Canonical Descent and Formal Pro-Excision
for Spectral Schemes

Abstract

We prove that topological Hochschild homology, regarded as a cyclotomic spectrum,
and integral topological cyclic homology satisfy Cech descent for the canonical topol-
ogy on connective spectral rings. The proof begins with canonical descent for finite
symmetric powers of the spectral cotangent complex with bounded-below coefficients.
It then passes through the complete circle-equivariant Hochschild-Kostant—Rosenberg
filtration; linear connectivity of the filtration tails supplies continuity for finite-group
Tate constructions, and naturality of the unfiltered cyclotomic Frobenius then upgrades
the resulting comparison to cyclotomic descent.

As an application, we establish formal pro-excision for proper modifications of con-
nective quasi-compact and quasi-separated spectral schemes. Let Y — X be proper
and locally almost of finite presentation, and suppose that it is an equivalence over
a quasi-compact open subscheme U C X. For both integral topological cyclic homol-
ogy and nonconnective algebraic K-theory, the square obtained by completing X along
|X|\ U and Y along its inverse image is weakly cartesian in pro-spectra. The proof
combines the finite case, comparison with animated formal completion over a classi-
cal base, derived pro-cdh descent, proper formal functions on derived loop spaces, and
1-connective pro-dévissage.

We also determine the scope of filtered descent. The complete Hodge filtration on
Hodge-completed infinitesimal cohomology, the complete circle-equivariant Hochschild—
Kostant—Rosenberg filtration on topological Hochschild homology and its finite-group
Tate variants, and the p-adic filtration on derived p-complete topological cyclic homol-
ogy satisfy canonical descent. By contrast, for every prime p, infinitely many positive
associated graded pieces of the ambient Hahn—Raksit—Wilson even filtration fail to be
sheaves for the canonical topology. On chromatically quasisyntomic rings these graded
pieces are the Hahn—Raksit—Wilson syntomic complexes. The obstruction is chromatic:
the p-complete sphere is a retract of TC(S)Q, whereas the multiplicative cyclotomic
trace and Mitchell’s theorem imply that TC(HZ); is K(2)-acyclic.

1 Introduction

Let W — X be a canonical cover and let E be a contravariant spectrum-valued invariant.
Canonical descent is the equivalence from E(X) to the full derived Cech resolution

E(X) — Tot E(W>x(atl), (1.1)
[glea

Formal pro-excision asks for an additional compression of this resolution when W consists
of a proper modification and a formal neighborhood of its closed complement. For a two-
member cover W = Y II Z, the degree-one term contains the derived self-intersections
Y xx Y and Z xx Z as well as the two mixed intersections. The desired compression is
the four-vertex map

B(X) — E(Y) Xy 2 E(Z) (1.2)
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and requires a separate argument; Proposition 6.5 gives a rational square-zero example
where it is not an equivalence.

We first prove canonical descent for finite cotangent polynomials, for THH as a cyclo-
tomic spectrum, and for TC. We then show that, for a proper modification, formal com-
pletion compresses the full Cech resolution to the four vertices of the completion square.
This requires a uniform pro-argument, since a degreewise pro-equivalence need not remain
a pro-equivalence after an infinite totalization.

1.1 Main results

Let p : Y — X be a proper morphism, locally almost of finite presentation, between
connective quasi-compact and quasi-separated (qcqs) spectral schemes. Suppose that p is
an equivalence over a quasi-compact open subscheme U C X, and let Z = | X|\ U. Formal
completions below are computed from fixed compatible free spectral Koszul towers on the
affine members of a finite Zariski-Mayer—Vietoris presentation. Ordinary spectra in the
resulting formal squares are regarded as constant pro-spectra.

Theorem A. For E € {K, TC}, the square
E(X) — EBE(X3)

! l

EY) —— E(Y )

is weakly cartesian in Pro(Sp).
This is Theorem 11.1. For a formal tower X, -+ X and Y, =Y xx X, set

p(p) = {fib(E(X) — E(Y) x v,y E(Xa)) } - (13)

a

Proposition 7.3 identifies this pro-spectrum with the fiber of the canonical compression from
the full Cech resolution to the four-vertex pullback. Theorem A is therefore equivalent to
the vanishing of ®(p).

The descent input is stated for a small canonical family {A — B;}ier of connective
Eo-rings. If a = (o, ..., i), write By = Bj; ®4 -+ ®a Bj,.

Theorem B. For every small canonical family, the comparison

THH(A) — Tot [] THH(B,)

¢ aclatl

is an equivalence in CycSp. Consequently

TC(A) — Tot [[ TC(Ba)

! aelatl

is an equivalence. The complete circle-equivariant Hochschild—Kostant—Rosenberg (HKR)
filtration and, for every finite C,, C T, its termwise C,,-Tate filtration also satisfy filtered
canonical descent.

The unfiltered assertion is Theorem 4.8; the filtered assertions are Theorem 4.3 and
Corollary 4.6. The proof is built from Proposition 3.2, which establishes descent for finite
cotangent polynomials

M ®pg Sym$, (Lg;"A ®V)

with bounded-below coefficients and a finite-group Tate refinement. A finite transitivity
filtration separates the base-change term from positive relative-cotangent terms; a second
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split Cech direction kills the latter. Complete filtered detection then reconstructs the HKR
tower. Finally, the linear connectivity of its tails supplies precisely the continuity required
to pass through finite-group Tate constructions.

The filtration on TC requires a separate discussion. The p-adic filtration on derived
p-complete TC is complete, multiplicative, and satisfies canonical descent for every prime;
see Theorem 5.1. The Hahn—Raksit—Wilson even or motivic filtration behaves differently.

Theorem C. Let '
7y (i) (R) = gr' filg, , 7o (THH(R);))[—-2i]

be the normalized associated graded piece of the ambient Hahn-Raksit—Wilson (HRW)
even-TC filtration. For every prime p, there are infinitely many integers ¢ > 0 for which

Ly (1)(S) — 2, (1) (HZ)

is not an equivalence, and Z;" (i) is not a sheaf for the canonical topology. Since S and HZ
are chromatically quasisyntomic, the displayed values of the ambient even filtration are the
corresponding HRW syntomic complexes.

This is Theorem 5.5. Each normalized ambient graded piece is uniformly coconnective.
Consequently, if it were a sheaf for the canonical topology, it would be hypercomplete.
Descent along the constant Postnikov hypercover of S by HZ would then identify its values
on these two rings. The chromatic calculation below shows that this identification fails
in infinitely many positive weights. The theorem does not assert failure in every positive
weight, nor does it single out a particular one; the ambient negative pieces vanish identically.

The endpoint calculation is chromatic and uniform in the prime. The Bokstedt—Hsiang—
Madsen splitting exhibits the p-complete sphere as a retract of TC(S);,\. On the other hand,
multiplicativity of the cyclotomic trace makes TC(HZ), a K(Z)-module, and Mitchell’s
theorem makes every such module K (2)-acyclic. Thus the relative TC spectrum is not K (2)-
acyclic, including at p = 2. On the other hand, every normalized ambient graded piece of
the even-TC filtration canonically lifts to an HZ-module. Consequently each relative graded
piece is K (2)-acyclic, so only finitely many nonzero relative weights would force the relative
TC spectrum itself to be K(2)-acyclic, a contradiction.

1.2 Formal pro-excision

The proof of Theorem A proceeds through the defect (1.3). For a finite modification lo-
cally almost of finite presentation, supported almost-perfect completion identifies the defect
module with its formal tower, and the connectivity form of the Land—Tamme pro-Milnor
theorem gives formal pro-excision.

Over a classical base, relative animated reflection replaces Y by an animated scheme Y "
with the same classical truncation. The comparison (Y?")? — Y is a finite modification.
The derived pro-cdh theorem of Kelly-Saito-Tamme compares the formal relative terms
for X and Y®", while the finite spectral theorem compares those for Y and (Y*")*P; two-
out-of-three proves the classical-base case. For a general spectral base, invariance of ®(p)
under the affine map t¢X — X reduces the theorem to the classical-base case.

The 1-connective invariance theorem has three inputs. Raskin’s construction gives an
integral complete filtration for relative TC of a nonsplit square-zero extension; its weight-m
quotient is obtained by taking C,-homotopy orbits of THH with coefficients, and the tails
become linearly more connective with m. A marked cyclic-word model supplies the required
Cm-action. Proper formal functions on derived loop spaces make each fixed-weight formal
defect weakly zero, while its stagewise fibers admit a lower bound independent of the formal
index. Filtered pro-dévissage then combines fixed-weight vanishing with the uniform tail
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estimate. Iterating the Lee—Levy factorization doubles connectivity and proves 1-connective
invariance. The truncating fiber K™ = fib(K — TC) transfers the conclusion from TC to
nonconnective K-theory.

1.3 Relation to previous work

The cotangent input is the canonical descent theorem recorded by Antieau and attributed
there to Antieau-Iwasa—Krause [1, Theorem 2.11 and Corollary 2.12]. We use its individ-
ual Hodge pieces as the associated graded of the equivariant HKR tower and then prove
the continuity and cyclotomic assembly needed for THH and TC. The even and motivic
filtrations are those of Hahn-Raksit-Wilson [10]. After composition with R — THH(R);,
their even-TC filtration defines an ambient presheaf on all connective spectral rings. On
the chromatically quasisyntomic subcategory they prove exhaustivity and identify its as-
sociated graded pieces as syntomic complexes. Their descent theorem applies along maps
that are p-completely evenly faithfully flat (p-completely eff) in their terminology, whereas
Theorem C shows that the presheaves of ambient graded pieces do not satisfy descent for
the full canonical topology.

For formal pro-excision, the finite step uses the pro-Milnor theorem of Land—Tamme
[13], while the classical-base step uses the derived pro-cdh theorem of Kelly-Saito-Tamme
[12]. Iwasa has announced canonical descent for THH and TC, the resulting cdh descent
of K-theory on spectral schemes, and spectral cdh pro-excision [11]. Thus Theorems A
and B and Proposition 6.4 overlap with that announced package. The present treatment
records the small-family and equivariant refinements explicitly, includes the filtered Tate-
continuity and HRW obstruction results, and proves proper pro-excision through the formal-
defect comparison, the spectral-animated completion comparison, proper formal functions
on derived loop spaces, and the 1-connective invariance theorem of Sections 7—10.

1.4 Organization

Sections 2-5 develop canonical descent, cotangent and HKR filtrations, cyclotomic descent,
and the HRW obstruction. Section 6 passes to spectral schemes and records the four-vertex
counterexample. Section 7 defines the formal defect and proves the finite modification
theorem. Sections 8— 10 establish the classical-base comparison, proper formal functions,
and 1-connective invariance. Section 11 assembles these inputs into Theorem A.

2 Canonical families and linear descent

This section develops the linear input for cotangent descent. We record three consequences
of canonicality: stability under base change and refinement, descent for bounded-below
modules and finite-group constructions, and contraction when one member of a Cech family
splits. All rings are connective FE.-rings, and all tensor products are derived. If {A —
Bi}ier is a small family and « = (ig, ..., 4,) € 177!, write

Ba = Bj, ®4 -+ ®a Bi,.

We use the convention that a spectrum is n-connective when its homotopy groups vanish
below degree n, and a map is n-connective when its fiber is n-connective.
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2.1 Canonical families

Definition 2.1 (Canonical family). The family {4 — B;}ier is canonical if, for every
connective A-algebra A’, the augmentation

A" — Tot (A" @4 By) (2.1)
lajea ocell_!*l

is an equivalence in CAlg®™.

For an infinite family the product in (2.1) is taken after the individual tensor products
have been formed. Thus the definition does not replace the family by the single map
A — [[; Bi- The word “small” refers only to the chosen Grothendieck universe.

Proposition 2.2 (Canonical-topology interpretation). Definition 2.1 is equivalent to say-
ing that {Spec B; — Spec A} is a covering family for the canonical Grothendieck topology
on connective spectral affines.

Proof. A family of affines is canonical precisely when it is universally effective epimorphic.
After a base change Spec A’ — Spec A, a representable test object Spec C' sees the map

MapCAlg(Ca Al) - T((])t H MapCAlg(C, Al XA Ba).

aclatl

By the universal property of limits, this map is an equivalence for every connective C'
exactly when (2.1) is an equivalence. Yoneda proves both implications. ]

The proposition concerns effective epimorphy after canonical sheafification. It does
not assert pointwise effective epimorphy of the coproduct of the original representable
presheaves.

We use two descent conventions. Unless the prefix “hyper” is written, canonical descent
means ordinary family Cech descent as in Definition 2.1. A canonical hypersheaf is a
presheaf satisfying descent for every hypercover in the canonical topology. Thus hypersheaf
descent is an a priori stronger assertion on this site; the distinction will be essential in
Theorem 5.5.

Lemma 2.3 (Family calculus). Canonical families are stable under connective base change
and composition. If a canonical family {A — Ci}rex refines {A — B;}icr through factor-
izations A — By — Ck, then {A — B;} is canonical. In particular, if A — B — C and
A — C is canonical, then A — B is canonical. The same statements hold for connective
commutative algebra objects in Fun(BG, Sp) for any group G. Moreover, a nonequivariant
canonical family, equipped with trivial G-actions, is canonical in this equivariant category.

Proof. After canonical sheafification, the map from the formal coproduct of the representa-
bles to the target is an effective epimorphism. Effective epimorphisms in an infinity-topos
are stable under base change, coproducts, and composition. For a refinement there is a
factorization

H y(Spec Ck) — Hy(Spec B;) — y(Spec A).

keK i€l
The composite is an effective epimorphism, so the second arrow is one by right cancellation
for the connected—truncated factorization system [16, Corollary 6.2.3.12].

Repeating the same argument in equivariant connective commutative algebras gives the

corresponding formal properties. For the final assertion, let C' be any connective equivariant
A-algebra. After forgetting the action, Definition 2.1 gives

C =~ Tot 1;[(0 ®4 Ba).
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The forgetful functor creates limits and detects equivalences, so this is an equivariant
Amitsur equivalence. The same argument applies after every equivariant connective base
change. O

Lemma 2.4 (Connectivity criterion). If A — B has 1-connective fiber, then the singleton
family {A — B} is canonical.

Proof. Let A’ be a connective A-algebra, and put
B'=A@sB, J=fib(d — B).
Extension of scalars is exact, so J' ~ A’ ® 4 fib(A — B) is 1-connective. If

T! = lim (B')®alatD)
" [Q]GAgn

then the cubical formula for partial Amitsur totalizations gives a natural cofiber sequence
(J)Batl) A T (2.2)
see [10, Proposition 2.3.5(1)]. Equivalently,
fib(A' — T7) ~ (J)@a (1),

Compatibility of the standard ¢-structure with tensor products places the right-hand side
in (Moda’)>n+1. Its inverse limit over n therefore vanishes, and left completeness gives

A" ~ Tot(B')®a(++1),
A

Since A’ was arbitrary, the Amitsur equivalence is universal. This is also the base-change
assertion of [10, Remark 2.3.7(2)]. O

Lemma 2.5 (The constant Postnikov hypercover). Let A be a connective Ey-ring. The
constant simplicial affine Spec Hmg A, augmented to Spec A, is a hypercover for the canonical
topology. In particular, the constant simplicial affine Spec HZ is a canonical hypercover of
SpecS.

Proof. Let M,, be the nth matching affine of the augmented constant simplicial object and
write C,, for its coordinate ring. For m = 0 one has Cy = A; for n > 0 the matching
category is finite, so C), is a finite colimit of copies of HmyA over A. After applying the
colimit-preserving functor my : CAlg™ — CRing, the augmented diagram becomes the
constant identity diagram on myA. Thus the matching map C;,, — HmyA is an isomorphism
on my. Since its target is O-truncated and its source is connective, its fiber is 1-connective.
Hence Lemma 2.4 says that the corresponding map Spec HmgA — M,, is a canonical cover.
This holds for every n, including n = 0, and proves the hypercover assertion. Apply it to
S — HZ for the final statement. O

Lemma 2.6 (Coconnective sheaves and Postnikov hypercovers). Let
F : CAlg™ — Sp

be a spectrum-valued presheaf on connective spectral affines, written in ring coordinates.

1. If F' is a canonical hypersheaf, then for every connective Ex-ring A the map
F(A) — F(HmyA)

is an equivalence.
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2. Suppose that F is a sheaf for the canonical topology and that there is an integer d such
that F(A) € Spy for every connective A. Then F is a canonical hypersheaf, and the
conclusion of (1) holds.

Proof. For (1), apply hyperdescent to the constant hypercover of Lemma 2.5. Its value
under F is the constant cosimplicial spectrum on F'(HmyA), whose totalization is F(HmpA).

For (2), regard F as an object of the stable category of spectrum-valued canonical
sheaves. For every integer m, the space-valued sheaf

QXY™F

is pointwise (d 4+ m)-truncated when d +m > 0 and pointwise O-truncated when d+m < 0.
Truncatedness in the canonical oco-topos can be tested on the representable generators,
so these are truncated objects of that oco-topos. Every truncated object of an oco-topos
is hypercomplete [16, Lemma 6.5.2.9]. Hence, for every canonical hypercover Uy — X,
applying 2°°X™ to
F(X)— [EgtAF(Uq)

gives an equivalence for every m. The functors {Q°°¥™},,c7 preserve limits and are jointly
conservative on spectra. The displayed map is therefore an equivalence. This is also the
spectrum-sheaf hypercompleteness criterion of [17, Proposition 1.3.3.3]. Thus F' is a hyper-
sheaf, and (1) applies. O

2.2 Module and finite-group descent

Lemma 2.7 (Bounded-below module descent). Let {A — B;}ier be canonical. If M is a
bounded-below A-module, then

M ~ Tot H (M ®a By). (2.3)

a aclatl

The equivalence is natural in M. It also holds for a bounded-below equivariant module over

a canonical family in CAlg® (Fun(BG, Sp)).

Proof. Let T denote the right side of (2.3), formed in the unbounded stable module category.
For every sufficiently large r, apply (2.1) to the connective square-zero algebra A @ X" M.
Taking the square-zero ideal of the resulting equivalence gives

Y'M ~ 159(X"T), hence > M ~715_,T.

This holds for arbitrarily large r, so Postnikov separatedness gives M ~ T'. In particular,
the proof never moves a tensor product through an infinite product. The same square-zero
argument works in equivariant commutative algebras, where limits and equivalences are
detected on underlying modules. O

Lemma 2.8 (Finite-group Tate descent). Let G be finite and let M € Fun(BG,Mody4) be
bounded below. For a canonical family, the natural maps

MG Tot [[(M ®4 B,)"¢ M Tot [[(M ®4 B
— ,?EI( ®4 Ba)"™, hG — gl;[( ®4 Ba)na

are equivalences. Consequently the analogous Tate comparison is an equivalence. If G H,
all three comparisons retain their residual H/G-actions.
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Proof. Homotopy fixed points and totalization are limits, so the fixed-point claim follows
from Lemma 2.7 in G-objects. On the orbit side, M} is bounded below and

(M ®a Ba)he = Mpg ®4 Ba,

because B, has trivial action. Apply Lemma 2.7 to Myq. Exactness of totalization and the
norm cofiber sequence give the Tate assertion. These constructions take place in residual
H/G-objects when an H-action is present. O

2.3 Split contractions

Lemma 2.9 (Split-member contraction). Let C be an infinity-category with pushouts, let
D admit small products and totalizations, and let ® : C — D be a functor. Given a small
family {u; : X — X;}ier, put

Xigyig = Xip Ix --- Lx X;,, cq = 11 D(Xig,....iq)-

(io,...,iq)EI‘H’l

The canonical maps between iterated pushouts make ®(X) — C§ an augmented cosimplicial
object. If one u;, admits a retraction r : X;, — X in C, then this augmentation is split. In
particular, the augmentation induces an equivalence

B(X) = Tot(C3).

Proof. For a factor of Cg)_l indexed by i = (ig, ..., i4—1), project C§ to the factor indexed
by (ix, 1) and apply ® to the map

Xisjisemig-1 — Xig,oig—1

induced by 7 on the first factor and the identity on the remaining factors. These maps,
together with the analogous map in cosimplicial degree zero, define an extra codegeneracy.
The extra-codegeneracy identities reduce to r ou;, = idx and the associativity of pushouts.
Hence the augmentation is split. A split augmented cosimplicial object is a limit diagram,
which gives the displayed equivalence. The construction uses only projections from the
indicated products, so no finiteness assumption on [ is needed. O

3 Cotangent-polynomial descent

Cotangent descent is the main nonlinear input of the paper. For a map of pairs, transitivity
separates the desired base-change term from a relative error. The binomial filtration reduces
descent to these pieces: module descent treats the base-change term, while a second Cech
direction makes every positive error term split. A pair (R/A) means a map A — R.

Antieau records, with attribution to joint work with Iwasa and Krause, the singleton
canonical-cover form of Hodge-completed infinitesimal descent and its bounded-below cotan-
gent symmetric-power consequence in [1, Theorem 2.11 and Corollary 2.12]. We prove the
small-family version with arbitrary bounded-below coefficients and record the finite-group
Tate refinement needed below.

3.1 Complete filtrations and arbitrary Cech limits

For a stable infinity-category C with small limits, write

Fil(C) = Fun(N°,C)



Canonical descent and formal pro-excision 9

for decreasing nonnegative filtrations, and write
Filz(C) = Fun(Z°?,C)

for decreasing Z-indexed filtrations. Thus an object has maps F**'X — F"X. In either
category put
gt X = cofib(F"™' X — F"X), F*X = lim F"X,
n—-+00

and let Fil*(C) and Fil}(C) denote the full subcategories of derived complete filtrations,
defined by F*°X ~ 0.

Lemma 3.1 (Graded detection of complete filtered limits). The subcategories Fil™(C) and
Fil}(C) are closed under all small limits. For either indexing category, every functor

gr” : FilNC) — C  (n >0), gr" 1 Filp(C) — C (n€Z)

preserves all small limits, and the family of all available graded-piece functors is jointly
conservative. Consequently, a cone of complete filtered objects is a limit cone as soon as it
is a limit cone on every associated graded piece.

Proof. Limits of filtrations are computed weightwise. If D : K — Fil(C) or D : K — Filz(C)
is a diagram of complete filtrations, Fubini for limits gives
lim lim F"Dy ~ lim lim F"D; ~ 0.
n—+oo ke K k€K n—+o0

Thus the limit is complete. In a stable category a cofiber is a suspended fiber, so the cofiber
functor on arrows preserves limits. Hence

R

For conservativity, let f: X — Y be a graded equivalence between complete filtrations
and let H = fib(f). Then H is complete, every gr'™ H is zero, and therefore every transition
FrtlH — F"H is an equivalence. For fixed n the tail is constant up to equivalence, whence

F"H ~lim F"H ~ F*H ~ 0.
r>n

Thus f is an equivalence. Applying this observation to the comparison from the cone point
to the limit proves the final assertion. O

The arbitrary-limit statement applies in particular to products, totalizations, and fil-
tration limits. No Mittag—Leffler or uniform-connectivity hypothesis is needed, since all
three constructions are limits. Rapid connectivity enters later only because finite-group
Tate does not preserve arbitrary inverse limits. Completeness itself is essential; a nonzero
constant filtration has zero associated graded in every weight.
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Proposition 3.2 (Cotangent polynomials and Tate descent). For every i € I, let

Lo

be a commutative square of connective Eoo-1ings, and suppose that the small family {R —
Sitier is canonical. For o = (g, ..., 1q) put

Bo = Bj, ®4 -+ ®4 Bi,, Sa = Siy ®r -+~ QR Si

q°

Let M be a bounded-below A-module and let V' be a bounded-below spectrum, possibly with
an action of a group G, while all rings have trivial action. For every d > 0, the natural
map

(M ©4 R) @p Sym§ (L7 © V) (3.1)
— Tot [ (M ®a8a)@s, Sym, (LE, @V)

aclatl

is a G-equivariant equivalence. If G is finite, the map from the Tate construction of the
source to the totalization of the termwise Tate constructions on the right is also an equiv-
alence. If the data are H-equivariant and G < H, the Tate comparison retains the residual
H/G-action.

Proof. The transitivity filtration. Set
Ca=R®aBay, Qa=Lg%5, @V

Base change and transitivity for the E, cotangent complex [15, Corollary 7.3.3.6 and
Proposition 7.3.3.7] give a natural cofiber sequence

Sa®r (L5 ®V) — Lg<p @V — Qa. (3.2)

The derived binomial filtration of the dth symmetric power in (3.2) is finite. Its graded
pieces are indexed by the number b of factors contributed by Q.

The base-change piece. The piece with b = 0 is the base change of the source of (3.1), so
Lemma 2.7 proves descent for this piece.

The positive error pieces. Fix b > 0. After collecting the factors independent of «, the
corresponding graded term has the form

Eop = (Ny @ Sa) ®s, Sym%_(Qa),

where N is a bounded-below G-R-module. Here we use that cotangent complexes of con-
nective Eo-rings are connective [15, Proposition 7.4.3.9]. Apply module descent in a second
Cech direction, indexed by 3 € IP*!. Fubini for small limits gives

Tot [ ] Eap = Tot Tot [(£ Sp). 3.3
gl;[ ab = To gg( ab ®r 5p) (3:3)

For fixed 8 = (jo, ..., Jp), put

TB@ :Sg Rr Sa, D@a :S@ ®4 B.,.
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Base change identifies the relative factor in E,j, ®g Sg with

Eoo
H"Tﬂ,a/Dﬁ,a ®V.

As « varies, these are the family Amitsur terms for the map of pairs
(S5/Sp) — {(Ss ®r Si)/(Sp @4 Bi)},c;p-

Colimits in Fun(A®, CAlg™) are computed objectwise, so its iterated pushouts are precisely
the pairs (1,,/Dgs,o) above. The member i = jy retracts by multiplying the repeated S},
factor; on the denominator one first uses Bj;, — Sj,. The augmented object is therefore
split in the infinity-category Fun(Al, CAlg™) of pairs. On the undercategory of (S5/Sg),
apply Lemma 2.9 to the functor

(I)@b : Fun(Al, CAlgcn)(Sﬁ/Sﬁ)/ — Fun(BG, Sp),
®(T/D) = (Ny @ T) @1 Symp (L7, © V).

Its value at the augmentation is zero, because Lg;o/ S = 0 and b > 0. The lemma therefore

identifies the a-totalization in (3.3) with zero. Thus every positive error piece vanishes, and
induction through the finite binomial filtration proves (3.1).

The Tate comparison. For the Tate statement, use Lemma 2.8 on the piece with b = 0. Fix
b > 0. Since every E, j; is a bounded-below G-R-module, a second application of Lemma 2.8,
now in the S-direction, and Fubini for limits give

G tG G
Tot ];[ Ef}y = Tot Tot g(Ea’b @ Sp)' = Tot Tot g(Ea’b ®r S5)"C.

For fixed 3, the augmented a-object constructed above is split with zero value at its aug-
mentation. It remains split after applying (—)!¢, so the inner a-totalization in the last
expression is zero. Exactness of Tate and totalization, followed by the same finite filtration
argument, proves the claim. All constructions preserve the stated residual action. O

The case d = 1 gives descent for the relative cotangent complex itself. The full family
of symmetric powers also reconstructs a naturally occurring complete filtered theory.

Corollary 3.3 (Hodge-completed descent). Under the hypotheses of Proposition 3.2,
Hodge-completed Es-infinitesimal cohomology satisfies filtered ordinary Cech descent.
More precisely, there is an equivalence

o7 1 Foo ~ o7 1 Ex
FiInfp, ~ Tot ];[+1 Filnfg™p (3.4)
acld

of complete filtered Eo-algebras, and hence of their underlying complete filtered spectra.

Proof. Antieau’s construction has a complete Hodge filtration, and completion is taken
along this same filtration. Its associated graded is

grf‘fl IEl\fng ~ Sym‘fz(Lng[—l]); (3.5)
see [1, Lemma 2.2]. Apply Proposition 3.2 with M = A and V = X~!S. It identifies every

associated graded piece of the two sides of (3.4). Lemma 3.1 proves the filtered equivalence.
Its multiplicative structure is natural throughout the construction. O
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4 From cotangent descent to cyclotomic descent

Cotangent-polynomial descent reaches THH through the circle-equivariant HKR filtration.
This is the route used for cyclotomic descent, because it survives finite-group Tate construc-
tions. The underlying circle-equivariant theorem also has a shorter proof from the circle
tensor; we include it as an alternative.

All circle and finite-group actions in this paper are ordinary (naive) actions: an action
of G means an object of Fun(BG, —).

4.1 Equivariant THH descent

Let
Vg = fib(EPS' — S),

where the source has its translation action and the target has the trivial circle action. Its
underlying spectrum is S, but its circle action is not trivial. We write L4 = ]Lg‘/”g.

Lemma 4.1 (The equivariant copower cotangent complex). Put Cy = S'® A = THH(A).
Give C4 the rotation action and A the trivial circle action, and let € : C4 — A be the
collapse augmentation. There is a natural equivalence

A®c, LEr ~ LA~ @ £°S" in Fun(BT,Mod.),
under which the first map in the transitivity triangle for Cqx — A is
LE= g noogt 1ecoll, 7 B
+ .

Consequently,
L5, [F1] = L3> @ Vg1 in Fun(BT, Moda).

Proof. For an A-module M, viewed with trivial circle action, the universal property of the
cotangent complex and the copower—mapping adjunction give natural equivalences
map 4 (4 ®c, ]Lg:", M) ~ Der.(Cy, M)
o~ mapsp(EfSl, Deriq, (A, M))
~ map (L5~ @ £S5, M).
The same calculation with an arbitrary equivariant A-module, using equivariant mapping
spectra, identifies the representing map in Fun(BT,Mod4). Equivalently, the underlying

equivalence constructed above is natural for rotation and is therefore an equivariant equiv-
alence. The middle equivalence is the fiber over the constant map at idy4 in

Mapcaig(S' ® A, A& M) ~ Map(S*, Mapg (A, A & M)).

This construction is natural for rotations of S!, so the representing equivalence is circle-
equivariant. Naturality for the collapse S' — x identifies the induced map to Lg‘” with
1 ® coll. The transitivity triangle

A®c, Loy — L= — L%,

is circle-equivariant. Taking the fiber of its first map proves the final claim. O
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Proposition 4.2 (Circle-equivariant HKR filtration). The complete circle-equivariant
HKR filtration on THH(A) has graded pieces

grihg THH(A) =~ Sym% (L5~ ® V1) in Fun(BT, Mod,). (4.1)

If Fikr denotes this filtration, its tails Fijg THH(A) become increasingly connective, uni-
formly after connective base change.

Proof. Antieau’s HKR filtration is the Hodge filtration
Fixp THH(A) = FyInfl, .

It is functorial in the pair C4 — A by [1, Construction 2.1 and Proposition 2.6]. The
rotation action on Cy, together with the trivial action on A, therefore equips the filtered
object with an ordinary circle action; see also [1, Remark 4.3]. The natural associated-
graded equivalence of [1, Lemma 2.2], applied in circle objects, and Lemma 4.1 give

grfscn THH(A) = Sy (L%, [~1])
~ Sym% (L5 @ V1)

in Fun(BT,Mod4). After forgetting the action, Vg1 ~ XS.
Completeness is [1, Proposition 4.1]. Since LE‘” is connective, the dth graded piece is
d-connective. For N > n, put

Qn.N = cofib( FRikr THH(A) — Flixg THH(A)).

This is a finite extension of the graded pieces with n < d < N and is therefore n-connective.
In each fixed homotopy degree the inverse system {Q, n}n is eventually constant, so its
Milnor lim! vanishes. Completeness gives

The estimate depends only on n, and hence holds simultaneously for all connective rings in
a canonical-family Cech diagram. O

Theorem 4.3 (Complete filtered equivariant THH descent). For every small canonical
family {A — B;}icr, the natural map

FixrTHH(A) — Tot [ Fixr THH(B,) (4.2)

aclatl

is an equivalence in Fil™(Fun(BT,Sp)). It respects the functorial filtered En.-multiplication
and ordinary circle action. In particular, evaluation at filtration degree zero gives an equiv-
alence

THH(A) — Tot [] THH(B.) (4.3)

! aclatl

in Fun(BT, Sp).

Proof from cotangent descent. Apply Proposition 3.2 to the squares whose upper row is
S — S and whose lower row is A — B;, with M = S and V = Vgi. By (4.1), every
HKR graded piece satisfies equivariant family descent. Proposition 4.2 gives completeness
at every vertex, while products and totalization preserve complete filtrations. Lemma 3.1
therefore proves (4.2). Functoriality of the HKR construction preserves its multiplication
and ordinary circle action. Since Fj g THH(T) = THH(T) and evaluation at degree zero
preserves limits, the unfiltered equivalence (4.3) follows. O
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Alternative proof of the unfiltered equivalence: the circle tensor. The augmentation
eqa: THH(A) =S'®A — A

has a nonequivariant section induced by the basepoint of S'. It is a my-isomorphism, and the
section makes its fiber connective; hence that fiber is 1-connective. The proof of Lemma 2.4,
carried out in circle objects, shows that €4 is canonical equivariantly.

Compose it with the canonical family {A — B;}. The resulting family {THH(A) — B;}
factors through {THH(A) — THH(B;)}. The refinement clause of Lemma 2.3 makes the
latter family canonical in circle-equivariant commutative algebras. Since S' ® — preserves
pushouts,

THH(Bj,) ®Tunu(a) - - - @1una) THH(B;,) ~ THH(B,).

The Amitsur equivalence is initially formed in connective commutative algebras. Applying
Lemma 2.7 to the unit module over THH(A) identifies the same infinite totalization in the
ambient stable category of circle spectra, giving (4.3). O

4.2 Tate continuity and cyclotomic descent

Tate constructions do not commute with arbitrary inverse limits. The HKR tower is usable
because its tails become uniformly connective. The next two lemmas isolate this continuity
argument.

Lemma 4.4 (Rapid complete filtrations). Let F*V be a complete decreasing filtration. If
gr' V' is (i + c)-connective, then F™V is (n + c)-connective. The assertion holds uniformly
in a diagram whenever the bound on the graded pieces is uniform.

Proof. For N > n, let Q, n = cofib(FNV — F"V). It is a finite extension of the graded
pieces with indices n < i < N, and is therefore (n + c¢)-connective. For each homotopy
group the tower stabilizes as N — oo, so its lim! vanishes. Completeness identifies F™V
with limy @, n and gives the stated bound. ]

Lemma 4.5 (Tate continuity for the HKR tower). Let V' ~ lim,, V/F"V be a complete
tower of bounded-below Cy,-spectra. Suppose the connectivity of F™V tends uniformly to
+o00. Then

ViCm ~ li;Ln(V/F"V)tC’H.

Proof. Homotopy orbits are exact and preserve lower connectivity for a finite group, so
Postnikov completeness gives Vi, =~ lim, (V/F"V)¢,,. Homotopy fixed points commute
with all limits. Taking inverse limits in the norm cofiber sequences proves the claim. ]

Corollary 4.6 (Complete filtered finite-group Tate descent). For every finite subgroup
Cy CT, put
tCm,
FﬁKR,tOmTHH(T) = (FITILKRTHH(T» :

This is a complete filtration on THH(T)'“m | with its residual T/Cy,-action, and

SiKR 10, THH(T) = (grfyxg THH(T)) ™.

For every small canonical family the natural map

FﬁKR,tCmTHH(A)—)Tgt H FYikr.tc,, THH(B,)
aclatl

is an equivalence in Fil"(Fun(B(T/C,,),Sp)).
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Proof. Exactness of finite-group Tate gives the associated-graded formula. Proposition 4.2
and Lemma 4.5 identify

THH(T)!m ~ lim(THH(T)/FﬁKRTHH(T))tCm.

n
Taking the fiber of the comparison with the nth quotient and then the limit over n shows
lim,, (Fgr THH(T))!“m ~ 0; hence the displayed Tate filtration is complete. The Tate
clause of Proposition 3.2 gives canonical-family descent for every graded piece. Apply
Lemma 3.1. O

Remark 4.7 (Filtered cyclotomic compatibility). Corollary 4.6 concerns the termwise Tate
filtration of an ordinary circle-equivariant filtered object. It does not place the HKR fil-
tration in CycSp. In particular, naturality of the unfiltered cyclotomic Frobenius does not
produce maps

Fiin THH(T) — (Ffj THH(T))"
or a weight-preserving variant. The proof of cyclotomic descent below uses the filtered Tate
comparison only after evaluating the complete filtration at degree zero.

Theorem 4.8 (Tate and cyclotomic descent). For every small canonical family and every
prime p, there is a T/Cy,-equivariant equivalence

THH(A)'» ~ Tot [[ THH(B,)"". (4.4)

1 aclatl

Together with Theorem 4.3, these comparisons identify the Cech limit in Nikolaus—Scholze
cyclotomic spectra. Consequently

THH(A) ~ Tot [[ THH(B,) i ., TC(A) ~ Tot [] TC(B.).
(4) gtl;[ (Ba) in CycSp C(4) gtl;[ C(Ba)

Proof. For n > 0 set
Qn(T) = cofib(Fijxr THH(T) — THH(T)).

This quotient has a finite filtration with graded pieces gr%KR THH(T) for 0 < d < n. For a
finite subgroup C,, C T, the Tate clause of Proposition 3.2 gives canonical-family descent
after Cy,-Tate for each of these pieces. Exactness of (—)/“» and induction through the
finite filtration therefore give descent for @, (—)*“™. Proposition 4.2 and Lemma 4.4 give
the uniform connectivity required by Lemma 4.5. Hence, for every prime p,

THH(A)!? ~ lim Q,,(A)*“»
~ lim Tot [ | Q,.(Ba)!“"
im To ];[Q (Ba)

~ Tot l;Iliran Qn(Bga)r ~ Tot 1;[ THH(B,)!“".

These equivalences are natural in the ring and retain the residual T/Cp-action. No cyclo-
tomic structure on the finite quotients @, is used.

It remains to promote the underlying and Tate comparisons to a limit in cyclotomic
spectra. Let J be the small indexing category for the whole family Cech limit, and let
D : J — CycSp have entries D, = THH(B,), with the cyclotomic structure of [20,
Example I1.1.2(i)]. Thus

ygUDj:Tgt I UTHH(B.),

aclatl
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where U : CycSp — Fun(BT, Sp) is forgetful. Put

C =Fun(BT,Sp), D=]]C.
peP

and define F(X) = (X), and G(X) = (X'“?),, using the pth-power identification T/C,, ~ T.
By [20, Definition II.1.6],
CycSp ~ LEq(F, G).

Theorem 4.3 identifies the underlying cone

UTHH(A) =5 lim U D;.
jeJ

For every prime p, equation (4.4) identifies the canonical Tate comparison

(UTHH(A))!% = 1,119(UDj)th.
j€
Taking the product over all primes says exactly that G preserves this particular J-limit; no
preservation of arbitrary limits by Tate is being asserted.

The diagonal functor F' : C — [],C preserves all limits, while the preceding Tate com-
parison proves preservation of this particular J-limit by G.

The comparisons respect the cyclotomic structure maps. For every prime p, naturality
in the ring of the underlying and Tate comparisons, together with functoriality of the
cyclotomic Frobenius on THH, gives the commutative square

UTHH(A) —— l'imJ UD;
j€
@pi Blemj Pp.j
(UTHH(A))!» —— nnJl(UDj)th.
j€

All finite-quotient and inverse-limit comparisons used for the bottom arrow are natural
in the ring. The cone is therefore a cone in LEq(F,G). The limit criterion [20, Proposi-
tion I1.1.5(v)] now shows that D has the displayed limit in CycSp and that U preserves
it. Equivalences in the lax equalizer are detected on underlying objects by [20, Proposi-
tion II.1.5(ii)], which proves the asserted equivalence in CycSp.

Finally, [20, Definition II.1.8] identifies

TC(V) = mapcyesp (Seyes V)-

This representable mapping-spectrum functor preserves limits, giving the stated descent
equivalence for TC. ]

5 Filtered descent and the HRW obstruction

The preceding sections provide the Hodge, HKR, finite-group Tate, and cyclotomic descent
statements. We first establish the remaining p-adic filtered statement and then collect the
results before studying the Hahn—Raksit—Wilson even filtration.
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5.1 A universal filtered TC theorem

The motivic filtration is not the only natural complete filtration on TC. The arithmetic
p-adic filtration gives a filtered theorem for all connective spectral rings and all canonical
families.

Theorem 5.1 (p-adic filtered TC descent). Fiz a prime p and write

TC(T;2,) = lim TC(T) /p"

for derived p-complete topological cyclic homology. For n > 0 define
F;LTC(T;ZP) = fib(TC(T; Z,) — TC(T;Zy)/p"),

where the quotient by p® = 1 is zero. Then F3 is a complete multiplicative filtration with
F) = TC(T; Zy) and
gry, TC(T; Zp) ~ TC(T'; Zy) /p-

For every small canonical family, the natural map

FSTC(A;Zy) — Tot  [[ FpTC(Ba;Zp)

aclatl
is an equivalence in Fil™(Sp), compatibly with multiplication.

Proof. For every r, the functor X +— X/p” is tensoring with the finite, hence dualizable,
Moore spectrum S/p"; it therefore preserves all limits. Derived p-completion is the inverse
limit of these limit-preserving functors, so Fubini for limits shows that it too preserves
all limits. For spectra this inverse-limit functor is S/p-localization [25, Corollary 5.14(e)];
equivalently, for every (not necessarily bounded below) spectrum X one has

X;/)\ = mapSp(E_lg/poo7 X) = }“1;[11 X/pr7

where S/p> = colim,>; S/p". In particular it is idempotent, so X;)\ is derived p-complete
without a connectivity hypothesis. Applying it to Theorem 4.8 gives

TC(A4;Zy) ~ Tot 1;[ TC(Ba; Zyp).

The functor F}}' is formed from a quotient and a fiber and hence preserves this limit for
each n. The resulting levelwise comparisons assemble to the asserted filtered equivalence.
If X is derived p-complete, taking the limit of the fiber sequences

X — X — X/p"

gives
lim F' X ~ fib(X — lim X/p") ~ 0.
n n

Thus the filtration is complete. Under the canonical identification of F}' X with the source
of p" : X — X, the transition F;LHX — F}'X is multiplication by p; its cofiber is X/p.

It remains to make multiplicativity precise. The S/p-equivalences are stable under ten-
soring with an arbitrary spectrum, so p-completion is a symmetric-monoidal localization;
as an endofunctor of spectra it is lax symmetric monoidal. Hence the F..-multiplication
on TC(T') induces one on X = TC(T;Z,). Identify every F}X with X as above and let

FX@FX=XoX%5X=F"X



Canonical descent and formal pro-excision 18

These maps are compatible with the transition maps because u(pz,y) = pu(z,y) = pu(z, py);
all higher coherences are inherited from the F..-multiplication and the central scalar p.
Thus they define a commutative algebra object for the Day-convolution monoidal structure
on filtered spectra. The construction is natural in 7', so the levelwise descent equivalence
above is multiplicative. O

Theorem 5.2 (Filtered canonical descent). For every small canonical family of connective
FEoo-rings:
1. the complete Hodge filtration on Es-infinitesimal cohomology satisfies family Cech
descent;

2. the complete circle-equivariant HKR filtration on THH satisfies family Cech descent
as a multiplicative filtered object;

3. for every finite Cp, C T, termwise Cy,-Tate of the HKR tower is complete and satisfies
filtered descent, with graded pieces obtained by applying (—)'“m to the HKR graded
pieces;

4. for every prime p, derived p-complete TC has a complete multiplicative p-adic filtration
satisfying family Cech descent;

5. after evaluating the HKR and finite-group Tate towers in filtration degree zero, the
resulting underlying and C),-Tate comparisons assemble to descent in CycSp and hence
to integral TC-descent.

No finite-family, Noetherian, Tor-amplitude, characteristic, or quasisyntomic hypothesis is
imposed.

Proof. The five assertions are respectively Corollary 3.3, Theorem 4.3, Corollary 4.6, and
Theorems 5.1 and 4.8. O

5.2 The HRW even filtration and its canonical-descent obstruction

Fix a prime p. If X is a connective p-complete cyclotomic F-ring, Hahn—Raksit—Wilson
define

. hT T —can T
il rcX = Jim fib (T>2n(B o T (B )g> . (5.1)
Here n € Z. The limit ranges over maps to even, connective, p-complete cyclotomic Fuo-
rings with bounded p-power torsion [10, Definition 1.2.3]. This is a right Kan extension,
not the HKR filtration of Section 3. Applying it to THH(R)Q defines a Z-indexed presheaf
Foup(R) :=1fil2, , 1c(THH(R);) in Filz(Sp)
on the full category of connective Eo-rings. Its normalized ambient even-TC graded piece
is

7 (i) (R) == gr' Foy, ,(R)[—2d]. (5.2)

For a chromatically quasisyntomic connective F-ring R, HRW put

fi1?

mot

TC(R; Zy) = fil}, , ro(THH(R)y)

and call its graded pieces the syntomic cohomology of R [10, Definitions 1.3.1 and 1.3.4].
We use the Bhatt-Morrow—Scholze (BMS) normalization

ZERY (i) (R) = grty TC(R; Z,)[~2i]. (5.3)
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Here p-completion is formed in cyclotomic F..-rings. On this subcategory there is therefore
a natural identification

Z8¥(i)(R) ~ Z"™W (i) (R). (5.4)

Neither the ambient definition nor the coconnective, negative-weight, and completeness
statements below use a chromatically quasisyntomic hypothesis. That hypothesis enters
only when we evaluate at the two endpoints: it supplies the identification with HRW syn-
tomic cohomology and the exhaustivity statement used in the endpoint argument.

On an even test object B, both (B")) and (B'T)} are even [10, Lemma 2.2.12], so
exactness gives

gr' filS, 1oB ~ fib (EQinQi((BhT)Q) — Z%Hﬂgi((BtT);\))

ev,p, T . (55)
= T[2i—1,2i] (TC(B)p)‘

The first line of (5.5) is naturally a fiber in Modgz. This construction is functorial in the
even test object, and the forgetful functor Modyyz — Sp preserves all limits. Therefore,
after the normalizing shift, the right Kan extension gives a canonical lift

sz(i) : CAlgcn — Modpgz (5.6)

for every i € Z. Fach graded-piece functor on Filz(Sp) preserves all small limits: in a stable
category its defining cofiber is a shifted fiber. It therefore commutes with the right Kan
limit in (5.1). After the normalizing shift [—2i], every term of (5.5) lies in Spy_; o; since
Sp< is closed under limits, Z;¥ (i) takes values in Sp., uniformly on the entire ambient
category.

Every test object B in (5.1) is connective and p-complete. Hence TC(B) is (—1)-
connective [9, Lemma 2.1.24]. If ¢ < 0, the truncation window in (5.5) is therefore zero.
Commuting the graded-piece functor with the right Kan limit gives the ambient vanishing

ZE()(R) =0  (ReCAlg™, i <0). (5.7)
Under (5.4), this also gives ZIW (i)(R) = 0 for every chromatically quasisyntomic R and
every 1 < 0.

Proposition 5.3 (Canonical descent forces Postnikov invariance). Firi € Z. If Z;(i) is a
sheaf for the canonical topology, then it is a canonical hypersheaf and, for every A € CAlg™,
the map

Zy (i) (A) — Z, (i) (HmoA) (5.8)

is an equivalence.

Proof. Equation (5.5) places the presheaf uniformly in Sp.,. Under the sheaf hypothesis,
it is therefore a coconnective object of the stable category of sheaves for the canonical
topology. Lemma 2.6(2) first upgrades it to a hypersheaf and then applies the constant
HmyA hypercover to obtain (5.8). O

Corollary 5.4 (Canonical graded descent forces endpoint agreement). If every normalized
ambient graded piece Zg"(z’) 1s a sheaf for the canonical topology, then

TC(S), — TC(HZ),

is an equivalence.
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Proof. Proposition 5.3, together with (5.4) for the chromatically quasisyntomic rings S and
H7, makes every map on associated graded pieces between their even filtrations an equiva-
lence. Completeness follows directly from [10, Definition 1.2.3 and Construction 2.1.17] by
the limit argument of [10, Remark 2.1.5]: double-speed Postnikov filtrations are complete,
and fibers and small limits preserve completeness. At these two chromatically quasisyn-
tomic endpoints, exhaustivity is [10, Theorem 1.3.5]. Restrict the filtrations to indices
n > 0. The restrictions are complete, and Lemma 3.1 makes the restricted filtered map
an equivalence, in particular at stage zero. By (5.7), all transitions in negative weights
are equivalences. Exhaustivity therefore identifies stage zero with the realization at both
endpoints; HRW’s realization theorem identifies those realizations with the displayed p-
complete TC spectra. O

The obstruction is detected by a chromatic calculation of the endpoint map for the
ambient presheaf (5.2).

Theorem 5.5 (Failure of canonical descent for ambient even-TC graded pieces). For every
prime p, there are infinitely many integers i > 0 for which the natural map

Zy (i) (S) — Z,) (i) (HZ) (5.9)

is not an equivalence. Since both endpoints are chromatically quasisyntomic, this is equiv-
alently a failure of the corresponding map of HRW syntomic complexes under (5.4). For
every such i, the ambient presheaf Zg"(i) is not a sheaf for the canonical topology, and hence
is mot a canonical hypersheaf. Consequently the nonnegative restriction of Fg, , is not a
Fil(Sp)-valued sheaf for the canonical topology, and the full filtration is not a Filz(Sp)-valued
sheaf for that topology.

Proof. Both S and HZ are chromatically quasisyntomic [10, Examples 1.3.2-1.3.3]. As
recalled above, their HRW filtrations are complete and exhaustive. Let C'®* be the fiber of
the resulting filtered map

fil} « TC(S; Zp) — fil%,  TC(HZ; Zy).

It is again complete, since inverse limits commute with fibers. It is exhaustive because
filtered colimits are exact in spectra and hence commute with the fiber of the two realization
maps. Its weight-i graded piece is the fiber of (5.9), shifted by 2i. Write D; := gr' C*. By
(5.7), all negative D; vanish, so every transition C**! — C% with i < 0 is an equivalence.
Exhaustivity therefore identifies the realization with stage zero, and HRW’s realization
theorem gives

C" ~ fib(TC(S);, — TC(HZ))). (5.10)

We next show, at every prime, that the spectrum in (5.10) is not K(2)-acyclic. Here
and below K (2) denotes Morava K-theory at the fixed prime p. The comparison be-
tween the classical p-typical construction and modern topological cyclic homology applies
to the bounded-below cyclotomic sphere [20, Theorem I1.3.8(ii) and the discussion preced-
ing Proposition IV.3.4]. Under this comparison, Rognes’s spectrum-level formulation of the
Bokstedt—Hsiang—Madsen calculation gives

TC(S)) ~ S, vV (CP2)) (5.11)

[24, Section 1.10, Corollary 1.18, Theorem 1.20, and Corollary 1.21]; see also [7, Lemma 5.15,
Theorem 5.17, Proposition 5.20, and formula (9.1)]. Therefore

K(2) ® TC(S), # 0, (5.12)
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because the sphere summand gives K(2) ® S ~ K(2) # 0.
The target is K (2)-acyclic at every prime. At the fixed prime p, the multiplicative
cyclotomic trace of Blumberg—Gepner—Tabuada is a unital map of E,.-rings

treg: K(Z) — TCu(HZ;p),

where the target denotes classical p-typical topological cyclic homology [6, Theorem 1.12].
Since Z is regular Noetherian, connective and nonconnective algebraic K-theory agree;
below we write this spectrum as K(Z). Derived p-completion is lax symmetric monoidal,
so the completed target remains a K (Z)-module. The comparison

TCu(HZ;p), ~ TC(HZ),

of [20, Theorem II.3.8(ii) and the discussion preceding Proposition IV.3.4] transfers
this module structure to the underlying modern TC spectrum. Mitchell proves that
K(n),K(Z) = 0 for every prime and every n > 2 [19, Theorem A]. If M is a K(Z)-module,
the composite

M—KZ &M -—M

of the unit and action maps is the identity. Thus K (2)®@M is a retract of K (2)Q K (Z)@M ~
0. Applying this to M = TC(HZ),, gives

K(2) ® TC(HZ), = 0. (5.13)

In particular, (5.13) supplies the required two-primary calculation without a two-primary
splitting of TC(HZ)5.
Combining (5.12) with (5.13), and using exactness of smash product, gives

K(2)®C° ~ K(2) ® TC(S)) # 0. (5.14)

Suppose that only finitely many positive graded maps (5.9) failed to be equivalences.
Choose N such that D; = 0 for ¢ > N. The maps C"*! — C? are then equivalences for
i > N; completeness implies CN*! = 0. The cofiber sequences

ctl — " —D; (0<i<N)

express O as a finite extension of Dy, ..., Dy. Ravenel’s Bousfield-class calculation gives
K(2) ® HF, ~ 0 [23, Theorem 2.1(i)]. Since p acts trivially on K (2), smashing the cofiber
sequence HZy,) 2, HZ,y — HF), shows that K(2) ® HZ) ~ 0. Since K(2) is p-local, it
follows that K(2) ® HZ ~ 0. By (5.6), every D; is an HZ-module, so its unit and action
maps exhibit K(2) ® D; as a retract of

K(2) ® HZ ® D; ~ 0.

Thus every D; is K(2)-acyclic. The finite sequence of cofiber sequences displayed above
then makes C° K (2)-acyclic. This contradicts (5.14). Infinitely many positive maps (5.9)
therefore fail.

Fix one of the weights just obtained. If Zg"(i) were a sheaf for the canonical topology, its
global coconnective bound and Lemma 2.6(2) would give precisely the forbidden equivalence
(5.8). Thus it is not a sheaf for the canonical topology. A canonical hypersheaf is in
particular such a sheaf, so hyperdescent fails as well. If the nonnegative restriction of F¢,
were a Fil(Sp)-valued sheaf for the canonical topology, then each of its nonnegative graded
pieces would be a sheaf for that topology, because every graded-piece functor preserves all
limits. This contradicts the failure in infinitely many positive weights. Restriction along
NOP — 7Z°P also preserves limits, so the full Z-indexed filtration cannot be a Filz(Sp)-valued
sheaf for the canonical topology. O
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Remark 5.6 (Exact scope of the obstruction). The theorem does not identify which positive
weights fail and makes no assertion about weight zero. For i < 0, (5.7) says that the ambient
presheaf is identically zero; in particular, it is a sheaf and a hypersheaf for the canonical
topology. The theorem also does not contradict HRW’s proved descent theorem for p-
completely eff maps [10, Corollary 2.2.17(3)], the comparison with the BMS filtration on
p-complete quasisyntomic discrete rings [10, Theorem 1.2.4], or the smooth characteristic-p
comparison of Antieau-Nikolaus [2, Theorem 6.23].

The constant Postnikov hypercover is not the Cech nerve of S — HZ: the latter has
terms HZ®s(@+1) | rather than constant value HZ. Thus endpoint disagreement first de-
tects failure of hyperdescent. The stronger failure of descent for the canonical topology
follows from (5.5): the normalized ambient graded piece has a global coconnective bound,
so Lemma 2.6 would make any sheaf for the canonical topology hypercomplete.

6 Geometric descent and four-vertex squares

We now globalize affine canonical descent. We first pass to quasi-compact and quasi-
separated (qcgs) spectral schemes, then lift finitely presented classical h-covers to canonical
spectral covers. This yields K-theoretic cdh descent through K™ . The final proposition
separates full Cech descent from cartesianness of a fixed four-vertex square. Schemes in
this section are connective and qcqgs, and the covering morphisms are qcgs. For a localizing
invariant E, we write E(X) = E(Perf(X)); K denotes nonconnective algebraic K-theory.

6.1 Canonical descent on spectral schemes

Theorem 6.1 (Canonical descent on spectral schemes). Cyclotomic THH and integral TC
satisfy Cech descent for every small gcqs covering family in the canonical Grothendieck
topology on connective qcqs spectral schemes.

Proof. The assertion is local on the target for the Zariski topology, so we may assume
that the target X is affine. Refine each qcqs source Y; by a finite affine Zariski cover
{Vi; = Y;};. The composite family {V;; — X }; ; is canonical by base change, composition,
and refinement in the canonical topology. Proposition 2.2 and Theorem 4.8 therefore give
descent for this affine family.

Compare the two covers by their bisimplicial Cech object. In one simplicial direction it is
the Cech object of {Y; — X };; over each of its terms, the other direction is the finite Zariski
refinement induced by the V;;. Cyclotomic THH and TC satisfy finite Zariski descent on
qcgs spectral schemes by localization for perfect complexes [5, 13]. Iterated totalization
thus identifies descent for the refined family with descent for the original one. Applying
the same comparison to a finite affine cover of a general qcgs target proves the theorem.
Smallness is used only to remain in the fixed universe; no finiteness condition is imposed
on the canonical family. d

This is Cech, or sheaf, descent. It does not assert hyperdescent: a spectrum-valued
sheaf need not be hypercomplete [8, Example 4.15]. This is the convention fixed after
Proposition 2.2; compare the HRW canonical-descent obstruction in Theorem 5.5.

6.2 From h-covers to algebraic K-theory

Proposition 6.2 (Lifting a classical h-cover). Let {A — B;}/_; be a finite family of
connective spectral rings. If {SpecmyB; — SpecmoA}i_, is a finitely presented classical
h-cover, then the spectral family is canonical.
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Proof. Put B = [[;_; Bj, corresponding to the disjoint union of the sources. The entire
finite product records the covering family; its individual members need not be surjective. In
the noetherian case, Bhatt—Scholze prove that the structure algebra of a finitely presented
h-cover is descendable [4, Proposition 11.25]; descendability gives universally convergent
Amitsur descent [18, Proposition 3.22]. Since SpecmyB — Spec myA is of finite presentation,
the approximation lemma for affine v-covers [4, Lemma 2.12] descends both the map and
the covering property to a common stage. Thus there is an h-cover Ay — By between rings
finitely presented over Z such that the original map is its base change:

moB = mgA ® 4, Bo.
The noetherian case and spectral base change therefore make
HryA — B = HmyA K H Ay HBy

canonical. Since moB’ = myB, the truncation map B’ — HmyB has 1-connective fiber and
is canonical by Lemma 2.4. Thus HmgA — HmyB is canonical.
The truncation map A — HmgA is canonical for the same reason. Its composite with
HmgA — HmoB factors as
A— B — HmyB.

Right cancellation in Lemma 2.3 shows that A — B is canonical. Finally, base change of a
finite product decomposition preserves its orthogonal idempotents. Hence, for every ¢ > 0,

BRalg+l) ~ H By @4 ®a Biq'
(io,...,z‘q)e{l,---f}ﬁl

Thus the Amitsur object of A — B is exactly the family Cech object, which proves the
assertion. O

Finite affine refinements and finite Zariski descent globalize Proposition 6.2; the refine-
ment comparison is the bisimplicial Cech comparison used in the proof of Theorem 6.1.

Definition 6.3 (Spectral cdh cover). A finite spectral cdh covering family is a finite family
of morphisms that are locally almost of finite presentation and whose classical truncation
is a finitely presented classical cdh covering family.

Proposition 6.4 (Geometric h- and cdh descent). Let {Y; — X}I_| be a finite family of
morphisms locally almost of finite presentation between connective qcqs spectral schemes.
If its classical truncation is a finitely presented h-cover, then THH and TC satisfy Cech

descent for the family. If the family is spectral cdh, then monconnective K-theory satisfies
the full derived Cech formula

K(X):TgtK(Y[ql), Y= ] Yioxx-xxY

1q°
(io,..‘,iq)

(6.1)

Proof. After passing to a finite affine cover of X and finite affine refinements of its inverse
images, Proposition 6.2 shows that the refined family is canonical. Its Cech formula follows
from Theorem 6.1, and finite Zariski descent together with the bisimplicial refinement com-
parison gives the formula for the original family. This proves the THH and TC assertions.
For K let

K™ = fib(K — TC).

Land-Tamme prove that K™ is a truncating localizing invariant and that every truncating
invariant is a cdh sheaf on classical qcgs schemes [13, Corollary 3.6, proof, and Theorem A.2].
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Consequently K™ (T) ~ K™ (toT) on affines; finite Zariski descent globalizes this equiva-
lence to every qeqs spectral scheme T'. Apply it to all the terms Y14, Classical truncation
preserves the finite fiber products of connective spectral schemes, so classical cdh descent
gives (6.1) for K™ . It holds for TC by the first part. Totalization is an exact limit of
spectra, and the fiber sequence K™ — K — TC proves the formula for K. O

Formula (6.1) uses every level of the derived Cech nerve. The four vertices of a spectral
abstract blow-up square, by contrast, need not form a cartesian K-theory square. The next
example makes the distinction concrete.

6.3 The full Cech nerve and four-vertex squares

Proposition 6.5 (A noncartesian four-vertex square). There is a finite spectral abstract
blow-up square, locally almost of finite presentation, whose four K-theory vertices do not
form a cartesian square.

Proof. The square. Let R = Q[t], let N = R/(t?), and form the discrete square-zero algebra
Ay =R®N. Put Cp = R, write A = HAp and C = HC)y, and let B = A//t denote the
free Eo-quotient obtained by adjoining a nullhomotopy of ¢; set

D=C®uB.
Since t is regular in C, D ~ C'//t ~ HQ. A direct Koszul calculation gives
1B =2 Qle]/(?), mBZtN=Q, mmB=0 (i>1). (6.2)

The quotient A — C' is finite and almost of finite presentation and becomes an equivalence
after inverting ¢, since N[t~1] = 0. The map A — B is a one-cell finitely presented spectral
closed immersion supported on V(¢). The derived pullback square with fourth corner D is
therefore a finite spectral abstract blow-up square.

The derived self-intersection. Its derived self-intersection is not trivial. Indeed,
BoaB~BoghAg), Inl=1, (6.3)

because Q ®é[t] Q ~ Ag(n).
The K -theoretic obstruction. Suppose the four K-theory vertices were cartesian. The asso-
ciated Mayer—Vietoris sequence would make

K3(D)®@Q — K1(A) ®Q — (K1(B) ® K1(C)) ® Q

exact. The subgroup 1+ tN = (Q,+) injects into K1(A): the map from units is split by
the determinant. This subgroup maps to the identity in both K;(B) and K;(C). On the
other hand K»(D) ® Q = K2(Q) ® Q = 0, by Quillen localization for Z C Q [21], since the
adjacent groups are torsion. This contradicts exactness.

The higher terms of the full derived Cech nerve contain the self-intersections in (6.3).
Thus the counterexample is compatible with Proposition 6.4: it rules out four-vertex exci-
sion, not full Cech descent. O

The next section packages the higher Cech terms into a formal defect and asks when
completion makes that defect weakly pro-zero.
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7 Formal towers and canonical Cech compression

At every level of a formal completion tower, canonical descent gives a full derived Cech
resolution. Formal pro-excision asks whether these resolutions weakly compress to their four-
vertex pullbacks. This section defines the resulting formal defect and proves its vanishing for
finite modifications. Section 8 treats a proper modification over a classical base; Sections 9
and 10 compare the general spectral case with that one.

7.1 Weak pro-equivalences and intrinsic completion

Definition 7.1 (Weak pro-equivalence). A map P — @ in Pro(Sp) is a weak pro-equivalence
if

{r<rP} — {7<,Q}
is an equivalence of pro-spectra for every integer r. A square in Pro(Sp) is weakly cartesian
if its total fiber is weakly zero.

This notion retains exactly the uniformity needed below: for each fixed output degree
there must be a sufficiently deep stage of the completion tower, but that stage may depend
on the degree.

Let X = Spec A and let Z C |X| be a closed subset whose open complement is quasi-
compact. Choose fi,..., fs € mopA with Z =V (f1,..., fs). We use the free spectral Koszul
quotients

Ao =A/(f1 - D), a>1. (7.1)

Thus A, is obtained by freely adjoining nullhomotopies of the displayed powers. Equiva-
lently, it is the pushout of connective E-rings

A, = A ®SymS(S@S) S,

where the two maps send the ith generator to f and to zero, respectively. This tower is a
cofinal affine presentation of the intrinsic formal completion X% of [17, Section 8.1].

We shall globalize the affine construction by finite limits. The finiteness in the following
elementary lemma is important: the diagram is obtained by iterated binary Mayer—Vietoris
squares, not by truncating an infinite Cech nerve.

Lemma 7.2 (Finite affine Mayer—Vietoris presentations). Every qcqs spectral scheme T
admits a finite rooted system of binary Zariski covers

W/ ﬂ Wl/ W/l
W=Wwuw’, | |
w’ — W,
whose terminal members are affine. Consequently, if F' is a presheaf valued in an co-category
with finite limits and F carries every binary Zariski cover to a pullback square, then F(T) is
the limit of a fixed finite diagram of its values on affine schemes. The same assertion holds

after pullback along a qcqs morphism, after making finitely many further affine refinements
of the pulled-back terminal members.

Proof. Choose a finite affine cover T'= Uy U- - - UU,,. Induction on m reduces the construc-
tion to a finite presentation of (U; U ---U Uy—1) N Uy,. This is a quasi-compact open of
the affine scheme U,,, hence is a finite union of principal affine opens. It remains to treat a
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union D(g;)U---UD(g;) inside one affine scheme. A second induction on ¢ uses the binary
cover by D(g1) U---U D(gi—1) and D(g;); their intersection is

D(g19:) U---UD(gi—19:) C D(gy),

so the second induction terminates with principal affine opens. This constructs a finite
tree of binary covers. Applying binary Mayer—Vietoris descent at each vertex expresses
F(T) by a finite iterated pullback. Pulling back the tree preserves its binary covers; quasi-
compactness and quasi-separatedness provide finite affine refinements of its finitely many
terminal members. ]

For a qcgs spectral scheme we now fix one such finite affine Zariski-Mayer—Vietoris pre-
sentation and use the towers (7.1) on its affine members. For every arrow in the finite
presentation, the restricted tower and any tower chosen on the target represent the same
intrinsic formal completion and hence admit a common cofinal refinement. Since there are
only finitely many arrows, all these refinements can be made simultaneously: first replace
the indexing set by their finite product and then use the cofinal diagonal N — N¢. Thus
the entire finite Mayer—Vietoris diagram is represented levelwise over one formal parame-
ter. We write E(X7) for the resulting pro-spectrum. A second finite choice of generators
has a common cofinal refinement with the first and therefore defines the same pro-object.
Throughout, formal completion means this intrinsic pro-object. Once a presentation has
been chosen, the number of finite-limit operations occurring in it is fixed and independent
of the formal parameter.

7.2 The formal defect as a Cech compression fiber

We first give the construction when the chosen tower is represented by finitely presented
spectral closed immersions X, < X with |X,| = Z. On a general qcgs scheme, the same
construction is made on the affine terminal members of the fixed binary Mayer—Vietoris
presentation and then assembled by its finite iterated pullbacks; we use the same notation
for the resulting finite diagram.

Let p: Y — X be proper and locally almost of finite presentation, and suppose that it
is an equivalence over U = X \ Z. Write Y, =Y Xxx X,, and put

Ppo=E(Y) Xpgy,) E(Xa)
For an invariant FE, define the formal defect
®p(p) = {fib(E(X) — Ppa)}a- (7.2)
Stability identifies this with
fib ({fib(E(X) — E(Xa))}a — {fib(E(Y) = E(Ya))}a) ,

so the formal square is weakly cartesian precisely when ®(p) is weakly zero.
Canonical descent gives a Cech model for this defect. Put

W,=Y1X,  CI=mwrx+h

Thus C? is the full derived Cech nerve of the two-member family {Y, X,} — X. Degree-
zero evaluation, together with the degree-one Cech coherence on the mixed component Y,

defines a natural map

pEa: Tot E(CY) — Pgq. (7.3)
[glea
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Proposition 7.3 (The formal defect as a Cech compression fiber). For E = TC and for
nonconnective K -theory, the augmentations induce a natural equivalence of pro-spectra

const F(X) ~ {[;]thAE(Cg)} : (7.4)

Under this equivalence, the pro-fiber of {prata is Pr(p). Consequently, proper formal
pro-excision is equivalent to the assertion that the full canonical Cech resolutions weakly
compress to the four-vertex pullbacks:

{ Tot E(Cg)} SRR {Pea}, -
l[alea a

Proof. For every a, the family {Y, X,} — X is a finite spectral cdh cover: on classical trun-
cations, p is a proper isomorphism over U and X, is a finitely presented closed thickening
with underlying space Z. Proposition 6.4 gives the augmented Cech equivalence for both
TC and K. These equivalences are natural in a, which proves (7.4).

Additivity gives E(CY) = E(Y 11 X,) ~ E(Y) x E(X,). The totalization maps to this
degree-zero term. The degree-one coherence, restricted to either mixed component of C!,
identifies the two resulting maps to E(Y,), so degree-zero evaluation factors canonically
through Pg,. After the preceding descent equivalence, pg, is the usual map E(X) —
Pgq. Its fiber is therefore ®g(p), by (7.2). Applying the construction on each affine
terminal member and taking the fixed finite iterated Mayer—Vietoris pullbacks proves the
qcqs statement. ]

7.3 Uniform control of totalization

Canonical descent supplies the complete resolution (7.4); the remaining problem is uniform
compression of its higher derived self-intersections. The following example records the
failure of pointwise control in each Cech degree.

Example 7.4 (Weak pro-zero diagrams and totalization). Under stable Dold—Kan, let a
tower of cosimplicial spectra {D?}, have normalized cochains

N9D, = X1H(Z/p?*)

with zero differential, and let every tower transition act by multiplication by p. For every
fixed ¢, the normalized cochain tower is weakly zero, since the composite of ¢+ 1 transitions
acts by p?t! = 0. Nevertheless,

Tot Dy ~ [[ H(Z/p*™),
q=>0

and no fixed transition in the tower kills my of this product. Thus degreewise weak pro-
zero information does not by itself control an infinite totalization. In particular, a fixed
Postnikov truncation does not make an arbitrary totalization depend on only finitely many
cosimplicial degrees. The formal-functions argument below filters the formal defect itself
and thereby supplies the uniformity missing from this example.

7.4 Koszul completion and finite modifications

We shall apply a connectivity form of the Land—Tamme pro-Milnor theorem. A spectrum-
valued localizing invariant FE is £-connective if, for every n-connective mp-isomorphism A —
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B of connective Ej-rings with n > 1, the map E(A) — E(B) is (n + £)-connective [13,
Definition 2.5]. Nonconnective K-theory and integral TC are 1-connective, while THH is
0O-connective [13, Example 2.6].

The first input says that a formal completion is idempotent under derived self-
intersection. This is a statement about the entire pro-system, not about any one
thickening.

Lemma 7.5 (Formal self-intersection). For the tower (7.1), multiplication induces an equiv-

alence
{Ag ®4 Adya — {Au)a in Pro(CAlg®).

The analogous map is an equivalence for every fized finite number of tensor factors.

Proof. By [17, Lemma 8.1.2.2 and Proposition 8.1.5.2], the filtered prestack
collim Spec A, —> Spec A

is the formal-completion subfunctor, hence a monomorphism. Its fiber product with it-
self over Spec A is therefore itself. Filtered colimits commute with finite limits in spaces,
and the diagonal is cofinal in the independent thickening indices. The full faithfulness of
Ind(Aff4) — PSh(Aff4) then identifies the corresponding ind-affine objects. Passing to
opposite rings gives the displayed pro-equivalence. Repeating the same argument proves
the assertion for any fixed finite self-intersection. O

Remark 7.6. The qualifier “fixed” is essential. The lemma gives no transition in the formal
tower which works simultaneously for self-intersections of every arity, and hence no direct
statement about an infinite Cech totalization.

The second input recovers a supported almost-perfect module from the same tower. Its
weaker conclusion is the source of the word “weak” in the main formal theorem.

Lemma 7.7 (Completion of supported almost-perfect modules). Let M be a bounded-below
almost-perfect A-module and suppose that M[fi_l] ~0 for1<i<s. Then

M — {M ®4 Ay}q

is a weak equivalence of pro-A-modules. After tensoring with any connective A-module, the
resulting comparison is still a weak equivalence.

Proof. Put I = (f1,...,fs) and fix an output degree r. Choose a lower bound ¢ for M.
Because every A, is connective over A, tensoring with A, preserves lower connectivity. In
particular,

TS?"(M ®p Ag) Tﬁr(T[c,r]M ®4 Ay). (7.5)

Thus no homotopy group of M above degree r can enter the displayed truncation after base
change.

If r < ¢, the required truncations vanish, so assume r > ¢ and put Q = 7,/ M. Al-
most perfectness makes 7<, M finitely r-presented and therefore compact in (Mod4)<, [17,
Remarks 2.7.0.2, 2.7.1.3, and 2.7.1.4]. For N € (Mod )i, orthogonality for the standard
t-structure gives

Map 5(Q, N) = Map 4 (r<, M, N).

Consequently @ is compact in the bounded truncated category (Moda)i.,. For each i,
compatibility of the standard t-structure with filtered colimits gives

colim(Q il—> Q i’—> ) = Tie,r) (M[fi_l]) ~ 0.
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Applying Map 4(Q, —) and using compactness, the class of idg therefore vanishes at a finite
stage of this colimit. Equivalently, some power fZN * acts nullhomotopically on Q. Since
there are only finitely many ¢, we may increase the exponents simultaneously. The usual
pigeonhole argument for I = (fi,..., fs) then supplies a single integer e such that

I°miM =0 (c<j<r).
We first treat one Postnikov layer N ~ ¥ Hm;M annihilated by I¢. Set
R, = H(mgA/I°).

Put No = HnjM,so N ~ ¥J Ny and Ny is a connective discrete R.-module. In the discrete
case at the end of the proof of [17, Lemma 8.1.2.3, after the reduction (*)], the nilpotence
of the image of I gives an equivalence

{A, ®4 Re}q ~ const R,. (7.6)

Here the equivalence is in Pro(CAlg%! ), and in particular is an equivalence of the underlying
pro-R.-modules, rather than only an assertion about their inverse limits. Applying the
levelwise functor C' +— C ®pg, Ny to (7.6) gives an equivalence in Pro(Modpg, ):

{4 ®4 Nota ~ {(Ag ®4 Re) ®pg, No}a =~ const Ny.

Suspending this equivalence by j gives the corresponding equivalence for the original layer
N. The object 7.,)M has only finitely many Postnikov layers, all annihilated by the same
I1¢. Induction through its finite Postnikov fiber sequences therefore gives

{r<r(Tje,)M @4 Aa)}a ~ const 7(, M.

Together with (7.5), this proves the asserted weak equivalence in degree r. The exponent e
may depend on 7, which accounts for the weak, rather than strict, conclusion.

Finally, after suspending by —c the comparison is a weak equivalence between connective
pro-modules. Hence [13, Lemma 2.29] shows that tensoring it with any connective A-module
preserves weak equivalence; suspending back proves the last assertion. ]

We can now treat finite modifications without passing through classical geometry.

Theorem 7.8 (Finite spectral formal pro-excision). Let p : Y — X be a finite morphism
of connective qcqs spectral schemes which is locally almost of finite presentation. Let Z C
| X| be a closed subset whose open complement is quasi-compact, and assume that p is an
equivalence over X \ Z. For every {-connective localizing invariant E, the square

E(X) — E(X3p)

l l

EY) —— E(Y,)
is weakly cartesian in Pro(Sp).

Proof. First suppose that X = Spec A and Y = SpecB. Put J = fib(A — B) and let
B, = B®4 A,. Finiteness and the property of being almost of finite presentation imply
that B, and hence J, is bounded below and almost perfect as an A-module [17, Corollary
5.2.2.2]. Since p is an equivalence away from Z, one has J[f; '] ~ 0 for every chosen
generator f;.
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Lemma 7.7 identifies J weakly with {J ®4 A, },. Consequently the pro-square of under-

lying modules associated with
A —— B

! !

Ay — B,

is weakly cartesian. By the definition of B,, the canonical base-change map A, ®4 B — B,
is an equivalence at every stage. Fix an integer n > 1. The second hypothesis of the Land—
Tamme pro-Milnor theorem is therefore weakly n-connective, while its first hypothesis is
the weak cartesianness just proved. The proof of [13, Theorem 2.32], with [13, Corollary
2.31] in place of its K-theoretic connectivity estimate as in [13, Remark 2.36], gives a weakly
(n 4+ ¢ — 1)-cartesian square. Since the base-change map is an equivalence, the argument
applies for every n; hence the square of E-theory pro-spectra is weakly cartesian.

For general X, apply the affine argument to the fixed finite binary presentation of
Lemma 7.2; because p is finite, the inverse image of every affine member is affine. Localiza-
tion for perfect complexes gives binary Zariski Mayer—Vietoris descent for every localizing
invariant, as recalled in the proof of Theorem 6.1. Taking the resulting finite iterated Mayer—
Vietoris pullback therefore globalizes the affine comparison. Its finite length is independent
of a, so it preserves weak equivalences after every fixed Postnikov truncation. O

For E = K or TC, Proposition 7.3 reformulates the theorem by saying that the full
canonical Cech resolution weakly compresses along the formal tower. The supported module
J and the pro-Milnor theorem control the formal defect at once.

Remark 7.9 (Choice of completion tower). The free spectral quotient A//f% is a cell at-
tachment in CAlg™; its underlying A-module is not, in general, the two-term cofiber of
multiplication by f®. Accordingly, the proof uses Lemma 7.7 rather than the formal cofiber

sequence M P Me A(A//f*), which belongs to a different Koszul model. Section 8
compares the free spectral and animated towers without identifying them term by term.

8 The comparison over a classical base

The finite theorem is entirely spectral. To pass from it to a proper modification over a
classical base, we compare the free spectral completion tower with the animated Koszul
tower used in derived pro-cdh descent. The comparison is weak, but its connectivity is
uniform and it survives the scalar extensions needed on affine charts.

Let R be a discrete ring and let I = (f1,..., fs). Write

K =HR//p (f1,--- . [S)
for the free spectral quotient and
Kgn :R//an(ff,n-,fg)

for the animated Koszul quotient. If Uy, denotes the underlying connective FEu.-ring functor,
the comparison between the two universal constructions gives a map K;P — Us, (K3").

8.1 The completion-tower comparison

Proposition 8.1 (Spectral-animated completion comparison). The map

{Ee" Yo — {Usp(KG")
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18 a weak equivalence of connective pro-E1-rings. It remains a weak equivalence after arbi-
trary connective central scalar extension. Fvery {-connective localizing invariant, including
K, THH, and TC, sends it to a weak equivalence of pro-spectra.

In this statement, a weak equivalence of pro-FEj-rings means a map whose underlying
map of pro-spectra is a weak equivalence in the sense of Definition 7.1.

A central scalar extension means tensoring over H R with a connective E1-H R-algebra for
which the structural H R-action is central. This form includes the connective commutative
algebras that occur on the affine charts below.

Proof. Pro-idempotence. We first record pro-idempotence on both sides. For the spectral
tower, Lemma 7.5 gives

{K @nr KoPra ~ { K ba- (8.1)

The universal property and affine Koszul presentation of animated completion in [12, Section
2.5] give the parallel equivalence

(K™ @5 K2}, ~ {K®},  in Pro(CAlgR). (8.2)

Indeed, the animated completion is again a monomorphism of prestacks; filtered colimits
commute with finite limits, and the diagonal is cofinal in the independent thickening indices.
The functor Usp, : CAlg® — CAlg®™ preserves small limits and colimits and is conservative
[12, Section 2.1]. Hence (8.2) remains an actual pro-equivalence after passing to connective
spectral rings.

Uniform connectivity. Next we obtain a uniform connectivity bound for K3 — U, (K5").
Put
P = Symy (HR®?), Q = H(R[t1,...,t]).

The canonical map P — @ identifies moP = R[t1,...,ts] with mpQ; since both rings are
connective, it is 1-connective. Regard M = HR as a Q-algebra by t; — f{, and regard
N = HR as a Q-algebra by t; — 0. Then

KPP~ M ®qg (Q®p N), Usp(K5") ~ M ®¢g N.

The section
N — Q Qp N

of the augmentation @ ® p N — N is obtained from P — @) by base change along P — N,
and is therefore 1-connective. Since it is a section, the fiber of the augmentation is the
cofiber of this section and is therefore 2-connective. Base change along the connective Q-
algebra M preserves this lower bound. Thus every comparison K3 — U, (KZ") is uniformly
2-connective.

The fiber tower. Let J, be the fiber of this comparison. For a map of associative rings write
%SjA = fib(B®4 B — B).

For brevity put A, = K¥ and B, = Usp(K5"). Regard Ly® /R 88 an Ag-bimodule and

o /iR 8 & Be-bimodule. The self-intersection equivalences (8.1) and (8.2) say that both
of these systems are weakly zero as pro-bimodules. Moreover, they are connective: multi-
plication admits a section, so its fiber is a retract of a connective bimodule.

The transitivity triangle is

Bo @, L2 R ©4, Ba — L un — L,
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ass

Apply [13, Lemma 2.29] first to extend the weakly zero right-A,-module L Ao HR along
A, — B,, and then again to extend the resulting weakly zero left-A,-module. The first
term of the triangle is therefore weakly zero. The middle term is weakly zero by the
preceding paragraph, so the relative associative cotangent tower {LaBS: JAu }a is weakly zero.
We use associative cotangent transitivity in the form of [15, Corollary 7.3.3.6 and Remark
7.4.1.12].

After restricting bimodule structures to K:P, the ideal sequence [15, Proposition 7.4.1.15]
gives

Usp(K§™) @xcp Ja = SIS eany jeop

and a fiber sequence
Jo Qgse Jog — Jo — Usp(K3™) Qs Jq.

Consequently,
{Ja ®Kip Ja}a — {Ja}a

is a weak equivalence of towers. Repeated tensoring and [13, Lemma 2.29] give weak
equivalences

® sp 2"
{Ja™* Yo — {Jata (r>0).

The sources are uniformly 2"+!-connective. Given a fixed Postnikov degree n, choose r with
2"+t > n. Then {7<,Ju}a = 0, which proves the weak equivalence of ring towers.

Now let S be a fixed connective central Fi-H R-algebra. Applying [13, Lemma 2.29]
over the constant pro-ring H R gives

{S@ur KXY, — {S @ur Usp(K2") }a.

Centrality supplies the displayed tensor products with their E;-ring structures; the connec-
tivity bounds are unchanged.

Localizing invariants. Land-Tamme’s connectivity criterion [13, Corollary 2.31 and Exam-
ple 2.6] now gives the assertion for every ¢-connective localizing invariant, both before and
after the stated central scalar extension. O

8.2 Animated reflection

Relative animated reflection provides the bridge from a spectral algebra over a discrete
base to an animated algebra while preserving the property of being locally almost of finite
presentation.

Let A be discrete. Spectral Algebraic Geometry supplies an adjunction

Lj: CAlgs, = CAlgh : Oy, (8.3)

where © 4 preserves limits and colimits and is conservative [17, Propositions 25.1.2.2 and
25.1.2.4]. It is compatible with Postnikov truncations [17, Remark 25.1.3.4].

Lemma 8.2 (Relative animated reflection). Let HA — B be a connective Es-H A-algebra
almost of finite presentation. The unit

nB : B — @ALA(B)

induces an isomorphism on wg and is almost of finite presentation. Consequently the induced
morphism of affine spectral schemes is finite. The construction commutes with localization
at elements.
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Proof. The equivalence on O-truncated objects [17, Remark 25.1.3.5], tested against discrete
animated algebras, gives
moLa(B) = myB.

To test whether L4(B) is almost of finite presentation, apply the adjunction (8.3) to trun-
cated filtered diagrams. The functor © 4 preserves their colimits and their Postnikov trunca-
tions, so the mapping-space criterion is inherited from B. The animated—spectral finiteness
comparison of [12, Section 2.4] then shows that © 4L 4(B) is almost of finite presentation
over HA. Cancellation for the property of being almost of finite presentation [17, Proposi-
tion 4.1.3.1] makes np almost of finite presentation. A morphism of affine spectral schemes
almost of finite presentation which induces an isomorphism on 7 is finite in this situation
by [17, Remark 5.2.0.2].

For f € myB and g € A, the adjunction and the universal property of element localization
give

La(BIf™) = La(B)[f ™Y
and
Lagg-1(B®ua HAlg™']) = La(B) @4 Alg™).

These compatibilities prove the localization assertion. O

Corollary 8.3 (Geometric animated reflection). Let X be classical and let Y — X be a
quasi-compact, separated morphism of connective spectral schemes which is locally almost
of finite presentation. On every classical affine open Spec A C X, choose a finite affine
cover of its inverse image in Y, together with finite principal refinements of the overlaps.
The affine reflections glue to a derived scheme Y?", and the units glue to a finite morphism
locally almost of finite presentation

(Y&H)Sp — Y

The construction commutes with restriction to classical affine opens of X and induces an
isomorphism on classical truncations.

Proof. Quasi-compactness supplies the finite affine covers, and separatedness makes their
pairwise intersections quasi-compact. Refine these intersections by finitely many principal
opens. The first localization identity in Lemma 8.2 identifies the reflections of two affine
charts after restriction to every such principal open in Y. When the classical affine open
in X is itself replaced by a principal open, the second identity identifies this restriction
with reflection relative to the localized base. Both identifications arise from the adjunction
(8.3) and the universal property of localization; they are therefore natural in chains of
localizations. In particular, on triple intersections their two composites agree, and the
unit maps satisfy the same cocycle condition. Zariski gluing gives Y2" and the displayed
morphism, compatibly with restriction to classical affine opens of X. Finiteness and the
property of being locally almost of finite presentation are affine-local on the target, and the
mo-identifications in the lemma give the assertion on classical truncations. O

8.3 Proper modifications over a classical base

The preceding two comparisons place the formal defect of a proper spectral modification
over a classical base within the range of derived pro-cdh descent.

Proposition 8.4 (Proper pro-excision over a classical base). Let X be a classical gcqs
scheme, regarded as a spectral scheme, and let p : Y — X be a proper morphism of con-
nective spectral schemes which is locally almost of finite presentation. Suppose that p is
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an equivalence over a quasi-compact open U C X, and put Z = |X|\ U. Then the formal

completion square
E(X) —— E(X3)

l l

EY) — E(Y;)A,lz)
is weakly cartesian for E = K and for E = TC.

Proof. Animated reflection. Assume first that X = Spec A. Since p is proper, Y is qcgs
and separated. Corollary 8.3 gives a derived scheme Y?" and a morphism

g: (Y™ —Y.

The affine construction shows that ¢ is finite and locally almost of finite presentation. Over
U the original morphism Y — X is an equivalence, and reflection fixes the relative initial
algebra; hence ¢ is also an equivalence over U.

The same charts show that the morphism p*" : Y?" — X is locally almost of finite
presentation. Its classical truncation agrees with that of p. It is therefore proper by the
truncation criterion [17, Remark 5.1.2.2], and it is an equivalence over U.

Relative formal terms and two-out-of-three. For a spectral T'— X, put
Zr =|T|\|T xx U,

and let
RE(T) = fib(E(T) — E(T}"P)),

where the superscript records that the completion is represented by the free spectral Koszul
tower. If V' — X is a derived scheme, define similarly

RE(V) = fib(E(V) — E(V™))

using the animated Koszul tower of [12, Section 2.5].

By [12, Section 2.2], modules, perfect complexes, and hence the value of a localizing
invariant on a derived scheme agree with those on its underlying spectral scheme. Apply
the derived pro-cdh theorem [12, Theorem 4.6] with base ring k = Z to p®"; its conclusion is
the weak equivalence in the bottom row of the diagram below. Proposition 8.1 gives the left
vertical comparison. On an affine chart of Y", the right vertical comparison is its central
scalar extension along the underlying connective commutative H R-algebra. These affine
comparisons globalize by the fixed finite binary Mayer—Vietoris presentation of Lemma 7.2.
The construction of the ring-tower comparison is natural in the algebra and in localization,
so the resulting diagram commutes:

RE(X) —— RE((Y*))
~ [~ (8.4)

RE(X) — RP(Y™)

Thus the upper horizontal map is a weak equivalence.
Theorem 7.8, applied to the finite modification ¢, gives

RE(Y) = RE((Y™)P). (8.5)
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Since p*"* = p o ¢ after passage to underlying spectral schemes, naturality identifies the
upper horizontal map in (8.4) with the composite of R (X) — RE(Y) and (8.5). Two-
out-of-three therefore makes the first map a weak equivalence. Its fiber is the total fiber of
the formal square in the statement, proving the affine-base case.

Globalization. For a general qcqgs classical base, choose for X the finite binary affine presen-
tation furnished by Lemma 7.2, together with finite affine covers of its proper inverse images
and finite principal refinements of their intersections. The affine argument applies on every
member of this fixed finite system. Zariski descent for K and TC expresses the global com-
parison by finitely many pullbacks. The number of these operations is independent of the
formal parameter, so every fixed Postnikov truncation of the local weak pro-equivalences
remains an equivalence after globalization. O

Thus ®(p) is weakly zero over a classical base. The next two sections show that the
formal defect is unchanged by passage from a spectral base to its classical truncation.

9 Cyclotomic coefficients and proper formal functions

To prove 1-connective invariance of the formal defect, the next section reduces to a square-
zero base change. Relative T'C for such a layer has a weight filtration whose graded pieces are
homotopy orbits of THH with central coefficients. This section proves that each coefficient
defect vanishes along the completion tower. Two inputs are needed: finite-group orbits
preserve uniformly bounded weakly pro-zero towers, and central coefficient THH satisfies
proper formal functions.

9.1 Finite-group orbits

Lemma 9.1 (Finite-group orbits and weak pro-zero towers). Let G be finite, and let {V,}
be a pro-object of Fun(BG, Sps.) for a fized integer c. If its underlying pro-spectrum is
weakly zero, then {(Vo)ng} is weakly zero. Consequently, homotopy orbits preserve weak
equivalences between uniformly bounded-below pro-G-spectra.

Proof. Fix an output degree k and a stage of the tower. Choose N > k—c¢. Through degree
k, the bar realization computing (V,)nc agrees with its N-skeleton: every cell above the
N-skeleton is at least (c+ N + 1)-connective. The skeletal filtration is finite, and its graded
pieces are finite coproducts of suspensions ¥°V,, for 0 < s < N.

Because the underlying tower is weakly zero, we may choose successively N + 1 later
transitions that vanish after all truncations required by these graded pieces. Each induced
map on truncated N-skeleta lowers the skeletal filtration by one. Their composite is there-
fore zero. This proves that {7<y(V,)ng} is pro-zero. Applying the same argument to the
cofiber of a weak equivalence proves the final assertion. O

The bounded-below hypothesis makes the finite-skeleton argument possible. This lemma
concerns homotopy orbits; homotopy fixed points and Tate constructions do not have the
same finite approximation in a fixed output degree.

9.2 Square-zero weights

We next identify the weight pieces to which the lemma will be applied. For an Fj-ring S
and an S-bimodule N, write

THH(S; N) := |[¢] — N ® S% ~ N ®ggser S
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for coefficient topological Hochschild homology; the faces in the displayed cyclic-bar con-
struction use the two S-actions on N and multiplication in S. In the square-zero situation
below, the ideal M is naturally an S-bimodule.

Lemma 9.2 (Integral nonsplit square-zero filtration). Let R — S be a square-zero extension
of connective E1-rings, and write M = fib(R — S). The relative spectrum

TC(R/S) = fib(TC(R) — TC(S))
has a natural complete decreasing filtration by positive weights, with

gt TC(R/S) ~ THH(S; (XM)®s™) m > 1. (9.1)

hCm’

If M is n-connective, the weight-m graded piece is at least m(n + 1)-connective, while its
tail F"TC(R/S) is at least (m(n+ 1) — 1)-connective. The filtration is natural for maps of
square-zero extensions. In particular, it is natural under scalar extension once the scalar-
extension comparison has been identified independently as a map of square-zero extensions
with the base-changed ideal.

Proof. Put
V = THH(R/S) = fib(THH(R) — THH(S)).

Give the nonsplit extension its two-step deformation filtration, reindexed by positive weight.
In Raskin’s convention its associated graded has gry = S and gr_; = M. The filtered
cyclotomic construction of [22, Example 5.18.5 and Lemma 5.19.1] gives

grV ~ THH(S ® M{1}/S), op(F™V) C Fpm(vtcp)?

and its tails become increasingly connective. Here {1} records filtration weight; the suspen-
sion in (XM)®™ instead comes from the split square-zero trace calculation.

For the cyclotomic spectrum V', the integral equalizer is initially formed with profinitely
completed periodic cyclic homology:

—

TC(V) = Eq (TC(V) ? TP(V)) , (9.2)

where TIB(V) denotes the profinite completion of TP(V) = VT, this is [22, Equa-
tion (5.16.1)], following [20, Remark I11.4.3].

In the present square-zero situation, Lemma 5.19.1 of [22] verifies all the hypotheses of
Proposition 5.18.6 there. The conclusion is that V admits a meromorphic Frobenius; in
particular, the canonical comparison

TP(V) = TP(V)

is an equivalence. Step 1 of the proof of that proposition supplies complete filtrations
on VT = TC~(V), Vi, and TP(V), and the preceding comparison is an equivalence of
filtered spectra after transporting the filtration to the completed term. Thus (9.2) may be
rewritten as

TC(V) = Eq (TC(V) ? TP(V)) .

This two-step argument is what ensures that the displayed equalizer computes integral,
rather than only p-typical, TC.

The functor TC on cyclotomic spectra is representable and hence preserves limits; since
its source and target are stable, it is exact. It follows that

TC(V) ~ fib(TC(R) — TC(S)) = TC(R/S).



Canonical descent and formal pro-excision 37

Taking the preceding equalizer levelwise defines F™TC(V'). Complete filtered spectra are
closed under finite limits, so this filtration is complete. Moreover, associated graded is exact
and therefore commutes with this finite equalizer.

On the weight-m quotient, can preserves weight. For every prime p and every m > 1,
the filtered Frobenius satisfies

©p(F™TC™(V)) C FP™TP(V) C F™HTP(V)

by [22, Lemma 4.8.1]. Hence every prime component, and therefore the amalgamated
integral Frobenius, induces the zero map on gr”*:

gr'(p) = 0.

It follows that
gr TC(V) ~ fib ((grm V)RT 28 (g™ V)tT> .

Raskin’s split trace formula [22, Proposition 4.5.1] identifies gr' V' with
Indg, THH(S; (EM)®s™).

Here Indgm denotes Raskin’s right-adjoint induction functor (equivalently, coinduction), not
left-adjoint induction. The norm-cofiber calculation [22, Lemma 4.9.1 and Theorem 4.10.1]
now gives (9.1). The deformation filtration, filtered THH, the equalizer, and the cyclic trace
construction are functorial for morphisms of square-zero extensions, proving naturality. For
an external scalar extension, exactness identifies the new ideal with the base-changed ideal,
which is the scalar-extension case stated in the lemma.

If M is n-connective, then (XM)®s™ is m(n + 1)-connective. Coefficient THH and
finite-group homotopy orbits are left t-exact, so the graded piece gr™ TC(R/S) satisfies
this bound. This is a bound on the graded piece, not yet on the tail. For N > m, the
quotient F™/FY is a finite extension of weights m,..., N — 1. Completeness writes F™
as the inverse limit of these finite quotients, and the Milnor exact sequence loses at most
one degree. Thus the whole weight-m tail is (m(n + 1) — 1)-connective, uniformly in any
diagram in which the lower bound for M is uniform. O

The construction is integral: it derives the filtration directly from Raskin’s filtered cyclo-
tomic formalism, while Lee-Levy’s parallel nonsplit argument is written under their global
p-complete convention [14, Conventions].

9.3 Central coefficients and proper formal functions

Lemma 9.3 (Almost finite presentation of derived loop maps). Let f : Y — X be a
morphism of connective spectral schemes which is locally almost of finite presentation, and
put L(—) = Map(St,—). The derived loop spaces LY and LX are connective spectral
schemes, and the induced morphism Lf : LY — LX is locally almost of finite presentation.
More precisely, if y: T — LY has adjoint 5 : S' x T —Y, then

Lry/pxqy =~ W!W*LY/X, 7:S8'xT > T.
If f is proper, then Lf is proper.

Proof. Connective spectral schemes admit finite fiber products, and finite fiber products
remain connective. Consequently the finite derived self-intersections

LY:YXyXyY, LX:XXXX)(X
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are connective spectral schemes. Let v : T — LY and 7 : S x T — Y be adjoint maps.
For every T-module N, relative derivations and the adjunction m - 7* identify

mapqcon(st x7) (7 Ly/x, 7 N) =~ mapgoenr) (M7 Ly /x, V).

Thus the displayed object corepresents the relative cotangent functor. For S', a finite
cellular model computes m by a finite cofiber of almost-perfect T-modules (equivalently, by
the cofiber of monodromy minus the identity). It therefore preserves almost-perfect objects.
Proposition 17.1.5.1(3) of [17] shows that Ly, x is almost perfect, and hence so is Lzy/x-

It remains to justify the converse finiteness implication. Functors of points represented
by spectral schemes are infinitesimally cohesive, and this property is preserved by the finite
limits defining LY and LX. On discrete rings, a scheme has discrete mapping spaces, so
evaluation at the base point gives LY. Alg® ™ Yl Algw and similarly for X. Thus Lf
satisfies condition () of Proposition 17.4.2.1 in [17], because the classical truncation tgf
is locally of finite presentation. The converse direction of [17, Corollary 17.4.2.2], followed
by [17, Proposition 17.4.3.1], now shows that Lf is locally almost of finite presentation.
Finally toLY =~ tyY, toLX ~ tyX, and properness is detected on classical truncations by
[17, Remark 5.1.2.2]. O

For a connective spectral scheme X, let
LX =Map(5§*, X) = X xxxx X, ex : LX — X

be its derived loop space and evaluation map. For a central coefficient P € QCoh(X),
define
THH(X; P) :=T'(LX,exP). (9.3)

When X is connective and qcgs, this loop-space definition agrees with the trace in pre-
sentable categories:
THH(X; P) ~ Trp (- ® P). (9.4)

When P is not perfect, the right side is not a trace of an endofunctor of Perf(X). Indeed,
for connective qcgs X, compact generation [17, Proposition 9.6.1.1] and the tensor-kernel
formalism [17, Proposition 9.4.3.1 and Corollaries 9.4.2.4 and 9.4.4.6] identify — ® P with
the kernel A, P. Its trace is I'(X, A*A,P), which gives (9.4); see also [3]. On an affine this
is the cyclic-bar identity P ® 454 A.

The definition (9.3), and in the qcgs case the trace identification (9.4), concern under-
lying spectra and do not, for an arbitrary P, supply a circle action. For a cyclic word, use
the marked-point model. Let €;/,, : LX — X be evaluation at the point ¢ /m € S and put

Win(M) = @ e, M € QCoh(LX). (9.5)
1€Z/m

Rotation by 1/m, together with cyclic permutation of the factors, gives W,, (M) a canonical
coherent C),-linearization. After forgetting the action, the evaluation maps are homotopic
and

Win (M) ~ ef(M®™).

Thus T'(LX, W,,(M)) is the usual coefficient trace as an underlying spectrum, equipped
with its cyclic-word action. Loop maps, pullback, proper pushforward, base change, and
the projection formula respect the marked points and this action. On an affine, the cyclic-
bar model identifies this linearization with the cyclic-word C;,,-action in Raskin’s split trace
formula.
Write
THH,,(X; M) :==T'(LX, Wy, (M)) € Fun(BC,,, Sp).
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Lemma 9.4 (Equivariance of cyclic-word coefficient comparisons). Let p : Y — X be a
proper morphism of connective qcqs spectral schemes, locally almost of finite presentation.
Let ¢ = Lp, and let M € QCoh(X). Write QCoh(LX)"“m for the category of quasi-coherent
sheaves equivariant for the rotation action. The morphism q is equivariant for loop rotation,
and

Dp = ﬁb(OLX — q*OLy)

is canonically an object of QCoh(LX)"Cm . The unit, base-change, and projection-formula
maps give a natural equivalence in Fun(BC),, Sp)

fib(THH,, (X; M) — THH,,(Y;p*M)) ~ T(LX, Wy (M) ® D,). (9.6)

It is functorial for base change in X. In particular, for a tower {X, — X} and its
pullback to Y, the central-coefficient formal square, with coefficients M®™, is a square
in Fun(BCy,, Sp) whose underlying square is the usual coefficient-THH square.

Proof. Use the cyclic bar model with the m marked points of the circle. Rotation of a
loop by 1/m and cyclic permutation of the marked tensor factors give W, (M) its Cp,-
linearization. The map Lp commutes with rotation, and the unit Opx — ¢.Ory is a
map of equivariant quasi-coherent sheaves. Thus D, and W,,(M) ® D,, are equivariant.
Pullback, proper pushforward, the base-change transformation, and the projection formula
are natural transformations of the corresponding functors on the cyclic bar diagrams; hence
they are Cj,-equivariant. The equivariant global-sections functor

['(LX,-) : QCoh(LX)"“m —; Fun(BC,,,Sp)

sends this comparison to (9.6); no homotopy fixed points are being taken. The same cyclic
diagram is natural in every map X, — X, which proves the tower assertion. After forgetting
the action, all evaluation maps are homotopic and the construction reduces to the standard
coefficient trace THH(X; M®™). O

Lemma 9.5 (Derived loops and formal completion). Let X be a connective affine spectral
scheme, let Z C |X| be closed with quasi-compact complement, and let {X,} be a cofinal
affine presentation of X7. Then there is a canonical equivalence of formal prestacks

L(X}) ~ (LX)Q)_(IZ. (9.7)
The tower {L(X,)}a presents the right side. If { K}y is a free spectral Koszul tower on LX
cutting out e;(lZ, then {L(Xy)}a and {Kp}p represent isomorphic pro-affine objects. After
replacing the indexing categories by a common cofiltered category, this pro-isomorphism may
be represented by a level map. Its level maps are not asserted to be equivalences.

Proof. The finite simplicial set S! is compact, so pointwise filtered colimits of spaces com-
mute with Map(S!, —). It follows that

colim L(X,) ~ L(colim X,) = L(X3).
a a

It remains to identify this formal prestack. Let T be a connective affine test scheme. By
the functor-of-points description of formal completion, a map T'— X2 is a map T — X
whose restriction to Tieq factors through Z. The space X (Tyeq) is discrete. Hence every
loop in it is constant, and a map S* x T'— X factors through X% precisely when its value
at one, equivalently every, point of S! lies formally along Z. This is exactly the condition
defining (LX) (T'), which proves (9.7).

/\1
eXZ
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Both displayed towers are Ind-affine presentations of this prestack. Our convention is
that an Ind-affine presentation is a filtered colimit of affine spectral schemes in prestacks;
contravariance of Spec associates to it a pro-object of connective Fy-rings. Full faithful-
ness of the Ind-affine Yoneda embedding identifies the associated pro-affine objects. The
standard reindexing theorem for pro-objects then supplies a common cofiltered indexing
category on which the resulting pro-isomorphism is represented by a level map. Reindexing
does not make the individual level maps equivalences. O

Lemma 9.6 (Proper formal functions for central THH coefficients). Let p : Y — X be
proper and locally almost of finite presentation between connective qcqs spectral schemes.
Suppose that p is an equivalence over a quasi-compact open U C X, and put Z = | X|\U. Let
P € QCoh(X) be bounded below. For the fized cofinal Koszul tower { X, }, put Y, =Y xx X,

and P, = Pl|x,. Then the central-coefficient formal square is

THH(X;P) —— {THH(X4;P.)}a

! I

THH(Y; p*P) —— {THH(Ya;p;Pu)}a-

This square is weakly cartesian. If M € QCoh(X) is bounded below and P = (X M)®ox™,
its cyclic-word refinement is a square in Fun(BC,,,Sp) by Lemma 9.4. Its underlying
stagewise total fibers have a lower bound independent of the formal index, and the square
remains weakly cartesian after homotopy Cy,-orbits.

Proof. Loop geometry. We first work over an affine X; a finite affine Mayer—Vietoris argu-
ment will then give the general case. Put ¢ = Lp : LY — LX. The loop construction is a
finite derived self-intersection, so ¢ is qcqs. Lemma 9.3 shows that it is proper and locally
almost of finite presentation.

The supported coefficient defect. Let
D= ﬁb(OLX — q*OLy).

The proper direct-image theorem [17, Theorem 5.6.0.2] makes D almost perfect. It vanishes
over LU, so it is supported on e}lZ . Arbitrary derived base change and the projection
formula [17, Corollary 3.4.2.2(3) and Remark 3.4.2.6] identify the fiber of the coefficient
comparison with

I'LX,exP® D). (9.8)

Completion on the loop space. Choose a cofinal tower {X,} for the completion of X along
Z,and put Y, =Y xx X,. Preservation of limits by the loop functor gives

L(Y,) = LY x1x L(X,).

Lemma 9.5 identifies {L(X,)} with the formal completion of LX along eyx'Z. Choose a

free spectral Koszul tower { K3} on the affine scheme LX for this center; here LX is affine

because X is affine. The same lemma gives an isomorphism between the pro-affine objects

represented by {K3} and {L(X,)}. After passage to a common cofiltered index, we use a

level-map representative of this pro-isomorphism; its components need not be equivalences.
Write j, : L(X,) — LX and g, = L(p,). Derived base change yields

Dy = fib(Opx,) — (¢a)xOL(v,)) = jaD.
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Choose fixed suspensions which make both D and e% P connective. Since D is supported
on e)}lZ , Lemma 7.7, applied first to the free tower {K}}, identifies it weakly with its
completion tower. The tensor-stability theorem [13, Lemma 2.29] preserves this comparison
after tensoring with the suspended e% P. Desuspending and transporting the comparison
across the preceding pro-isomorphism gives

[(LX,e5P® D) — {T(L(X,),ji(e5% P ® D))}q4.

Derived base change and the projection formula identify the terms on the right with the
stagewise analogues of (9.8). This is precisely the weak cartesianness of the coefficient
formal square. In Section 10, these coefficient defects occur as the graded pieces of the TC
formal defect.

Equivariance and globalization. Let M € QCoh(X)>.,, and use the marked coefficient
Wi (EM). Lemma 9.4 places the entire four-corner formal square, including its comparison
map, in Fun(BC,,, Sp). The preceding argument proves that its underlying total-fiber tower
is weakly zero.

We record the uniform bound used here. Since D is almost perfect on the affine spectral
scheme LX, choose cp with D € QCoh(LX)>.,. Pullback along every connective formal
stage preserves these bounds, and

Wm(ZM) ®D e QCOh(LX)Zm(CM-‘rl)-i-cD'

The same estimate holds after pullback to every L(X,). If dy is the fixed number of
successive fiber operations used to form the affine formal total fiber, then every stage of its
underlying tower lies in
szm(clw+1)+CD*d0 ;

in particular, for fixed m this lower bound is independent of the formal index a. Lemma 9.1
therefore applies to its homotopy C),-orbits. Notice that this is a bound for the weight-m
graded coefficient defect; the increasing bound for the full tail F"" is the separate estimate
in Lemma 9.2.

Finally choose one fixed finite affine Mayer—Vietoris presentation. The loop-space co-
efficient traces satisfy the resulting finite Zariski descent, and finite limits preserve the
equivariant comparisons. After replacing c¢p by the minimum of the finitely many chart-
wise bounds, let dyry be the number of additional fiber operations in this fixed presentation.
The global stagewise total fibers are bounded below by

m(CM + 1) + cp — do — dwmv,

still independently of a. This globalizes both the underlying and the C),-orbit statements.
O

10 1-connective invariance of the formal defect

We now prove that the formal defect is invariant under a 1-connective change of the base.
There are two independent uniformity arguments. A complete weight filtration removes
a square-zero layer, while the Lee-Levy factorization replaces the remainder by maps of
exponentially increasing connectivity. Both arguments are performed on the finite four-
vertex formal defect itself; no infinite Cech totalization is interchanged with a Postnikov
truncation.

For connective qcqgs spectral schemes, call a morphism p : ¥ — X a U-modification if
it is proper and locally almost of finite presentation and is an equivalence over the quasi-
compact open U C X.
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Lemma 10.1 (Lee—Levy factorization with external base change). Let f : R — S be an
n-connective map of connective commutative A-algebras, where n > 1, and form

C(f) =95 XSQrS S

in commutative ring spectra. There are natural maps

RM o) 2 5

such that hy is 2n-connective and gy is a central, possibly nonsplit, n-connective square-zero
extension. Moreover, for every connective commutative A-algebra A’, the canonical map

C(f)®a A —s C(R@A A — S®, A’)
is an equivalence and identifies the square-zero ideals.

Proof. After forgetting to Ej-rings, the displayed pullback is the algebra of [14, Construc-
tion 7.10]: limits of commutative algebras are created on underlying Ej-algebras. The
connectivity assertions, the square-zero structure, and the identity

fib(hy) ~ fib(f) ®g fib(f)

are [14, Lemma 7.11]. Since C(f) and both structure maps were formed in commutative
algebras, the square-zero ideal is a central S-module.

For base change, the underlying-module functor preserves limits, while — ®4 A’ is exact
between stable module categories and hence preserves finite pullbacks. Associativity gives

(S@rS)®AA =~ (S®aA) @rg,a (S@aA).

Writing U4 and Uy for the underlying-module functors, every commutative A-algebra B
has
Ua(B®a A/) ~Ux(B)®4 A" in Mod .

Consequently the canonical base-change map is an equivalence on underlying modules,
hence an equivalence of commutative algebras. Naturality also identifies hy, g, and the

fiber of g;. O

Lemma 10.2 (Filtered pro-dévissage). Let V = {V,} be a pro-spectrum with a natural
decreasing filtration F'V, = V,. Suppose that, for every fized m > 1, the pro-spectrum
{gr™ Vi, }a is weakly zero. Suppose also that there is a function b(m) — +oo for which

"V, € SP>p(m) for every a.
Then V is weakly zero.

Proof. Fix k and choose M with b(M) > k. The spectrum FMV, has zero k-
truncation for every a. The quotient V,/FMV, has a finite filtration with graded
pieces gr' V,, ..., gr™~1V,. Weakly zero pro-spectra are closed under finite extensions, so
{7<kVa}a is zero. Since k was arbitrary, V is weakly zero. d

Let v : X’ — X be a base map, put Y/ =Y xx X', and pull the fixed formal tower
strictly to X’ and Y’. For an invariant E, write

Ap(vip) = fib(®p(p) — Pp(p)). (10.1)

By stability, this is the total fiber of the formal four-vertex square whose entries are the
vertical relative spectra fib(E(T) — E(T xx X')) for T = X, Y, X,,,Y,.
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Lemma 10.3 (The Lee-Levy square-zero layer). Let f : R — S be an n-connective map
of connective commutative rings, with n > 1, and put C = C(f). Let pr : Yr — Spec R
be a U-modification, and let pc,ps be its base changes to Spec C,Spec S. Obtain all formal
stages by external scalar extension from the fized tower over R. Then

Prc(pe) — Pre(ps)
is a weak equivalence.

Proof. Choose once and for all a finite affine Mayer—Vietoris presentation for Yg, and
pull it to Yo, Ys and every formal stage. Let d bound the number of successive fiber
operations needed to form these presentations and the four-vertex total fiber. The same
finite diagrams are used for every weight and every external scalar extension; hence d is
independent of the formal index a and the weight m. When this lemma is applied to the
iteration in Theorem 10.4, the same choice is also independent of the iteration index 7.
Since R — C — S consists of mg-isomorphisms and free commutative quotients commute
with scalar extension, the pulled-back towers over C' and S are the free Koszul towers on
the images of the original generators and are cofinal presentations of the required formal
centers.

Write g : C' — S for the square-zero factor and M = fib(g) € Modg>,. Every affine
vertex in the fixed diagrams is obtained from R by a connective external scalar extension
R — B. Lemma 10.1 identifies

C®rB— S®rB
with the Lee-Levy square-zero factor of B — S ®p B. Put
Bs =S ®g B, Mp =M ®s Bs ~ M ®r B € Modgg>n.

The ideal at this vertex is Mp. Thus every vertex is again a central square-zero exten-
sion with an m-connective ideal of the correct coefficient-ring type. All square-zero exten-
sions used below therefore arise by the controlled external scalar extensions covered by
Lemma 10.1.

Put

V = ﬁb(‘I)Tc(pc) — (I)TC(pS))'

Apply Lemma 9.2 at every vertex. Naturality gives the vertical relative TC square, and
finite total fibers give V a complete filtration: complete filtered spectra form a stable
subcategory closed under finite limits. Its weight-m graded piece is the total fiber of the
coefficient formal square which, at the vertex Bg, has entry

THH(Bgs; (XMp)®8s™) (10.2)

hCm*

Equivalently, regard M as an object of QCoh(SpecS)>,; then (10.2) is the cyclic-word
coefficient formal square for the base-changed modification over Spec S.

Lemma 9.6, with its marked-point cyclic-word linearization, makes the underlying coeffi-
cient square weakly cartesian and uniformly bounded below. Lemma 9.1 therefore permits
homotopy C,,-orbits. Since homotopy orbits are exact, they commute with the finite total
fiber. Thus gr'™ V is weakly zero for every fixed m.

The tail estimate in Lemma 9.2, followed by the fixed finite diagram, gives the levelwise
bound

F"Vo € SP>m(nt1)-1-d for every a. (10.3)

The right side tends to 400 with m, uniformly in the formal index. Lemma 10.2 proves the
claim. O
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Theorem 10.4 (Invariance under 1-connective affine base change). Let p : Y — X be a
U-modification of connective qcqs spectral schemes. Let v : X' — X be affine, where X'
s a connective qcqs spectral scheme. Assume that there is an integer n > 1 such that, for
every affine open W = Spec R C X, one has X' x x W ~ Spec S and the map of connective
commutative ring spectra R — S is n-connective. PutY' =Y xx X', write p’ : Y/ — X',
and obtain every formal stage by strict base change from the fixed tower on X. Then

Cp(p) — PE(p)
is a weak equivalence for = TC and for nonconnective K -theory.

Proof. Since n > 1, the map v induces an equivalence on classical truncations. The affine
hypothesis presents v on every affine open W = Spec R C X by the specified map R — S.
Lemma 10.1 is compatible with localization; hence its local factorizations glue and commute
with base change to Y and to every formal stage. Since all intermediate maps are mg-
isomorphisms and free commutative cell attachments commute with scalar extension, strict
pullback of R//(ff,..., f$) is the corresponding free Koszul stage over every intermediate
ring. Thus the pulled-back towers remain cofinal presentations of the same formal center.

Equivalently, this gluing may be expressed globally. Regard v,Oxs as a commutative
algebra in QCoh(X) and form

CZU*OX/ X ?}*OX/.
'U*OX/®OX'U*OX/

Its restriction to every affine chart is C(f), so its relative spectrum is the global first Lee—
Levy intermediate. Repeating this construction globalizes every finite stage of the iteration
below.

We first treat TC. On an affine write fo : R — S = § for the map defining v.
Recursively factor

fro RIS S0+ — (1) I 5O, (10.4)

Then f, is 2"n-connective and g, is a central 2"n-connective square-zero extension. Let
X() — X be the resulting global thickening and let p("™) be the base change of p. Before
applying the square-zero lemma, fix finite affine Mayer—Vietoris presentations for the four
vertices of the formal defect and pull them through every external scalar extension X () —
X. On each affine term, Lemma 10.3, applied to f, and all its external scalar extensions in
this fixed diagram, gives a weak equivalence. Zariski descent for TC expresses the global
formal defects by the same finite limits. Since weak equivalences of pro-spectra are preserved
by finite limits, the chartwise equivalences globalize to

Bra(pl ) =20 e (p™). (10.5)

Consequently the comparison fiber for X’ — X is weakly equivalent, for every finite r, to
the comparison fiber for X(") — X.

Using this same fixed presentation, let d bound the number of successive fiber operations
in the presentations together with the final four-vertex total fiber. The diagram is fixed
before choosing a or r, so d is independent of the formal index a and the iteration index
r. Connectivity is preserved by every connective scalar extension, so all affine vertical
maps at the four vertices and every formal stage remain 2"n-connective. Integral TC is
a l-connective localizing invariant [13, Example 2.6]. Hence every affine vertical relative
TC term is at least (2"n + 1)-connective. Taking the fixed finite presentations and the
four-vertex total fiber gives

Arc(X™ = X:p)g € SP>2rn+1-d for every formal stage a. (10.6)
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Given k, choose a finite r with 2"n + 1 —d > k. Equations (10.5) and (10.6) show that the
k-truncation of Apc(v;p) is zero as a pro-spectrum. Thus Apc(v;p) ~ 0.
Finally put
K™ = fib(K — TC).

This is a truncating localizing invariant [13, Corollary 3.6, proof]. Every vertical map in
the original formal four-vertex square is a mp-isomorphism, so its relative K™ term is zero.
Naturality of the cyclotomic trace therefore identifies the vertical relative K-square with
the vertical relative TC-square. After the same finite Zariski descent and total fiber,

Ak (vip) = Arc(v;p) =y 0.
This proves both assertions. O

The truncation morphism {4 X — X is affine and, on an affine chart Spec A C X, is
induced by the 1-connective map A — HmyA. Its base change preserves properness, the
property of being locally almost of finite presentation, and the modification open. Moreover,
because it is a mp-isomorphism, strict base change carries each free Koszul stage to the
corresponding free Koszul stage for the same classical center; hence the pulled-back tower
is again cofinal. Taking X’ = toX in Theorem 10.4 therefore gives, for E € {K, TC},

(I)E(p) ~w (I)E(Y XX toX — toX). (107)

11 Proper spectral formal pro-excision

Theorem 11.1 (Proper spectral formal pro-excision). Letp : Y — X be a proper morphism,
locally almost of finite presentation, between connective qcqs spectral schemes. Suppose
that p is an equivalence over a quasi-compact open U C X, and put Z = |X|\ U. For
E € {K, TC} and the fized cofinal free spectral Koszul towers, the square

E(X) — E(Xyp)

| | (11.1)

E(Y) —— E(Y),)

is weakly cartesian in Pro(Sp), where E(X) and E(Y') are regarded as constant pro-spectra.
Equivalently, the canonical compression maps (7.3) form a weak equivalence of pro-spectra.

Proof. Proposition 7.3 identifies formal pro-excision with the vanishing of the formal defect
®p(p). Proposition 8.4 proves this vanishing over a classical base, while Theorem 10.4
shows that the defect is unchanged by a 1-connective affine base change. We apply these
two results in succession.
Set
X():toX, Yb:YXXX(), po:Yb—)Xo.

The truncation morphism Xy — X is affine; on every affine chart Spec A C X, it is induced
by the 1-connective map A — HmgA. Choose the formal tower on X by strict base change
from the tower on X, and do the same on Yy. Theorem 10.4 gives

(I>E(p) ™~ (I)E(po), FE c {K, TC}

The morphism pg is proper and locally almost of finite presentation and is an equivalence
over U N Xy. Its base is classical, so Proposition 8.4 makes ®p(py) weakly zero. Hence
®p(p) is weakly zero, which proves (11.1) and the equivalent compression statement. [
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