quatriéme série - tome 59 Jascicule 3 mai-juin 2026

ANNALES

SCIENTIFIQUES
de

I/ ECOLE
NORMALE
SUPERIEURE

SOCIETE MATHEMATIQUE DE FRANCE



Annales Scientifiques de 'Ecole Normale Supérieure

Publiées avec le concours du Centre National de la Recherche Scientifique

Responsable du comité de rédaction / Editor-in-chief

Jean-Frangois QUINT

Publication fondée en 1864 par Louis Pasteur Comité de rédaction au 27 mars 2026

Continuée de 1872 4 1882 par H. SAINTE-CLAIRE DEVILLE ~ T. ALAZARD S. GOUEZEL

de 1883 4 1888 par H. DEBRAY S. CANTAT Y. HARPAZ

de 1889 4 1900 par C. HERMITE K. Crsnavicrus A. KeaTiNG

. Y. DE CORNULIER G. MIERMONT

de 1901 2 1917 par G DarBoux C. FERMANIAN KAMMERER S. RICHE

de 1918 a 1941 par E. PICARD J. FRESAN A. SONG

de 1942 a 1967 par P. MONTEL

Rédaction / Editor

Annales Scientifiques de I"Ecole Normale Supérieure,
45, rue d’Ulm, 75230 Paris Cedex 05, France.

Tél. : (33) 1 44 3220 88. Fax : (33) 1 44 32 20 80.
annales@ens.fr

Edition et abonnements / Publication and subscriptions

Société Mathématique de France
Case 916 - Luminy
13288 Marseille Cedex 09
Tél. : (33) 04 91 26 74 64
Fax :(33) 049141 17 51

email : abonnements@smf . emath.fr
Tarifs

Abonnement électronique : 494 euros.
Abonnement avec supplément papier :
Europe : 694 €. Hors Europe : 781 € ($985). Vente au numéro : 77 €.

(©) 2026 Société Mathématique de France, Paris

En application de la loi du 1¢7 juillet 1992, il est interdit de reproduire, méme partiellement, la présente publication sans ’autorisation
de I’éditeur ou du Centre frangais d’exploitation du droit de copie (20, rue des Grands-Augustins, 75006 Paris).

All rights reserved. No part of this publication may be translated, reproduced, stored in a retrieval system or transmitted in any form or
by any other means, electronic, mechanical, photocopying, recording or otherwise, without prior permission of the publisher.

ISSN 0012-9593 (print) 1873-2151 (electronic) Directrice de la publication : Isabelle Gallagher
Périodicité : 6 n°/ an



Ann. Scient. Ec. Norm. Sup.
4 série, t. 59, 2026, p. 579 a 635

NORMED MOTIVIC SPECTRA
AND POWER OPERATIONS

BY Tom BACHMANN, ELDEN ELMANTO
AND JEREMIAH HELLER

ABSTRACT. — We use motivic colimits to construct power operations on the homotopy groups of
normed motivic spectra admitting a (normed) map from HF,. We establish enough of their standard
properties to prove that the motivic dual Steenrod algebra is generated by one element under ring and
power operations, establishing a motivic analog of Steinberger’s theorem.

REsUME. — Nous utilisons les colimites motiviques pour construire des opérations de puissance
sur les groupes d’homotopie des spectres motiviques normés admettant une application (normée)
depuis HIF5. Nous établissons suffisamment de leurs propriétés standard pour prouver que ’algébre de
Steenrod duale motivique est générée par un seul élément sous les opérations d’anneau et de puissance,
établissant ainsi un analogue motivique du théoréme de Steinberger.

1. Introduction

Power operations have a long and well established history within classical algebraic
topology. They are an essential computational tool for making effective use of generalized
homology theories. Essential to the definition of power operations is some amount of extra
structure. In order to construct power operations on a spectrum X, one requires at minimum
a “coherently commutative binary multiplication,” also known as an Hj structure. Such a
structure is encoded as a map (X ®?),x, — X which satisfies some basic properties. Given
such an X, there are operations on its homology which take the form

Q' : Hi(X) > Hipi(X),
which are sometimes re-indexed as Oy defined by Q(x) := QI (x).

Consider the following important classical theorem of Steinberger.
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580 T. BACHMANN, E. ELMANTO AND J. HELLER

THEOREM 1.1 (Steinberger, [8, I11.2.2-111.2.4]). — Let A« = HF,.HF; be the dual Steen-
rod algebra which is a free polynomial algebra [21] of the form

Ax = 261,62, ....§, .. ],

where the degrees of the generators are |§;| = 27 — 1. Applying the power operation Q1 repeat-
edly to the generator &, yields elements in the dual Steenrod algebra which also generate it freely:

(1.2) Aw =TFa[61, 01(51). (Q1)* (1) ]

Theorem 1.1 is an “economical” presentation of the dual Steenrod algebra — it expresses
other elements in this very large ring, corresponding to the duals of Steenrod’s operations,
in terms of & (which corresponds to the Bockstein operation) and the Q;-operation. This
generation by & under the Q;-operation underlies and/or foreshadows many important
results in homotopy theory. Among them is the celebrated Hopkins-Mahowald theorem
[20], expressing HIF, as a Thom spectrum, as well as Bokstedt’s famous periodicity theorem
computing the topological Hochschild homology (THH) of I, (see [18, Theorem 1.1,
Appendix A] for a proof and an extensive discussion on how these results are intimately
related).

In the same vein, the Steenrod algebra had previously entered algebraic geometry in
another crucial way via the Rost-Voevodsky proofs of Milnor and Bloch-Kato conjectures
[30, 29, 32]. One of the crucial ingredients of the proof is the construction of the motivic
analog of Margolis homology, which is a certain chain complex whose differentials are the
(motivic analogs of the) Milnor operations. We refer the interested reader to [14, Section 1.6]
for a brief explanation on the role of power operations for motivic cohomology in the
proof of the Milnor of Bloch-Kato conjectures, and [14, Chapter 13] for a more extensive
exposition.

Now we turn to our results. Let S be a base scheme where 2 is invertible and HZ/2 € SH(S)
is the motivic spectrum representing mod-2 motivic cohomology as constructed by
Spitzweck. Write Aus« = m+x(HZ/2 ® HZ/2) for the dual motivic Steenrod algebra. By
work of Voevodsky [30], Hoyois-Kelly-Ostver [16], and Spitzweck [27] this is a Hopf alge-
broid with underlying algebra

Asere = HZ/Z**[‘C(), Tlyeo oy Elv éz, .. ]/(th — T§i+1 — PTi+1 — pTOEi+1),

where |7;| = (2'T! —1,2! — 1) and |&| = (2(2" — 1),2 — 1); see Appendix D.3 for details
and the full Hopf algebroid structure.

The bulk of this paper concerns the construction and analysis of motivic power operations
on the homotopy of “quadratically normed” HZ/2-modules. We discuss what this means
shortly, for the moment we simply note that our constructions apply to HZ/2 ® HZ/2.
In particular, we obtain power operations acting on A... Our main result is the following
motivic version of Steinberger’s theorem.

THEOREM 1.3 (see Theorem 5.33). — Let S be a scheme where % € Os. Then:

1. there are motivic power operations:

0"t Ass = Asrinifi/2] i €Z;
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NORMED MOTIVIC SPECTRA AND POWER OPERATIONS 581

2. the smallest HZ, /2 «x-subalgebra of A« containing to and stable under the operations
01, is Asy itself.

We note that one of the themes of this project is the indispensible nature of genuine
structures in motivic homotopy theory. Indeed, one can easily construct naive or categor-
ical power operations Q;aive :HZ/2.«HZ/2 — HZ/2+i2+«HZ/2 which will not interact
correctly with the Tate twists, which are so central to the deeper properties of motivic
cohomology. In particular, the element 7 and applications of Q% . on it will not be able to

naive
generate the dual Steenrod algebra.

1.1. Motivic power operations

The first author together with Marc Hoyois, introduced the theory of normed motivic
spectra in [6]. Given E € SH(S) and a finite étale morphism p : T — S, a parametrized
smash power E®7 is constructed in loc. cit. (where it is denoted pg p* E). Now, informally
speaking a normed motivic spectrum over S is a motivic spectrum E € SH(S) equipped with
multiplications (E| X)®Y — E|, parametrized by finite étale morphisms ¥ — X over S,
which are required to satisfy coherency conditions. Examples of normed motivic spectrum
include familiar motivic spectra such as the sphere spectrum, MGL, KGL, and importantly
HZ and HZ/n.

Even in the informal description just given, it is clear that the concept of a normed motivic
spectrum encodes an incredible amount of structure. We prefer to rely on as little structure as
possible for our construction of power operations. To this end we introduce the category of
“quadratically normed” spectra. In brief a quadratically normed spectrum is one equipped
with multiplications parametrized by finite étale morphisms of degree 2. This is formalized
as a map D°'(X) — X, where D3*°'(—) is the motivic extended powers functor [5].

Our construction relies on the interplay of two viewpoints: categorical and equivariant.
On the one hand the motivic extended powers functor is a motivic colimit
DY°Y(E) ~ colimy.y » x (E | X)®Y . On the other hand we retain computational control
via an equivariant model D> (E) ~ EX,; ®x, E®2, again see [5].

We construct a spectrum Opsyz,, which parametrizes power operations on quadrat-
ically normed HZ/2-modules; these form a category denoted by HNAIg, (SH(S)uz/2,-
In Theorem 4.3 we compute that if S is essentially smooth over a Dedekind domain with
residue characteristics # 2, then

TaxOPStz2 = DHZ/ 24u{e2n} & EDHZ/ 2unfe2n 1},

neEZ nez
where e; are classes with |e;,| = (2n,n) and |ez,+1] = 2rn + 1,17 4+ 1). These give rise to
operations for a quadratically normed HZ/2-module E (over any base containing 1/2),

0" TsnE = TatintrinE.

The following proposition summarizes the results of Section 5.2, establishing the basic
properties of these operations.

PROPOSITION 1.4. — Let E € HNAIg, (SH(S)uz/2) and x,y € mux E.

(1) Naturality: If a: E — F is a map of quadratically normed HZ/2-modules, then
Qi(x* = oc*Qi.
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