid if and only if it is an oriented flag matroid.

We define a positively oriented flag matroid to be a sequence of positively oriented matroids (xi, ..., Xk)
which is also an oriented flag matroid. Corollary 1.5 then says that every positively oriented flag matroid
of consecutive ranks (rq, ..., ry) is realizable.

See Section 4.1 for a review of oriented matroids and oriented flag matroids. Note that because a
positroid by definition has a realization over R with all nonnegative minors, it defines a positively oriented
matroid. In Section 4.2, we deduce Corollary 1.5 from the equivalence of (a) and (b) in Theorem A. Another
proof using ideas from discrete convex analysis is sketched in Remark 4.7. In both proofs, the consecutive
ranks condition is indispensable. We do not know whether the corollary holds if r = (ry, . .., r¢) fails to
satisfy the consecutive rank condition.

Question 1.6. Suppose M and M’ are positroids on [n] such that, when considered as positively oriented
matroids, they form an oriented flag matroid (M, M’). Is (M, M’) then a flag positroid?

One may attempt to answer the question by appealing to the fact [Kung 1986, Exercise 8.14] that for a
flag matroid (M, M"), one can always find a flag matroid (M, ..., My) of consecutive ranks such that
M, = M and My = M’'. However, the analogous statement fails for flag positroids; see Example 4.6 for an
example of a flag positroid (M, M") on [4] of ranks (1, 3) such that there is no flag positroid (M, M, M")
with rank of M, equal to 2.

The consecutive rank condition has recently shown up in [Bloch and Karp 2023], which studied the
relation between two notions of total positivity for partial flag varieties, “Lusztig positivity” and “Pliicker
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positivity” (see Section 2.1). In particular, the Pliicker positive subset of a partial flag variety agrees with
the Lusztig positive subset of the partial flag variety precisely when the flag variety consists of linear
subspaces of consecutive ranks [Bloch and Karp 2023, Theorem 1.1].

A generalized Bruhat interval polytope [Tsukerman and Williams 2015, Definition 7.8 and Lemma 7.9]
can be defined as the moment map image of the closure of the torus orbit of a point A in the nonnegative
part (G/P)=" (in the sense of Lusztig) of a flag variety G/P. When r is a sequence of consecutive
integers, it then follows from [Bloch and Karp 2023] that generalized Bruhat interval polytopes for Flrz;(r)l
are precisely the flag positroid polytopes of ranks r. In the complete flag case, a generalized Bruhat
interval polytope is just a Bruhat interval polytope [Kodama and Williams 2015], that is, the convex hull
of the permutation vectors (z(1), ..., z(n)) for all permutations z lying in some Bruhat interval [u, v].

We can now restate Corollary 1.4 as follows.

Corollary 1.7. For a flag matroid on [n] of consecutive ranks r, its flag matroid polytope is a generalized
Bruhat interval polytope if and only if its (< 2)-dimensional faces are generalized Bruhat interval
polytopes. In particular, for a complete flag matroid on [n), its flag matroid polytope is a Bruhat interval
polytope if and only if its (< 2)-dimensional faces are Bruhat interval polytopes.

The structure of this paper is as follows. In Section 2, we give background on total positivity and
Bruhat interval polytopes. In Section 3, we introduce the tropical flag variety, the flag Dressian, and
nonnegative analogues of these objects; we also prove the equivalence of (a) and (b) in Theorem A.
In Section 4 we discuss positively oriented flag matroids and prove Corollary 1.5. In Section 5 we
explain the relation between the flag Dressian and subdivisions of flag matroid polytopes, then prove
that (b)=(c)=(d)=(e) in Theorem A. We prove some key results about three-term incidence and
Grassmann—Pliicker relations in Section 6, which allow us to prove (e)=>(b) in Theorem A. Section 7
concerns projections of positive Richardsons to positroids: we characterize the positroid constituents of
complete flag positroids, and we characterize when two adjacent-rank positroids form an oriented matroid
quotient, or equivalently, can appear as constituents of a complete flag positroid. In Section 8, we make
some remarks about the various fan structures for TrFlf;(,)l; we then discuss fan structures and coherent
subdivisions in the case of the Grassmannian and complete flag variety, including a detailed look at the
case of TrFI; .

2. Background on total positivity and Bruhat interval polytopes

2.1. Background on total positivity. 1etn € 7, and let r = {r; < --- < ri} C [n]. For a field k, let
G =GL,(k), and let P,., (k) denote the parabolic subgroup of G of block upper-triangular matrices with
diagonal blocks of sizes ri,r, —ry, ..., ry —rr—1, n — ry. We define the partial flag variety

Flp. (K) := GL,, (K)/ Pr; (K).
As usual, we identify Fl,., (K) with the variety of partial flags of subspaces in k":

Fly.,(K) ={(V; C--- C Vi) : V; alinear subspace of k" of dimension r; fori =1, ..., k}.
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We write Fl, (k) for the complete flag variety Fl; 5. ,.,(K). Note that Fl,(K) can be identified with
GL, (k)/B(k), where B(K) is the subgroup of upper-triangular matrices. There is a natural projection 7
from Fl,, (K) to any partial flag variety by simply forgetting some of the subspaces.

If A is an ry x n matrix such that V,, is the span of the first r; rows, we say that A is a realization

of V:=(V; C.-- C Vi) € Fl,.,,. Given any realization A of V and any 1 <i <k, we have the Pliicker
[n]
ri

of [1? occupying the first ; rows and columns /. This gives the Pliicker embedding of Fl,., (k) into
"1

1y _1 .
pPUD! PO taking V to (Pr(A) ey - (p,(A)),E([,;])).
rl Ly
We now let K be the field R of real numbers. With this understanding, we will often drop the R from

coordinates or flag minors p;(A) where I € ( ); concretely, p;(A) is the determinant of the submatrix

our notation.

Definition 2.1. We say that a real matrix is fotally positive if all of its minors are positive. We let GL, 0
denote the subset of GL,, of totally positive matrices.

There are two natural ways to define positivity for partial flag varieties. The first notion comes from
work of Lusztig [1994]. The second notion uses Pliicker coordinates, and was initiated in work of
Postnikov [2007].

Definition 2.2. We define the (Lusztig) positive part of Fl,.,, denoted by Fl;g, as the image of GL;°

inside Fl,., = GL, / P,.,. We define the (Lusztig) nonnegative part of Fl,.,, denoted by Flrz.(r)l, as the
0

closure of Fl;n

in the Euclidean topology.
We define the Pliicker positive part (respectively, Pliicker nonnegative part) of Fl,., to be the subset of

Fl,., where all Pliicker coordinates are positive (respectively, nonnegative).!

It is well-known that the Lusztig positive part of Fl,.,, is a subset of the Pliicker positive part of Fl,.,,
and that the two notions agree in the case of the Grassmannian [Talaska and Williams 2013, Corollary 1.2].
The two notions also agree in the case of the complete flag variety [Boretsky 2022, Theorem 5.21]. More
generally, we have the following.

Theorem 2.3 [Bloch and Karp 2023, Theorem 1.1]. The Lusztig positive (respectively, Lusztig nonnega-
tive) part of Fl,., equals the Pliicker positive (respectively, Pliicker nonnegative) part of Fl,.,, if and only
if the set r consists of consecutive integers.

See [Bloch and Karp 2023, Section 1.4] for more references and a nice discussion of the history. Since
in this paper we will be mainly studying the case where r consists of consecutive integers, we will use
the two notions interchangeably when there is no ambiguity.

Let B and B~ be the opposite Borel subgroups consisting of upper-triangular and lower-triangular
matrices. Let W =S, be the Weyl group of GL,,. Given u, v € W, the Richardson variety is the intersection
of opposite Bruhat cells

Ruv:=(BvB/B)N (B uB/B),

IThe reader who is concerned about the fact that we are working with projective coordinates can replace “all Pliicker
coordinates are positive” by “all Pliicker coordinates are nonzero and have the same sign”.
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where v and u# denote permutation matrices in GL,, representing v and u. It is well-known that R, , is
nonempty precisely when u < v in Bruhat order, and in that case is irreducible of dimension £(v) — £(u).

Foru,ve W withu <wv, let R;’% := Ry.y NFIZ? be the positive part of the Richardson variety. Lusztig
conjectured and Rietsch [1998] proved that

FIZ0 = |_| RO (1)

u<v

is a cell decomposition of FI=°. Moreover, Rietsch showed that one obtains a cell decomposition of the
nonnegative partial flag variety Fli?l by projecting the cell decomposition of Fl,?0 [Rietsch 1998; 2006,
Section 6]. Specifically, if we let W, be the parabolic subgroup of W generated by the simple reflections
{sill<i<mn—1andi ¢ {ry,...,rt}}, then one obtains a cell decomposition by using the projections
7(R;9) of the cells R, where u < v and v is a minimal-length coset representative of W/ W,. (We note
moreover that Rietsch’s results hold for G a semisimple, simply connected linear algebraic group over C
split over R).

In the case of the Grassmannian, Postnikov [2007] studied the Pliicker nonnegative part Gri?l of the
Grassmannian, and gave a decomposition of it into positroid cells Sg O by intersecting Gri(; with the
matroid strata. Concretely, if B is the collection of bases of an element of Gri(,)l, then Sz Y={Ae Gri?l |
pr(A) #0 if and only if I € B}. This cell decomposition of Gri?l agrees with Rietsh’s cell decomposition
[Talaska and Williams 2013, Corollary 1.2].

2.2. Background on (generalized) Bruhat interval polytopes. Bruhat interval polytopes were defined in
[Kodama and Williams 2015], motivated by the connections to the full Kostant—Toda hierarchy.

Definition 2.4 [Kodama and Williams 2015]. Given two permutations u and v in S, with # < v in Bruhat
order, the Bruhat interval polytope P, , is defined as

P, =Conv{(x(1),x(2),...,x(n)) |u <x <v}CR" 2)
We also define the (twisted) Bruhat interval polytope 15M,U by
Puy=Conv{(n+1—x"'(1),n+1—-x712),....n+1—x"'n) Ju<x <v) CR". (3)

While the definition of Bruhat interval polytope in (2) is more natural from a combinatorial point of
view, as we’ll see shortly, the definition in (3) is more natural from the point of view of the moment map.
Note that the set of Bruhat interval polytopes is the same as the set of twisted Bruhat interval polytopes;
it is just a difference in labeling.

Remark 2.5. If we choose any point A in the cell R,j’?) C FIZ° (thought of as an n x n matrix), and let
M; be the matroid represented by the first i rows of A, then ﬁu,v is the Minkowski sum of the matroid
polytopes P(M,), ..., P(M,) [Kodama and Williams 2015, Corollary 6.11]. In particular, f’w is the

matroid polytope of the flag matroid My, ..., M,.
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Following [Tsukerman and Williams 2015], we can generalize the notion of Bruhat interval polytope
as follows; see [loc. cit., Section 7.2] for notation.

Definition 2.6. Choose a generalized partial flag variety G/ P = G/ Py, let W; be the associated parabolic
subgroup of the Weyl group W, and let u, v € W with u < v in Bruhat order and v a minimal-length coset
representative of W/ W;. Let w denote the projection from G/B to G/ P, and let A be an element of the
cell m(R;9) of (Lusztig’s definition of) (G/P)=’.

A generalized Bruhat interval polytope ﬁu{ , can be defined in any of the following equivalent ways
[Tsukerman and Williams 2015, Definition 7.8, Lemma 7.9, Proposition 7.10, Remark 7.11] and [Borovik
et al. 2003, Preface]:

o The moment map image of the closure of the torus orbit of A in G/P (which is a Coxeter matroid
polytope).
o The moment map image of the closure of the cell JT(R;’?)).

o The moment map image of the closure of the projected Richardson variety (R, ).

o The convex hull Conv{z-p, | u <z <wv} C t%, where p; is the sum of fundamental weights > _ jes @
and tf, is the dual of the real part of the Lie algebra t of the torus 7' C G.
Remark 2.7. When G = GL,, with fundamental weights e;, e; +e>, ..., e;+- - -+e€,_1, each generalized

Bruhat interval polytope P/

+.» 18 the flag positroid polytope associated to a matrix A representing a

point of Flrz;?w with r = (r1, ..., r¢). In this case the generalized Bruhat interval polytope is precisely
the Minkowski sum P(M;) + - - - + P(My) of the matroid polytopes P(M;), where M; is the matroid
realized by the first r; rows of A. In particular, the generalized Bruhat interval polytope Isfv = ~u,v is
the Minkowski sum P (M) + ---+ P(M,), where M; is the positroid realized by the first i rows of any
matrix representing a point of A € Rj?” We will discuss how to read off the matroids M; from (u, v) in
Section 7.2.

As mentioned in the introduction, when r is a sequence of consecutive ranks, the generalized Bruhat
interval polytopes for Fli?l are precisely the flag positroid polytopes of ranks r. When r = (1, 2, ..., n),
we recover the notion of Bruhat interval polytope, and when r is a single integer, we recover the notion
of positroid polytope.

3. The nonnegative tropicalization

3.1. Background on tropical geometry. We define the main objects in (a) and (b) of Theorem A, and
record some basic properties. For a more comprehensive treatment of tropicalizations and positive-
tropicalizations, we refer to [Maclagan and Sturmfels 2015, Chapter 6] and [Speyer and Williams 2005],
respectively.

For a point w = (wy, ..., w,) € T, we write w for its image in the tropical projective space P(T™).

Fora=1(ay,...,a,) € Z™, writeaesw = ajwi + - - - + apWwy,.
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Definition 3.1. For a real homogeneous polynomial

f= Z cax® € R[xy,...,x,], where Ais a finite subset of Z"go and 0 #Z ¢, € R,
acA

the extended tropical hypersurface Viop(f) and the nonnegative tropical hypersurface Vtig( f) are subsets
of the tropical projective space P(T™) defined by

Vieop(f) = {w € P(T™) | the minimum in min,c 4(a  w), if finite, is achieved at least twice},

and

Vi) = {uv eP™) |

the minimum in min,c 4(a  w), if finite, is achieved at least twice,
including at some a, a’ € A such that ¢, and ¢,/ have opposite signs

We say that a point satisfies the tropical relation of f if it is in Viop(f), and that it satisfies the positive-
tropical relation of f if it is in V,5)(f).

When f is a multihomogeneous real polynomial, we define Viop(f) and VtrZO%( f) similarly as subsets
of a product of tropical projective spaces. We will consider tropical hypersurfaces of polynomials that
define the Pliicker embedding of a partial flag variety.

Definition 3.2. For integers O < r < s < n, the (single-exchange) Pliicker relations of type (r, s; n) are
polynomials in variables {x, Ie (["]) (["])} defined as

97”,1_{ Z sign(j, I, J)xpujx s\ |Ie ( [n ]1>,J€ (s[—r{l—]l)}’

jeJ\I

where sign(j, I, J) = (—1)ltke/Ik<jli+lli€llj<i}l  When r = s, the elements of 2, ,., are called the
Grassmann—Pliicker relations (of type (r; n)), and when r < s, the elements of 2, ., are called the

incidence-Pliicker relations (of type (r, s; n)).

As in the introduction, let r = (r; < --- < r¢) be a sequence of increasing integers in [n]. We let
P = r<s. rser Prsins and let (,.,) be the ideal generated by the elements of &7,.,. It is well-known
that for any field K the ideal (£?,.,) set-theoretically carves out the partial flag variety Fl,., (K) embedded
in ]_[l 1 [P’(k(ﬂ )) via the standard Pliicker embedding [Fulton 1997, Section 9]. Similarly, the Pliicker
relations define the tropical analogues of partial flag varieties as follows.

Definition 3.3. The tropicalization TrFl,., of Fl,.,, nonnegative tropicalization TrFI1Z° of Fl,.,, flag

Dressian FIDr,..,, and nonnegative flag Dressian FlDr* are subsets of ]_[l 1 IP(TT(’: )) defined as

rn

TrFl,., = ﬂ Vieop(f)  and TrFlrz;(,)l = ﬂ Vtrzo(l),(f),
f€<‘0}r;n) fE }r n

FIDry = (] Vaop(f) and FIDE) = () Vies(H).
FEPrn fe€Prn
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When k£ =1, i.e., when r consists of one integer d, one obtains the (nonnegative) tropicalization of the
Grassmannian TrGr( O) and the (nonnegative) Dressian Drff}? ) studied in [Speyer and Sturmfels 2004;
Speyer and Williams 2005; 2021; Arkani-Hamed et al. 2021b]. Like Fl,,, we write only n in the subscript

whenr = (1,2, ..., n).

Remark 3.4. In [Joswig et al. 2023, Section 6], the authors define the “positive flag Dressian” to consist of
the elements u = (1, ..., ux) € FIDr,., whose constituents p; are each in the strictly positive Dressian.
In our language, this is equal to considering the points of

N Va0 () Ve
fEUf';l yr,-.r,-:n erri<rj y"iv’j”’

’

that have no oo coordinates. In a similar vein, we could consider defining the “nonnegative flag Dressian
to be the elements of the flag Dressian whose constituents are in the nonnegative Dressian. This gives a
strictly larger set than our definition of the nonnegative flag Dressian, and has the shortcoming that the
equivalence of (a) and (b) in Theorem A would no longer hold; see Example 4.4.

We record a useful equivalent description of the (nonnegative) tropicalization of a partial flag variety
using Puiseux series. Recall the notion of the tropical semifield from Definition 1.3.

Definition 3.5. Let C = C{{r}} be the field of Puiseux series with coefficients in C, with the usual valuation
map val : C — T. Concretely, for f # 0, val(f) is the exponent of the initial term of f, and val(0) =
Let

C-o =1{f €C\ {0} : the initial coefficient of f is real and positive} and Cs¢=CsoU {0}.

For a point p € Fl,.,(C) € ]_[l P(C (’1 )) applying the valuation val : C — T coordinate-wise to
the Pliicker coordinates gives a pomt val(p) € ]_[l | IP(TT([’I])) Noting that val(C) = QU {oo} C T, we
say that a point in ]_[l ] [P’(T(fz )) has rational coordinates if it is a point in ]_[l P@QuU {oo})(ﬁ ))
Let Fl,.,,(Co) be the subset of Fl,.,(C) consisting of points with alr} coordinates in Cxo, i.e., the points
p €Fl..,(C) C ]_[ [P’(C('z )) that have a representative in Hl ! C(r’ ).

Proposition 3.6. The set {val(p): p €Fl,.,(C)} equals the set of points in TrFl,., with rational coordinates.
Likewise, the set {val(p) : p € Fl,.,,(C>0)} equals the set of points in TrFer;(:l with rational coordinates.

Moreover, we have
k
: )
TtFl,., = the closure of {val(p) : p € Fl.,(O)} in [ [P(T'"))  and
i=1

k
In)
TrFer;?l = the closure of {val(p) : p € Fl;.,(C>0)} in 1_[ IP(TT(’:' )).
i=1
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Proof. The first equality is known as the (extended) fundamental theorem of tropical geometry [Maclagan
and Sturmfels 2015, Theorems 3.2.3 and 6.2.15]. The second equality is the analogue for nonnegative
tropicalizations, established in [Speyer and Williams 2005, Proposition 2.2]. U

Remark 3.7. The need to restrict to rational coordinates and the need to take the closure in Proposition 3.6
can be removed if we let C be the Maltsev—Neumann ring C((R)) (see [Poonen 1993, Section 3]) which
satisfies val(C) = T; see also [Markwig 2010].

Let us also record an equivalent description of the (nonnegative) flag Dressian when r is a sequence of
consecutive integers. We need the following definition. As is customary in matroid theory, we write Sij
for the union S U {i, j} of subsets S and {i, j} of [n].

Definition 3.8. The set 2>  of three-term Grassmann—Pliicker relations (of type (r; n)) is the subset

r,r;n
of &, ,., consisting of polynomials of the form

XSijXSkt — XSikXsje + XSieXSjk

for a subset S C [n] of cardinality » — 2 and a subset {i < j < k < £} C [n] disjoint from S. Similarly, the

(3)
set yr,r—i—l;n

of polynomials of the form

of three-term incidence—Pliicker relations (of type (r, r + 1)) is the subset of &, ,.,, consisting

XSiXSjk — XSjXSik T XSkXSij
for a subset S C [n] of cardinality r — 1 and a subset {i < j < k} C [n] disjoint from S.

Let 3”:3,)1 be the union of the three-term Grassmann-Pliicker and three-term incidence-Pliicker relations,
which we refer to as the three-term Pliicker relations.

Proposition 3.9. Suppose r = (r1 < --+ < ry) consists of consecutive integers. Then a point p =
(M1, -ees i) € l_[le P(T(’i)) is in the (nonnegative) flag Dressian if and only if its support p =
(K1 .., pi) is a flag matroid and p satisfies the (nonnegative-)tropical three-term Pliicker relations.

More explicitly, we have

k
[n]
FIDr,., = {ﬂ c l_[ [FD("H'(ri)) ‘ R is a flag matroid and p € ﬂ Vtmp(f)}, and
i=1 3)
~fﬁ€E‘é;Dr;n

k
[n]
FIDrZ0 = {u e[[rat) ’ wis a flag matroid and p € () Vtgg(f)}.
i=1 2(3)
j‘e‘gﬂr;n

Proof. We will use the language and results from the study of matroids over hyperfields. See [Baker
and Bowler 2019] for hyperfields and relation to matroid theory, and see [Gunn 2019, Section 2.3] for a
description of the signed tropical hyperfield TR, for which we note the following fact: The underlying set
of TR is (R x {4, —}) U{oo}, so given ¢ € T, one can identify it with the element (¢, +) € R x {4, —} of
TR if ¢ < oo and oo otherwise.
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In the language of hyperfields, for a homogeneous polynomial f in m variables and a hyperfield F,
one has the notion of the “hypersurface of f over [,” which is a subset Vg(f) of P(F"). When F is
the tropical hyperfield T, this coincides with Vi, (f) in Definition 3.1. When [ is the signed tropical
hyperﬁeld TR, a point w € T, when considered as a point of TR™, is in Vyr(f) if and only if it is in

trOp( f). Thus, in the language of flag matroids over hyperfields [Jarra and Lorscheid 2024], the flag
Dressian is the partial flag variety Fl,.,,(T) over T, and the nonnegative flag Dressian is the subset of the
partial flag variety Fl,.,,(TR) over TR consisting of points that come from T.

Now, both the tropical hyperfield and the signed tropical hyperfield are perfect hyperfields because
they are doubly distributive [Baker and Bowler 2019, Corollary 3.45]. Our proposition then follows from
[Jarra and Lorscheid 2024, Theorem 2.16 and Corollary 2.24], which together state the following: When
r consists of consecutive integers, for a perfect hyperfield [, a point p € ]_[l | IP([F( ) ) is in the partial
flag variety Fl,., (F) over [ if and only if the support of p is a flag matroid and p satisfies the three-term
Pliicker relations over [F. U

For completeness, we include the proof of the following fact.

Lemma 3.10. The signed tropical hyperfield TR is doubly distributive. That is, for any x, y, z, w € TR,
one has an equality of sets (xBy) - (B w) =xzBHxwHByzHyw.

Proof. If any one of the four x, y, z, w is 0o, then the desired equality is the usual distributivity of the
signed tropical hyperfield. Thus, we now assume that all four elements are in R x {4, —}, and write
x = (xR, xs) € R x {+, —} and similarly for y, z, w. If xg > yR, then xzg > yzr and xwr > ywg, SO
the equality follows again from the usual distributivity. So we now assume that all four elements have
the same value in R, and the equality then follows from the fact that the signed hyperfield S is doubly
distributive. (]

Remark 3.11. Even when r does not consist of consecutive integers, [Jarra and Lorscheid 2024, The-
orem 2.16] implies that the flag Dressian and the nonnegative flag Dressian are carved out by fewer
polynomials than &7,., in the following way: Denoting by

k—1
adj
U’@rl risn U Tislit131
i=1

one has
FIDryp = (] Vip(f) and FIDr) = (] Vi) (f).
fef”d’ feff;dn’
This generalizes the fact that a sequence of matroids (My, ..., M) is a flag matroid if and only if

(M;, M;,) is a flag matroid for all i =1, ..., k — 1 [Borovik et al. 2003, Theorems 1.7.1 and 1.11.1].

The following corollary of Proposition 3.9 is often useful in computation. It states that the nonnegative
tropical flag Dressian is in some sense “convex” inside the tropical flag Dressian.
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Corollary 3.12. Suppose that r = (r1 < --- < ry) consists of consecutive integers, and suppose we
have points i, ...,y € ]_[f T("i) that are in FlDrrZ,(zl. Then, if a nonnegative linear combination
Cipty + - -+ Copuy is in FIDty.,, it is in FIDr .

Proof. We make the following general observation: Suppose f = c,x* — ngﬂ + ¢, x7 is a three-term
polynomial in R[xy, ..., x,] with ¢4, cg, ¢, positive. Then an element u € T™ satisfies the positive-
tropical relation of f if and only if 8 eu = min{c eu, y eu}. Hence, if uy, ..., u, € T" each satisfy this
relation, then a nonnegative linear combination of them can satisfy the tropical relation of f only if the
term at B8 achieves the minimum, that is, only if the positive-tropical relation is satisfied. The corollary
now follows from this general observation and Proposition 3.9. ]

3.2. Equivalence of (a) and (b) in Theorem A. Let r be a sequence of consecutive integers (a, . . ., b) for
some 1 <a < b <n. We will show that TrFer;?1 = FlDrrZ;?l. The inclusion TrFer;?l - FlDrrZ;?l 1s immediate
from Definition 3.3. We will deduce TrFer;(; 2 FlDrrz;?1 by utilizing the two known cases of the equality
TrFer;?T = FlDrer:l —when r = (r) and whenr = (1,2, ..., n).

We start by recalling that tropicalization behaves well on subtraction-free rational maps.

Definition 3.13. Let f = Zae 4 Cax® € R[xy, ..., xp] be areal polynomial, where A is a finite subset of
2%, and 0 # ¢, € R. We define the tropicalization Trop(f) : R" — R to be the piecewise-linear map
w > minge 4(a e w), where as before, a e w = ajwi + - - - + a,, wy,.

Note that Trop( f1 f2) = Trop(f1) + Trop( f2). Moreover, if f; and f;, are two polynomials with positive
coefficients, and ay, a» € R. g, then Trop(a; f1 + a> f>) = min(Trop(f1), Trop(f2)). These facts imply
the following simple lemma, which appears as [Rietsch and Williams 2019, Lemma 11.5]; see [Speyer
and Williams 2005, Proposition 2.5] and [Pachter and Sturmfels 2004] for closely related statements.

Lemma 3.14. Let f = (f1,..., fu) : C™ — C" be a rational map defined by polynomials f1, ..., fu
with positive coefficients (or more generally by subtraction-free rational expressions). Let (X1, ..., Xpy) €
(C>0)™, such that f(x1, ..., Xm) = Y1,--., Yn). Then

(Trop(f))(val(x1), ..., val(xy)) = (val(y1), ..., val(y,)).

The next result states that we can extend points in the nonnegative Dressian to points in the nonnegative
two-step flag Dressian.

Proposition 3.15. Given u, € Dr;?l with rational coordinates, there exists Lgy1 € Dri(:l. , Such that
(Ua, Wa+1) € FlDri(;H;n. Similarly, there exists [Ly—1 € Drggl;n such that (g—1, q) € FlDr;El’d;n.

The proof of Proposition 3.15 requires the following refined results about Rietsch’s cell decomposition
of the nonnegative flag variety.
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Theorem 3.16. The nonnegative flag variety has a cell decomposition into positive Richardsons
Fl, (C=0) = |_| Ro.w(C-0)
v<w

where each cell R, ,,(C~0) can be parametrized using a map
Po.w : (C=0)" 7 > Ry (C0)

Moreover, this parametrization can be expressed as an embedding into projective space (e.g., using the

flag minors) using polynomials in the parameters with positive coefficients.

Proof. The first statement comes from [Marsh and Rietsch 2004, Theorem 11.3]; Marsh and Rietsch
were working over R and R. ¢ but the same proof holds over Puiseux series. The statement that the

parametrization can be expressed as an embedding into projective space using positive polynomials comes
from [Rietsch and Williams 2008, Proposition 5.1]. O

Corollary 3.17. Each m-dimensional positroid cell Sg(C~q) in the nonnegative Grassmannian Grg ,(C>0)
is the projection mwg(Ry 1 (C=0)) of some positive Richardson of dimension m = £(w) — £(v) in Fl,(C>¢),

so we get a subtraction-free rational map

Td O¢v,w . (C>O)m - Rv,w(c>0) — SB(C~0).

Proof. That fact that each positroid cell is the projection of a positive Richardson was discussed in
Section 2.1. The result now follows from Theorem 3.16. O

Proof of Proposition 3.15. Using [Arkani-Hamed et al. 2021b, Theorem 9.2], the fact that u, € Dri%
with rational coordinates implies that 1, = val({A;(Vy)}) for some subspace V; € Gry ,(C>), and hence
V4 lies in some positroid cell Sz(C-g) over Puiseux series.

By Corollary 3.17, V; is the projection of a point (Vi, ..., V) of Fl,,(C>¢), which in turn is the image
of a point (xy, ..., x,) € (C>0)™, and the Pliicker coordinates A;(V;) of each V; are expressed as positive
polynomials Aj(xy, ..., X;) in the parameters x1, ..., X,.

In particular, we have subtraction-free maps

a0 Pu,w : (Co0)" — Fluy(C0) = Gra,n(C>0)
taking
X1, s xm) > {A (e, o x) | I C 0]} {Al(xl,...,xm) ’ I e <[Z]>}

The fact that the maps ¢, ,, and 7, are subtraction-free implies by Lemma 3.14 that we can tropicalize
them, obtaining maps

Trop(774 © ¢y.) : R™ — TrFIZ0 — TrGri?l
taking

(val(xy), ..., val(ry)) — {(val(A; (X1, .. x0)) | 1 C [2]) — {Val(Al(xl, x| e (D;])}.
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We now let g1 = {val(A;(Vay)) | 1 € ()} and pa—y = {val(A;(Va—1)) | T € (;™)}. By
construction we have that all the three-term (incidence) Pliicker relations hold for (ug, (tg+1), and

similarly for (tg_1. j14). Therefore (g, ftq41) € FIDr;0, . and (g1, pa) € FIDI5Y, . O
The following consequence of Proposition 3.15 is very useful.
Corollary 3.18. Let a' < a < b < b be positive integers, and let r = (a,a+ 1,...,b) and v’ =

(a’,a’'+1,...,b") be sequences of consecutive integers. Then any point (ig, .. ., p) € FlDrrz,?l with
rational coordinates can be extended to a point (JLa/, ha/+1» > Pas -« s Ubs - -+ » b)) € FlDrrz,,on.

Proof. We start with p = (g, at1, .-, Up) € FlDrrZ_?l. We take up, and repeatedly use Proposition 3.15
to construct pp11, then wpyo, ..., np. Similarly we take p, and use Proposition 3.15 to construct
Ha—1> Ma=2s + - - » har- NOW by construction (g, ha/+1, -« > Mas - - - » Lbs - - - » Mpr) Satisfies:
o Wi eDrfg fori=a,a' +1,...,0.
o All three-term incidence-Pliicker relations hold (because the three-term incidence-Pliicker relations
occur only in consecutive ranks).

Therefore (1o, ha'41s - Up) € FlDrrZ,Qn by Proposition 3.9. U
Theorem 3.19. Letr = (a,a+ 1, ..., b) be a sequence of consecutive integers, and let p € FlDrf?l with
rational coordinates. Then j € TrFlrz,(r)l.

Proof. We start with u = (1tg, Ma+t1s ..., Up) € FlDrrZ;(:l and use Corollary 3.18 to construct (i1, ..., iy) €
FIDr=". Now [Boretsky 2022, Theorem 5.21"°P] states that FIDr=" = TrFI=°. Hence, we have
(15 - -+ in) € TIFIZ?, 50 (e, fatts - s 1) € TrFlf%. O

Proof of (a) <= (b) in Theorem A. We only need show that (b)=>(a), i.e., that TrFlf;?l > FlDrrZ;?l, since
the other direction is trivial. But this follows from Theorem 3.19 because the points in FlDrrZ;?l with

rational coordinates are dense in FlDrrZ_?l, and TrFlf,?l is closed. O

Remark 3.20. Note that our method of proof crucially used the fact that r is a sequence of consecutive
integers: we used Proposition 3.15 to fill in the ranks from b through n and from a down to 1. But if
say we were considering r = {a, b} with b —a > 1 and u = (u4, 1p), we could not guarantee using
Proposition 3.15 that we could construct pp—1, p—2, ..., hat1 in a way that is consistent with 1.

Remark 3.21. Recall from Theorem 2.3 that if r is a sequence of consecutive integers, the two notions of
the positive/nonnegative part of the flag variety (see Definition 2.2) coincide. The method used to prove
the equivalence of (a) and (b) in Theorem A can be applied in a nontropical context to prove Theorem 2.3
in an alternate way. We start by noting that the result holds when r = (a), which is to say, for the
nonnegative Grassmannian [Talaska and Williams 2013, Corollary 1.2] and also when r = (1, 2, ..., n),
which is to say, for the nonnegative complete flag variety [Boretsky 2022, Theorem 5.21]. To prove
the result for r = (a,a + 1, ..., b), we start with a flag V, = (V,, ..., V}) in ranks r whose Pliicker
coordinates are all nonnegative, so that V, is Pliicker nonnegative. As in Proposition 3.15, we can use
the r = (a) case to argue that the flag can be extended to lower ranks in such a way that all the Pliicker
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coordinates are nonnegative. Dually, we can extend to higher ranks from the » = (b) case. This yields a

complete flag (V1, ..., V,) with all nonnegative Pliicker coordinates. We can then apply the result in the
complete flag case to conclude that (Vi, ..., V},) lies in Flfo. Thus, V, is a projection of the nonnegative
complete flag (V1, ..., V,,) and itself lies in Flrz;(r)l, which is to say, V, is Lusztig nonnegative.

The strictly positive tropicalization of a partial flag variety TrFlf.?l is the subset of TrFlrz,(,)l consisting

of points whose coordinates are never co. Define similarly the strictly positive flag Dressian FlDrf;g.
The weaker version of Theorem 3.19 stating that TrFI> = FIDr>? was established in [Joswig et al.
>0

r+m;n+m’

(Mry - ooy Upgm) Where i,y =p\{n+1, ..., n+i}/{n+i+1, ..., n+m} isapoin‘[inFlDrZO . Then,

Fyuery r+m;n
the crucial step is a construction in discrete convex analysis [Murota and Shioura 2018, Proposition 2]

2023, Lemma 19] as follows. One starts by noting that if u € Dr then the sequence of minors

that shows that every element of FIDr, % arises from an element of Dr;;%n in this way. One then appeals
to Grf;?l = Drzg established in [Speyer and Williams 2021].

Example 3.22 shows that the above argument does not work if one replaces “strictly positive” with
“nonnegative.” In particular, the crucial step fails: that is, not every element of FlDr,%O arises from an
element of Dri%n in such a way.

Example 3.22. Let (M, M;,, M3) be matroids on [3] whose sets of bases are ({1, 3}, {13}, {123}). The
matrix

1 01
0 0 1
0-10
shows that it is a flag positroid. However, we claim that there is no positroid M of rank 3 on [6] such that
M; = M\4/56, M, = M \45/6, and M3 = M \ 456. Since all three cases involve deletion by 4, if we
replace M \ 4 by M’, and decrease each of 5, 6 by 1, then we are claiming that there is no positroid M’ of

rank 3 on [5] such that
My =M'/45, M>=M'\4/5, and M;=M"\45. 4

From My = M'/45 and M, = M'\4/5, we have that M’/5 has bases {14, 34, 13}, and similarly, we have
M’ \ 4 has bases {135, 123}. Hence, the set of bases of M’ contains {123, 135, 145, 345}, and does not
contain {125, 235, 245}. By considering the Pliicker relation

P134P235 = P123P345 + P135 D234,

we see that no positroid satisfies these properties.

4. Positively oriented flag matroids

In this section we explain the relationship between the nonnegative flag Dressian and positively oriented
flag matroids, and we apply our previous results to flag matroids. In particular, we prove Corollary 1.5,
which says that every positively oriented flag matroid of consecutive ranks is realizable. We also prove



1350 Jonathan Boretsky, Christopher Eur and Lauren Williams

Corollary 4.8, which says that a positively oriented flag matroid of consecutive ranks a, ..., b can be
extended toranks a’, ..., b (fora’ <a <a <b).

4.1. Oriented matroids and flag matroids. We give here a brief review of oriented matroids in terms
of Pliicker relations. Let S = {—1, 0, 1} be the hyperfield of signs. For a polynomial f =) _,c.x* €
R[x1, ..., x,], we say that an element y € S is in the null set of f if the set {sign(c,) x“}sc is either
{0} or contains {—1, 1}.

Definition 4.1. An oriented matroid of rank r on [n] is a point x € S(m) called a chirotope, such that
x 1s in the null set of f for every f € P ,.n. Similarly, an oriented flag matroid of ranks r is a point
X=X, Xx) € ]_[l | S(’z) such that y is in the null set of f for every f € Z.,.

While these definitions may seem different from those in the standard reference [Bjorner et al. 1999]
on oriented matroids, Definition 4.1 is equivalent to [Bjorner et al. 1999, Definition 3.5.3] by [Baker and
Bowler 2019, Example 3.33]. The definition of oriented flag matroid here is equivalent to the definition
of a sequence of oriented matroid quotients [Bjorner et al. 1999, Definition 7.7.2] by [Jarra and Lorscheid
2024, Example above Theorem D].

Definition 4.2. A positively oriented matroid is an oriented matroid x such that x only takes values 0
or 1. Similarly, we define a positively oriented flag matroid to be an oriented flag matroid x such that x
only takes values O or 1.

A positroid M defines a positively oriented matroid x = s where x takes value 1 on its bases and
0 otherwise. da Silva [1987] conjectured that every positively oriented matroid arises in this way; this
conjecture was subsequently proved in [Ardila et al. 2017] and then [Speyer and Williams 2021].

Theorem 4.3 [Ardila et al. 2017]. Every positively oriented matroid x is realizable, i.e., x has the form
XM for some positroid M.

By Theorem 4.3, each positively oriented flag matroid is a sequence of positroids which is also an
oriented flag matroid.

In this section we will prove Corollary 1.5, which generalizes Theorem 4.3, and says that every
positively oriented flag matroid (xi, ..., xx) of consecutive ranks r; < --- < r¢ can be realized by a
flag positroid. But before we prove it, let us give an example that shows that imposing the oriented flag
matroid condition is stronger than imposing that we have a realizable flag matroid whose consistent
matroids are positroids.

Example 4.4. We give an example of a realizable flag matroid that has positroids as its constituent
matroids but is not a flag positroid. This example also appeared in [Joswig et al. 2023, Example 5] and
[Bloch and Karp 2023, Example 6]. Let (M, M') be matroids of ranks 1 and 2 on [3] whose sets of bases
are {1, 3} and {12, 13, 23}, respectively. Both are positroids. We can realize (M, M) as a flag matroid

ol

using the matrix
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where the nonvanishing minors a, b, ad, —bd, ae — bc are nonzero. In order to realize (M, M’) as a
flag positroid, we need to choose real numbers a, b, ¢, d, e such that all these minors are strictly positive.
However, a > 0 and ad > 0 implies d > 0, while b > 0 and —bd > 0 implies d < 0.

This example is consistent with Corollary 1.5 because (M, M’), when considered as a sequence of
positively oriented matroids, is not an oriented flag matroid.

4.2. From the nonnegative flag Dressian to positively oriented flag matroids. We start with the following
simple observation. While the proof is very simple, we label it a “theorem” to emphasize its importance.

Theorem 4.5. The set of positively oriented flag matroids of ranks r can be identified with the set of points
of the nonnegative flag Dressian FlDrrZ;?l whose coordinates are all either 0 or 0.

Proof. Given a point x = (X1, ..., xm) € {0, 1} C S™,> we define t(x) = (1, . .., t,,) € T™ by setting
t;i =0if y; =1 and t;, = oo if x; = 0. Then, we observe that x is in the null set of a polynomial
f € R[x1, ..., x,] if and only if the image of #(x) in P(T") is a point in Vtrzo(l))(f)' Therefore, each
positively oriented flag matroid x can be identified with the element 7 () ) in the nonnegative flag Dressian

>0
FlDrr; - [
We now prove that every positively oriented flag matroid x = (x1, ..., xx) of consecutive ranks

ry < --- <ry is realizable.

Proof of Corollary 1.5. By the lemma, we may identify a positively oriented flag matroid x as an element
t(x) of the nonnegative flag Dressian. Because the ranks r are consecutive integers, the equivalence

(a)<=(b) of Theorem A implies that # () is thus a point in TrFlrz,(r)l. Because ¢ () has rational coordinates
’ [n]

(all non-oo coordinates are 0), Proposition 3.6 implies that 7 () ) = val(p) for some p € ]_[f:1 [P’(C;é ).
Setting the parameter ¢ in each Puisseux series of p to 0 now gives the realization of x as a flag positroid.
O

As in Question 1.6, we do not know whether the corollary holds when r does not consist of consecutive
integers. The following example shows that one cannot reduce to the consecutive ranks case.

Example 4.6. We give an example of a flag positroid (M, M’) on [4] of ranks (1, 3) such that there is no
flag positroid (M, M,, M") with rank of M, equal to 2. Let the sets of bases of M and M’ be {1, 2, 3, 4}
and {123, 234}, respectively. The matrix

1111

0100

0010
for example shows that (M, M’) is a flag positroid. However, this flag positroid cannot be extended to a
flag positroid with consecutive ranks. To see this, note that any realization of (M, M") as a flag positroid,

2Note that ( X1, - --» Xm) is not a sequence of chirotopes in this proof, instead each y; € S.
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after row-reducing by the first row, is of the form

labc
Ox y O
0z woO

where a, b, c > 0 and xw — yz > 0. The minors of the matrix formed by the first two rows include
x,y, —cx, —cy, which cannot be all nonnegative since ¢ > 0 and not both of x and y are zero.

Remark 4.7. Let us sketch an alternate proof of Corollary 1.5 that relies only on the weaker version of
(a)<=(b) in Theorem A that the strictly pos1t1ve parts agree, i.e., that TrFl>0 = FlDr>0 For a matroid
M of rank d, define py € [R( ) by pm(S) =d —1ky(S) for S € (["]) where rkys is the rank function
of M. If M is a positively oriented matroid, then py is a point in the positive Dressian Dr, >0 [Speyer
and Williams 2021, proof of Theorem 5.1]. One can use this to show that if M = (M, ..., M) is a
positively oriented flag matroid of consecutive ranks r, then the sequence p = (pu,, .- -, Pu,) 1S a point
in FlDr>0 Since TrFl>0 = FlDr>0 and p has rational coordinates, Proposition 3.6 implies that there is a
point p € Fl,.,,(C>0) Wlth val(p) = p. Consider the coordinate p(S) € C of p at a subset S € (["]) By
construction, the initial term of p(S) is ct? for some positive real ¢ and a nonnegative integer g, where g
is zero exactly when S is a basis of M;. Thus, setting the parameter ¢ to O in the Puisseux series of p
gives a realization of M as a flag positroid.

We now use Theorem 4.5 to give a matroidal analogue of Corollary 3.18.

Corollary 4.8. Let a’ < a < b < b’ be positive integers, and let (M,, M1, ..., My) be a positively
oriented flag matroid on [n] of consecutive ranks a,a + 1, ..., b, that is, a sequence of positroids
M, ..., My which is also an oriented flag matroid. Then we can extend it to a positively oriented flag
matroid My, My 1, ..., My, ..., My, ..., My) of consecutive ranks a’,a’ +1,...,b.

Proof. As in Theorem 4.5, we view the positively oriented flag matroid (M,, ..., M}) as a point of the
nonnegative flag Dressian (i, ..., Up) € FlDrrz;?l whose coordinates are all either O or co. The desired
statement almost follows from Proposition 3.15: we just need to check that we can extend (ug, ..., Up)
in a way which preserves the fact that coordinates are all either O or co. This is true, and we prove it by
following the proof of Proposition 3.15 and replacing all instances of the positive Puiseux series C-¢ by
the positive Puiseux series with constant coefficients, that is, by R.o. Alternatively, we can use our result
that (M,, ..., M) is realizable by a flag positroid, and then argue as in Remark 3.21. (I

5. Subdivisions of flag matroid polytopes

[n]
5.1. Flag Dressian and flag matroidal subdivisions. Consider a point g = (i1, ..., Ur) € ]_[f;l I]:D(TT(’:’ ))
such that its support  is a flag matroid. By construction, the vertices of the flag matroid polytope P ()
have the form ep, + - - - 4+ ep, where B; is a basis of the matroid Hi foreachi =1, ..., k.
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Definition 5.1. We define D), to be the coherent subdivision of P(g) induced by assigning each vertex
ep, +---+ep of P(p) the weight j11(By) + - - - + px(By). That is, the faces of D), correspond to the
faces of the lower convex hull of the set of points

{(ep, +---+ep, u1(B1)+---+m(Br) € R" xR:ep +---+ep, avertex of P(u)}.

The points of the flag Dressians are exactly the ones for which the subdivision D, consists of flag
matroid polytopes.

]
Theorem 5.2 [Brandt et al. 2021, Theorem A(a) and (c)]. A point p € [['_, P(T")) is in the flag
Dressian FIDr,..,, if and only if the all faces of the subdivision D, are flag matroid polytopes.

When r consists of consecutive integers (a,a + 1, ..., b), the nonnegative analogue of this theorem
is the equivalence of (b) and (c) in Theorem A, which states that a point p € ]—[f?:a [P’(TT([?])) is in the
nonnegative flag Dressian FlDlrrZ;(,)1 if and only if all faces of the subdivision D,, are flag positroid polytopes.
A different nonnegative analogue of Theorem 5.2 that holds for » not necessarily consecutive, but loses
the flag positroid property, can be found in Remark 5.6.

5.2. The proof of (b)=>(c)=>(d)=>(e) in Theorem A. We start by recording two observations. The first
is a well-known consequence of the greedy algorithm for matroids; see for instance [Ardila and Klivans
2006, Proposition 4.3]. For a matroid M on [n] and a vector v € R", let face(P (M), v) be the face of the
matroid polytope P (M) that maximizes the standard pairing with v.

Proposition 5.3. Let M be a matroid on [n] and let & = (& C S1 € --- C S¢ C [n]) be a chain of
nonempty proper subsets of [n]. For a vector vy in the relative interior of the cone Rx>ofes,, . .., es,}, we
have

face(P(M),vy) = P(M7),

where M7 = M|S\ ® M|S>/S1 ® M|S3/S, @ ---® M/S; is the direct sum of minors of M.

For M = (M, ..., My) a flag matroid, since P(M) is the Minkowski sum P(M) +---+ P(My), we
likewise have that face(P(M), v.») = P(M”) = P(M{)+---+ P(M), where M” = (M{, ..., M]).
In particular, the face of a flag matroid polytope is a flag matroid polytope.

The second observation concerns the following operations that we will show preserve the nonnegative
. [nly . .
flag Dressian. Recall that for w € TG ), its support w is {S € (["]) D wg # oo}

-
» We consider a point w € T([f]) as a set of weights on the vertices {es : S € w} of P(w) C R". Given
an affine-linear function ¢ : R* — R and an element w € T([’rﬂ), we define

pweTE) by (pw)(S) = p(es) +w(s) for S € ([':])-

« For a point w € T(l'r”), denote by w'" € T its initial part, i.e.,

: — i . [n]
0 ifw(S)=minfw(s):5 € (")},
oo otherwise.

win(S) — :
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Proposition 54. Let r = (r, ..., ;) be a sequence of increasing integers in [n]. Suppose w =

(wy,...,wy) € FlDrrz;(r)l. Then, the following hold:

(1) The support w is a positively oriented flag matroid. In particular, it is a flag positroid when
r=(ry, ..., ) consists of consecutive integers.

(2) We have pw = (pwy, ..., pwg) € FlDrrZ;?1 for any affine-linear functional ¢ on R".

(3) We have w™ = (wiln, e w,i(“) € FlDrrz;gl.

Proof. We may consider w as an element ]_[f-‘:1 P(T([’ni])) by assigning the value O to a subset S if it is in
the support of w and co otherwise. Then, we have w € FlDrrZ;?l because the terms in each of the tropical
Pliicker relations that achieve the minimum when evaluated at w continue to do so when evaluated at w.
The statement (1) follows from Theorem 4.5 and Corollary 1.5

The support is unchanged by ¢, so gw is a flag matroid. The statement (2) now follows because for
each of the positive-tropical Pliicker relations, the operation ¢ preserves the terms at which the minimum
is achieved.

The support w'™ is a flag matroid by Theorem 5.2 and because P(w'™) is a face in the subdivision
Dy of P(w). The statement (3) now follows because for each of the positive-tropical Pliicker relations,
the operation ™" either preserves the terms at which the minimum is achieved or changes all the terms
involved to oo. U

Remark 5.5. While it’s not needed here, we note that Proposition 5.4 is the “positive” analogue of
the following statement, which is proved similarly: If w € FIDr,.,, then (1) w is a flag matroid, (2)
pw € FIDr,.,,, and (3) w" e FIDr,.,; see also [Brandt et al. 2021, Corollary 4.3.2] for related statements.

Proof of (b) = (c). Every face in the coherent subdivision is the initial one after an affine-linear
transformation. Hence, the implication follows from Proposition 5.4. O

Remark 5.6. One may modify the statement (c) to the following:

(c’) Every face in the coherent subdivision D, of P(p) is the flag matroid polytope of a positively
oriented flag matroid.

Similar argument as above shows that (b)=>(c’) even when r doesn’t consist of consecutive integers.
One can also verify the converse (c’)=>(b) in this more general case as follows:

Suppose for contradiction (c’) but not (b) for some . Then Theorem 5.2 implies that g is in the flag
Dressian, and thus the failure of (b) implies that there is a Pliicker relation where the minimum occurs at
least twice but at the terms whose coefficients have the same sign. Proposition 5.4 implies that, replacing
I by pu for some ¢ if necessary, we may conclude that the same is true for that Pliicker relation evaluated
at 1. But then ', which arise as a face in the subdivision, is not a positively oriented flag matroid by
Theorem 4.5, contradicting (c’).

There is no equivalence of (¢’) and (e) since three-term incidence relations exist only for consecutive
ranks.
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The implication (c)=>(d) is immediate.

Proof of (d) = (e). First, (d) implies that every edge of the subdivision D, of P(u) is a flag matroid
polytope, i.e., it is parallel to e; — e; for some i # j € [n]. Hence the edges of P_(/_L) have the same
property, so u is a flag matroid.

We start \;ith the case a = b, where p is just (u). We need check the validity of the three-term
positive-tropical Grassmann—Pliicker relations, say for an arbitrary choice of S C [n] and {i < j <k <
£} C [n]\ S. Let . be a maximal chain S| C --- C §,, of subsets of [n] with the property that S, =S and
Sa+1 = SU{ijke} for some a € [m]. Then, Proposition 5.3 implies that for a vector v~ in the relative
interior of the cone Rxofes,, ..., es, }, we have

face(P(p), vy) = P(/_Ly) ~ P(ulSUijkE/S).
For the second identification, we have used that

« the matroid polytope of a direct sum of matroids is the product of the matroid polytopes;

 with the exception of (S,, Sy+1) = (S, SUijk£), all other minors of the matroid I corresponding to
(Sp, Sp+1) in the chain have their polytopes being a point because |Sp+1 \ Sp| = 1.

Let 7 be the rank of the matroid minor u|SUijk€/S. For a basis B of w|SUijke/S, let B be the basis of
such that the vertex ep of P(u) corresf)onds to the vertex ez of P(,li|_S Uijke/S) under the identiﬁcatioIl
above. Identifying [4] = {1l <2 <3 < 4} with {i < j < k < £}, we may thus consider “restricting” u to
the face P(u|SUijke/S) to obtain an element i =pu|SUijkl/S € Dry4 defined by

A {M(B) if Eapasis of uISUijke/S, . = _ ([ﬁ]).

otherwise, r

It is straightforward to check that for points in a Dressian on four elements, the three-term positive-tropical
Grassmann—Pliicker relations are satisfied if and only if every 2-dimensional faces in the corresponding
subdivision are positroid polytopes. Since the faces of the subdivision Dy of P(u|SUijke/S) are
a subset of the faces of the subdivision D,,, we have that p satisfies the three-term tropical-positive
Grassmann—Pliicker relation involving i jk¢ and S.

Let us now treat the case a < b, whose proof is similar. We check the validity of the three-term positive-
tropical incidence-Pliicker relations, say for an arbitrary choice of § C [n] and {i < j <k} C [n]\ S. Let
. be a maximal chain S; C --- C S, of subsets of [n] with the property that S, = S and S,+; = SUijk
for some a € [m]. Then, Proposition 5.3 implies that for a vector v~ in the relative interior of the cone
Rxoles,, ..., es,}, we have

face(P(pn), vo) = P(Ey) ~ P(pISUijk/S).
For the second identification, we have used that
« the matroid polytope of a direct sum of matroids is the product of the matroid polytopes;

» with the exception of (S,, S,+1) = (S, SUijk), all other minors of the constituent matroids of /2
corresponding to (Sp, Sp+1) in the chain have their polytopes being a point because |Sp+1 \ Sp| = 1.
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Note that the polytope P(p|SUijk/S) is at most 2-dimensional since it is a flag matroid polytope on
3 elements. Similarly to the a = b case, we may “restrict” u to the face P(u|SUijk/S) to obtain an
element &£ = u|SUijk/S € FIDr3, it is straightforward to verify that the unique three-term positive-tropical
incidence relation involving S and ijk is satisfied if and only if the subdivision Dy consists only of flag
positroid polytopes. Since the faces of the subdivision Dy are a subset of the faces of the subdivision Dy,
we have that u satisfies the three-term incidence relation involving S and {i, j, k}. U

6. Three-term incidence relations

6.1. The proof of (¢)=>(b) in Theorem A. In the case that a = b in Theorem A, the implication (¢)=>(b)
is the content of Proposition 3.9.

To prove the implication when a < b, we will show the following key theorem.
Theorem 6.1. Suppose u = (1, 2) € [P’(T([f])) X P(T(r[fr]l)) satisfies every three-term positive-tropical

incidence relation. If the support p is a flag matroid, then p € FlDrrZS ln
Proof of (e) => (D). Since r consists of consecutive integers, Theorem 6.1 implies that if u is a flag matroid
and pu satisfies every three-term positive-tropical incidence relation, then u also satisfies every three-term

positive-tropical Grassmann—Pliicker relation. Hence u is an element of FlDrrZ;?l by Proposition 3.9. [
The proof of Theorem 6.1 relies on the following technical lemma.

(51 . .. . . .
Lemma 6.2. Suppose w € T() satisfies all three-term positive-tropical Grassmann—Pliicker relations
involving the element 5. Suppose moreover that wis < oo for somei =1,2,3,4. Then w € Drzz,(;, ie.,w

also satisfies the three-term positive-tropical Grassmann—Pliicker relation not involving 5.

Proof. The idea of the proof of Lemma 6.2 is that in the usual Grassmannian Gr; s, if we can invert
certain Pliicker coordinates, then we can write the three-term Grassmann—Pliicker relation not involving 5
as a linear combination of three of the other three-term Grassmann—Pliicker relations. In particular, we
have the following identity, which is easy to verify.

Lemma 6.3. If p>s # O (respectively, p3s # 0) then p13pra — p12p3a — p1ap23 can be written in the
following ways.

P13P24— P12P34— P14 P23

P24 P23 P12
= (p13p25—P12P35—P15P23) — —(P14P25— P12 P45— P15 P24) — +(P24 P35— P23 P45— P25 P34) —
P25 P25 P25
P34 P23 P13
= (p13P25—P12P35— P15P23) —— —(P14P35— P13 P45 — P15 P34) — + (P24 P3s— P23 Pas— PasPas) — -
P35 P35 P35
We next note that we can interpret the first (respectively, second) expression in Lemma 6.3 tropically

as long as wps < 0o (respectively, wss < 00).

Case 1: wy5 < co. Then we can make sense of the terms on the right hand side of the first expression
of Lemma 6.3 tropically. Since the three-term positive tropical Pliicker relations involving 5 hold, and
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wos < 00, we have

W13 + W5 + Wo4 — w5 = Min(wi2 + w3s + W4 — Was, W15 + W3 + W4 — W2s),
W14 + w5 + wr3 — w5 = Min(wi2 + w4s + W3 — Was, W15 + Wag + w3 — Wos),

Wo4 + W35 + W12 — W5 = Min(wo3 + w4s + Wiz — Was, Was + Wag + Wiz — Wos).

We now simplify these expressions and underline terms that agree, obtaining

w13 + wog4 = Min(wyz + W3s + Wog — Wos, W15 + W3 + Wog — Wos), )
Wi4 + w23 = min(Wiz + Wys + Wa3 — Was, Wis + Wy + Wa3 — Was), ©)
Wa4 + W35 + Wip — Wos = mMin(wy3 + Was + Wip — Wos, W34 + Wi2). (N

There are now eight cases to consider, based on whether the minimum is achieved by the first or second
term in each of (5), (6), (7). All cases are straightforward. If the minimum is achieved by the first term in
(5) and the second term in (7), then we find that w3 + wyq = w2 + w34 < wig4 + wy3. In the other six
cases, we find that w3 + wyq = w4 + wy3z < wiy + wiy. Therefore the positive tropical Pliicker relation
involving 1, 2, 3, 4 is satisfied.

Case 2: w35 < oo. The argument for Case 2 is the same as for Case 1, except we use the tropicalization
of the second identity in Lemma 6.3.

Case 3: wys = w35 = 0o. In this case, since 5 is not a loop, either w5 < 00 or wys < 00. Suppose that
wis < 0o. Then the positive tropical Pliicker relations

e W13+ wos = min(wya + w3s, Wis + wo3),
o Wi4 + wos = min(wia + Wys, Wis + wo4),
o wi4 + w3s = min(wi3 + w4s, Wis + w34),

imply that wy3 = w4 = w34 = 00, and hence the positive tropical Pliicker relation involving 1, 2, 3, 4 is
satisfied. The case where w45 < 00 is similar. O

For w € T(['r”), define its dual w' € T(Jﬂ‘) by w(I) = w([n] \ I). It is straightforward to verify that
w is an element of Dr,., (resp. Drrz;g) if and only if w' is an element of Dr,,_,., (resp. Drf_0 . ,)- This
matroid duality gives the following dual formulation of Lemma 6.2.

[51 . ... . .. .
Corollary 6.4. Suppose w € 1) satisfies all three-term positive-tropical Grassmann—Pliicker relations
that contain a variable indexed by S € ([g]) with 5 ¢ S. If w is a matroid such that 5 is not a coloop, then
w e Dr?%, i.e., w also satisfies the three-term positive-tropical Grassmann—Pliicker relation whose every

variable contains 5 in its indexing subset.

We are now ready to prove Theorem 6.1. We expect that the proof of Theorem 6.1 here adapts well to
give an analogous statement for arbitrary perfect hyperfields.
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Proof of Theorem 6.1. Given such w = (111, i) € P(T(D) x PTCH), define fi € PTCH)) by

pi(S\(m+1)) if (n+1) €S,

=S) —

() {Mz(S) otherwise.

Because p is a flag matroid, we have that & is a matroid, with the element (n 4 1) that is neither a loop
L L -0

ror+1;n

three-term positive-tropical Grassmann—Pliicker relations for ji is equivalent to the validity of both the

nor a coloop. We observe that it € Drrzfl;n 41 if and only if u € FIDr because the validity of the
three-term positive-tropical incidence relations and the three-term positive-tropical Grassmann—Pliicker
relations for u.

We need to check that i satisfies every three-term positive-tropical Grassmann—Pliicker relation of
type (r + 1; n 4+ 1). Consider the three-term relation associated to the subset S C [n + 1] of cardinality
r—1and {i < j <k <{}<C[n+ 1] disjoint from S. We have three cases:

e ¢ =n+ 1. In this case, erasing the index n + 1 in the expression for the corresponding three-term
Grassmann—Pliicker relation yields a three-term incidence relation of type (r, r 4+ 1; n), which is

satisfied by our assumption on .

o (n+1) e S. In this case, considering the minor it|SUijkf/(S\(n+1)) and then applying Corollary 6.4
implies that the three-term Grassmann—Pliicker relation is satisfied.

e (n+1) ¢ SUIijkC. In this case, considering the minor &|S Uijkf(n + 1)/S and then applying
Lemma 6.2 implies that the three-term Grassmann—Pliicker relation is satisfied.

In every case the three-term positive-tropical Grassmann—Pliicker relation is satisfied, as desired. (I

7. Projections of positive Richardsons to positroids

One recurrent theme in our paper has been the utility of projecting a complete flag positroid (equivalently,
a positive Richardson) to a positroid (or a positroid cell). This has come up in Rietsch’s cell decomposition
of a nonnegative (partial) flag variety, in our proofs in Section 3.2, and in the expression of a Bruhat
interval polytope as a Minkowski sum of positroid polytopes in Remark 2.7. Positive Richardsons can be
indexed by pairs (u, v) of permutations with u < v. Meanwhile, by work of Postnikov [2007], positroid
cells of Gri(,)Z can be indexed by Grassmann necklaces. In this section we will give several concrete
combinatorial recipes for constructing the positroids obtained by projecting a (complete) flag positroid.
We will also discuss the problem of determining when a collection of positroids can be identified with a
(complete) flag positroid.

7.1. Indexing sets for cells of Grsi. As discussed in Section 2.1, there are two equivalent ways of
thinking about the positroid cell decomposition of Gri?l:

Gryh =] [sz° =] |=®R;D.
u,v
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In the union on the right, 7 is the projection from Fl,, to Gr, ,,, and u, v range over all permutations ¥ <v in
S,., such that v is a minimal-length coset representative of W/ Wy, and Wy=1{s1, ..., 541,84, Sdt1s-+sSn_1).
We write W for the set of minimal-length coset representatives of W/ W,. Recall that a descent of a
permutation z is a position j such that z(j) > z(j + 1). We have that W¢ is the subset of permutations in
S, which have at most one descent, and if it exists, that descent must be in position d.

Even if v ¢ W¢, the projection of R;% to Gri?l is still a positroid, which we will characterize below.
We start by defining Grassmann necklaces [Postnikov 2007].

Definition 7.1. Let Z = (I, ..., I,) be a sequence of subsets of ([Z]). We say 7 is a Grassmann necklace
of type (d, n) if the following holds:

e Ifi el then I;1| = (I; \i) U j for some j € [n].
o Ifi ¢ 1, then Iiy1=1;.

In order to define the bijection between these Grassmann necklaces and positroids, we need to define
the i-Gale order on ()).

Definition 7.2. We write <; for the following shifted linear order on [n].
I<;ji+1l<i--o<in<; 1<;---<;i—1.
We also define the i-Gale order on d-element subsets by setting
lar <i - <iaa} <i b1 <i -+ <i ba}
if and only if ap <; by forall 1 < ¢ <d.

Given a positroid M, we define a sequence Zy; = (Iy, ..., I,) of subsets of [n] by letting /; be the
minimal basis of M in the i-Gale order. The following result is from [Postnikov 2007, Theorem 17.1].

Proposition 7.3. For any positroid M, Ty is a Grassmann necklace. The map M +— Ty gives a bijection

between positroids of rank d on [n] and Grassmann necklaces of type (d, n).

7.2. Projecting positive Richardsons to positroids. In this section we will give several descriptions of
the constituent positroids appearing in a complete flag positroid (that is, a flag matroid represented by a
positive Richardson). We start by reviewing a cryptomorphic definition of flag matroid, based on [Borovik
et al. 2003, Sections 1.7-1.11].

Aflag F=F, C F, C---C Fy on [n] is an increasing sequence of finite subsets of [n]. A flag matroid
is a collection F of flags satisfying the maximality property. Recall that es denotes the 01 indicator vector
in R" associated to a subset S C [n]. Foraflag F=F  C F, C--- C Fy weleter =ep, +---+ep. In
this language, the flag matroid polytope of F is Pr = Conv{er | F € F}, whose vertices are precisely the
points e for F € F.

In the complete flag case, each point e is a permutation vector (z(1), ..., z(n)) for some z € S,,. Note
that we can read off z := z(F) from F by setting z(i) = j, where j is the unique element of F; \ F;_;.
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Given u < v in Bruhat order, we define the Bruhat interval flag matroid F, , to be the complete flag
matroid whose flags are precisely

{zq1D) cz(2D C---Cz([nD} foru <z <,

where [i] denotes {1, 2, ...,i} and z([i]) denotes {z(1), ..., z(i)}. Then by the above discussion, the
(twisted) Bruhat interval polytope

Poy=Conv{(n+1—z'),n+1-2z71'Q),....n4+1—=z"'n) |lu<z<v}

is the flag matroid polytope of the Bruhat interval flag matroid 7, ,.
This observation leads naturally to the following definition.

Definition 7.4. Consider a complete flag matroid F on [r], which we identify with a collection S of
permutations on [z]. By the maximality property [Borovik et al. 2003, Section 1.7.2] and its relation to the
tableau criterion for Bruhat order [Borovik et al. 2003, Theorem 5.17.3], S contains a unique permutation
u (respectively, v) which is minimal (respectively, maximal) in Bruhat order among all elements of S.
We say that F,, , is the Bruhat interval envelope of F.

It follows from Definition 7.4 that the Bruhat interval envelope of a complete flag matroid F contains F;
however, in general this inclusion is strict. It is an equality precisely when F is a Bruhat interval flag
matroid.

Recall that if F = (F, ..., F,) and G = (G4, ..., G,) are flags, we say that F is less than or equal
to G in the <; Gale order (and write F <; G) if and only if F; <; G; for all 1 <i <n. (We also talk
about the “usual” Gale order with respect to the total order 1 < 2 < --- < n.) The Maximality Property
for flag matroids implies that for any flag matroid F, there is always a unique element which is maximal
(and a unique element which is minimal) with respect to <.

We now give a Grassmann necklace characterization of the positroid constituents of a complete flag
positroid, which follows from the previous discussion plus Proposition 7.3.

Proposition 7.5. Consider a complete flag positroid M = (My, ..., M,) on [n], that is, the flag positroid
associated to any point of R;% for some u < v. Foreach 1 < j <n, let 7 be the Gale-minimal

permutation with respect to <; in the interval [u, v]. Then the Grassmann necklace of the positroid M is

WD, 2P WD, - 2P WD)

Example 7.6. Consider the flag positroid associated to a point of R>%, where u = (1,2, 4, 3) and

u,v°

v=(4,2,1,3) (which we abbreviate as 1243 and 4213). The interval [u, v] consists of
[u, v] = {1243, 1423, 2143, 2413, 4123, 4213}.

We now use Proposition 7.5, and find that the Gale-minimal permutations of [u, v] with respect to <y,
<5, <3, <4 are 1243, 2413, 4123, 4123. Therefore the Grassmann necklaces for the constituent positroids
My, My, M5 and My are (1, 2,4,4), (12,24, 14, 14), (124, 124, 124, 124), and (1234, 1234, 1234, 1234).
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Alternatively, we can read off the flags in the flag positroid from the permutations in [, v], obtaining
the flags

{1cl12cC124,1Cc14C124,2C12C124,2C24C124,4C 14 C124,4 C 24 C 124}.

(Note that for brevity, we have omitted the subset 1234 from the end of each flag above.) We can now
read off the bases of M, M, M3, M4 from the flags, obtaining {1, 2, 4}, {12, 14, 24}, {124}, and {1234}.
We can then directly calculate the Grassmann necklaces from these sets of bases, getting the same answer
as above.

If we compute the Minkowski sum of the positroids M, M,, M3, M4 above, we obtain the twisted
Bruhat interval polytope 131243,4213 = P»314.4312, Whose vertices are

{4,3,1,2),(4,2,1,3),(3,4,1,2), (3,2, 1,4), (2,4, 1,3), (2,3, 1, )},

as noted in Remark 2.7.

The following result gives an alternative description of the constituent positroids of a complete flag
matroid, this time in terms of bases.

Lemma 7.7 [Kodama and Williams 2015, Lemma 3.11; Billey and Weaver 2022, Theorem 1.4]. Consider
a complete flag positroid, that is, a flag matroid represented by a point of a positive Richardson R;g

where u, v € S,, and u < v in Bruhat order. Choose 1 <d <n. Let i denote the projection from Fl,, to
Gry . Then the bases of the rank d positroid represented by T(R>0) are {z([d]) | u <z < v).

u,v
Finally, we remark that [Bloch and Karp 2023, Remark 5.24] gives yet another description of the
constituent positroids of a complete flag positroid, this time in terms of pairs of permutations.

7.3. Characterizing when two adjacent-rank positroids form an oriented matroid quotient. We have
discussed how to compute the projection of a complete flag positroid to a positroid. Moreover, it is
well-known that every positroid is the projection of a complete flag positroid. In this section we will give
a criterion for determining when two positroids M; and M;; on [n] of ranks i and i + 1 can be obtained
as the projection of a complete flag positroid (see Theorem 7.14).

We recall the definition of oriented matroid quotient in the setting at hand.

Definition 7.8. We say that two positroids M; and M;, on [n] of ranks i and i + 1 form an oriented
matroid quotient if (M;, M;) is an oriented flag matroid.

The following statement is a direct consequence of Corollary 4.8.

Proposition 7.9. Let M; and M, be positroids on [n] of ranks i and i + 1. Then there is a complete flag
positroid with M; and M+ as constituents if and only if (M;, M;11) form an oriented matroid quotient.

Proposition 7.10. Suppose that (M, ..., M,) is a sequence of positroids of ranks 1,2, ...,n on [n],

such that each pair M; and M; | forms an oriented matroid quotient. Then (M1, ..., M,) is a complete
>0

u,v’

flag positroid. Moreover, it is realized by a point of the positive Richardson R, where we can explicitly

construct u and v as follows:
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o Let B{“i“, - Br’l“i“ (respectively, BI"™, ..., B"™) be the bases of My, . .., M, which are minimal

(maximal) with respect to the usual Gale ordering. Then u, v € S, are defined by
u(i) = B™\ B™"  and v(i) = B™\ B,

Proof. As in Theorem 4.5, we identify each positroid M; with the image #(x;) of its chirotope x;; we have
that 7 (x;) lies in Drl.z;g. The fact that each pair M;, M, forms an oriented matroid quotient means that
(t(x1),...,t(xn)) satisfies all three-term incidence-Pliicker relations, and hence (¢(x1),...,1(x»)) €
FIDr=°. Since FIDr=° = TrFI=°

n

we have proved that (My, ..., M,) is a complete flag positroid.

To prove the characterization of u and v, we use Lemma 7.7. In particular, it follows from Lemma 7.7
and the Tableaux Criterion for Bruhat order that the Gale-minimal and Gale-maximal bases of the rank d
positroid 7 (R’ 9)) are u([d]) and v([d]). The result now follows. O

As we’ve seen in Example 4.4 it is a subtle question to determine whether a pair of positroids M
and M, of ranks r and r 4 1 form an oriented matroid quotient. One way is to construct an n by r + 1
matrix such that the minor in rows 1, ..., r and columns / is nonzero if and only if / is a basis of M;
while the maximal minor in rows 1, ..., r 4+ 1 and columns J is nonzero if and only if J is a basis of M.
Another way is to check the three-term relations over the signed tropical hyperfield, as in Proposition 3.9.
We do not have an efficient way to do either of these things. Instead, in Theorem 7.14, we will give an
algorithmic, combinatorial way to verify whether M; and M, form an oriented matroid quotient.

Construction 1. Given two positroids M and M, on the ground set [n] of ranks r and r + 1, respectively,
which form a positively oriented matroid quotient, we construct a positroid M := M (M, M) of rank
r + 1 on the ground set [n + 1] where n 4 1 is neither a loop nor a coloop. The bases of M are precisely

B(M)=BMy)U{BU{n+1}| B € B(M})}.

Construction 2. Conversely, given a rank r positroid M on ground set [n + 1], where (rn + 1) is neither a
loop nor coloop, we construct two positroids M := M{(M) and M, := M,(M) which form a positively
oriented matroid quotient, as follows. Let A be a matrix realizing M ; therefore its Pliicker coordinates
are nonnegative. We apply row operations to rewrite A in the form

0
A/

—| o O

Let M; denote the matroid on [n] realized by A" and let M, denote the matroid on [n] realized by A’
together with the row of *’s below it. Then M| and M, are both positroids (since the Pliicker coordinates
of A’ and A are all nonnegative), and they form a positively oriented quotient. Moreover, it is clear that
Mi=M\(n+1)and My =M/(n+1).

The idea of our algorithm is to translate Constructions 1 and 2 into operations on Grassmann necklaces,
so that Construction 1 is well-defined even if M| and M, fail to form a positively oriented quotient. Clearly
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if we start with positroids M and M, forming a positively oriented matroid quotient, then Construction 1
followed by 2 is the identity map. Conversely, if Construction 1 followed by 2 is the identity map, then
since Construction 2 always outputs a positively oriented matroid quotient, we must have started with
positroids forming a positively oriented matroid quotient.

We let min; {S, ..., S;} denote the minimum of the sets Sy, ..., S in the <; order.

Proposition 7.11. Let M| and M, be positroids of consecutive ranks which form a positively oriented

quotient. Let Ty, = (Il(j ), e I,Ej )) be the Grassmann necklace of M; for j =1, 2. Define
11(2) fori=1,
Ji= ymin (1" Ufn+1}, 1P} for2<i<n,
II(I)U{n—i-l} fori=n+1.
Then J = (J1, ..., Jut1) is the Grassmann necklace of the positroid M = M (M1, M) on [n + 1] whose

bases are precisely

B(M) =B(M>) U{BU{n+1}| B € B(M)))}.

Proof. Tt suffices to show that each basis of M is i-Gale greater than J@ for all i € [n 4+ 1]. One also
need to check that the J@) are in fact bases of M but this is clear by definition.

Note that the <; minimal flag of a flag matroid consists of the <; minimal bases of each of its constituent
matroids [Borovik et al. 2003, Corollary 7.2.1]. Thus, I,(l) C It(z) for each t € [n].

First, let S C [n] be a basis of M,. For i € [n], we have § >; Il.(z) >, J;. Since neither S nor
Il.(z) containn + 1, S >,4 11(2). By our earlier observation, 11(2) = 11(1) U {a} for some a € [n]. Thus,
12 >, 11V U {n 4 1). We conclude that S >; J; for all i € [n+ 1].

Next, consider SU{n+ 1} for S a basis of M. For2 <i <n, we have SU{n+1} >; Ii(l) U{n+1}>; J;.
Since neither S nor Il.(l) contain n + 1, we have § > 11(1) and SU{n+ 1} >, 11(1) Ufn+1} = Jy41.
Since 11(2) = 11(1) U{a}, we have 11(1) U{n+1} > 11(2) = J;. We conclude that SU {n + 1} >; J; for all
ien+1]. O

If M, and M, form a positively oriented quotient, we should obtain them from the positroid M =
M (M, M>), constructed as in Proposition 7.11, by deleting and contracting n + 1. The following result
explains how these operations affect Grassmann necklaces.

Proposition 7.12 [Oh 2008, Proposition 7 and Lemma 9]. Let M be a positroid on [n + 1] such that
n + 1 is neither a loop nor a coloop, with Grassmann necklace (Ji)?;rll. Then the Grassmann necklaces
KV, kY and (KP, .. KP) of My = M/(n+ 1) and My = M\ (n + 1), are as follows:

i

K(])_{J,‘\{n—f—l}, n+1€],-,

Ji\{max; (J; \ Ju+1)}, n+1¢J;,

K@ _ {(-’i \{n+ 1Y U{min;(J,+1\ i)}, n+1e;,
! J,‘ 7’l+1¢.]l
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Taken together, the last two results yield a recipe for verifying whether two positroids, given in
terms of their Grassmann necklaces, form a positively oriented quotient. First apply the construction of
Proposition 7.11. If that yields a Grassmann necklace, apply Proposition 7.12 and see if that yields the
original Grassmann necklaces. If so, the two Grassmann necklaces form a positively oriented quotient.

Our next goal is to streamline this recipe. Let 7 = (Il(l) 1Y) and 7@ = (1 @ 1) be
Grassmann necklaces of positroids of ranks r and r + 1, respectlvely. Note that a necessary condition
for the positroids corresponding to Z(! and Z® forming a positively oriented quotient is that Ii(l) C Il.(z)
for all i € [n]. Now, we define a subset S as follows: For each i, if Il.(l) Un+1} <; Il.(z), leti € S.
Since [ i(2) = Il.(l) Ua for some a € [n], this is as simple as checking whether a <; n 4 1. If the positroids
corresponding to Z(V and Z» form a positively oriented quotient, applying Proposition 7.11 and then
Proposition 7.12 should leave them unchanged. It is straightforward to see that i € S if and only if
n+1 € J; in Proposition 7.12. In particular, since 7 is a Grassmann necklace, S must either be an interval
of the form [d, n], or empty.

Next we claim that, once we verify that S is an interval of the form [d, n] or is empty, then it follows
automatically that 7, as constructed in Proposition 7.11, is a Grassmann necklace.

Lemma 7.13. Let 7V = 1 (1) , (1)) and IT?® = (1, (2) , 1,52)) be Grassmann necklaces of types
(r,n)and (r +1, n), respectlvely. Construct J = (Jq, ..., n+1) as in Proposition 7.11. Let S ={i € [n] |
Il.(l) Umn+1) <; I.(2)}. If S =[d, n] for some d <n or S = @, then J is a Grassmann necklace.

1

Proof. 1t is clear from the definition that 7 satisfies the Grassmann necklace condition for each pair of
consecutive sets J; and J;;1 except for wheni =k —1,i =n and i =n+ 1 (where we label sets cyclically
so that J,, 15 = Jy).

If S # @, then J, = I,Sl) U {n 4+ 1}. This makes it clear that the Grassmann necklace condition holds for
J, and J, 4. Also, sing the fact that / [(1) cl i(2) for all 7, it is not hard to verify the Grassmann necklace
condition for J, 41 and J;.

This leaves us to check the condition for J;_; and J. In this case, J;_1 = Ik( )1 and J; = (1) U{n+1}.
Our goal is to show that J, = (Jy—1 \ {k — 1}) U {a} for some a € [n + 1]. It is immediately obv10us that
we necessarily have a = n + 1. Thus, we are left to show that Ik(l) Un+1} = (1(2)1 \{k—1HhU{n+1},
or that 1" = 1\ {k — 1}.

Let a; be defined by 1" = (I, \ {i = 1})U{a;}, let b; be defined by 1;” = (1%, \ {i —1})U{b;} and let ¢;
be defined by 1/” = 1}” U{c;}. We observe that 1" = (117 \ (k= 1) U{ar} = I, \{ex—1, k—1}) Ufaz ).
Also, Ik(l) = Ik(z) \{c} = (Ik(z)1 \ {ck, k — 1}) U {by}. Comparing these two equalities, we conclude that
either ay = cx—1 and by = ci, or cx—1 = ¢ and a; = by. The first case is what we want to prove, so let us
show by contradiction that the second case cannot occur.

Assume c¢; = cx—1 and a; = by. By assumption, Ik( )1 U{cr1} = Ik( )1 <i—1 I(l) U{n + 1} and
Ik(l) Uf{n+1} <i Ik(z) = I,El) U{ck}. Thus, ¢ <x—1n+1 and ¢, > n+ 1. Since ¢, = cx_1, this means
they are both equal to k — 1. However, if ¢, = k — 1, then M, has k — 1 as a coloop. it follows that
by = k — 1, which means a; = k — 1 as well. Thus, in this case, 1(1) 151)1 = 1(2)1 \ {k — 1}, as desired.



Polyhedral and tropical geometry of flag positroids 1365

Finally, if A = &, we can check that the Grassmann necklace condition holds for J,; and J; as
before. The we are just left to verify this condition for J, and J,+;. We can apply the same logic
but with J;_; replaced by J, = 1,52) and J; replaced by J,11 =1 O Uifn+1}). Specifically, we find
I = (1P \ {en,n) U a1} = 1P\ {e1,n)) U {b1}. We then must show that it is impossible for
c1 = ¢, and a; = b;. However, 1,51) Ulc,} = 1,52) <u 1,(,1) U {n + 1}. Moreover, it is always true that
IV Ufn+1) <41 17 U{ery = I8V, Using ¢ = ¢,, we then find ¢, <, (n+ 1) and ¢, >,11 (1 + 1)
which means that ¢; = ¢, = n and we can conclude as in the previous paragraph. (]

Combining Propositions 7.11, 7.12 and Lemma 7.13, we obtain the following:

Theorem 7.14. Fix positroids My and M on [n] of ranks r and r + 1, respectively. Let T = Iy, =
Iy, ..., Iy)and J =1y, = (J1, ..., Jn) be their Grassmann necklaces. We now set S = {i € [n] |
I; U{n+ 1} <; J;}, where <; denotes the <; Gale order on [n + 1]. Define a; = max;(J; \ I1) and
b; = min; (11 \ I;). Then M| and M, form a positively oriented quotient if and only if the following

conditions hold:

(1) Fori € [n], I; C J;.

(2) S is an interval of the form [d, n] or S = @.
(3) Fori ¢ S, I, = Ji\{a;}.

(4) Fori e S, J; = 1; U{b;}.

Proof. First, suppose that we have a positively oriented quotient. As explained earlier, the first two
conditions always hold for positively oriented quotients. We know that applying the constructions of
Propositios 7.11 and 7.12 in sequence should preserve our positively oriented quotient. Observing what
conditions this imposes on the constituent Grassmann necklaces yields conditions (3) and (4).
Conversely, if the conditions in the theorem statement hold, then by Lemma 7.13, applying the
construction of Proposition 7.11 to Z and J yields another Grassmann necklace K on [n + 1] such that
n + 1 is neither a loop nor a coloop of the positroid corresponding to K. Then, conditions (3) and (4)
guarantee that applying the construction of Proposition 7.12 to K will recover Z and 7. The result of
applying Proposition 7.12 to the Grassmann necklace of a positroid M with n + 1 neither a loop nor a
coloop is the pair of Grassmann necklaces corresponding to M/(n + 1) and M \ (n + 1), which form a
positively oriented quotient. U

Example 7.15. Let Z = (123, 235, 356, 456, 561, 613) and J = (1235, 2356, 3456, 4562, 5612, 6123).
Then A = {4, 5, 6} is an interval with upper endpoint n = 6. Note that a; = 5, a; = 6 and a3z = 6, while
by =1, bs = 2 and bg = 2. The positroids with these Grassmann necklaces do not form a positively
oriented quotient since it is false that I3 = J3 \ {a3}.

However, if we start with the Grassmann necklaces 7 = (123, 235, 345, 456, 561, 613) and J =
(1235, 2356, 3456, 4562, 5612, 6123), then the values of the a; and b; are unchanged. It is straightforward
to verify that the conditions of Theorem 7.14 hold and so the positroids corresponding to Z and 7 do in
fact form a positively oriented quotient.
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We now have a tool that allows us to recognize flag positroids in consecutive ranks without finding a

realization or certifying the incidence relations over the signed hyperfield.

Corollary 7.16. Suppose (My, M,+1, ..., Mp) is a sequence of positroids of ranks a,a+ 1, ..., b. Then
My, My, ..., Mp) is a flag positroid if and only if for a <i < b, the pair of positroids (M;, M; 1)
satisfy the conditions of Theorem 7.14.

Proof. By Proposition 7.10, it suffices to check that each such pair forms a positively oriented quotient,

which is precisely the content of Theorem 7.14. (]

8. Fan structures for and coherent subdivisions from TrGr}), and TrF1;*

In this section we make some brief remarks about the various fan structures for TrFlf.g and coher-
>0
r;n’

https://github.com/chrisweur/PosTropFlagVar. We take a detailed look at the Grassmannian and complete

ent subdivisions from points of TrFI Code written for the computations here can be found at

flag variety, in particular the case of TrFle.

8.1. Fan structures. There are multiple possibly different natural fan structures for TrFlf;(r)l:
(i) The Pliicker fan (induced by the three-term tropical Pliicker relations).

(i) The secondary fan (induced according to the coherent subdivision as in Corollary 8.3).

(ii1) The Grobner fan (induced according to the initial ideal of the ideal (%.,)).

(iv) The simultaneous refinement of the fans dual to the Newton polytopes of the Pliicker coordinates,
when the Pliicker coordinates are expressed in terms of a “positive parametrization” of F1r>_?1, such as
an X -cluster chart.

(v) (If the cluster algebra associated to Fl,.,, has finitely many cluster variables) the same fan as above

but with (the larger set of) cluster variables replacing Pliicker coordinates.

Note that by definition, fan (v) is always a refinement of (iv).

In the case of the positive tropical Grassmannian, the fan structures in (iv) and (v) were studied in
[Speyer and Williams 2005, Definition 4.2 and Section 8], where the authors observed that for Gr ,, fan
(iv) (which coincides with (v)) is isomorphic to the cluster complex of type Ap_3;3 for Gr3,6 and Gr3 7,
fan (iv) is isomorphic to a coarsening of the corresponding cluster complex, while fan (v) is isomorphic
to the cluster complex (of types D4 and Eg, respectively). Conjecture 8.1 of [Speyer and Williams 2005]
says that fan (v) (associated to the positive tropicalization of a full rank cluster variety of finite type)
should be isomorphic to the corresponding cluster complex. This conjecture was essentially resolved in
[Jahn et al. 2021; Arkani-Hamed et al. 2021a] by working with F-polynomials.

Theorem 14 of [Olarte et al. 2019] states that the Pliicker fan and the secondary fan structures for
Dressians coincide, and hence implies that (i) and (ii) coincide because the positive Dressian and the
positive tropical Grassmannian are the same [Speyer and Williams 2021]. For TrGr; ,, the results of

3See [Fomin and Zelevinsky 2003] for background on the cluster complex.
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[Speyer and Sturmfels 2004, Section 4] imply that (i), (ii), and (iii) agree, and combining this with [Speyer

0

>0
- For TrGr3’6, we

and Williams 2005, Section 5] implies that all five fan structures agree for TrGr;
computed that (iii) and (v) strictly refine (i), but the two fan structures are not comparable.

We can consider the same fan structures in the case of the positive tropical complete flag variety.
When n = 3, the fan TrF1>* modulo its lineality space is a one-dimensional fan, and all fan structures
coincide. For TrFl, (before taking the positive part), one can find computations of the fan (iii) for n = 4
and n = 5 in [Bossinger et al. 2017, Section 3], the fan (i) and its relation to (iii) for » = 4 in [Brandt
et al. 2021, Example 5.2.3], and the fan (ii) and its relation to (iii) for n = 4 in [Joswig et al. 2023,
Section 5]. Returning to the positive tropicalization, Bossinger [2022, Section 5.1] computed the fan
structure (iii) for TrFL;°, and found it was dual to the three-dimensional associahedron; in particular,
there are 14 maximal cones and the f-vector is (14,21,9, 1). Using the positive parametrization of
[Boretsky 2022] (a graphical version of the parametrizations of [Marsh and Rietsch 2004]) for TrFl; 0
we computed the polyhedral complex underlying (iv) for n = 4 in Macaulay2 by computing the normal
fan of the Minkowski sum of the Newton polytopes of the Pliicker coordinates expressed in the chosen
parametrization; we obtained the f-vector (13, 20,9, 1). We also computed (v) after incorporating the
additional non-Pliicker cluster variable p; p13a4 — p1 p234. Combining these, we find that for n =4, (1)=(iv)
and (ii)=(iii). We also find that both (ii) and (v) strictly refine (i)=(iv) and are both isomorphic to the
normal fan of the three-dimensional associahedron, but are not comparable fan structures.

The fact that the fan structure (v) of TrFl; 0'is dual to the three-dimensional associahedron is consistent
with [Speyer and Williams 2005, Conjecture 8.1] and the fact that Fls has a cluster algebra structure of
finite type A3 [Geiss et al. 2008, Table 1], whose cluster complex is dual to the associahedron.

We now give a graphical way to think about the fan structure on TrFle, building on the ideas of
[Speyer and Williams 2005] and [Brandt et al. 2021, Example 5.2.3].

Example 8.1. A planar tree on [n] is an unrooted tree drawn in the plane with n leaves labeled by
1,2, ..., n (in counterclockwise order). By [Speyer and Williams 2005], TrGri?l parametrizes metric
planar trees, and its cones correspond to the various combinatorial types of planar trees. In particular,
if we assign real-valued lengths to the edges of a planar tree, then the negative of the distance between
leaf i and j encodes the positive tropical Pliicker coordinate w;; of a point in the corresponding cone.
In particular, it is easy to see that the negative distances w;; associated to such a planar tree satisfy the
positive tropical Pliicker relations.

Now as in [Brandt et al. 2021, Example 5.2.3], we note that for a valuated matroid y whose underlying
matroid is the uniform matroid U, 4, the tropical linear spaces trop(u) and trop(u*) associated to
@ and its dual p* are translates of each other. This allows us to identify points p = (w1, U2, U3)
of TrFljO with planar trees on the vertices {1, 2, 3,4, 5,5’} such that the vertices {1, 2, 3,4, 5} and
separately the vertices {1, 2, 3,4, 5’} appear in counterclockwise order. To see this, note that (using
the same idea as Construction 1 from Section 7) we can identify (w1, ), with Pliicker coordinates
(wy, ..., wq; Wi, ..., w34), with an element (w,p) of TrGrig: we simply set wgs := w, for 1 <a <4.
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Figure 2. The fan structure (ii)=(iii) of TrFle.
Similarly, we identify (o, u3), where w3 has Pliicker coordinates (w23, . . ., w234), with an element of

TrGrig: we simply set wys 1= wype, Where {a, b, c} := [4]\ {d}.

This gives us the Pliicker fan structure (i)=(iv) with thirteen maximal cones, as shown in Figure 2. To
get the Grobner fan structure (iii) we subdivide one of the cones into two, along the squiggly line shown
in Figure 2. This squiggly line occurs when dist(xy, blue) = dist(x,, red), where x| and x; are the two
black trivalent nodes in the tree on [4]. To obtain the fan structure (v), instead of the squiggly line, the

square face is subdivided along the other diagonal.
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Using the computation of TrFls in [Bossinger et al. 2017], which can be found on github at
https://github.com/Saralamboglia/Toric-Degenerations/blob/master/Flag5.rtf and Corollary 3.12, we
further computed that TrFlgL with (iii) has 938 maximal cones (906 of which are simplicial) and that (iv)
has 406 maximal cones. According to [Speyer and Williams 2005, Conjecture 8.1], the (v) fan structure
for TrF1 has 672 maximal cones.

8.2. Coherent subdivisions. We next discuss coherent subdivisions coming from the positive tropical
Grassmannian and positive tropical complete flag variety. When Fl,., is the Grassmannian Gr, , and the
support g is the uniform matroid, Theorem A gives rise to the following corollary (which was first proved
in [Lukowski et al. 2023] and [Arkani-Hamed et al. 2021b]).

Corollary 8.2. Let p = (1ug) € IP(TT([S])), and suppose it has no oo coordinates. Then the following
statements are equivalent:

e LE TrGrj%, that is, p lies in the strictly positive tropical Grassmannian.

o Every face in the coherent subdivision D, of the hypersimplex A, , induced by w is a positroid
polytope.

The coherent subdivisions above (called positroidal subdivisions) were further studied in [Speyer and
Williams 2021], where the finest positroidal subdivisions were characterized in terms of series-parallel
matroids. Furthermore, all finest positroidal subdivisions of A, , achieve equality in Speyer’s f-vector
theorem; in particular, they all consist of (Zj) facets [Speyer and Williams 2021, Corollary 6.7].

When Fl,., is the complete flag variety Fl,, and the support p is the uniform flag matroid, Theorem A
gives rise to the following corollary, which appeared in [Joswig et al. 2023, Theorem 20].

Corollary 8.3. Let p = (41, ..., Un) € ]_[f’:a [P’(T(Diﬂ)), and suppose it has no oo coordinates. Then the
Jfollowing statements are equivalent.

e n e TrFl> O that is, w lies in the strictly positive tropical flag variety.

o Every face in the coherent subdivision Dy, of the permutohedron Perm, induced by p is a Bruhat
interval polytope.

In light of the results of [Speyer and Williams 2021], it is natural to ask if one can characterize the
finest coherent subdivisions of the permutohedron Perm, into Bruhat interval polytopes. Furthermore, do
they all have the same f-vector?

Explicit computations for TrFl4 show that the answer to the second question is no. We find that TrFl,4
with the fan structure (iii) (which agrees with (ii) by [Joswig et al. 2023, Section 5]) has 78 maximal
cones. We choose a point in the relative interior of each of the 78 cones to use as a height function
(thinking of points in TrFl4 as weights on the vertices of Permy as in (c) of Theorem A), then use Sage to
compute the corresponding coherent subdivision of Permy. As expected, precisely 14 of the 78 cones
induce subdivisions of Permy into Bruhat interval polytopes, see Table 1.
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height function (Pl, Pz, P3, P4; Pl27 P13,

(=3,-7,—1,11; 18,0, —4,
—4,-8,-2;-3,-7,—1,11)

P3143 4321, P3124,4312, P1342,3421
P304 3412, P1234,3142

Bruhat interval polytopes in subdivision -vector
P4, Po3, Py, P3s; P23, Pioa, Pi3a, Paza) POyEOp !

(15,-1,-7,-7;4, =2, =2, P3314.4301, P3124,4231, Po31a3421,
—-2,-2,4;-17,-7,-1,15) P>134.3241, P1324,2431, P1234,2341
(15,3, -9, -9; 4, -8, -8, Pr413.4321, P3124,4231, P2314,4231,
—4,-4,20; -1, -1, -1,3) Pr134.3041, P1324,2431, P1234,2341
s, -7, -1,-7;-2,4, -2, P3143 4321, P3124,4312, P2143 3421,
-2,4,-2;-17,-1,-17,15) Pr134.3412, P1243,2431, P1234,2413
(—-1,-1,-1,3;4, -8, —4, Pra13,4321, P1423,4231, P1342,4231,
-8, —4,20; 15,3, -9, -9) P1324,.4013, P1243,4132, P1234.4123
(=7,-7,—-1,15;4, =2, =2, P1432,4321, P1423,4312, P1342,4231,
—2,-2,4;15,-1,-7,-7) Pi1324.4213, P1243 4132, P1234.4123
(=1,-7,-7,15; =2, =2, 4, P3142,4321, P2143,4312, P2134,4213,

4,-2,-2;15,-17,-7,-1) P1343 3421, P1243 3412, P1234.2413 (24.46.29. 6)
(=9, -9, 3,15; 20, -4, -8, P1433, 4321, P1423,4312, P1342,4231,
—4,-8,4;3,—-1,—-1,-1) P1324.4213, P1324,4132, P12343142
11, -7,-17,3; -6, -6, 4, P3142,4321, P2143,4312, P2134.4213,
4,2,2;11, -7, -1, 3) Pr143,3421, P1243 2431, P1234,2413
(3.3, -3, -3;20, —10, —10, Pr413.4321, P3124,4231, Pa314,4231,
—-10, —10, 20; -3, =3, 3, 3) P1324,2431, P1324,3241, P1234,.3142
3, -1,-1,-1;20, -4, -4, P3214,4321, P3124,4231, P2314,3421,
-8, -8,4;-9,-9,3,15) P1324,3241, P1324,2431, P1234,3142
(-3, -3,3,3; 20, -10, —10, Pr413.4321, P1423,4231, P1342,4231,
-10, —10, 20; 3, 3, =3, -3) P304 4132, P1324,.4213, P12343142
(3,-7,-7,11;2,2,4, P3142,4321, P3124,4312, P1342,3421,
4,-6,—-6;3,-7,-7,11) Pr134,3412, P1243 3412, P1234,2413
a1, -1, -7, -3; =2, =8, —4, Pr413.4321, P2143,4231, P2134,4213,

—4,0,18; 11, -1, -7, =3) P1243.0431, P1234,2417
1243,24315 P1234,2413 (24.45.27. %)

Table 1. Table documenting the 14 finest coherent subdivisions of Permy into Bruhat
interval polytopes. There are two possible f-vectors, each of which can be realized in

multiple ways.

Of the 14 coherent subdivisions coming from maximal cones of TrFlZO, 12 of them contain 6 facets,
while the other 2 contain 5 facets. Table 1 lists the facets and f-vectors of each of these 14 subdivisions.
Note that each Bruhat interval polytope P, ,, which appears as a facet satisfies £(w) —£(v) = 3. Thus, any



Polyhedral and tropical geometry of flag positroids 1371

height function (Py, P>, P3, Py; P2, Pi3, Bruhat interval polytopes
P14, Pr3, Poy, P34; P23, Pioa, Pi3a, Pa3a) in subdivision f-vector
(-1,-1,-1,0;-1,-1,0,-1,0,0;0,0,0,0) P1243 4321, P1234.4213
(-1,-1,-1,0,0,0,0,0,0,0;0,0,0,0) P1342,4321, P1234,4312 (24.39. 18.2)
(1,0,0,0;0,0,0,0,0,0;0,0,0,0) Pr134.4321, P1234,2431
(1,0,0,0;0,0,0,1,1,1;0,0,0,0) P3124.4301, P1234,3421
0,0,0,0; -1,-1,-1,-1,-1,0;0,0,0, 0) Pa413 4321, P1234,4231 (24.40. 19.2)
0,0,0,0;1,0,0,0,0,0;0,0,0,0) P304 4321, P1234,3142
P 9 P 9
(=1, =1,0,0: =1, =1, =1, =1, =1,0;0,0,0,0) | 70" e
1324,4213, P1234,4132
P3142,4321, P1243 3421,
(07_13_110; 0,0,1,0, 070; 0,0,0,0) P P (24,42,23,4)
2134,43125 P1234,2413
(1.1,0,0: 1,0.0.0.0.0: 0.0,0,0) Pr314.4321, P1324,2431,
P3124.4231, P1234,3241

Table 2. Table documenting the 9 coarsest coherent subdivisions of Permy into Bruhat
interval polytopes. There are three possible f-vectors, each of which can be realized in
multiple ways.

Bruhat interval polytope P, ,, properly contained inside P, ,, would have the property that £(w’) —£(v") <
2, and hence dim(P, /) < 2. Since Permy is 3-dimensional, all 14 of these subdivisions are finest
subdivisions.

We note that the 12 finest subdivisions whose f-vector is (24, 46, 29, 6) are subdivisions of the
permutohedron into cubes. Subdivisions of the permutohedron into Bruhat interval polytopes which are
cubes have been previously studied in [Harada et al. 2019, Sections 5 and 6; Lee et al. 2021; Nadeau
and Tewari 2023, Section 6]. In particular, there is a subdivision of Perm,, into (n—1)! Bruhat interval

polytopes
{Puovlu=@y...,uy) withu, =n, and v= (vy, ..., vy,) with v; = u4; + 1 modulo n}.

The first subdivision in Table 1 has this form.

We can further study the f-vectors of subdivisions of TrFlj0 which are coarsest (without being trivial),
rather than finest. In this case, we observe three different f-vectors, each of which occurs in multiple
subdivisions. The detailed results of our explicit computations on coarsest subdivisions can be found in
Table 2.
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Maximal subgroups of exceptional groups
and Quillen’s dimension

Kevin |. Piterman

Given a finite group G and a prime p, let &4,(G) be the poset of nontrivial elementary abelian p-subgroups
of G. The group G satisfies the Quillen dimension property at p if 4,(G) has nonzero homology in the
maximal possible degree, which is the p-rank of G minus 1. For example, D. Quillen showed that solvable
groups with trivial p-core satisfy this property, and later, M. Aschbacher and S. D. Smith provided a list
of all p-extensions of simple groups that may fail this property if p is odd. In particular, a group G with
this property satisfies Quillen’s conjecture: G has trivial p-core and the poset ¢4,(G) is not contractible.

In this article, we focus on the prime p = 2 and prove that the 2-extensions of finite simple groups
of exceptional Lie type in odd characteristic satisfy the Quillen dimension property, with only finitely
many exceptions. We achieve these conclusions by studying maximal subgroups and usually reducing
the problem to the same question in small linear groups, where we establish this property via counting
arguments. As a corollary, we reduce the list of possible components in a minimal counterexample to
Quillen’s conjecture at p = 2.

1. Introduction

Since the early 70s, there has been a growing interest in the p-subgroup posets and their connections with
finite group theory, the classification of the finite simple groups, finite geometries, group cohomology
and representation theory. The poset §,(G) of nontrivial p-subgroups of a group G was introduced by
Kenneth Brown [1975]. In that paper, Brown worked with the Euler characteristic x (G) of groups G
satisfying certain finiteness conditions and established connections between the p-fractional part of x (G)
and the p-subgroup structure of G. One of the consequences of his results is the commonly known
“Homological Sylow theorem”, which states that the Euler characteristic of S,(G) is 1 modulo |G|, the
order of a Sylow p-subgroup of G.

Some years later, Daniel Quillen [1978] introduced the poset 4,(G) of nontrivial elementary abelian
p-subgroups of a finite group G and exhibited several applications of the topological properties of these
posets. Indeed, the study of elementary abelian p-subgroups goes back to Quillen’s earlier work on the
Bredon cohomology of G-spaces and his proof of the Atiyah—Swan conjecture, that relates the Krull
dimension of a ring to the dimension of ¥,(G) (see [Quillen 1971]).

Piterman is supported by the Alexander von Humboldt Foundation and FWO grant 12K1223N.
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Quillen [1978] showed that S, (G) and o,,(G) are (G-equivariantly) homotopy equivalent, and provided
a new proof of Brown’s result. In fact, when G is the set of rational points of a semisimple algebraic
group over a finite field of characteristic p, these posets are homotopy equivalent to the building of G
and, hence, they have the homotopy type of a wedge of spheres of dimension / — 1, where [ is the rank of
the underlying algebraic group. Furthermore, in that case, the homology H, (d,(G)) affords the classical
Steinberg module for G.

Quillen also exhibited other connections between intrinsic algebraic properties of G and the topology
of these posets. For instance, he showed that 4, (G) is disconnected if and only if G contains a strongly
p-embedded subgroup. Recall that the classification of the groups with this property is indeed one of the
many important steps towards the classification of the finite simple groups (see, for example, Section 7.6
of [Gorenstein et al. 1998]).

On the other hand, Quillen proved that if G has a fixed point on ¢,(G) (or, equivalently on S,(G)),
then these posets are contractible. Note that G has a fixed point if and only if its p-core O,(G) is
nontrivial. In view of this and further evidence, Quillen conjectured that the reciprocal to this statement
should hold. That is, if d,(G) is contractible then there is a fixed point, or, equivalently, O,(G) # 1 (see
Conjecture 2.9 of [Quillen 1978]). In other words, Quillen’s conjecture asserts that ¢4,(G) is contractible
if and only if 0,(G) # 1.

A significant part of Quillen’s article is devoted to proving the solvable case of this conjecture. In
[Quillen 1978] it is shown that for a p-nilpotent group G with abelian Sylow p-subgroups and 0,(G) =1,
d,(G) is homotopy equivalent to a nontrivial wedge of spheres of the maximal possible dimension, which
is m,(G) — 1, the p-rank of G minus 1. Then, if G is any solvable group with 0,(G) =1, G contains
a p-nilpotent subgroup O, (G)A, with A € d,(G) of maximal p-rank and O,(0,(G)A) =1, and thus
Hu,(6)-1(s,(G)) #0.

Later, Michael Aschbacher and Stephen D. Smith [1993] formalised this property and gave a name to
it: an arbitrary group G with ﬁmp((;),l (d,(G)) # 0 1is said to satisty the Quillen dimension property at p,
or (@), for short. Therefore, a solvable group G with 0,(G) =1 satisfies (@), and thus Quillen’s
conjecture. Furthermore, it was shown that p-solvable groups satisfy this property by using Quillen’s
techniques and, in addition, the CFSG (see [Diaz Ramos 2018; Smith 2011]). These results also suggest
that a stronger statement of the conjecture may hold: if 0,(G) =1 then ﬁ* (d,(G); Q) # 0. Therefore,
from now on, by Quillen’s conjecture we will be referring to this stronger version.

It is not hard to see that not every group G with O, (G) =1 satisfies (@),,. For example, we mentioned
that finite groups of Lie type in characteristic p satisfy the conjecture, but since the Lie rank is usually
strictly smaller than the p-rank, they fail (Q),. This has led to the development of new methods to prove
Quillen’s conjecture. One of the most notorious advances in the conjecture was achieved by Aschbacher
and Smith [1993]. They established Quillen’s conjecture for a group G if p > 5 and in addition, roughly,
all the p-extensions of finite unitary groups PSU, (¢g), with ¢ odd and p|g+1, satisfy (@), (see Main
Theorem of [Aschbacher and Smith 1993] for the precise statement). Here, a p-extension of a group L is
a split extension of L by an elementary abelian p-subgroup of Out(L). In [Aschbacher and Smith 1993]
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it is not shown that the group G satisfies (Q<),,. Instead, they proved that if every p-extension of a fixed
component of G satisfies (@9),, then

Ho(1,(G); Q) #£0 if 0,(G) =1

(under suitable inductive hypotheses). This result restricts the possibilities of the components of a minimal
counterexample to Quillen’s conjecture: every component has a p-extension failing (@9),. In view of
this result and the classification of the finite simple groups, Aschbacher and Smith described for p > 3,
all the possible p-extensions of simple groups which may potentially fail (@),. This is the (Q%)-List,
Theorem 3.1, of [Aschbacher and Smith 1993]. Moreover, it is conjectured in [Aschbacher and Smith
1993] that the unitary groups PSU, (g) with g odd and p |g+-1 should not appear in this list, and so the extra
hypothesis on the unitary groups in the main result of [Aschbacher and Smith 1993] could be omitted. Nev-
ertheless, this problem remains open (see [Piterman and Welker 2022] for recent results in this direction).

In the last few years, there have been further developments in the Quillen conjecture [Piterman 2021;
Piterman et al. 2021; Piterman and Smith 2022a; 2022b]. Recently, in [Piterman and Smith 2022b], new
tools for the study of the conjecture have been provided. For example, it is shown that the Aschbacher—
Smith general approach to the conjecture can be extended to every prime p by reducing reliance on
results of [Aschbacher and Smith 1993] stated only for odd primes and invoking the classification. In
particular, Theorem 1.1 of [Piterman and Smith 2022b] shows that Main Theorem of [Aschbacher and
Smith 1993] extends to p > 3, keeping the additional constraint on the unitary groups. On the other hand,
for p =2, one important obstruction for this extension is the lack of a (@ )-List for this prime. Roughly,
Corollary 1.8 of [Piterman and Smith 2022b] concludes that a minimal counterexample to Quillen’s
conjecture contains a component of Lie type in characteristic r # 3, and every component of G has a
2-extension failing (@),.

In view of these results on Quillen’s conjecture, in this article, we focus on showing that the 2-extensions
of the finite simple groups of exceptional Lie type in odd characteristic satisty (Q9),, with a small number
of exceptions. This improves the conclusions of [Piterman and Smith 2022b] on Quillen’s conjecture for
p =2, and allows us to conclude then that exceptional groups of Lie type in odd characteristic different
from 3 cannot be components of a minimal counterexample to the conjecture (see Corollary 1.2 below).

The main result of this article is the following theorem, whose proof is given through different
propositions in Section 5.

Theorem 1.1. Let L be a finite simple group of exceptional Lie type in odd characteristic. That is,
L =°Dy4(q), F4(q). G2(9),*G2(q)', E6(q), *E6(q), E7(q) or Es(q), with q odd. Then every 2-extension
of L satisfies the Quillen dimension property at p = 2, except possibly in the following cases:

e 3D4(9) extended with field automorphisms;

o F4(3), F4(9) extended with field automorphisms;

o 2-extensions of G,(3), G2(9) extended with field automorphisms;
e 2G>(3), Eg(3), E3(9) extended with field automorphisms.
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Indeed, the extensions of G2(3), G»(9) and 2G»(3)’ mentioned above do fail (@), by Example 5.3
and Proposition 5.1.

To achieve the conclusions of Theorem 1.1, in most cases we exhibit a maximal subgroup M of a
2-extension LB of L such that my(M) = m,(LB) and M satisfies (@<),. Since there is an inclusion
I-Im2(L B)—1(dr(M)) — I-Im2(L B)—1(2(L B)) in the top-degree homology groups, this establishes (%),
for LB (see Lemma 3.3). In some cases, the subgroup M arises from suitable parabolic subgroups. More
concretely, when it is possible, we pick P to be a maximal parabolic subgroup of L which is stabilised by
B and such that M := PB realises the 2-rank of L B. Then we get a 2-nilpotent configuration UA, where
U is the unipotent radical of P, A is an elementary abelian 2-subgroup realising the 2-rank of PB, and
0,(UA) = C4(U) =1 by one of the corollaries of the Borel-Tits theorem. Hence, by Quillen’s results
on the solvable case, UA satisfies (@), and thus also M and LB.

When the choice of such parabolic P is not possible, we pick one of the maximal rank subgroups
of L. Here, the components of the maximal subgroup M are usually smaller exceptional groups, low-
dimensional linear group A;(g) and A>(g) or unitary groups A, (g). Therefore, we first prove that the
2-extensions of simple linear and unitary groups in dimensions 2 and 3 satisfy (QD),.

Although there is a large literature on maximal subgroups of exceptional groups of Lie type, we will
only need the results from [Cohen et al. 1992; Kleidman 1988; Liebeck et al. 1992; Liebeck and Seitz
1990; 2004].

Finally, from Theorem 1.1 and the results of [Piterman and Smith 2022b] for p = 2, we can conclude:

Corollary 1.2. Let G be a minimal counterexample to Quillen’s conjecture for p = 2. Then G contains
a component of Lie type in characteristic r # 3. Moreover, every such component fails (Q), in some

2-extension and belongs to one of the following families:

PSL,(2%) (n>3), D,2%) (n>4), Ee2%),
PSLE(q) (n>4), Bu(g) (n>2), Cu(q) (n>3), DE(g) (n>4),

where g = r® and r > 3.

The 2-extensions of PSL,(q), PSL3(g) and PSU3(gq) satisty (@), by Propositions 4.2, 4.5 and 4.6,
respectively, with exceptions when g = 3, 5, 9. Nevertheless, the results of [Piterman and Smith 2022b]
eliminate these possibilities from a minimal counterexample.

Further results on the Quillen dimension property at p = 2 for the classical groups could be pursued
by combining the methods presented in this article with the results of [Diaz Ramos 2018; Diaz Ramos
and Mazza 2022].

The paper is organised as follows. In Section 2 we set the notation and conventions that we will
need to work with the finite groups of Lie type. We also provide some useful properties to work out the
p-extensions and compute p-ranks. In Section 3 we gather previous results on the Quillen dimension
property and related tools that will help us establish this property. Then in Section 4 we establish (@),
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for some 2-extensions of linear groups and recall the structure of the centralisers of graph automorphisms,
following Table 4.5.1 of [Gorenstein et al. 1998]. In Section 5 we prove each case of Theorem 1.1.

All groups considered in this article are finite. We suppress the notation for the homology coefficients,
and we assume that they are always taken over Q. The interested reader may note that our results can be
extended to homology with coefficients in other rings. Finally, we emphasise that we adopt the language
and conventions of [Gorenstein et al. 1998]. This is particularly important when we name the different
types of automorphisms of groups of Lie type. Computer calculations were performed with [GAP].

2. Preliminaries

We assume that the reader is familiar with the construction of the finite groups of Lie type as fixed points of
Steinberg endomorphisms, and the basic properties concerning root systems of reductive algebraic groups.
We will follow the language of [Gorenstein et al. 1998], which also contains the required background on
finite groups of Lie type. In this section, we will only recall some notation and names, and state results
that will be used later.

We denote by C,,, D,,, Sym,, and Alt, the cyclic group of order n, the dihedral group of order n, the
symmetric group on n points and the alternating group on n points.

If G is a group, then Aut(G), Inn(G) and Out(G) denote the automorphism group, the group of inner
automorphisms and the outer automorphism group of G respectively. We denote by Z(G) the centre of G.
We usually write G : H, or simply GH, for a split extension of G by H. When an extension of G by H may
not split, we denote it by G.H. By an element g (resp. a subgroup B) of G inducing outer automorphisms
on L < G we mean that g € Ng(L) embeds into Aut(L) \ Inn(L) (resp. B < Ng(L) embeds in Aut(L)
with BNInn(L) = 1). Finally, H o,, K denotes a central product of H and K by a central cyclic subgroup
of order m. That is, H o,, K = (H x K)/C,,, where C,, embeds into both Z(H) and Z(K).

We will usually use the notation # in a group extension to denote a cyclic group of order n, and n a
direct product of m copies of cyclic groups of order n. A number between brackets [#] in the structure
description of an extension means some group of order .

In this article, we are mainly interested in extensions by elementary abelian groups. Below we recall
the definition of p-extension given in the introduction and introduce some useful notation.

Definition 2.1. Let L be a finite group and p a prime number. A p-extension of L is a split extension
LB of L by an elementary abelian p-group B inducing outer automorphisms on L.

If L < G, we denote by Og (L) the poset of elements B € d,,(Ng(L)) such that BN LCg(L) =1
(that is, B induces outer automorphisms on L). We write 0(L) for Oayr)(L) at p = 2. We also let
O (L) = Og(L) U {1} and 6y(L) = Gy(L) U {1}.

Definition 2.2. For a prime number p, we say that a group G satisfies the Quillen dimension property
at p if d,(G) has nonzero homology in dimension m,(G) — 1, where m,(G) denotes the p-rank of G:

~

Hy,6)-1(d,(G)) #0. QD)
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A remarkable study of the Quillen dimension property for odd primes p was carried out in Theorem 3.1
of [Aschbacher and Smith 1993]. This theorem provides a list with the p-extensions of simple groups that
might fail (@), for p > 3. In particular, this list contains the p-extensions of unitary groups PSU,(q)
with ¢ odd and p|g-+1. However, Conjecture 4.1 of [Aschbacher and Smith 1993] basically claims that
these groups should not belong to this list. In fact, it is shown there that if n < g(q — 1) then these
p-extensions satisfy (Q),. Nevertheless, this problem remains open.

The aim of this article is to achieve some progress on a similar list for the prime p = 2. Therefore, we
will focus on showing that 2-extensions of certain simple groups satisty (@),. To that end, we introduce
the following convenient definition.

Definition 2.3. A group L satisfies (E-(Q9)) if every 2-extension of L satisfies (Q);:
For every B € (52(L), L B satisfies (Q9). (E-(@D))

In order to establish (@), for p-extensions, it is crucial to be able to compute p-ranks of extensions.
The following result, extracted from Lemma 4.2 in [Piterman et al. 2021], will be a useful tool to compute
p-ranks of extensions.

Lemma 2.4 (p-rank of extensions). Let G = N.K be an extension of finite groups, and let p be a prime

number. Then

my(G) = I}‘lsg(mp(CN(A)) +mp(A)),

where S ={A € d,(G)U {1} : ANN = 1}. In particular, m,(G) < m,(N) +m,(K), and if K has order
prime to p then 4,(G) = d,(N) and m,(G) = my,(N).

We will implicitly use this result at many points of the proofs. Note that, in order to apply this lemma,
we should be able to compute centralisers of elementary abelian 2-subgroups, usually inducing outer
automorphisms. We will often proceed as follows: if LB is a 2-extension of L, then take a suitable
decomposition B = By & By, with |B;| = 2. Suppose that we can inductively compute the 2-rank of L By.
Then, by Lemma 2.4, we have

ma(LB) = max{my(LBy), 1 +m(Cpp, (1)) :t € LB\ LBy is an involution}. (2-1)
Moreover, this computation depends only on the conjugacy classes of the involutions ¢, and, in most of

the cases that we are interested in, such classes are completely classified.

Now we recall, rather informally, the names of the different fypes of automorphisms of a simple group
of Lie type K defined over a field of odd characteristic, following Definition 2.5.13 of [Gorenstein et al.
1998]. We refer to [Gorenstein et al. 1998] for the full details. Let ¢+ € Aut(K) be an involution and
K* = Inndiag(K). Then we have the following names for 7:

(1) inner-diagonal if € K*;
(2) inner if ¢ € Inn(K);
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(3) diagonal if t € K* \ Inn(K);

(4) field automorphism if ¢ € Aut(K) \ K* is Aut(K)-conjugate to a field automorphism of the ground
field and K is not %4,,(¢), 2D, (q) or *E¢(q);

(5) graphif t € Aut(K) \ K*, roughly, is Aut(K)-conjugate to an involution arising as an automorphism
of the underlying Dynkin diagram (except for K = G,(g)), or else from a field automorphism in cases
*An(q), *Dn(q) and *E(q); and

(6) graph-field automorphism if it can be expressed as a product gf of a graph involution g and a
field automorphism f, or else K = G,(q) and ¢ arises from an Aut(K)-conjugate of an involution
automorphism of the underlying Coxeter diagram.

It follows from Proposition 4.9.1 of [Gorenstein et al. 1998] that the centralisers of field involutions ¢
verify that m,(Ck (1)) =my(K) and my(Cg+(t)) =my(K™*). By (2-1), we see that my (K (t)) =m(K)+1.
Below we reproduce a simplified version of this proposition.

Proposition 2.5. Let K = ?X(g) be a group of Lie type in adjoint version in characteristic r, and let x be
a field or graph-field automorphism of prime order p. Set Ky = O (Ck (x)). Then the following hold:

(1) If x is a field automorphism then K, =X (q'/7).
(2) If x is a graph-field automorphism thend =1, p =2 or 3, and K, =X (q'/P).
(3) K is adjoint and Cyyndiag(k)(x) = Inndiag(K ).

(4) Field (resp. graph-field) automorphisms are all Inndiag(K )-conjugate, except for graph-fields for
K = D4(q) and p = 3.

The previous proposition does not determine, a priori, the structure of Cg (x), but just of the centraliser
taken over the inner-diagonal automorphism group. Since we are interested in computing m,(Ck (x)),
it will be crucial for us to decide when a diagonal involution can centralise a field or graph-field
automorphism x. We recall below Lemma 12.8 of [Gorenstein et al. 2018, Chapter 17], which provides a
partial solution to this problem.

Lemma 2.6. Let K = PSL,(q), P22,41(q), PSp,, (q) or E7(q), where q is a power of an odd prime r.
Let ¢ be a field automorphism of order 2, and let Ky = 0" (Ck (¢)). Then

Inndiag(Ky) = Crnndiag() (@) = Cran(k)(@).
In particular, ¢ does not commute with diagonal involutions of Inndiag(K).

We will mainly work with Table 4.5.1 of [Gorenstein et al. 1998] to compute the 2-ranks of extensions
by diagonal and graph involutions, mostly for the groups of type Ai(q) and the exceptional groups. In
the next paragraph, we briefly and informally describe how to read such a table. See [Gorenstein et al.
1998, pp. 171-182] for a complete and accurate description of Table 4.5.1.

This table records the K *-conjugacy classes of inner-diagonal and graph involutions ¢ of a finite group
of Lie type K in adjoint version, and the structure of their centralisers when taken over K* = Inndiag(K).
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The centraliser of an involution # is denoted by C* = Cg+(¢). The first column of Table 4.5.1 denotes the
family for which the involutions are listed (A, By, C,, etc.) The second column indicates the restrictions
for these classes to exist, while the third column is a label for the conjugacy class of that involution. For
the purposes of this article, we will not need to interpret the fourth column. In the fifth column, it is
indicated when such classes are of inner type (denoted by 1), diagonal type (denoted by d) or graph
type (several notation like g, g’). The notation 1/d indicates that it is inner if the condition inside the
parentheses at the right holds, and it is diagonal otherwise. From the sixth column to the end, the structure
of the centraliser C* is described. Roughly, C* is an extension of a central product of groups of Lie type
L* = 0’/(C *) (column six), whose versions are specified in the column “version” and whose centres can
be recovered from the column Z(L*). An extra part centralising this product can be computed from the
column C¢+ (L*). Here C*° = L*T* is the connected-centraliser, where T* is a certain r’-subgroup arising
from a torus T normalised by ¢ and inducing inner-diagonal automorphisms on L*. From the columns
L*, version, Z(L*) and C¢+(L*), one can compute the “inner-part” of C*°. Finally, from the last two
columns we can recover the outer automorphisms of L* arising in C*° (in general of diagonal type) and the
remaining part of C*/C*°, which is often an involution acting on the components of L* (as field or graph
automorphism, or by switching two components) and on the central part Cc«(L*) (which is usually cyclic
and the involution acts by inversion). To recover the action of the last column, the symbols i, <>, ¢, y, 1
mean, respectively, an action by inversion, a swap of two components, a field automorphism of order 2,
a graph automorphism of order 2, and an inner action on a component or trivial action on C¢+ (L*).

3. Tools to achieve (Q9),

In this section, we provide tools and collect results that will help us to establish (@), on certain
2-extensions. Many of these tools were introduced and exploited by Aschbacher—Smith to determine the
(Q9)-list in [Aschbacher and Smith 1993].

The following proposition is an easy consequence of the Kiinneth formula for the join of spaces and
the fact that o,,(H x K) >~ d,(H) *d,(K) (see [Quillen 1978, Proposition 2.6]).

Proposition 3.1. If p is a prime and H, K satisfy (QD),, then H x K satisfies (Q),,.
The following lemma corresponds to Lemmas 0.11 and 0.12 of [Aschbacher and Smith 1993].

Lemma 3.2. Let N < G be such that N < Oy (G). Then there is an inclusion
H,(d,(G/N)) € Hy(sl,(G)).

In particular, my(G) =ma(G/N), and if G/N satisfies (QD), then so does G.
If N < Z(G), then the quotient map induces a poset isomorphism d,(G) = d,(G/N).

The following observation is an easy consequence of the inclusion between the homology groups of
top-degree.

Lemma 3.3. Let H < G be such that m,(H) = m,(G). If H satisfies (QD),, then so does G.
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Next, we recall one of the essential results on the Quillen dimension property.
Theorem 3.4 (Quillen). If G is a solvable group with O,(G) = 1, then G satisfies (QD),,.

This theorem settles the solvable case of Quillen’s conjecture (see [Quillen 1978, Theorem 12.1]).
Later, it was extended to the family of p-solvable groups by using the CFSG if p is odd. We refer to
Chapter 8 of [Smith 2011] for further details on Quillen’s conjecture and the Quillen dimension property.

In view of Theorem 3.4 and the inclusion lemma (Lemma 3.3), it is convenient to look for solvable
subgroups of G with maximal p-rank. Some standard solvable subgroups in a group of Lie type L arise
by taking extensions of unipotent radicals by elementary abelian subgroups of their normalisers. These
extensions lie then inside parabolic subgroups. The following result on parabolic subgroups will help
us to achieve (E-(Q9)) for arbitrary groups of Lie type (see [Aschbacher and Smith 1993, Step v on
p. 506]).

Lemma 3.5. Let L be a simple group of Lie type, and p a prime not dividing the characteristic of L.
Suppose that LB is a p-extension of L and that there exists a B-invariant proper parabolic subgroup
P < L such that m,(LB) = m,(PB). Then LB satisfies (Q)),.

Proof. Let R := O,(P), where r is the characteristic of the ground field. Then, as a consequence of the
Borel-Tits theorem, Cayz)(R) < R (see Corollary 3.1.4 of [Gorenstein et al. 1998]). In particular, if
T < PB realises the p-rank of PB, then T normalises R, and C7(R) < RN T = 1. This means that T is
faithful on R, i.e., O,(RT) =1, and m,(RT) = m,(PB) = m,(LB). Then RT is a solvable group with
trivial p-core, and by Theorem 3.4, RT satisfies (@2),. By Lemma 3.3, L B satisfies (@9),. O

Lemma 3.6. Let L be a simple group of Lie type defined in odd characteristic. Suppose that P is a proper
parabolic subgroup of L containing a Sylow 2-subgroup of L (that is, |L : P| is odd). Then L and the
extension of L by a field automorphism of order 2 satisfy (QD),.

Proof. Let L and P be as in the hypotheses of the lemma. Since P has odd index in L, it contains a
Sylow 2-subgroup of L. Therefore, m,(P) = m;(L) and by Lemma 3.5, L satisfies (QD),.

Next, let B € @Z(L) be cyclic inducing field automorphisms. By passing through algebraic groups
and root systems, it can be shown that B normalises some conjugate of P, which we may assume is P
itself. Thus, after conjugation, we suppose that B < Nayz)(P). Note that a Sylow 2-subgroup of PB is
a Sylow 2-subgroup of LB, so my(PB) =m,(LB). By Lemma 3.5, L B satisfies (Q%),. O

We close this section with a few more results on low p-ranks. The following lemma follows from the
p-rank 2 case of Quillen’s conjecture. See [Quillen 1978, Proposition 2.10].

Lemma 3.7. If d,(G) is connected, m,(G) =2 and O,(G) = 1, then G satisfies (QD),,.

It will be convenient to recall the classification of groups with a strongly 2-embedded subgroup, that
is, those groups with disconnected 2-subgroup poset. See [Gorenstein et al. 1998, Theorem 7.6.1] and
[Quillen 1978, Sec. 5].
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Theorem 3.8. Let p =2 and G be a finite group. Then d>(G) is disconnected if and only if O2(G) =1
and one of the following holds:

(1) my(G) =1,
(2) 21(G)/ 0y (21(G)) = PSL,(2"), PSU3(2") or Sz(2**~1) for some n > 2.
In particular, from the isomorphisms among the simple groups, we see that
Alts = PSLy(5) = PSLy(2%),  *Ga(3) = PSLy(2%),
are included in the list of item (2).

Indeed, sometimes in low dimensions, we will be able to conclude (@), by computing the sign of
the Euler characteristic of ¢,(G). Therefore, we will use the following well-known expression of this
invariant. We write E for the conjugacy class of a subgroup E of G.

Proposition 3.9. The reduced Euler characteristic of ,(G) is

~ _ mp (E)
et Gn= Y (pmE G NG(E)).
Eed,(G)/GU{1}

Proof. This follows from the results of [Jacobsen and Mgller 2012], as we briefly explain below. By
[Jacobsen and Mgller 2012, Example 2.10], we have

X((G)=— Y F(dp(E)\(E}.
Eed,(G)U{1}

Since 9, (E) \ {E} is the poset of proper nonzero subspaces of the vector space E of dimension m,, (E)
over the finite field of p elements, we see that

%(dp(E) \{E}) = (_1)mp(E)_2p(mp2(E)) .
Grouping by conjugacy classes yields the formula given in the statement of the proposition. O

Finally, the next lemma will help us to produce nonzero homology by inductively looking into the
homology of the Quillen poset of a certain normal subgroup and centralisers of outer elements acting on
it. The main reference for this lemma is [Segev and Webb 1994].

Lemma 3.10. Let G be a finite group and p a prime number. Suppose that L < G is a normal subgroup

such that ©g (L) consists only of cyclic subgroups. Then we have a long exact sequence

+o = Hpp1(dy(G) > @D Hu(sdy(CL(B))) = Hy(hy(L)) <> Hy(sy(G)) — - --
BeOg(L)
where iy and ji are the natural maps induced by the inclusions s,(Cr(B)) € d,(L) and A,(L) € d,(G),
respectively.
In particular, the following hold:



Maximal subgroups of exceptional groups and Quillen’s dimension 1385

(1) Let X be the union of the subposets d,,(C(B)) for B € Og(L). We have indeed a factorisation

Dipcouw) Hn(4,(CL(B)) - Ho (st (L))

\ / 3-1)

H,(X)

where also i), and k, are induced by the inclusions 1,(Cr(B)) € X and X C dl,(L), respectively.
(2) my(G) < mp(L) + 1.

3) Ifﬁmp(L),l(sﬂp(CL(B))) =0forall B € OG(L), then Hy,L)(4,(G)) = 0.

(4) We have a bound

dim Hy (1) (0p(G)) = Y dim Hy (1)—1 (sp(CL(B))) — dim Hyy1)-1(X)

Bebg (L)
> > dim Hy, (1)1 (p(CL(B))) — dim Hy (1)—1 (shp(L)).
Bebg (L)

(5) If my(G) =my,(L)+ 1 and G fails (QD),, then, for m = m,(L) — 1, we get inclusions
B Ha(sty(CL(B))) = Hpu(X) > Hy(shy(L)).
BeOG (L)

Proof. The long exact sequence arises from the main result of [Segev and Webb 1994]. Then equation (3-1)
in item (1) is an immediate consequence of this sequence. Item (2) holds by Lemma 2.4. Items (3)—(5)
follow by looking into the last terms of the long exact sequence, at m = m,,(L). (Il

4. Some linear groups satisfy (@),

In this section, we prove that the linear groups PSL;(q) and PSL3(q) satisty (E-(QD)) for every ¢, with
a few exceptions for g = 3, 5, 9. These cases will serve as basic cases for the exceptional groups, where
we will occasionally find linear groups as direct factors in some of their maximal subgroups.

From [Gorenstein et al. 1998, Proposition 4.10.5], we recall the 2-ranks of the small dimensional linear

groups:
Proposition 4.1. If q is a power of an odd prime and n =2, 3, then PSLf (q) and PGL,,,i (q) have 2-rank 2.
We begin by studying the linear group of dimension 2.

Proposition 4.2. Let L = PSL,(q) with q odd and q # 3. Then every 2-extension LB of L satisfies
(QD),, with the following exceptions:

(1) L=PSL,(5),B=1;
(2) L =PSL,(9), B induces field automorphisms of order 2.

Moreover, every 2-extension of Inndiag(L) = PGL,(q) satisfies (QD),, except in case (2).
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2-extension L B CrL(B) my (L B)
B=1 L 2
B = (¢) PGL,(q'/?) 3
B = <d> Dq+e 2

Table 1. 2-extensions of PSL,(g), ¢ = 5 odd. Here ¢ =€ (mod 4), € € {1, —1}.

Proof. We consider the possible 2-extensions of L. In any case, we know that L is simple and that
Out(L) = C; x C,, where C; = Outdiag(L) and C,, is the group of field automorphisms of F,. Suppose
that ¢ is an order 2-field automorphisms of [F, (if it exists), and that d € Inndiag(L) \ L is a diagonal
involution. Then the 2-extensions of L are given in Table 1.

This table follows since every involution of Aut(PSL,(q)) \ PGL;(g) is a field automorphism. Recall
also that field and diagonal automorphisms of order 2 do not commute by Lemma 2.6. The structure of the
centraliser for d follows from the first row of Table 4.5.1 of [Gorenstein et al. 1998]. Finally, observe that
L{d) = Inndiag(L) and m,(Inndiag(L)(¢)) = 3 since m,(L) = m,(Inndiag(L)) = 2 by Proposition 4.1.

By computing the Euler characteristic, we prove that each 2-extension of L satisfies (Q2),. First,
2-extensions L B and Inndiag(L){¢) have connected ol,-poset by Theorem 3.8, except for L = PSL,(5),
B = 1. Therefore, by Lemma 3.7, L and Inndiag(L) satisfy (@),, except for L = PSL,(5). Note that
Ar(PSLy(5)) = Ay (Alts) = o> (PSL,(4)) is homotopically discrete with 5 points, and the 2-extension
PGL,(5) = Syms does satisfy (@),. This yields the conclusions of the statement for the case g = 5.

Next we show (@), for the 2-extensions L(¢) and Inndiag(L){¢). Since both have 2-rank 3, by
Lemma 3.3 it is enough to show that L (¢) satisfies (@),. In order to do this, we compute the dimensions
of Hy(sh(L)) and Hy(s42(CL($)).

Since in this situation, ¢ is a square, ¢ # 5. Second, if ¢ =25, Cr(¢) = PGL,(5). Hence, in any case,
the dimension of these degree 1 homology groups can be computed from the reduced Euler characteristic
of the underlying d»-poset. Here we use the formula given in Proposition 3.9. Thus, for K = L or Cr(¢),

dim Hy (4>(K)) = — X (A42(K)) = 1 — # of involutions in K + 2 - # of 4-subgroups of K. 4-1)
In Table 2 we describe these numbers.

Proof of Table 2. The number of involutions and 4-subgroups of PSL,(g) follows from Dickson’s
classification of the subgroups of PSL,(g) (see also Theorem 6.5.1 of [Gorenstein et al. 1998]).

group number of involutions number of 4-subgroups
PSL(q) 1a(g+e) 34 (q*—1)
PGL2(g) q* %q(q2 -1

Table 2. Here ¢ =¢ (mod 4), € € {1, —1}.
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The number of involutions of PGL,(g) follows since there is a unique conjugacy class of diagonal
involutions d by Table 4.5.1 of [Gorenstein et al. 1998]. Thus, the number of elements in such conjugacy
class is equal to %q(q — ¢), which gives ¢ after adding the number of involutions in PSL;(g).

Finally, to compute the number of four-subgroups of PGL;(g) we proceed as follows: each four-
subgroup of PGL,(g) is either contained in PSL;,(g) or else it contains a unique involution of PSL;(g) and
2 diagonal involutions. Therefore, for a given diagonal involution d, there is a one-to-one correspondence
between 4-subgroups containing d and involutions in C7(d) = D,4.. This shows that each diagonal
involution is contained in (g 4 €)/2 4-subgroups. Since we have %q(q — €) diagonal involutions, the total
number of 4-subgroups in PGL,(q) containing diagonal involutions is

qg—€) (@+e 1 _q@> =1
2 2 2 8

Thus the total number of 4-subgroups in PGL;,(g) is

q(g>—1) +q(q2—1) O
24 8 6

This completes the proof of Table 2. O

Indeed, by Table 2, we get concrete values for the dimensions of the degree 1 homology groups of
> (PSLa(q)) and 512 (PGL2(q)):

dim Hj (s42(PSL2(q))) = — X (42(PSL2(q))) = 15(q — €)(g* — (6 — €)g — €12), (4-2)
dim H, (s, (PGL2(¢))) = — ¥ (42(PGL2(q))) = 3(g —3)(¢> — D). (4-3)

Now we need to describe the number of field automorphisms in PSL;(q){¢) and in PGL>(q){¢).

Recall that the field automorphisms of PSL,(g)(¢) are all PGL;,(g)-conjugate, with centraliser
CpGLy(q) (@) = Cpsi,(g)(¢). Thus, the number of field automorphisms of order 2 in PSLy(g)(¢) is
exactly

|PGLa(@)l _ gq(g*—1) — g1 1)
ICpsLaig) (@) q2(g—1)

This gives ¢'/?(g + 1) involutions in PSL;(g)(¢) \PSLa(q). Let L =PSL(g), B = (¢). By Lemma 3.10,
the values in Table 2 and formula (4-1), we conclude that
dim Hy (s1>(LB)) = ¢'/*(g + 1) dim H; (12 (PGL1(¢"/?))) — dim H; (s4>(PSL2(q)))
=q'"(q+D3@"?=3)g—1) -5 —1)(q*—5¢—12)
=17 =D@g—1D(@"* =3¢ —4).

Note that g = 1 (mod 4). The above number is positive for all ¢ > 13, which is our case since ¢ is an
even power of an odd prime and g # 9 by hypothesis. We conclude that LB = PSL,(g)(¢) satisfies



1388 Kevin I. Piterman

(@),. Then also PGL;(q){(¢) satisfies (@2),. Moreover,

dim Hy (1, (PGL2(q)($))) > dim H (sd2(PSL2(q)(6)))
> 1q@"? =g —D(g*=3q 9. (4-4)

We have shown that every possible 2-extension of PSL;(¢) and PGL,(q) satisfies (Q9),, except for
the cases described in the statement of the theorem. U

We note that the excluded cases in Proposition 4.2 actually fail (@9),. Indeed, PSL,(5) fails (@),
since it has 2-rank 2 and d,(PSL,(5)) = o, (PSL;(4)) is homotopically discrete. The following ex-
ample provides the details that show that PSL,(9)(¢) and PGL,(9)(¢) fail (@D),, where ¢ is a field
automorphism of order 2.

Example 4.3. Let L =PSL,(9) and let A = Aut(L). Then A/L = C, x C,, so every 2-extension of L is
a nontrivial normal subgroup of A. This gives 3 possible 2-extensions of L, but not 4. Let ¢ be a field
automorphism of L and d a diagonal automorphism of L, both of order 2. Then the possible 2-extensions
of L are

(1) L, with 2-rank 2, satisfies (@), with H;(sd,(L)) of rank 16;
(2) L{¢), with 2-rank 3, fails (@), since Cr(¢) = Sym,, which has nontrivial 2-core

O2(CL() =CoxCr # 1
(3) L{d) =PGL,(9), with 2-rank 2, satisfies (@), with H;(s>(L){d)) of rank 160 and C; (d) = Dyj.

Note that Aut(L) has 2-rank 3 and does not satisfy (Q@),, and it is not a 2-extension of L since
diagonal and field automorphisms do not commute in Aut(L). Also PGL,(9)(¢) fails (@), since
CracL,9)(¢) = Cr(¢) has nontrivial 2-core.

There is also a remaining almost simple group N with L < N < Aut(L), not contained in the previous
cases. This is the extension N = PSL,(9).2 = Altg .2, and it satisfies that ol,(N) = sd,(L). Therefore,
although this group N is not a 2-extension of L, it is a “nonsplit 2-extension”, and it does satisfy (Q);.

Finally, these computations show that of, (L) < s, (Aut(L)) induces an inclusion in homology, and
hence a nonzero map. By the main result of [Piterman and Smith 2022a], PSL,(9) is not a component of

a minimal counterexample to Quillen’s conjecture.

Our next aim is to show that 2-extensions of PSL3(g) satisfy (@), with only a few exceptions. We
will need the following lemma which records the values of the Euler characteristic of the Quillen poset of
some linear groups and the unitary groups in dimension 3.

Lemma 4.4. For L =PSL,,(q) and n odd, we have

—)

-1
R (da(L)) = ¥ (A2 (PGL, (q))) = H(q" — 1 fa(@),
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where f,(q) denotes a polynomial as described in [Welker 1995]. For instance, f3(q) = q> +3q>+3q +3.
Moreover, since (L) is Cohen—Macaulay of dimension n — 2, the above Euler characteristic computes
the dimension of H,_»(A,(L)).

If L =PSUs(q), then

X (2 (L)) = X (42(PGU3(q))) = —1(¢® —2¢° — ¢* +2¢° — 34> +3).

Proof. The value of the Euler characteristic for PGL,, (¢) follows from Proposition 4.1 and Theorem 4.4
of [Welker 1995] (note that there is a typo in the formula of Theorem 4.4, and the product over i
should be up to r — 1). Also, since n is odd, by Proposition 7.5 of [Piterman and Welker 2022],
A>(PSL, (q)) = A>(PGL, (g)) = 42(GL, (g))>z where Z is the cyclic subgroup of order 2 of Z(GL,,(¢)).
By [Quillen 1978] (see also [Welker 1995]), g, (PSL,(g)) is Cohen—Macaulay of dimension n — 2.
The formula for PGU3(gq) follows from Example 7.6 of [Piterman and Welker 2022]. U

Next, we show that the 2-extensions of PSU3(q) satisfy (QD),, except for ¢ = 3. These cases will be
important during our analysis for PSL3(g), especially when working with 2-extensions by graph-field
automorphisms.

Proposition 4.5. Let L = PSUs(q) with g odd. Then L satisfies (E-(QD)) if g # 3. Moreover, let ¢ be a
graph automorphism of order 2 of L. Then we have
dim H (sd2(PGU3(q)(¢))) > dim H; (s> (PSU3(¢)(¢)))
*(@*—q+1D)
G.g+1)
which is a positive polynomial for g > 3. Finally, for g = 3, PSU3(3) satisfies (QD), but PSU3(3)(¢)
fails (QD);.

z%(qz—l)(qul)( <q—3>—<q3—3q2+3q—3>>,

Proof. We have that o,(L) is connected by Theorem 3.8, and m,(L) = 2 by Proposition 4.1. Thus L
satisfies (@), by Lemma 3.7. Moreover, by Lemma 4.4,

dim Hy (shr(L)) = =¥ (sh2(L)) = 1(¢° —2¢° — ¢* +2¢° = 3¢* +3). (4-5)

Next, the only possible nontrivial 2-extension of L is by a graph automorphism ¢ of order 2 (which
indeed arises from the field automorphism x — x?). Let L| = L{¢) be such extension. By Table 4.5.1 of
[Gorenstein et al. 1998],

CPGU3(q)(¢) = Inndiag(Q3 (q)) = PGLZ(Q)

This implies that C(¢) = PGL,(g). Moreover, there is a unique PGU3(g)-conjugacy class of graph
automorphisms, and such elements act by inversion on Outdiag(L) = (3, ¢ +1). Thus the conjugacy class
of ¢ in Out(L) has size (3, g + 1), and this gives rise to exactly (3, ¢ + 1) extensions L(¢') < Aut(L) of
L by a conjugate ¢’ of ¢, and these extensions are Aut(L)-conjugate. We conclude then that the number
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of graph automorphisms contained in L is
. IPGL@I  _¢*@’+D
fTIPGL@IB. g+ D Bog+ D]
Finally, by Lemma 3.10, we conclude that
dim Hy (s42(PGU3(q)(¢))) > dim Hy(sd2(PSU3(q) ()
> ng dim Hy (42(PGL2(q))) — dim H, (s> (PSU3 (¢)))
_ @+,
G.g+1D°

=§(q2—1>(q+1>(

(@—3)(@*—D—3q°—2¢° —q* +2¢° =3¢ +3)

a*@*—q+1)
G,q+1)
This polynomial is positive for all ¢ > 3. Therefore, L; satisfies (QD), if g # 3.
When g =3, C;.(¢) = PGL;(3) has nontrivial 2-core, so H; (#2(Cp(¢))) =0, and by Lemma 3.10(3),
Hy (s> (L1)) =0. g

Now we have the necessary background to prove that PSL3(g) satisfies (E-(Q9)), except for a small
number of cases.

<q—3)—<q3—3q2+3q—3>>.

Proposition 4.6. Let L = PSL, (q) with n, q odd. The following assertions hold:
(1) L, and L extended by a field involution, satisfy (Q),.
(2) If n =3, then every 2-extension of L satisfies (QD),, with the following exceptions that fail (Q),:
o L =PSL3(3) extended by a graph automorphism, and
o L =PSL3(9) extended by a group generated by a field involution and a graph automorphism.

Proof. Let L =PSL,(gq), with n odd, and consider the stabiliser P of a 1-dimensional subspace of the
underlying module V =[F/. Then P is a parabolic subgroup with structure P = [q" 'L p, where Lp, a
Levi complement for P, has structure SL,,_1(¢q) o(4,4—1) C4y—1. Thus |Lp| =|GL,_1(¢g)|/(n,q — 1) and
the index of P in L is
nn—1)/2 (l_ i_ 1 n_1

q Hz—Z(q_l ) =q :qn—l+qn—2+'”+q+1.
g1 gn=De-221" 2 (gi = 1)  g—1
Since n is odd, the index of P in PSL,(¢q) is odd. By Lemma 3.6, L = PSL,,(¢) and L extended by a
field involution satisfy (Q@®),. This proves item (1).

|[L:P|=

Before moving to the case n = 3, we list all the possible 2-extensions of L. Denote by ¢, y and § a
field automorphism of order 2, a graph automorphism and a graph-field automorphism of L, respectively,
such that [¢, y] =1 and § = ¢py. Let also L* = PGL,(¢g). Then the 2-extensions of L are

i) L;
(i) L{(¢), with C7«(¢) = PGL,(q'/?) by Proposition 2.5;
(iii) L(y), with Cr(y) = Inndiag(2,,(¢)) by Table 4.5.1 of [Gorenstein et al. 1998];
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(iv) L(8), with Cp+(8) =PGU,(¢'/?) by Proposition 2.5;
(v) L{g, y), with Cr(¢, y) = Inndiag(2,(g'/?)) by (iii) and Proposition 2.5.

Now suppose that n = 3, that is L = PSL3(g). We know that the extensions of cases (i) and (ii) above
satisfy (@), by the parabolic argument. So it remains to show that the 2-extensions by graph, graph-field
and both graph and field automorphisms, satisfy (@),. To that end, we compute the dimensions of the
top-degree homology groups, similar to what we did for PSL;(g) in the proof of Proposition 4.2.

First, recall that we have the following number of involutions of each type. Let B = (¢, y).

ny :=# field involutions in L(¢) = # field involutions in LB
_ | PGLs(9)|
|PGL3(¢'/?)|(3,¢'> + 1)’
ng :=# graph involutions in L(y) = # graph involutions in LB
. |PGL3(q)|
~ |PGL2(9)I3, g = 1)’
ngr :=# graph-field involutions in L(§) = # graph-field involutions in LB
_ | PGL3(q)|
|PGU3(¢'/%)I(3, ¢'* = 1)

To compute these numbers, we have used the structure of the centraliser in each case, the fact that there is
a unique L*-conjugacy class for each type of involution, and the structure of Out(L) = (3, g — 1) : (¢, ¥)
(see Theorem 2.5.12 of [Gorenstein et al. 1998]).

Let ¢ be a field, graph or graph-field involution of L, and let L = L(¢). Then the number n, of involutions
in L1\ L is ny, ng or ngr, accordingly to the type of 7. Note also that my(L1) =m(L) +1=3.

By Lemma 3.10,

dim Hy(shy(L1)) > n; - dim Hy (sd2(C1(1))) — dim Hy (sl2(L)). (4-6)

We compute d(t) := dim H; (dz(CL(t))) in each case, by using Lemma 4.4 and (4-3). Note that
Q1 (Cr(¢)) = PSL3(¢'/?) by item (ii) above. Also Cr(y) = PGL;(g) by the classical isomorphism
Inndiag(23(q)) = PGL;(¢g). By Lemma 4.4, we have

d(¢) = dim H, (s> (PSL3(¢"/%)) = 1(¢"* = (g — D(¢** +3q +3¢"/* +3),
d(y) = dim H (42(PGL(¢))) = 3(q —3)(¢* — 1),
d(8) = dim H, (s, (PGU3(¢'?))) = 1(¢* —2¢°"* — ¢* +2¢°* — 3¢ + 3).

Let d :=dim H;(d(L)). Since o>(L) is connected and m, (L) = 2, by Lemma 4.4 we have
d=—3(d2(L) = (g — D(g* — 1)(¢’ +3¢° +3q +3).

Now it is routine to verify that n;d(t) > d if t =y or t =4, if and only if (¢, g) # (y, 3). Indeed, for
qg =3, Cr(y) =PGL,(3) = Sym, has nontrivial 2-core, so d(y) = 0 and in consequence, H,(L{y)) =0.
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This shows that L(y) fails (Q®), if ¢ = 3. Therefore, a 2-extension of L by a field, graph or graph-field
involution satisfies (@), if and only if ¢ # 3 when L is extended by a graph involution.

It remains to show that LB = L(¢, y) verifies (Q2),. For this case, we take Ly = L(¢), Lo =LB
and consider the long exact sequence of Lemma 3.10 at m = 2 there (since m,(L,) = 4). That is, we
need to show that Hz(d>(L3)) # 0.

Note that the set of involutions # € L, \ L is exactly the set of all graph and graph-field automorphisms
of the extension L, = LB. Let dy := dim H(s42(PGL2(q)(9))), dgs := dim H>(sd2(PGU3(¢'/?)(¢)))
and dy := dim H(4»(Ly)). Therefore, by Lemma 3.10,

dim H3(d(Ly)) > I’lgdg + ngfdgf — df. 4-7)

We show that the right-hand side of this equation is positive if g # 9 by providing proper bounds of the
dimensions dg, dqr and dy.
By (4-4),

dy = dim H> (12 (PGLa () () > 1(¢"/* = (g — 1)(¢*/* = 3q — 4). (4-8)
Next, by Proposition 4.5,

qlg—q'?+1)

der =Yg —1D(g"*+1

(q‘/z—s)—(q3/2—3q+3q‘/2—3)>, (4-9)

which is positive for all g > 9.
Finally, we need to bound dy from above. Indeed, by Lemma 3.10 at m = 2, we have
df = dim Hy(sd>(Ly)) = dim H>(sd,(PSL3(q)(9)))
< ny dim Hy (sd2(PSLs (/%))

3/2 3/2
" g+ D@+ D ), 32 12
= 3 — (g —D(g 3g+3 3).

Now we check with the given bounds that ngd, + ngrd,r — dy is positive if and only if ¢ > 9. In

fact, if ¢ =9, similar arguments show H3(sd>(LB)) = 0 since d, = 0 by Example 4.3 and d,r = 0 by
Proposition 4.5.

We conclude that every 2-extension of PSL3(g) satisfies (@),, except for PSL3(3) extended by a
graph automorphism and for PSL3(9) extended by field and graph automorphisms, which actually fail
(QD),. O

5. The Quillen dimension property on exceptional groups of Lie type

We use the results of the preceding sections to show that, with only finitely many exceptions, the 2-
extensions of the finite simple groups of exceptional Lie type satisfy (Q@9),. For that purpose, it will be
convenient to recall first which 2-extensions can arise in each case. Table 3 records the 2-ranks of the
exceptional groups of Lie type in adjoint version and the structure of the outer automorphism group. The
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group 2-rank Outdiag Out / Outdiag

Dy(q) 3 1 30

G2(q) 3 1 I, where |®T": I'| =2 if ¢ = 3%, and I = 1 otherwise
2G1(q) 3 1 ® (odd order)

Fy(q) 5 1 o

Es(q) 6 3,g—-1 OxILTTEC

2Es(q) 6 G.g+1) 20

E1(q) 8 2 ®

Es(q) 9 1 ®

Table 3. Out / Outdiag is cyclic unless specified; ® = Aut(F,) = C,, where g =r9, r is
an odd prime, and the usual conventions for the twisted types hold. Also, I" is a set of
graph automorphisms.

2-ranks were extracted from [Cohen and Seitz 1987; Gorenstein et al. 1998, Proposition 4.10.5]. From
Table 3, we will compute the possible 2-extensions in each case.

Recall that we follow the terminology of [Gorenstein et al. 1998]. In particular, by a group of Lie
type K we mean the finite group 0" (C,(K)), where K is a simple [,-algebraic group and o a Steinberg
endomorphism of K. Also, K is the adjoint version if Z(K) = 1. Unless we specify the version, we will
always work with the adjoint versions of the exceptional groups of Lie type.

Cases G,(q) and *G,(q). We start by proving that the Ree groups >G,(q) satisfy (@), if and only if
g # 3. Note that, by Table 3 for example, G (g) has no nontrivial 2-extension.

Proposition 5.1. Let L be the Ree group >G1(q), where q is a power of 3 by an odd positive integer. Then
the following hold:

(1) L has no nontrivial 2-extensions.

(2) A Sylow 2-subgroup of L is an elementary abelian group of order 8, so my(L) = 3.
(3) 2-subgroups of equal order of L are conjugate.

(4) L satisfies (QD), if and only if g # 3. Moreover, if ¢ > 3 then

dim Hy(sla(L)) = X (sha(L)) = 3 (¢* = (g’ =8¢ +15¢” +21) > 0. (5-1)
(5) For g =3, (L) = A>(PSL;,(8)) is homotopy equivalent to a discrete space of 8 points.

Proof. Ttems (1)—(3) are well-known facts about the Ree groups and can be found in [Ward 1966].

If L =2G»(3), then L’ = PSL,(8) has index 3 in L, and sd>(L) = o, (PSL>(8)) is homotopy equivalent
to a discrete space with 8 points. Since m,(L) = 3, we conclude that L fails (@), for ¢ = 3. This
proves item (5) and the “only if” part of item (4).

Now suppose that ¢ # 3 and L = %G, (g). Since o,(L) has dimension 2 by item (2), we show that its
second homology group is nonzero. To that end, it is enough to see that its Euler characteristic is positive
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since 9, (L) is connected for g # 3 by Theorem 3.8. Indeed,
X (da2(L)) = dim Ha(l>(L)) — dim Hy (sd2(L)) < dim Hp(sA2(L)).

We invoke Theorem C of [Kleidman 1988] to describe the normalisers of 2-subgroups: the centraliser
of an involution is 2 x PSL;,(g), the normaliser of a four-subgroup is (2% x D+1),2) : 3, and the normaliser
of a Sylow 2-subgroup is 23 :7:3. From this information, items (2), (3) and Proposition 3.9, we can
compute the Euler characteristic of of,(L):

Rl = 14—l 5 1 gl

X152 2[PSLa(q)|  6(g+1) 168
:—1+q3(q3+1)(q—1)( R — +i>
q(g>—1) 3(g+1) 21

= (q> — (g’ —8¢" +15¢° +21).

Since the polynomial ¢ — 8¢* 4 15¢% 4+ 21 = g*(q — 8) + 15¢> + 21 is positive for every prime power
q # 4, we conclude that H(4,(L)) # 0. In consequence, L satisfies (QD), if g # 3. This completes the
proof of item (4), and hence of this proposition. O

For the case G;(g), we refer the reader to the classification of maximal subgroups of G,(g) by
P. Kleidman [1988]. We will follow the terminology of that article.

Proposition 5.2. Let L = G»(q), with q odd. Then every 2-extension of L satisfies (QD),, except possibly
for the 2-extensions of G2(3) and the 2-extension of G,(9) by a field involution.

Proof. Let L = G»(q). We prove first that G,(q) and its extension by a field automorphism of order 2
satisfy (@9),, by exhibiting a maximal subgroup of the same rank that satisfies (Q9),.

By Theorem A in [Kleidman 1988], G,(q) contains a subgroup K =SL3(g) :2. Let L, = F*(K1) =
SLs(g) and Z = Z(L4). Then Ly :=Ly/Z =PSL3(q) and Hy := K+ /Z = Ly(y), where y induces a
graph automorphism on L (see Proposition 2.2 and its proof in [Kleidman 1988]). By Proposition 4.6,
L satisfies (QD), if g # 3, so Hy satisfies (QD),.

On the other hand, m,(L) = 3 by Table 3, and also m(Lg) = 3 by the proof of Proposition 4.6. Recall
from Lemma 3.2 that

H,(sh2(Hp)) = Ha(s02(K +/2)) S Ha(sha (K 1)).

In particular, we get the following inclusions between the top-degree homology groups
Hy(sl2(Ho)) € Ha(sla(K+)) € Ha(sla (L)),

which show that L satisfies (QD), if g # 3.

Next, a nontrivial 2-extension of L = G,(g) can only be given by field automorphisms of order 2
if g is not a power of 3. Moreover, by the construction of the subgroup K, given in [Kleidman
1988], field automorphisms of G;(g) induce field automorphisms on (a suitable conjugate of) K.,
and hence on the quotient Hy. Thus, for B € 6,(L) inducing field automorphisms, we may take
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K, fixed by B, and then K. B = SL3(g) : (2 x B) after a suitable choice of conjugates (recall that
Out(SL3(¢)) = (3, g — 1) : (Aut(F,) x I'), where I' = 2 is a group of graph automorphisms). Similar as
before, we have a split extension Ky B/Z = LoB’, where B’ = (y) x B € 6(L¢). By Proposition 4.6,
LoB’ satisfies (QD), if ¢ #9. Analogously to the previous case, m,(LoB’) =4 = my(L) = my(K 1 B),
and we get an inclusion in the degree 3 homology groups, showing that K B and LB satisfy (@9),.
Therefore, an extension of L by a field automorphism of order 2 satisfies (@), if g # 9.

It remains to analyse the case ¢ =3“. By Table 4.5.1 of [Gorenstein et al. 1998] (see also Theorem 2.5.12
of [Gorenstein et al. 1998]), only field or graph-field automorphisms can arise in Aut(L). We have shown
above that the extension of L by a field automorphism of order 2 satisfies (@), if ¢ # 9. Thus we need
to prove that if 7 is a graph-field automorphism of L, then L (¢) satisfies (@2),. In that case, ¢ = 32!
and by Proposition 2.5, C(t) = 2G,(g), which has 2-rank 3. Therefore m,(L(t)) = 4. However, by
Theorem B of [Kleidman 1988], every maximal subgroup of L(t) containing ¢ is either 2-local or has
2-rank at most 3. This shows that we cannot proceed as before via maximal subgroups. In view of this,
we will proceed by using the long exact sequence of Lemma 3.10.

We have subgroups My := Cr(t) = 2Ga(q), M; := G>(3)(t) < L(t) and M := >G»(3) such that
My < M{NMy. Fix A a Sylow 2-subgroup of M;. By Proposition 5.1(2) and [Kleidman 1988, Lemma 2.4],
A is also a Sylow 2-subgroup of My and it is self-centralising in L, i.e., C,(A) = A. A direct computation
also shows that N M (A) = A.PSL3(2), which immediately implies Ny (A) = A.PSL3(2).

Now, suppose by the way of contradiction that L(¢) fails (Q@®),, that is, the homology group
H3(sA>(L(t))) vanishes. Recall that Cy (1) = 2G2(q) and there is a unique L-conjugacy class of involutions
t'" € L(t) — L by Proposition 2.5(4). Let X = UCL(t)xeL/CL(t) A (Cp(t*)). By Lemma 3.10, we get
inclusions

B Ha(sha(CL() > Ha(X) > Ha(sha(L)). (5-2)

L/CL(t)
Set

d:=dim Hy(X), d':=dim @ Hy(d:(CL(1))=]|L:CL(t)|dim Hy(sh2(*G2(g))).
L/CL@)

Equation (5-2) shows that d’ < d. However, we will prove that d < d’, arriving then at a contradiction.

On one hand, we have that X is a union of o,-posets. Therefore, below each point, we have a wedge
of spheres of maximal possible dimension. This means that the homology of X can be obtained from the
chain complex that in degree i is freely generated by the spheres below each point of X of height i. In
particular, for i = 2, the points of height 2 correspond to the conjugates of A, the fixed Sylow 2-subgroup
of My = Cy(t) and M,. Thus,

7% —1)(g*—1)
168 '

d =dim Hy(X) <|L: Np(A)|-#(spheres below A) =
On the other hand, by Proposition 5.1(4),

d >|L:C(0)]- X (423G2())) = ¢°(¢° — D(g + D5 (¢> — D)(g° —8¢* + 15¢° +21).
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Finally, from these bounds, we prove that d’ > d if ¢ > 7. We can bound

q%@q®—1(qg* - 1)
168
=¢°(@> = D@+ Dygq” — D(8(g° —8¢* +15¢° +21) —¢*(¢° —q + 1))
> 8(¢° —8¢* +15¢° +21) —¢*(¢* —q + 1)

=7(q*(q —9) + 17¢° +24).

d'—d>q* g’ — D@+ Dxg* =g’ —8¢* +15¢° +21) —

The latter polynomial is clearly positive for g > 9, and also for ¢ = 7 by direct computation. Since g > 7
by hypothesis, we conclude that d’ > d. This gives a contradiction to equation (5-2), and thus shows that
H3(A2(L(t))) # 0; that is, L(t) satisfies (Q2),. This finishes the proof of the proposition. U

Example 5.3. Let L = G»(3). We show that d,(L) is homotopy equivalent to a wedge of spheres of
dimension 1. In particular, since m,(L) = 3, L fails (Q®),. Moreover, by Lemma 3.10, also the unique
nontrivial 2-extension of L (by a graph-field automorphism) fails (Q%),.

We construct a subposet of d>(L) of dimension 1 and homotopy equivalent to d»>(L). First, take
the subposet i(sl2(L)) = {A € sly(L) : A = Q1(Z(Q1(CL(A))))}, which is homotopy equivalent to
gy (L) (see [Piterman 2019, Remark 4.5]). Next, there are two conjugacy classes of elementary abelian
2-subgroups of order 8, and both are contained in i(sd,(L)). For one of these classes, say represented by A,
the normaliser Ny (A) has order 192. Then it can be shown that i(sd,(L)) - 4 is contractible. Therefore, if
we remove the L-conjugates of A from i(sd,(L)) we get a subposet si(sd,(L)) homotopy equivalent to
i(d2(L)). Now, there is a unique conjugacy class of four-subgroups in this new subposet si(sf2(L)), and
each such subgroup is contained in a unique element of order 8 of si(sd(L)). Again, we can remove all
the four-subgroups from si(sd, (L)) and obtain a new subposet ¥ homotopy equivalent to g, (L). Since
Y consists only of elements of order 2 and 8, we conclude that Y has dimension 1. Finally, an extra
computation shows that ¥ (s, (L)) = —11584. Therefore o, (L) is homotopy equivalent to a wedge of
11584 spheres of dimension 1. In particular, L fails (Q2),.

This also shows that L = G,(9) extended by a field automorphism of order 2 fails (Q%),: if ¢ is a
field involution, then C1(¢) = G»(3), and thus H(sd2(C(¢))) = 0 by the previous computation. Then
by Lemma 3.10, we conclude that H3(>(L)) = 0.

Cases 3D4 and F; (q).
Proposition 5.4. The group L =3Dy4(q) satisfies (E-(QD)) if ¢ # 9 is odd. Also 3D4(9) satisfies (QD),.

Proof. Recall that m,(L) = 3 by Table 3. Then a graph automorphism of order 3 of 3D4(g) centralises a
subgroup K = G,(g). Also, if ¢ denotes a field automorphism of order 2 of L, then, after choosing a
suitable conjugate, we may assume that ¢ induces a field automorphism on K. By Proposition 5.2 and
its proof, my(K) =3 = my(L), may(K(p)) = 4 = mp(L{¢)), and both K and K (¢) satisty (QD), for
q # 3, 9 respectively. Also note that G,(9) satisfies (QD),. By Lemma 3.3, L and L(¢) satisfy (@),
if ¢ # 3,9, respectively. Since these are the only possible 2-extensions of L by Table 3, this concluded
with the proof of our proposition for g # 3.
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If g =3, a computation of the Euler characteristic of s, (L) in GAP with the Posets package [Ferndndez
et al. 2019] shows that X (sd, (L)) = 882634225472. Since s, (L) is connected by Theorem 3.8, we see
that Hy(dA>(L)) # 0, that is, L satisfies (Q9),. O

Proposition 5.5. If L = F4(q), with g # 3,9 odd, then L satisfies (E-(QD)). Also F4(9) satisfies (QD),.

Proof. Suppose that g # 3, 9 is an odd prime power. Then L contains a subgroup H :=PGL3(g) x G2(q)
(see the main result of [Liebeck and Seitz 2004]). Note that H satisfies (@), by Propositions 3.1, 4.2
and 5.2. Since both L and H have 2-rank 5 by Table 3, we conclude that L satisfies (Q),.

Let Be©,(L), so B is generated by a field automorphism of order 2. Thus it acts by field automorphisms
in a direct product subgroup isomorphic to H, which we may assume without loss of generality that it is
our H. Then H = PGL,(g)B x G, (ql/z), which is a subgroup of HB, satisfies (@), by Propositions 3.1,
4.2 and 5.2. Since mz(ﬁ) = 6 =my(LB), we conclude that LB also satisfies (@9),.

We have shown that every possible 2-extension of L satisfies (QD),, so L satisfies (E-(QD)).

If g =9, then PGL;(9) x G,(9) satisfies (@), by Propositions 3.1, 4.2 and 5.2. Therefore, F4(9)
satisfies (QD),. O

Cases Eq(q) and 2E‘g(q).
Proposition 5.6. Let L = E¢(q) (any version), € € {£1}, and q odd. Then L satisfies (E-(Q9D)).

Proof. Let L = E¢(q) in adjoint version (i.e., simple), where € € {£1}. For a 2-extension LB of the
adjoint version L, we see that my(L B) = my(L, §), where L, is the universal version of E¢(q) and B ,
isomorphic to B, is just a lift of the action of B on L, (this is possible since Z(L,) = (3, g — €) is odd).
Thus LB = L,B/Z(L,,), and by Lemma 3.2, Hy(sd»(LB)) C H,(sd2(L,B)). Therefore, if L satisfies
(E-(@9D)), then so does the universal version of E¢(g).

We will show that there exists a parabolic subgroup P of L such that for any 2-extension L B, a suitable
conjugate of P is normalised by B (so we can suppose it is P itself), and m,(PB) = m,(LB).

This parabolic subgroup P arises from the As subdiagram in Es, so P = U GLg(q)/Z(L,), where
GL¢(q)/Z(L,) denotes the Levi complement. Then m,(P) = 6, which realises the 2-rank of L. Further-
more, a graph, graph-field or field automorphism of order 2 of L (the last two only for € = 1) stabilises this
subdiagram (and hence P), inducing a graph (resp. graph-field or field) automorphism on GL¢(g)/Z(Ly).
Denote by ¢ such automorphism. Then my(L{t)) < my(L)+ 1 ="7. We claim that

ma(P(t)) =ma(GLg(q)(t)) = 7= ma(L(t)). (5-3)

Note that m, (P (t)) = m2(GLg(g)(t)), for the lifted action of  on GLg(g). Then it is clear that (5-3) holds
if ¢ induces a field automorphism (so € = 1), since the stabiliser of ¢ in GLg(q) is GLg(g'/?). Similarly,
if # is a graph-field automorphism then € = 1 and Cgr,(4)(t) = GUg(g'/?), which has 2-rank 6. Then, in
these two situations, m,(P(t)) =17.

Now assume that ¢ is a graph involution. For € = 1, ¢ acts on GLg(g), so GLg(g)(t) contains a
graph automorphism g inducing the map x — (x’)~!, where x’ denotes the transpose of x. Therefore,
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CaLy(g)(8) = {x € GLg(q) : xx’ =1} = GOg¢(q) is the subgroup of orthogonal matrices, which has 2-rank 6.
This implies that m,(GLg(g)(t)) = 6. If ¢ = —1, ¢ is a graph involution acting on GUg(g), so up to
conjugation ¢ is indeed the map x +> x9. Therefore, Cgu,()(t) = GOg(g), so m2(GUs(g)(t)) = 6. In
any case, we see that m (P (t)) =7.

Finally, suppose that we have B = (¢, y), where ¢ is a field automorphism of order 2 and y a graph
automorphism of order 2 of L = E¢(q). We can suppose that B stabilises P (and thus its unipotent radical),
and its Levi complement GLg(q)/Z(L,). Thus, y induces a graph automorphism on the stabiliser of
¢ in GLg(g), which is isomorphic to GL6(q1/2). As we saw above, mz(GL6(q1/2)(y)) = 7. Therefore,
my(GLg(q)B) = 8. Since my(B) = 2 and my(Eg(q)) = 6, we conclude that m,(E¢(g)B) = 8, so the
2-rank is realised in PB.

To conclude, note that a 2-extension of L is one of:

(1) L, of 2-rank 6 = m,(P),
(2) L(y) of 2-rank 7, with y a graph automorphism of order 2, which also stabilises P and m,(P(y)) =7,
(3) L{¢) of 2-rank 7, with ¢ a field automorphism of order 2 (¢ = 1) that stabilises P, and so m, (P (¢)) =7,

(4) L(y¢) of 2-rank 7, with y¢ a graph-field automorphism of order 2 (¢ = 1), which stabilises P, and
thus ma(P(y¢)) =7,

(5) L{y, ¢) of 2-rank 8, with ¢ a field automorphism of order 2 (¢ = 1) commuting with y a graph
automorphism of order 2, and (y, ¢) also stabilises P with my(P(y, ¢)) = 8.

From this, we conclude that any 2-extension of the simple group E¢(g) satisfies (Q),. By the remark
at the beginning of the proof, we conclude that any version of E¢(g) satisfies (E-(QD)). [l

Case E7(q).
Proposition 5.7. Let L = E;(q) with g odd. Then L satisfies (E-(Q)).

Proof. Let L = E7(q). By Table 3, if ¢ denotes a field automorphism of order 2 of L, the 2-extensions of
L are

L, Inndiag(L), L{¢).

Note that Inndiag(L){(¢) is not a 2-extension since field and diagonal automorphisms of order 2 do not
commute in view of Lemma 2.6.

Next, we study the 2-ranks of these extensions, so we need to understand the centralisers of the outer
involutions. From Table 3, m,(L) = 8. We claim that m;(Inndiag(L)) = 8 = m,(L). Indeed, consider
K = E7(¢?%) in adjoint version. Then m,(K) = 8. Let ¢’ be a field automorphism of order 2 for K. Then,
by Proposition 2.5 and Lemma 2.6,

K > Cg(¢') = Crandiag(k)(¢") = Inndiag(E7(¢)) = Inndiag(L).
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From this we see that m,(Inndiag(L)) = 8 = m,(L). In particular, Inndiag(L) satisfies (@), if L does.
Moreover, this also proves that if ¢ is a field automorphism of order 2 for L then

my(Inndiag(L)(¢)) =9 = m2(L(9)).

From these observations, we conclude that, in order to establish (E-(Q9)) for E7(q), it is enough to
show that E7(q) and E7(q){¢) satisfy (Q@D);.

To this end, we exhibit a maximal parabolic subgroup of E7(g) of 2-rank 8. We see that Dg is a
subdiagram of E7, so we have a maximal parabolic subgroup in E7(g) of the form

P =U(Ds(9)-(q — 1))

Here U denotes the unipotent radical of P, and the subgroup H = Dg(q) is a quotient of Spinfr2 (g) by a
central subgroup of order 2. Indeed, H = HSpinT2 (¢) and it lies in the centraliser of the involution that
generates the centre of a Sylow 2-subgroup T of L (see the #; involution of the E7(g) entry in Table 4.5.1
of [Gorenstein et al. 1998]). From this, we show that the Levi complement L p = D¢(g).(q — 1) of P
has 2-rank 8. Let t be the involution in the centre of Lp. Then Cr(¢) = (SLa(g) o2 HSpian(q))Q by
Table 4.5.1 of [Gorenstein et al. 1998]. Since t € Z(T), T < Cr(t). Also, SL,(g) has a unique involution,
so the 2-rank of T is realised in a subgroup of the extension M := HSpinT2 (g).2. Here, the 2 at the end
comes from diagonal automorphisms of the half-spin group, as in the Levi complement above. Therefore,
if we identify M as a subgroup of L p, we conclude that my(L p) = mo(M) = my(E7(q)).

Moreover, after suitable choices of conjugates, a field automorphism ¢ of order 2 must normalise P and
act as a field automorphism on our M. Since Cy(¢) contains a subgroup isomorphic to HSpinfr2 q'/?.2,
we see that P{¢) has 2-rank 9, which is the 2-rank of the 2-extension E7(g){¢).

By Lemma 3.5, L and L (¢) satisfy (@2),. Finally, by the previous discussion, we conclude that L
satisfies (E-(Q9)). O

Case Eg(q).
Proposition 5.8. The simple group Es(q), q % 3,9 odd, satisfies (E-(Q)). Also Eg(9) satisfies (QD),.
Proof. Let L = Eg(gq). By Table 5.1 of [Liebeck et al. 1992], L contains a maximal subgroup
H = (3,q—1).(PSL3(q) x Es(g)).(3,9 — 1).2.
Note that
F*(H)=(3,q—1).(PSL3(¢q) x E¢(q)), and H,:=H/Z(F"(H))=(PSL3(q) x Es(¢)).(3,q—1).2,

where (3, ¢ — 1) induces diagonal automorphism on each component of H., and the 2 induces a graph
involution, also acting on both components. In particular, by taking the centraliser of a graph involution
on the PSL3(g) component, we see that Hy contains a subgroup K isomorphic to

PGL,(q) x Inndiag(Es(q))(y),
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where y is a graph involution of Eg(g) centralising PGL,(q). Now, recall that
my(L) =9 and my(PGL;y(q))=2.
Since my(Eg(q)(y)) =7 by item (2) of the proof of Proposition 5.6, we see that
my(Ko) = m2(PGLa(q)) + m2(Ee(q)(y)) =2+7=9=ma(L).

Therefore K realises the 2-rank of L.

By Table 3, Es(g) extended by a field automorphism of order 2, say ¢, is the unique nontrivial
2-extension. From the construction of the maximal subgroup H and K (see [Liebeck et al. 1992]), we
can pick a suitable L-conjugate of ¢ (and we suppose it is the same ¢) such that it normalises H and,
after passing to the quotient, normalises Ky and induces a field automorphism on both factors of Ky. In
particular, we have a subgroup K| of Ko(¢) of the form

PGL,(¢'/?) x Inndiag(E6(9)){y’, ¢),

where we have chosen y’ € Inndiag(Eg(q))(y) to be a graph automorphism commuting with ¢, and
PGL1(¢'/?) = CpgL,(q)(#). Therefore, by item (5) in the proof of Proposition 5.6,

ma (K1) =2+ma(Ee(q)(y', ¢)) =248 = 10.

Since my(L{¢p)) <my(L) + 1 =10, we conclude that m,(K|) = my(L{})).

Finally, note that Ky and K satisfy (Q®), if g # 3, 9 respectively, by Propositions 4.2, 5.6 and 3.1.
Hence, by Lemmas 3.2 and 3.3, L and L{t) satisfy (QD), if g # 3, 9, respectively.

Therefore every 2-extension of Eg(q) satisfies (Q9),, with the exceptions given in the statement. This
concludes the proof of the proposition. O
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