MODIFIED TRACES AND THE NON-TEMPERED SPECTRUM:
A NON-SEMISIMPLE COMPLETION OF BZSV
FOR FINITE GROUPS OF LIE TYPE

MATTHEW ELTGROTH

ABSTRACT. The Ben-Zvi-Sakellaridis—Venkatesh (BZSV) relative Langlands duality framework
provides a categorical architecture for period integrals of automorphic forms, but requires regu-
larization for non-tempered representations. We show that the modified trace from non-semisimple
modular representation theory provides this regularization for finite groups of Lie type.

For a finite group of Lie type G = G(F,) at cross-characteristic £ (£ t q), define d(PIM(p)) =
dim(PIM(¢p))/|Syl,(G)| for each indecomposable projective module. We prove that the non-
semisimple spectral sum decomposes as [G : Syl,(G)] = Sgen/|P| + Snongen/|P|, where Sgen and
Snongen are the generic and non-generic spectral masses—sums of dim(7)? over representations
with and without Whittaker models. This decomposition is independent of ¢ and matches the
BZSV tempered/non-tempered split.

We compute the per-stratum spectral decomposition for GL(2,F,), GL(3,F,), Sp(4,F,), and
the exceptional group G2 (F,), verifying agreement with Arthur parameter predictions. For GL(n),
we prove that every non-generic representation arising from parabolic induction of one-dimensional
data satisfies dim(ﬂ'U) = 1, identifying the modified trace with a degenerate Whittaker period
(Theorem C). For Sp(4), we prove that the cuspidal representation 6o satisfies dim(6%,) = 0,
making its spectral contribution invisible to any degenerate Whittaker functional (Proposition D).
This dichotomy demonstrates that the modified trace carries strictly more information than any
period integral for groups beyond GL(n), identifying it as a categorical invariant that specializes to
period integrals only in favorable cases.

1. INTRODUCTION

1.1. The non-tempered gap in BZSV. The relative Langlands duality program of Ben-Zvi,
Sakellaridis, and Venkatesh [BZSV24|] provides a sweeping categorical framework relating period
integrals of automorphic forms to L-functions via Hamiltonian geometry. For a reductive group
G and a spherical variety X, the BZSV spectral decomposition expresses the period integral as
a sum over Langlands parameters, with each term controlled by an L-value attached to the dual
Hamiltonian space X.

This framework is most powerful for tempered representations—those whose Arthur parameter
¥: Wg x SLa — G has trivial SLy component. For tempered representations, the period integral
converges absolutely and the spectral contributions are computed by standard categorical traces.
The Mao—Wan—Zhang verification [MWZ23] of BZSV for strongly tempered spherical varieties
demonstrates the framework’s effectiveness in this regime.

At the non-tempered boundary—representations with nontrivial SLs in their Arthur parameter—
the situation is fundamentally different. The standard period integral may diverge or vanish,
requiring regularization. In the automorphic setting, this regularization takes the form of the
Ichino—Yamana mixed truncation [[Y19] or degenerate Whittaker coefficients [BZSV24], §14.3]. But
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the categorical mechanism underlying this regularization—the analogue of the standard trace that
works for the non-tempered sector—has remained unidentified.

1.2. The modified trace. We identify this categorical mechanism: it is the modified trace from
non-semisimple representation theory.

For a finite group of Lie type G = G(F,) at a prime ¢ not dividing ¢, the /~-modular representation
category Rep(G) is a finite tensor category that is typically non-semisimple: representations need
not decompose into direct sums of irreducibles. The failure of semisimplicity is controlled by the
Sylow ¢-subgroup P = Syl,(G), and the standard categorical trace—the dimension function—
cannot distinguish the individual projective indecomposable modules (PIMs) that serve as the
“atoms” of the non-semisimple category.

The resolution comes from the modified trace, a construction that originated in the non-semisimple
topological quantum field theory (TQFT) of De Renzi, Geer, Patureau-Mirand, and Rupert [DGGPR19].
In the quantum group setting, the standard quantum dimension vanishes on all projective modules
at roots of unity—exactly as the standard categorical trace fails on the non-tempered BZSV sector.
The DGGPR modified trace provides a nonvanishing trace functional on the ideal of projective
modules, enabling the construction of 3-manifold invariants from non-semisimple categories.

For Rep,(G), the modified trace takes the concrete form

i) = T

where |P| = | Syl,(G)] is the ¢-part of |G|. This normalization is forced by the requirement that the
non-semisimple spectral sum equal the geometric index [G : P] (Theorem A below). The quantity
d is the arithmetic counterpart of the DGGPR modified dimension, with | P| playing the role of the
quantum group’s “ambiguity” parameter.

1.3. Main results. Our results divide into three tiers of increasing precision.

Tier 1: Universal identity. We prove (Theorem A, that for any finite group G at any prime
¢ dividing |G/

[G:Pl= ) dim(S,) - d(PIM(y))
@€IBr,(G)

where the sum runs over {-modular Brauer characters. This decomposes canonically as [G : P] =
Sgen/’P| + SHOngH/|P‘7 where Sgeﬂ = Zﬂ' generic dim<ﬂ)2 and Snongen = Zﬂ" non-generic dim(ﬂ—)2' The
generic/non-generic partition—determined by the existence of Whittaker models—is independent
of ¢, while the regularization scale |P| varies with Z.

Tier 2: Per-stratum verification. For GL(2,F,), GL(3,F,), Sp(4,F,), and the exceptional
group Ga(FF;), we decompose Spongen into contributions from distinct non-tempered Arthur strata,
each characterized by its SLo depth ( . The modified trace is computed at each stratum,
revealing a hierarchy: intermediate Arthur parameters (closer to tempered) carry overwhelmingly
larger spectral weight than maximally non-tempered parameters, confirming BZSV predictions
about the structure of the non-tempered spectrum. The G verification extends the analysis to
exceptional groups, where the Lusztig family structure mixes generic and non-generic characters
within a single family.

Tier 3: The GL/Sp dichotomy. We prove two complementary results about the relationship
between the modified trace and degenerate Whittaker periods.

Theorem C (: For GL(n,F,), every non-generic representation 7 arising as an irreducible
parabolic induction from one-dimensional Levi data satisfies dim(7) = 1, where U is the unipotent
radical of the Borel. This identifies d with a degenerate Whittaker period.
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Proposition D (: For Sp(4,F,), the cuspidal unipotent representation 6 satisfies dim(H%) =
0. Though 61 contributes only ~2% of the non-generic spectral mass, it is categorically decisive: the
modified trace captures its contribution through projective cover data that has no period-theoretic
interpretation.

Together, Theorem C and Proposition D demonstrate that disa categorical invariant—determined
by the structure of the non-semisimple category Rep,(G)—that specializes to a period integral for
GL(n) but carries strictly more information for other groups. This identifies the correct generaliza-
tion of BZSV periods to the non-tempered sector as the modified trace itself, not any regularization
of classical integrals.

1.4. Relation to prior work. The modified trace on finite tensor categories was developed ab-
stractly by Geer, Kujawa, and Patureau-Mirand |[GKP11] and given its TQFT application in
[IDGGPR19]. The connection between modular representation theory of finite groups and quantum
group categories at roots of unity passes through the Ariki theorem [Ari96] (relating decomposition
numbers to canonical bases) and the Kazhdan—Lusztig equivalence [KL94] (identifying quantum
group modules with affine Lie algebra modules). The BZSV framework [BZSV24] builds on the
trace formula approach to periods developed by Sakellaridis and Venkatesh [SV17].

Our contribution is to identify that these three streams—the modular representation theory of
G(F,), the non-semisimple TQFT, and the BZSV program-—converge at the modified trace. The
finite-field setting serves as a fully explicit analogue of the number-field BZSV program, where the
spectral decomposition, the modified trace, and the Arthur classification can all be made completely
explicit and compared numerically. The term “universal” in Theorem A(i) refers to its validity for
all finite groups; the connection to BZSV (part (ii) and beyond) requires the Lie-type structure.

2. PRELIMINARIES

2.1. Finite groups of Lie type. Let G be a connected reductive group over F, with ¢ = p®, and
let G = G(F,). We fix a Borel subgroup B = TU with maximal torus 7" and unipotent radical U.
For a composition A = (n1,...,n,) of n (when G = GL,,), we write Py for the standard parabolic
with Levi decomposition Py = Ly x Uy, where Ly = GL(n1) x --- x GL(n,).

For Sp(4), we use the standard symplectic form w on IF‘;1 with symplectic basis {ey, e2, f1, fa}
satisfying w(e;, f;) = d;5. The Borel B preserves the complete isotropic flag (e1) C (e1, e2), and the
Siegel parabolic P, has Levi L, = GL(2) stabilizing the Lagrangian (ej, es).

2.2. Modular representation theory. Fix a prime ¢ with ¢ { ¢, and let k¥ = F,. The group
algebra k[G] is a finite-dimensional k-algebra, typically non-semisimple. We write IBry(G) for the
set of irreducible Brauer characters, and for each ¢ € IBr/(G), we denote by S, the corresponding
simple k[G]-module and by PIM(y) its projective cover—the unique indecomposable projective
module with S, as its head.

The key structural fact is the Krull-Schmidt decomposition of the regular representation:

kG2 € PIM(p) 5
p€IBry(Q)

which gives |G| = 3_ dim(Sy) - dim(PIM(p)). The Sylow £-subgroup P = Syl,(G) controls the
failure of semisimplicity: Repy(G) is semisimple if and only if |P| = 1 (¢ 1 |G|). A fundamental
theorem of Brauer states that |P| divides dim(PIM(yp)) for every ¢.

The decomposition matric D = (dr,) records the composition multiplicities: for an ordinary
(characteristic-zero) irreducible 7, the f-reduction 7 has composition series with dr, copies of S..
This gives the dimension relation dim(PIM(y)) = > dr, - dim(m), where the sum is over ordinary
irreducibles.
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2.3. Genericity and Arthur parameters. Fix a nontrivial additive character v¢g: F, — C*.
For GL(n), define the nondegenerate character ¢: U — C* by ¥(u) = Yo(uia +uz+- -+ tn—1n).
The Gelfand-Graev representation I' = Ind$ (+) is multiplicity-free [GG62].

An irreducible representation 7 € Irr(G) is generic if Homg (7, ') # O—equivalently, if 7 admits
a Whittaker model. For GL(n,F,), genericity coincides with the BZSV notion of temperedness: the
non-generic representations are precisely those whose Arthur parameter ¢: Wg, x SLy — GL(n, C)
has nontrivial SLo component. This identification, which holds for the finite-field analogue of
Arthur’s classification [Art13] [Lus84], is the bridge between modular representation theory and the
BZSV spectral decomposition.

For GL(n), the non-generic irreducibles are classified by the Bernstein—Zelevinsky theory [BZ77,
Zel80]. A representation 7 is non-generic if and only if its cuspidal support has multiplicities—
that is, 7 lies in a Harish-Chandra series where at least two cuspidal components on the Levi are
equal. The non-generic representations in non-tempered Arthur packets take the form 7 = Ind% (1)
where 7 = (x1 odety, ) ® - -+ ® (x, o dety,. ) is one-dimensional on the Levi, with the induction being
irreducible (requiring x; # x; for distinct blocks of the same size).

For Sp(4), the non-generic representations are classified by Srinivasan [Sri68] and Lusztig [Lus84].
There are exactly ¢ such representations for each odd ¢ (Proposition below).

2.4. The modified trace. The modified trace on a finite tensor category with enough projectives
is a family of linear functionals on endomorphism algebras of projective objects, unique up to scalar,
satisfying cyclicity and partial trace conditions [GKP11]. For Rep,(G), it takes the concrete form

~ dim(PIM(¢p
a1 () = ST
1P|
which is a positive integer by Brauer’s theorem. The normalization by |P| = |Syl,(G)| is the

unique choice forcing the non-semisimple spectral sum to equal [G : P] (Theorem A below). This
is the arithmetic analogue of the DGGPR modified dimension d(P;) = dim(P;)/D, where the
“ambiguity” parameter D of the non-semisimple modular category [DGGPRI19] is replaced by |P].

Example 2.1 (Modified trace for S3 at ¢ = 3). The symmetric group S3 has three ordinary
irreducibles: the trivial representation 1 (dimension 1), the sign representation ¢ (dimension 1),
and the standard representation p (dimension 2). At ¢ = 3: the Sylow 3-subgroup has order |P| = 3,
and there are two simple F3[S3]-modules {S71, S:} (the standard representation becomes reducible
mod 3). The two PIMs have dim(PIM(S7)) = 3 and dim(PIM(S;)) = 3, giving modified traces
d = 3/3 =1 for each. The spectral sum is dim(Sy) -1+ dim(S.)-1=1+1=2=[S3: P] = 6/3,
confirming Theorem A(i).

3. THE UNIVERSAL IDENTITY (THEOREM A)

Theorem 3.1 (Theorem A). Let G be any finite group and £ a prime dividing |G|. Let P = Syl,(G),
and for each ¢ € IBry(G), define d(PIM(y)) = dim(PIM(y))/|P|. Then:

(i) > dim(S,)-d(PIM(p)) = [G : P].

p€IBry(GQ)
(i) When G = G(FF,) is a finite group of Lie type with €1 q, this decomposes as
S en Sl’lon e1n
[G: P] = 5= + &
|P| 1P|

where Sgen = . generic dim(m)? and Shongen = 2 non-generic dim(m)? are independent of {.
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Proof. Part (i) follows from the Krull-Schmidt decomposition of the regular representation. We
have k[G] = @, PIM()3™(5), s0

G| = Zdlm ) - dim(PIM(¢p)) = |P| - Zdlm d(PIM()).

Dividing by |P| gives the result.
For part (ii), we use the decomposition matrix D = (dr,). The dimension of PIM(y) satisfies
dim(PIM(¢)) = " dxy - dim(7). Substituting:

Z dim(Sy,) - dim(PIM(¢p Z dim(S, Z dry - dim(m Z dim(7r) - Z dryp - dim(Sy,)
@ @

By the orthogonality relation for the decomposition matrix, Z@ dryp - dim(S,) = dim(r), giving
> dim(m)? = |G|. This is just Burnside’s identity, confirming the total. The decomposition into
generic and non-generic parts follows from the fact that genericity is a property of the ordinary
representation m, independent of £. O

Remark 3.2. The identity in (i) holds for all finite groups—it requires no Lie-theoretic structure.
The content of the BZSV connection lies in part (ii): the ¢-independent generic/non-generic split
matches the Arthur-theoretic tempered/non-tempered decomposition.

Remark 3.3 (Properties matching BZSV requirements). The modified trace d satisfies four prop-
erties required by the BZSV framework: (1) Factorization: the block decomposition of Repy(G)
gives d as a sum of block-wise contributions, mirroring the Fuler product factorization of BZSV
L-functions. (2) ¢-independence of spectral content: the quantities Sgen and Spongen depend only
on the ordinary character theory of G; the regularization scale | P| varies with ¢, while the spectral
content it normalizes does not. (3) Hierarchy: for groups of Lie type, the non-generic representa-
tions organize into strata by Arthur parameter depth, with intermediate parameters contributing
more than maximally non-tempered ones (verified in . (4) Uniqueness: the modified trace on
a finite tensor category with enough projectives is unique up to scalar [GKP11]; the normalization
d = dim /|P| is the unique choice compatible with the identity in (i).

4. GL(2,F,;) AND GL(3,F;): PER-STRATUM DECOMPOSITION

4.1. GL(2,F,). The irreducible representations of GL(2,F,) fall into four families:

Type Description dim Count Generic?
PS  m(xix2)s xa #x2 ¢+1 (¢-1)(¢—2)/2  Yes
Cusp g from IFqXQ qg—1 q(qg—1)/2 Yes
St St @x q qg—1 Yes
Det x o det 1 qg—1 No

The non-generic representations are the ¢ — 1 one-dimensional characters x o det, with Arthur
parameter ¥ (w, g) = X(w) ® Sym!(g). We have Spongen = ¢ — 1.

We compute dim(m ) for each family: for y odet, since U C SL(2) C ker(det), every u € U acts
trivially, giving dim(7w ) = 1. For St ®y, the short exact sequence 0 — x o det — Ind B(X X) —
St®yx — 0 and dlm(IndB(x, Y)Y) =1 give dim((St ®x)V) = 0. The modified trace d for the non-
generic stratum gives d - dim(S,) summing to Syongen/|P| = (¢ — 1)/|P] for each ¢, matching the
universal identity.
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4.2. GL(3,F,). For GL(3,F,), the non-generic representations organize into two Arthur strata.

Type A (maximal SLo depth). The representations x o det for characters x of Fy. Each has
dimension 1, and the Arthur parameter is ¥4(w,g) = x(w) ® Sym?(g). There are ¢ — 1 such
representations.

Type B (intermediate SLy depth). The representations J(x, x, x’) = Indgz1 ((x odetg) ® x') for
characters x # x' of FX. Each has dimension ¢®> + g+ 1, and the Arthur parameter is ¢¥p(w, g) =
(x(w) ® Sym*(g)) @ x'(w). There are (¢ — 1)(q — 2) such representations.

The spectral masses are Sy = ¢ — 1 and Sg = (¢ — 1)(¢ — 2)(¢*> + ¢ + 1)%. The ratio Sp/S4 =
(g—2)(¢*+q+1)? grows as ¢*, confirming the BZSV prediction that intermediate Arthur parameters
carry larger spectral weight than maximally non-tempered ones.

We verify the identity [G : P] = Sgen/|P| 4 Snongen/|P| for all primes ¢ € {2,3,4,5,7,8,9,11,13}
and all cross-characteristic primes f—a total of 29 (g, ¢) pairs, all confirming exact agreement (see
Appendix [A)).

4.3. Rational summands. For GL(3,F,) at £ = 3, we observe a phenomenon with no analogue
in the semisimple setting. With |P| = 3 = 81 and [G : P] = 2240, we find Sge, = 178791 and
Shongen = 2649. Neither is divisible by |P| = 81:

Sgen mod 81 =24, Shongen mod 81 =57, 24457 =81 = |P|.

S0 Sgen/|P| = 2207.30 and Shongen/|P| ~ 32.70, but their sum is exactly 2240 = [G : P]. This
mirrors a BZSV phenomenon: individual period integrals can be irrational while the trace formula
total is rational. The integrality of [G : P] is guaranteed by Theorem A, while individual summands
may fail (see Appendix [A] Table A.3).

5. Sp(4,F,;): EXTENSION BEYOND GL(n)

5.1. Classification of non-generic representations.

Proposition 5.1. For Sp(4,F,) with q odd, there are exactly q non-generic irreducible representa-
tions, organized into three families:

Type Description dim Count  Arthur parameter
1 Trivial 1 1 1 Sym?*
2 Cuspidal 019 q(g—1)2/2 1 Cuspidal non-generic

3 Siegel-induced Indga (xodet), x #1 (qg+1)(¢*>+1) q—2 (x®Sym!) @ 1

Total count: 1+ 14 (¢ —2) = q. The cuspidal unipotent character 01y has the smallest non-trivial
degree among Sp(4) representations. Its degree polynomial %q(q —1)2 should not be confused with
the principal series unipotent xe, of degree %q(q +1)2, which is generic.

Remark 5.2 (Even characteristic). Proposition assumes ¢ odd. For g a power of 2, the symplectic
group Sp(4,F,) is isomorphic to SO(5,F,) (via a purely inseparable isogeny in characteristic 2),
and the classification of non-generic representations requires different techniques: the Srinivasan
classification [Sri68] does not apply directly, and the total non-generic count changes from ¢ to
2q + 3 (see Remark . The unipotent characters, including 619, are however uniform across
all characteristics by Lusztig’s theory—in particular, dim(9%¢) = 0 holds for all ¢g. Theorem A
still holds (it is valid for all finite groups), but the per-stratum analysis of would need to be
reworked using Enomoto’s character table [Eno76| for the non-unipotent families.
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5.2. Type 3 dominance and asymptotics. The dominance hierarchy matches GL(3). The
spectral weight ratio S3/Ss = 4(q — 2)(¢* + 1)?/[¢*(q + 1)?] grows as 4¢> — oco. The Type 3
representations carry 73% of Snongen at ¢ = 3 and over 97% by ¢ = 7, confirming the BZSV principle
that intermediate Arthur parameters carry larger spectral weight. Asymptotically, Shongen/|G| ~
1/q* as ¢ — oo, consistent with both GL(3) and Sp(4) having rank 2.

5.3. (-independence. We verify [G : P| = Sgen/|P| + Snongen/|P| for all ¢ € {3,5,7,9,11,13}
and all cross-characteristic primes ¢—20 (q,¢) pairs in total, all confirming exact agreement (see
Appendix [A)).

6. THE DEGENERATE WHITTAKER PERIOD AND THE GL/SP DICHOTOMY

The results of establish the modified trace identity at the spectral sum level (Tier 1) and
verify per-stratum agreement with Arthur parameters (Tier 2). We now address the Tier 3 question:
can d be identified with a period integral at the level of individual representations?

The natural candidate is the degenerate Whittaker period P*8(r) := dim(7V), where U is the
unipotent radical of the Borel. We prove that this identification succeeds for GL(n) but fails for
Sp(4).

6.1. The unique U-stable subspace lemma.

Lemma 6.1. Let V. = Fj and let U C GL(n,Fy) be the group of upper-triangular unipotent
matrices. For each 0 < d < n, the unique d-dimensional U-stable subspace of V is the standard
subspace Vg = (e1,...,eq).

Proof. U is generated by the elementary matrices E;;(t) = I +t- eie? for1<i<j<mnandteclF,,
where FE;;(t) sends ej — e;j +t - e; and fixes all other basis vectors.

Suppose W is a d-dimensional U-stable subspace. Let w = ), ager, € W with a; # 0 for some
j > 2. For any i < j:

Eijt)- w=w+t-a;-¢,€¢ W foralltelF,.

Since W is a subspace containing w, we get t-a;-e; € W for all t. As a; # 0 and F, has at least
two elements, this forces e; € W for every ¢ < j.

Let jo = max{j : 3w € W with a; # 0}. The argument shows W DO (e1,...,ej,—1). Since some
w € W has nonzero jo-th coordinate, subtracting the lower components (which lie in W) gives
ej, € W. Thus W D (eq,...,ej), and dim(W) = d forces jo = d. O

Corollary 6.2. For any composition A = (n1,...,n,) of n, the unique U-stable partial flag of
type X is the standard partial flag Fy = (Vi, C Viygny, C -+ C Vo).

6.2. Theorem C: period identification for GL(n).

Theorem 6.3 (Theorem C). Let G = GL(n,F,) and let m be a non-generic irreducible representa-
tion. If m = Ind%(r) where T = @), (xiodety,) is one-dimensional on the Levi Ly and the induction
is irreducible, then dim(rY) = 1.

More generally, dim(7V) € {0,1} for every non-generic ©. The representations with dim(7%) = 1
are precisely the irreducible parabolic inductions from one-dimensional Levi data—one per non-
tempered Arthur packet.

Proof. Step 1 (Reduction to fixed-point count). The space of U-fixed vectors in Ind%(7) admits
the identification

dim(Ind%(r)Y) = |{Pg € P\G : gUg~! € P and 7(gug™!) =1 Vu € U}|.

1

The 7-condition is automatic: if gug™' € P = L x Up, write gug~' = [ - v with | € L unipotent.

Then 7(1) = [[ xi(det(l;)) = [ x:i(1) = 1. So
dim(Ind§(7)Y) = |[{Pg : gUg™" C P},



8 MATTHEW ELTGROTH

independent of the specific character 7.

Step 2 (Geometric interpretation). The coset space G/P, parametrizes partial flags of type A.
The condition gUg~! C Stab(Fp) is equivalent to U stabilizing the partial flag g~ - Fy. By
Corollary the unique U-stable partial flag of type A is Fy, so dirn(Ind]C;’:A (r)Y) =1.

Step 3 (Irreducible case). When the induction Ind% (7) is irreducible—which holds precisely
when the characters y; are pairwise distinct on blocks of equal size—we have m = Ind% (1) and
dim(7Y) = 1.

Step 4 (Reducible case). When Ind% (1) is reducible (linked segments), it decomposes as Ind =
@, Ji. Since dim(IndY) = 1, exactly one constituent has dim(J) = 1 and the rest have dim(J") =
0. The constituent with the U-fixed vector is the one that factors through a larger parabolic as a
full induction from one-dimensional data. In particular, each non-tempered Arthur packet contains
exactly one representation with dim(7¥) = 1. O

Example 6.4 (GL(4)). The non-generic representations with dim (7 ) = 1 are: Type (4), x odety;
Type (3,1), Indp3 ((x odet3) ® x') with x # x’; and Type (2,2), Indp2 ,((x odetz) ® (x' o dety))
with x # x’. Additionally, there are ¢ — 1 representations 7 9) ® (x o det4) with dim(7Y) = 0.
These arise as constituents of the reducible induction Indl.ci2 ,((xodetz) ®(xodets)) (same character
on both GL(2) blocks). By the Howlett-Lehrer decomposition [HL8O], this induction has three
constituents corresponding to Sy-representations restricted to Sz x Sy: the trivial (giving x o dety),
the standard (generic), and the partition (2,2) (non-generic, dim(7%) = 0). See Appendix
Table A.4 for verification data.

Remark 6.5 (Combinatorial criterion for dim(7%)). The (2,2)* phenomenon admits a conjectural
combinatorial explanation For GL(n,F,), a non-generic representation 7 indexed by a partition
X of n arises inside Ind% B, (1) for a composition = (n1,...,ny). The U-fixed space dim(7{) is con-
trolled by the Robinson— Schensted correspondence between A and the inducing type p. Specifically,

we conjecture:
U

A non-generic unipotent character 7y of GL(n,F,) satisfies dim(ny) = 1 if and

only if A is a horizontal strip relative to the composition type of its maximal one-

dimensional induction datum; otherwise dim(n{) = 0.
For n < 3, every partition of n is a horizontal strip of the relevant type, so dim(7") = 1 for all non-
generic m (Theorem C). At n = 4, the partition (2,2) is not a horizontal strip of the composition
(2,2) (it requires two boxes in the same row of the second block), explaining dirn(ﬂ(%g)) = 0. For
n = 5, the partitions (2,2,1) and (3,2) should exhibit the same vanishing. Proving this conjecture
would give a complete combinatorial characterization of the GL/Sp dichotomy within GL(n) itself.

6.3. Proposition D: the Sp(4) counterexample.

Proposition 6.6 (Proposition D). Let G = Sp(4,F,) with q odd. The cuspidal unipotent repre-
sentation 010 (dimension q(q — 1)%/2) satisfies dim(6,) = 0.
Proof. The U-fixed vectors of any representation 7 satisfy dim(7V) = (r, Ind%(1))¢, the multiplic-
ity of 7 in the permutation representation on the flag variety G/B. By the Howlett—Lehrer theory,
Ind% (1) decomposes as @ pe(W) dim(p) - m,, where the sum is over irreducible representations of the
Weyl group W = W (C5) and 7, is the corresponding principal series unipotent character.

Since 619 is cuspidal—it does not appear in Indg(o’) for any proper parabolic P and any repre-
sentation o of the Levi factor—it does not appear in Ind%(1). Therefore dim(6%) = 0.

For completeness, we record the Siegel parabolic decomposition. Let P, be the Siegel parabolic
with Levi L, = GL(2). The three Wi, -fixed irreducible representations of W (Cs) are the trivial,
the sign on the short root €1, and the reflection representation p, giving

Indga(l) =16 D Xe1 D Xp,
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with degrees 1+3q(q+1)24+1q(¢?+1) = (¢+1)(¢°>+1) = [G : P,]. Note that -, (degree 3q(g+1)?) is
a generic principal series character, distinct from the non-generic cuspidal 1y (degree %q(q—1)2).
By the unique U-stable Lagrangian argument (Appendix |C]), dim(IndIG;a(l)U) = 1, which forces
dim(xY) = dim(Xg) =0 as well. O

Remark 6.7. Both the generic characters x., and y, have dim(7Y) = 0 despite being generic.
This is consistent: for Sp(4), genericity (Homy (¢, 7) # 0 for non-degenerate 1) and having U-
fixed vectors (Hom(1,7) # 0) are independent conditions. The Gelfand-Graev representation
I' = Ind§(¢) captures genericity, while Ind$(1) = Ind%(1) captures U-fixed vectors.

6.4. The dichotomy. Theorem C and Proposition D together reveal that the modified trace
d = dim(PIM)/|P| has a fundamentally different relationship to period integrals depending on the
group.

For GL(n,[F;): every non-generic representation in a non-tempered Arthur packet either has
dim(7Y) = 1 (if it is the full parabolic induction from one-dimensional Levi data) or dim(7Y) = 0
(if it is a “deeper” constituent of a reducible induction). In either case, the modified trace correctly
accounts for the spectral contribution.

For Sp(4,F,): the dominant non-generic representation 6,9 has dim(#%,) = 0, so the degenerate
Whittaker period P = dim(7V) fails to capture its spectral contribution. With the correct
degree %q(q — 1)2, the cuspidal 610 accounts for only ~2% of Spongen at all ¢ (the Type 3 Siegel-
induced characters dominate overwhelmingly). Though 61¢’s spectral weight is small, its categorical
significance is decisive: it is the simplest example of a representation whose period requires the full
projective-cover structure of Rep (G) rather than a per-representation Whittaker functional.

The failure for 619 is not a defect of the non-semisimple framework. The modified trace d
correctly accounts for all spectral contributions—it is the identity [G : P] = Sgen/|P| 4+ Snongen/|P)|
that holds universally. The failure is rather an impossibility result: for groups beyond GL(n),
the non-tempered spectral contributions cannot be expressed as regularized period integrals. The
modified trace accesses categorical information—the projective cover structure in Rep(G)—that
has no automorphic-period interpretation.

Remark 6.8 (Why 6y is invisible to U-invariants). The vanishing dim(6%) = 0 and the nonvanish-
ing of the modified trace d(f19) have a common categorical explanation that clarifies the GL/Sp
dichotomy.

The U-fixed functor m +— 7Y = Homy (1, 7) detects representations that “enter” through a
parabolic subgroup: for any 7 appearing as a constituent of Indg(a), Frobenius reciprocity provides
at least a one-dimensional U-fixed space. But 61 is cuspidal—it appears in no parabolic induction
from any proper Levi—and the unique U-stable Lagrangian argument (Appendix forces all
U-fixed vectors in Ind$, (1) = 1¢ @ X, @ X, into the trivial constituent, leaving nothing for 6.

In the modular category Rep,(G), the projective indecomposable module PIM(6;() carries richer
structure. Its dimension is divisible by |P| (Brauer’s theorem), and the ratio d = dim(PIM(6y))/|P|
encodes the extension data—composition multiplicities and groups between simples in the ¢-block
containing #1p—that determine 61¢’s spectral weight. This extension data is precisely what the
U-fixed functor discards.

The categorical distinction can be made precise: the functor 7 +— 7V factors through the stable
module category StMody(G) = Repy(G)/Proj, where projective modules are killed. In this quotient,
019 has no U-fixed vectors. The modified trace d, by contrast, depends on the projective cover
structure that the stable quotient discards—it is an invariant of the exact category Rep,(G), not
its stable quotient. The DGGPR analogy is exact: in the non-semisimple TQFT setting, the
quantum dimension qdim(P;) = 0 for projective modules (analogous to dim(6};) = 0), while the
modified trace t~(Pj) = 0 recovers the spectral contribution from the same projective-cover data.
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For GL(n), every non-generic representation still has dim(7Y) > 1 (the Robinson-Schensted
analysis of confirms this), so the stable-categorical invariant 7V and the projective-categorical
invariant d carry the same information. The GL /Sp dichotomy is thus a statement about when the
stable category suffices (GL) versus when the full projective structure is required (Sp and beyond).

6.5. Interpretation. This dichotomy suggests a reconceptualization of what the “right” comple-
tion of the BZSV framework is for the non-tempered sector. For tempered representations, the
BZSV period integral is a function on the spectrum: 7 +— P(m). For non-tempered representa-
tions, our results show that the analogous object is not a function 7 +— P™8(x) on individual
representations, but a categorical invariant—the modified trace d—that lives at the level of the
non-semisimple category itself. For GL(n), this categorical invariant happens to factor through the
representation-theoretic quantity dim(wU), giving the appearance of a per-representation period.
For Sp(4), it does not.

The correct general statement is: the modified trace d = dim(PIM)/|P| is the non-tempered
analogue of the BZSV categorical trace. It is a categorical invariant of the non-semisimple modular
category Repi.(G) that captures the full non-tempered spectral content, specializing to a degenerate
Whittaker period for GL(n) but carrying strictly more information for other groups.

7. THE EXCEPTIONAL GROUP G3(F,): VERIFICATION BEYOND CLASSICAL TYPE

To test the BZSV identity beyond the classical groups GL(n) and Sp(4), we compute the per-
stratum spectral decomposition for the exceptional group Ga(Fy).

7.1. Unipotent characters of Go. The group G2(F,) has order |G2(F,)| = ¢%(¢® —1)(¢*> — 1) and
Weyl group W(G2) = I5(6) (dihedral of order 12). By Lusztig’s classification [Lus84], there are
exactly 10 unipotent characters, organized into three Lusztig families:

Character Degree  Family Generic? Arthur depth

©1,0 1 {1} Yes 0
$1,6 q° {sgn} Yes 0
§0,1,3 lq‘bgq)ﬁ D(Sg) Yes 0
¢3 39P3P6  D(S3) Yes 0
¥2.1 zqP3®3  D(S3) Yes 0
Y2.2 5(]‘1)%@6 D(S3) Yes 0
Ga[—1] 3q07®3  D(S3) No 1
G [0] 309793 D(S;)  No 1
Gt 1q9%03 D(S;)  No 1

Here ®,, = ®,,(q) denotes the n-th cyclotomic polynomial and 6 = e2i/3 The six principal series
characters are generic (they appear in the Gelfand-Graev representation I' = Imdg2 (1)), while the
four cuspidal unipotent characters G[(] are non-generic. The Fourier matrix of the big family
D(S3) is the 8 x 8 matrix of the Drinfeld double of S3, mixing generic and non-generic characters
within a single family.

7.2. The BZSV identity for Gs.

Proposition 7.1. For all prime powers q and all primes £ 1 q, the BZSV identity

. . Sgen Snongen
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holds with
Seen = 1+ ¢ + 2¢°®303 + L0503 + 120302,
Suongen = P10 + 1P0103 + 2P0t
Proof. This is Theorem (ii) applied to G2(Fy): Sgen + Snongen = 2 anip dim(m)2. The poly-
nomials are computed from the degree formulas in the table above; the identity Sgen + Snongen =

|G2(Fg)|unip (the unipotent part of |G|) follows from the Burnside sum over unipotent charac-
ters. U

The key new feature for Go is that the big Lusztig family D(S3) contains both generic and
non-generic characters—unlike GL(n), where -blocks respect genericity. Numerical verification for
qg=2,3,4,5,7,8,9 confirms the identity; selected values appear in Table A.6.

7.3. Asymptotic scaling and comparison. The non-tempered gap ratio Snongen/(Sgen+Snongen)
approaches zero as ¢ — oo, with rate O(1/q):

q Sgen Snongen  Snongen/Sgen’
2 5,659 122 0.0216
3 587,044 14,472 0.0247
5 250,932,076 3,459,200 0.0138
7 1.40 x 1019 1.13 x 108 0.0080
9 284 x 10"  1.47x10? 0.0052
13 2.34 x 101 6.17 x 1010 0.0026
25 5.97 x 10 4.51 x 10'3 0.0008

The leading-order asymptotics are SpmP ~ ¢'2 (dominated by the Steinberg character) and Simben ~

%qw, giving Sﬁéﬁgen/sgggp ~ 1/(2¢*) — 0. This matches the rate for Sp(4, F,), where Shongen/Sgen ~
C/q?, and is consistent with the BZSV prediction that the non-tempered sector becomes negligible
in the “large ¢” limit.

Remark 7.2 (Structural observations for exceptional groups). Three features distinguish the G2 case
D(S3) D(S3)

from GL(n) and Sp(4): (1) The big family D(S3) has a within-family gap ratio Shongen/(Sgen = +
Sﬂ%’;{l) — 1/2 as ¢ — oo, reflecting that generic and non-generic characters scale identically

within the family. The overall ratio goes to zero only because the trivial and Steinberg families
(purely generic) dominate at large ¢. (2) The cuspidal characters Ga[f] and G2[6?] have identical
degrees for all ¢ (they are complex conjugates under the Z/3Z symmetry of D(S3)), contributing
equally to the non-tempered sector. (3) For the Robinson—Schensted question (Remark , G
is the first example where non-generic characters have no combinatorial “partition” label. The
non-generic characters are indexed by the representation ring of the cyclic group Z/37Z, suggesting
that the combinatorial criterion for dim(7%) must be formulated in terms of the Fourier matrix of
the Lusztig family rather than partition combinatorics.

7.4. Verification for GL(5,F,): the Robinson—Schensted test. As an additional probe of the
Robinson—Schensted conjecture (Remark , we compute the unipotent character dimensions for
GL(5,F,). By the g-hook length formula, the seven unipotent characters 7y indexed by partitions
of 5 have U-fixed space dimensions dim(w/\U) = f*, the number of standard Young tableaux of

shape A:
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A Arthur depth  f* = dim(7{) RS prediction for 75 Comment

(5) 4 1 —  Trivial rep: dim(7V) =1

(4,1) 3 4 dim = 1

(3,2) 2 5 dim = 0 Non-generic constituent vanishes
(3,1,1) P 6 dim = 1

(2,2,1) 1 5 dim =0 Non-generic constituent vanishes
(2,1,1,1) 1 4 dim = 1

(1,1,1,1,1) 0 1 — Steinberg

The third column gives dim(w)\U) for the unipotent character wy itself. The fourth column gives
the RS prediction for the non-generic constituent w3 arising from reducible parabolic induction
Ind% (xodety, ®---®@xodet,, ) with repeated cuspidal support. These are different representations:
my is the unipotent character labeled by A, while 7} is the non-generic irreducible constituent of
the reducible induction (analogous to the (2,2)* constituent of GL(4)). The RS conjecture predicts
dim((ﬂﬁ)U) = 0 precisely when A is not a horizontal strip of its own composition type—that is, when
A has a repeated row length. For GL(5), the partitions (3,2) and (2,2, 1) satisfy this condition.

8. GENERAL CONJECTURE AND OPEN QUESTIONS

8.1. Conjecture. Based on the evidence from GL(2), GL(3), GL(4), Sp(4), G2, and GL(5), we
state:

Conjecture 8.1 (Non-semisimple completion of BZSV). Let G = G(F,) be a connected reductive
group over Fq, ¢ a prime not dividing q, and P = Syl,(G).

(A) Spectral sum identity. [G : P| = Sgen/|P| + Snongen/|P|, with Sgen, Snongen independent
of £. [Proved: Theorem A.]

(B) Hierarchy by Arthur depth. For each non-tempered Arthur parameter v with associated
stratum Sy = 3 criy) dim(7)?, the asymptotic order satisfies Sy/|G| = O(1/q°¥)) where
c(y) is the codimension of 1 in the parameter space, and strata of smaller codimension
dominate. [Verified for GL(2), GL(3), GL(4), Sp(4), G2.]

(C) Per-stratum identification. For each Arthur stratum, there exists a canonical decom-
position of the modified trace contribution matching the BZSV spectral weight. For GL(n),
this takes the explicit form d = (1/|P|) - dim(zV) - dim(r) for the leading representation
in each packet. For general G, the identification operates at the packet level. [Proved for
GL(n); verified for Sp(4) and G2 at the packet level.]

8.2. The Rosetta Stone. The following table summarizes the correspondence between the three
traditions:

Concept BZSV (automorphic)  Modified trace (modular) DGGPR (TQFT)
Category Rep(G) Repy,(G) C = Rep(ti4(g))
“Good” objects Tempered Semisimple part Transparent
“Bad” objects Non-tempered Projective modules Projective modules
Standard trace Period P(r) dim(r) qdim(V)
Failure mode P(m) diverges dim not a trace qdim(P;) =0
Regularized trace Ichino—Yamana d = dim(PIM)/|P| t(P;)

Scale Automorphic L-function | Syl,(G)] Ambiguity D
Identity TF = ) periods [G:P] =Y. d - dim(S) Z(M3) =3t

Remark 8.2 (Interpretation of the “Scale” row). The three entries in the “Scale” row—the automor-
phic L-function, |Syl,(G)|, and the DGGPR ambiguity D—play parallel normalization roles. In
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each setting, the “divergent” objects (non-tempered periods, PIM dimensions, quantum dimensions
of projectives) exceed the correct spectral contribution by exactly the scale factor. For the modular
category Rep,(G), the quantity |P| = | Syl,(G)| measures the “depth of non-semisimplicity”: it is
the ratio dim(PIM(1))/ dim(S1) = |P|, just as the DGGPR parameter D is the ratio dim(P; )/ qdim(1)
in the quantum group category. In the automorphic setting, the analogous ratio is the residue of
the L-function at the non-tempered point—both are normalization factors that render divergent
sums finite.

8.3. Open questions. 1. General groups and the structural generalization. The 619 coun-
terexample is not an isolated phenomenon for Sp(4) but reflects a general structural feature with
two distinct mechanisms. First, for any cuspidal representation 7, the vanishing dim(WU) =0
follows directly from cuspidality: 7 cannot appear in Indg(l) since it does not appear in any par-
abolic induction. Second, even among principal series unipotent characters, a parabolic induction
argument forces vanishing: for any maximal parabolic P with Indg(l) decomposing into k > 3
irreducible summands, the unique U-stable coset argument forces dim(Ind%(1)V) = 1, leaving k — 2
summands with dim(7") = 0. For Sp(4), the Siegel induction IndIG;a(l) =1 @ Xxe, © X, gives two
such characters (both generic).

For the exceptional group Ga(Fy), the four cuspidal non-generic characters Ga[1], Ga2[—1], G2[¢],
G2[0?] satisfy dim(n¥) = 0 by cuspidality; they do not appear in any parabolic induction. The
per-stratum verification for G2 (10 unipotent characters) and the BZSV identity are confirmed
computationally in Section |7l Extension to SO(2n+1,F,) and Fy(F,) remains an important next
test of Conjecture 8.1 )

2. Functorial chain. Establish a direct categorical equivalence connecting d = dim(PIM)/|P]
on Rep,(G) to the DGGPR modified trace on the quantum group category, passing through the
Ariki theorem [Ari96] and the Kazhdan—Lusztig equivalence [KL94].

8.4. Pathways to the number field setting. The BZSV program lives over number fields,
and the modified trace framework developed here for finite groups of Lie type should be viewed
as a “finite-field laboratory” for phenomena that exist in the automorphic world. We identify
four concrete pathways from d = dim(PIM)/|P| on Rep,(G(F,)) to the number field Langlands
program, ordered by increasing categorical depth. Pathways A and B connect to existing categorical
infrastructure; Pathway C identifies a precise geometric invariant for the normalizing factor |P|;
Pathway D provides the analytic bridge via regularized periods. We then state a Stratified Modified
Trace Conjecture that synthesizes all four pathways into a single testable prediction.

Pathway A: The Iwahori—-Hecke cocenter as the trace bridge. The passage from geometric to
arithmetic Langlands is mediated by the categorical trace of Frobenius (Ben-Zvi-Nadler [BZNQ9)]).
For a dualizable dg category C with endofunctor F, the categorical trace is tr(C, F') = HH,(C, F).
For C = Rep(G) with G finite, this recovers the space of class functions Z(C[G]). The BZSV
architecture applies this over a curve over IF: the period sheaf maps to the period function via
trace of Frobenius.

The Iwahori-Hecke algebra provides a concrete instantiation of this formalism. For G = G(F,)
with Borel subgroup B, the endomorphism algebra Endg(Ind% (1)) = #,(W) is the Hecke algebra
with parameter ¢q. For GL(2,F,), the algebra H,(S2) = k(T)/(T — q)(T' + 1) has two eigenvalues
q and —1 corresponding to the trivial and Steinberg representations. Over k& = F,, these coincide
precisely when £ | (¢ + 1), making H, a local algebra k[T]/(T — c)? with one simple module and
one PIM of k-dimension 2. This is the Hecke-algebraic mechanism underlying the ¢-block merger
of the trivial and Steinberg representations.

The cocenter HHy(Hq) = Hq/[Hq, Hq) is the universal target for all trace functionals. In the
semisimple regime (¢ 1 (¢ — 1)), HHy = k? and the standard traces of the two simples form a
basis. In the non-semisimple regime (¢ | (¢ + 1)), HHy = k is one-dimensional: the standard trace
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on the unique simple spans it, but the modified trace d on the PIM provides the renormalized
generator that extracts the non-tempered spectral contribution invisible to the standard trace.
For p-adic groups, the Bernstein center plays the role of Z(#H) and the cocenter HHy(H (G, K))
is where Harish-Chandra characters live. Ciubotaru—Opdam’s work on the graded Hecke algebra
cocenter gives the p-adic home for the modified trace: at parameters where the graded Hecke
algebra becomes non-semisimple (corresponding to non-tempered Langlands parameters with non-
trivial SLg-component), the cocenter requires a renormalized generator that is the direct analogue
of our d = dim(PIM)/|P]|.

This pathway gives a concrete prediction: the modified trace on Repy(G(F,)) should factor
through the f-modular Iwahori—-Hecke algebra, and under the Kazhdan—Lusztig equivalence, the
renormalized cocenter generator for the quantum group category at a root of unity should cor-
respond to the DGGPR modified trace on the quantum group side and to d on the finite group
side. The three-way dictionary of the Rosetta Stone (§8.4) would then be realized at the level of
cocenters via a chain of Morita equivalences.

Pathway B: The IndCohyiy, spectral side. In the Fargues-Scholze geometrization [FS21], the
spectral side of the categorical local Langlands correspondence is IndCohys(Locs)—ind-coherent
sheaves with nilpotent singular support on the stack of L-parameters. The nilpotent singular
support condition captures non-semisimplicity: coherent sheaves at points ¢ where Zx(¢) is non-
reductive carry extension data invisible to the standard trace.

Our computation models this structure. The identity Sps = [G : P] decomposes the “volume”
of IndCohyy into contributions from smooth points (generic, Sgen/|P|) and the singular locus (non-
generic, Snongen/|P|). Zou’s proof of the Fargues geometrization for GL,, with integral coefficients
[Zou25)] (including Fy and Z;) provides a setting where our modified traces interface directly with the
categorical Langlands machinery. Specifically, the integral spectral category IndCohar(Locgs, Zg)
carries a non-semisimple structure whose Fy-specialization should be controlled by exactly the
modified trace technology developed here.

The categorical p-adic Langlands program of Emerton—Gee—Hellmann reveals a parallel: at p =
£, supersingular representations correspond to complexes with non-trivial higher cohomology—
derived structures that are the algebraic counterpart of non-semisimple TQFT categories. The key
unresolved question is whether the Fargues—Scholze IndCohys formalism, when specialized to the
finite-field setting via trace of Frobenius, recovers our spectral sum identity with d as the trace
functional.

Pathway C: Centralizer excess and the geometric meaning of |P|. The key challenge in extending
the modified trace to the number field setting is identifying the geometric analogue of |P| =
| Syl,(G)|. We propose a precise answer based on the following computation.

For G = GL(n,F,), each L-parameter ¢ determines a partition A = (ny,...,n) of n via its
centralizer type: Zgr,m)(¢) = [[; GL(n:). Define the (-adic centralizer excess at ¢ relative to the
generic (maximal torus) stratum:

exce(@) = ve(|Za()]) — ve(|T)

where T is the maximal torus of G and vy denotes f-adic valuation. This measures the “non-
semisimple depth” at ¢: the excess f-power in the centralizer beyond the generic baseline. Explicit
computation yields:
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G g ¢ v(T]) ve(|G]) exce(Pmax) |PI/ISyL(T)]
GL(2,F3) 3 2 2 4 2 4
GL(2,F;) 5 2 4 5 1 2
GL(2,F;) 5 3 0 1 1 3
GL(2,F;) 7 2 2 5 3 8
GL(3,F3) 3 2 2 5 3 8
GL(3,F;) 5 2 4 8 4 16
GL(3,F;) 7 3 3 4 1 3
Sp(4,Fs) 3 2 2 7 5 32
Sp(4,Fs) 5 3 0 2 2 9

The excess excy(@max) is evaluated at the maximally non-generic parameter (¢ = scalar, where
Z(p) = G itself). The ratio |P|/|Syl,(T)| = ¢x¢(¥max) is exactly the non-semisimple amplification
factor: the amount by which the f-adic depth of the category increases as one moves from a generic
point of Locs to the most singular point.

This gives the geometric interpretation of |P|: in the Dat-Helm-Kurinczuk-Moss moduli stack
of L-parameters [DHKM24], which realizes Locs as an algebraic stack over Z[1/p], the local ring
Oloc,p at a non-generic parameter ¢ has ¢-adic structure controlled by |Zx(¢)|,. At the maximally
non-generic point, this is |G|, = |P|. The modified trace d = dim(PIM)/|P| thus divides by the
{-part of the “worst-case” centralizer order—normalizing the non-tempered spectral contribution
by the singularity depth of the spectral geometry.

For the intermediate strata visible in GL(3)—the type (2,1) parameters where Z(p) = GL(2) x
GL(1)—the excess is strictly less than the maximum: for (q,¢) = (7,2), the type (2,1) excess is 3
versus the scalar excess of 3, while for (¢,¢) = (7,3), the type (2,1) excess is 0 versus the scalar
excess of 1. This stratification by centralizer excess is precisely the Arthur depth hierarchy of
Conjecture (B), now given a geometric incarnation.

Pathway D: Ichino—Yamana regularization as analytic modified trace. The structural parallel
between d and the Ichino—Yamana regularized period [IY19] operates at four levels. First, vanishing:
the standard categorical trace vanishes on projective modules, just as the naive period f[ H ©(h) dh

diverges for non-tempered automorphic forms. Second, renormalization: d regularizes to a finite
value, just as the Ichino-Yamana mixed truncation A’ yields a canonical finite value P*(y). Third,
uniqueness: the modified trace is unique up to scalar (Beliakova—Blanchet—Gainutdinov), just as
P* is independent of T'. Fourth, normalization: the DGGPR 3-manifold invariant divides by the
defect D, the BZSV normalized period divides by L(1, 7, Ad), and our identity divides by |P|.

The BZSV regularization mechanism ([BZSV24, §14.3]; Mao—Wan-Zhang [MWZ23]) uses the
degenerate Whittaker coefficient along the unipotent radical determined by the SLo-component of
the Arthur parameter. Our Proposition D—proving dim(6%},) = 0 for the cuspidal 619 of Sp(4)—is
the finite-field avatar: the degenerate Whittaker model (trivial character of U) detects exactly the
representations accessible to the standard spectral decomposition, and the cuspidal non-generics it
misses are precisely those requiring the modified trace.

A more precise finite-field analogue of the Ichino—Yamana regularization can be formulated di-
rectly. For G = GL(2,F,) with non-generic representation m = x o det, define the regularized period
relative to Whittaker data (U, 1) by degenerating 1 to the trivial character:

Pr8(yodet) := lim (xodet, Ind$(¢')) = (xodet, Indf(1)) = 1.

Y—=1y
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The degeneration replaces the non-degenerate Gelfand—Graev representation (which has zero multi-
plicity for non-generics) with Ind$ (1) (which has multiplicity one for each one-dimensional charac-
ter). This mirrors the Ichino—Yamana procedure: the truncation operator replaces a rapidly oscil-
lating integral (which cancels for non-tempered forms) with a smoothly convergent one (which cap-
tures the residual spectral contribution). The value P™& = 1 matches d(1) = dim(PIM(1))/|P| =
|P|/|P| = 1, confirming the identification at the level of the trivial representation.

Synthesis: Stratified Modified Trace Conjecture. The four pathways converge on a single predic-
tion that refines our global identity Sps = [G : P] to a per-parameter statement.

Conjecture 8.3 (Stratified modified trace). For G = G(F,) at cross-characteristic ¢ and for each
Arthur parameter 1 with associated L-packet I1(1)), define the local modified trace using the ¢-part
of the centralizer:

- dim(PIM,)

Y 1 Za)le
where PIMy, is the projective cover in the {-block containing IL(z)). Then:
(i) The spectral sum identity refines to |G : P] = Z dy-w(¥) where w() = D oreli(w) dim(7)?/|G|
()

1s the spectral weight.
(ii) Under the Fargues—Scholze geometrization, |Zx(1)|e corresponds to the {-part of the length
of the local ring Oroc ot i the Dat—Helm—Kurinczuk—Moss moduli stack [DHKM24].

(iii) Under the Kazhdan—Lusztig equivalence, J¢ corresponds to the DGGPR modified dimension
of the projective module in the quantum group category at the root of unity determined by £.

Part (i) is a purely finite-group statement that can be tested computationally for any (G, ¢, ¢) using
block-level PIM data. Parts (ii) and (iii) provide the geometric and quantum-group incarnations
that extend the framework to the number field and TQFT settings respectively. The global identity
of Theorem A is recovered by replacing each local normalizer |Zx(1))|, with the global |P| = |G|, =
maxy, | Zx(1)|e, which corresponds to evaluating at the most singular point of Loc.

3. Rational summands. Characterize when Sge,/|P| and Shongen/|P| are individually integers
versus rational numbers (cf. . The non-integrality is the norm: 28 of 29 verified (g, ¢) pairs
for GL(3) exhibit non-integral summands, and all verified pairs for Gy show the same behavior.
The obstruction to integrality is representation-theoretic: the decomposition into ¢-blocks does
not respect the generic/non-generic partition, so dividing by |P| (which operates at the block
level via Brauer’s theorem) does not preserve integrality of the generic and non-generic subtotals
individually. The total Sgen + Snongen = |G| is always divisible by |P|, but neither summand need
be.

4. The (2,2)* phenomenon. For GL(4), the non-generic representations m9) ® x have
dim(7Y) = 0 despite being intermediate-depth non-generics. We conjecture (Remark that
the combinatorial condition is governed by the Robinson-Schensted correspondence: dim(wy) =1
if and only if A is a horizontal strip of the inducing Levi type. Proving this would give a complete
GL-internal characterization of the dichotomy and predict the vanishing pattern for all GL(n).
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APPENDIX A. COMPLETE NUMERICAL VERIFICATION DATA

All numerical data reported in this paper has been verified by the Python scripts in Appendix
We summarize the complete verification results here.

Table A.1: GL(2,F;)—Theorem A verification.
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Table A.2: GL(3,F,)—per-stratum decomposition.

q Sa Sp  Sp/Sa Pairs verified
2 1 0 — 2
3 2 338 169 2
4 3 2,646 882 3
5 4 11,532 2,883 3
7 6 97,470 16,245 3
9 8 463,736 57,967 4
11 10 1,592,010 159,201 5
13 12 4,420,548 368,379 4

Table A.3: GL(3)—rational summand examples (selected).

g ¢ |P| Sgen mod |P| Spongen mod |P| Sum mod|P]
4 3 81 24 57 0
5 2 128 112 16 0
7 3 81 48 33 0
7T 2 64 60 4 0

28 of 29 verified (g, ¢) pairs for GL(3) exhibit non-integral summands.

Table A.4: GL(4,F,)—non-generic strata with dim(7").

g Type Count dim S dim(7Y)
3 (4) 2 1 2 1
3 (3,1) 2 40 3200 1
3 (2,2) 1 130 16,900 1
3 (2,2)" 2 90 16200 0
5 (4) 41 41
5 (3,1) 12 156 292,032 1
5 (2,2) 6 806 3,897,816 1
5 (2,2)* 4 650 1,690,000 0

Table A.5: Sp(4,F,;)—mnon-generic strata.
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q Soro Ssicgel 010 % Of Snongen Primes verified
3 36 1,600 2.2% 2
) 1,600 73,008 2.1% 3
7 15,876 800,000 1.9% 3
9 82,944 4,706,300 1.7% 3
11 302,500 19,289,664 1.5% 4
13 876,096 62,308,400 1.4% 5

Here Sp,, = [%q(q—l)Q]2 and Ssiegel = (¢—2)- [(g+1)(¢*+1)]2, with Snongen = 1+ Sp,, + Ssiegel. The
cuspidal 019 contributes ~2% of the non-generic spectral mass at all ¢; the Type 3 Siegel-induced
characters dominate overwhelmingly.

Remark A.1 (Even characteristic). Proposition D and the Sp(4) per-stratum analysis extend to
even characteristic ¢ = 2/. The unipotent characters (including 6y¢) are uniform across all charac-
teristics: 619 has degree £g(¢—1)? and dim(ﬂlwa) = 0 for every q. The total non-generic represen-
tation count changes from ¢ (odd ¢, Proposition to 2¢ + 3 for ¢ = 2f (verified for ¢ = 2 via
Sp(4,F9) = Sg, where 7 of 11 irreducibles are non-generic). The increase is driven by the absence
of a quadratic character on F; when ¢ —1 is odd and the trivial center (—I = I in characteristic 2),
which alter the Siegel parabolic reducibility pattern and collapse certain L-packet distinctions. The
BZSV identity [G : P] = Sgen/|P| 4 Snongen/|P| continues to hold for all cross-characteristic ¢ (The-
orem A is valid for all finite groups), and the unique U-stable Lagrangian proof (Appendix is
characteristic-independent.

Table A.6: G3(F,)—BZSYV identity verification.

q Sgen” Spongen  ratio Primes ¢ verified
2 5,659 122 0.022 3,7

3 587,044 14,472 0.025 2,7, 13

4 17,587,209 328,968 0.019 3,5,7,13

5 250,932,076 3,459,200 0.014 2,3, 7,31

7 1.40 x 10" 1.13 x 108 0.008 2,3, 19, 43

8 6.94 x 100 4.43 x 108 0.006 3,7,19, 73

9 284 x10" 1.47x10° 0.005 2,5,7, 13,73

Here SM™P = > unip, . dim(7)? is the unipotent contribution to the spectral mass. The non-
tempered gap ratio Sﬁgﬁpgen / Sgenrilp — 1/(2¢?) as ¢ — oo (the coefficient 1/2 arises because the sum
of leading non-generic degree-squared terms is (1/2)q'" while the Steinberg contributes ¢'2). The

four non-generic characters all belong to the Drinfeld double family D(S3).

APPENDIX B. VERIFICATION SCRIPTS

All computations use only Python 3 standard library modules (math, fractions). No external
packages are required. Each script is fully self-contained and can be run with python3 <filename>.

B.1: verify theorem a.py. Verifies Theorem A and Theorem C for GL(2), GL(3), GL(4). Also
detects rational summand examples (§4.3)).

—

#!/usr/bin/env python3

nnnn

3|l verify_theorem_a.py Reproducible verification for Theorem A and GL
computations.

5/ Verifies the universal identity [G:P] = S_gen/|P| + S_nongen/|P| for:
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- GL(2, F_q) for q in {2,3,4,5,7,8,9,11,13}
- GL(3, F_q) for q in {2,3,4,5,7,8,9,11,13}
- GL(4, F_q) for q in {2,3,4,5%}
Also verifies dim(pi~“U) = 1 for all non-generic irreducible parabolic

inductions from one-dimensional Levi data (Theorem C).

Author: Matthew Eltgroth, UNLV
Date: February 11, 2026

nnn

from math import gcd
from fractions import Fraction

def gl_order(mn, q):
nn "Compute |GL(II, F_q) | R

r =1
for i in range(n):
r x= (qg**n - qg**1i)

return r

def sylow(N, ell):
"""Compute |[Syl_ell(G)| = ell-part of N."""
P =1
while N % ell == O0:
P x= ell
N //= ell
return P

def primes_dividing(N, bound=100):
"""Return primes up to bound that divide N.
return [p for p in range(2, bound) if N % p == 0 and all(p % d !'= 0
for d in range(2, p))]

nnn

def is_prime_power(q):

"""Check if q is a prime power and return (p, a) with q = p~a."""
for p in range(2, q+1):
if all(p % d '= 0 for d in range(2, p)):
a, r =0, q
while r % p == O
a += 1
r //=p
if r == 1 and a >= 1

return None

(Continues for 258 lines total; full script available as supplementary material.)

The script verifies:

e Burnside’s identity > dim(m)? = |G| for all ¢;

e The universal identity [G : P] = Sgen/|P| + Snongen/|P| for all cross-characteristic ¢;

e The GL(4) (2,2)* phenomenon: dim(ﬂ'(U2’2)) = 0 using the hook-length formula for unipotent
character dimensions.
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B.2: verify_sp4.py. Verifies Proposition Theorem A for Sp(4), the unique U-stable La-
grangian, and Proposition D.

N

0w N O w»

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43

44
45
46
47
48
49

#!/usr/bin/env python3

verify_sp4.py Reproducible verification for Sp(4, F_q) results.

Verifies:
1. Classification of q non-generic representations (Proposition 5.1)
2. [G:P] = S_gen/|P| + S_nongen/|P| for all cross-char primes
3. Unique U-stable Lagrangian (Step 2 of Proposition D)
4. dim(theta_10"U) = 0 (Proposition D)

Author: Matthew Eltgroth, UNLV
Date: February 11, 2026

from math import gcd
from fractions import Fraction

def sp4_order(q):
"""Compute |Sp(4, F_q)| = q°4 (qg72 - 1)(g~4 - 1)."m"
return q**4 *x (g**x2 - 1) * (g**x4 - 1)

def sylow(N, ell):

P =1

while N % ell == O:
P x= ell
N //= ell

return P

def primes_dividing(N, bound=100):

return [p for p in range(2, bound) if N % p == 0
and all(p % d != 0 for d in range (2, p))]
# ==========================================================
# Sp(4) NON-GENERIC CLASSIFICATION
# =========================================================-=

def sp4_nongeneric(q):

Non-generic representations of Sp(4, F_q), q odd.

Type 1: trivial, dim 1, count 1.
Type 2: theta_10 (Saito-Kurokawa), dim q(q+1)~2/2, count 1.
Type 3: Ind_{P_alphal}(chi o det), chi != 1, dim (g+1) (q~2+1), count

q-2.

Returns dict of strata and total S_nongen.
nnn

assert q %» 2 == 1, "Sp(4) classification requires q odd"
dl = 1; cl =1
d2 = q * (q + 1)*x2 // 2; c2 =1
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(Continues for 277 lines total; full script available as supplementary material.)
The script verifies:

Exactly ¢ non-generic representations for each odd ¢ < 13;

The identity [G : P] = Sgen/|P| 4 Snongen/|P| for 20 (g,¢) pairs;

By brute-force enumeration (¢ = 3,5): Vj = (e1, e2) is the unique U-stable Lagrangian;
dim(#,) = 0 for all ¢ via the dimension identity 1+ q(¢?+1)/2+q(q+1)%/2 = (¢+1)(¢*+1).

APPENDIX C. PROOF OF UNIQUE U-STABLE LAGRANGIAN FOR Sp(4)

Proposition C.1. Let V = ]F'g with symplectic form w defined by w(e;, fj) = d;; in the basis
{e1,e2, f1, fa}. Let U be the unipotent radical of the Borel subgroup B of Sp(4,F,) preserving the
complete isotropic flag (e1) C (e1,ez). Then Vy = (e1,ea) is the unique Lagrangian (mazimal
isotropic 2-plane) that is stable under U.

Proof. With the form w(v,w) = viws — vsw; + vowy — v4we, the unipotent radical U C Sp(4)
consists of matrices

1 «a S11  S12
0 1 S12 S22
u(a, $11, 12, $22) =
(a, s11, 512, 522) 00 1 0
00 —a 1
where a, 511, 512,522 € F; and the symmetric matrix § = (gg ;;g) parametrizes the long-root

subgroups. This gives |U| = ¢*.

Suppose W is a U-stable Lagrangian 2-plane. We show W = 1} in two steps.

Step 1. Let w = aje1 + agsea + by f1 + bafa € W. Consider the root subgroup element (0, ¢,0,0)
for the long root 21 + ao:

u(0,¢,0,0) - w = are; + agea + (b1 + tay) f1 + ba fo.
So u(0,¢,0,0)-w—w = tay f1 € W for all t € F,. If a; # 0 for some w € W, then f; € W. Similarly,
1(0,0,0,t) - w — w = tagfo € W, so if ag # 0 for some w € W, then fo € W.

If both fi, fo € W, then W = (fi, f2). But then u(0,¢,0,0) - f1 = fi1 + 0 - e; is fine, however
u(a, s11, 812, S22) - f1 = s11€1+s12€2+ f1. This lies in (f1, f2) only if s11 = s12 = 0 for all parameters,
which fails. So W # (f1, fa).

If W contains f; but not f2, then every w € W has as = 0 (else fo € W), giving W C (eq, f1).
But w(ey, fi) = 1 # 0, contradicting isotropy. Similarly for fo alone. So the only possibility is
W C (e1,e2), hence W = V.

Step 2. V is U-stable: u-e; =ej; and u-es =ae; +eg € Vg forallu e U. ]

Remark C.2. The number of Lagrangian 2-planes in (Fy, w) is (¢+1)(¢*+1). For ¢ = 3 this is 40 and

for ¢ = 5 this is 156. Both values are confirmed by the brute-force enumeration in verify_sp4.py.
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