SPECTRAL MODULI PROBLEMS FOR LEVEL STRUCTURES
AND AN INTEGRAL JACQUET-LANGLANDS DUAL OF
MORAVA E-THEORY

XUECAI MA AND YIFEI ZHU

ABSTRACT. Given an Ex-ring spectrum R, with motivation from chromatic
homotopy theory, we define relative Cartier divisors for a spectral Deligne—
Mumford stack and prove that, as a functor from connective R-algebras to
topological spaces, it is relatively representable. We then solve various moduli
problems of level structures on spectral abelian varieties, overcoming difficulty
at primes dividing the level. In particular, we obtain higher-homotopical re-
finement for finite levels of the Lubin—Tate tower as Eoo-rings, which generalize
Morava, Hopkins, Miller, Goerss, and Lurie’s spectral realization at the ground
level. Moreover, passing to the infinite level and then descending along the
isomorphic Drinfeld tower, we obtain a Jacquet—Langlands dual to the Morava
E-theory spectrum, along with homotopy fixed point spectral sequences dual
to those studied by Devinatz and Hopkins. These serve as potential tools
for computing higher-periodic homotopy types from pro-étale cohomology of
p-adic general linear groups.
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1. INTRODUCTION

The stable homotopy category is a central topic in algebraic topology. Structured
ring spectra are the most common examples studied, such as H, spectra and E,
spectra. In [Lur09a] and [Lurl8b], Lurie uses spectral algebraic methods gives a
proof of the Goerss-Hopkins-Miller theorem for topological modular forms. Except
for the application of elliptic cohomology, Lurie also proved the E., structures of
Morava E-theories [Lurl8b], which use the spectral version of deformation theory
of certain p-divisible groups. The earliest proof of E., structures of Morava E-
theories is due to Goerss, Hopkins, and Miller [GHO04]. They turned the problem
into a moduli problem and developed an obstruction theory. One can finish the
proof by computing the André-Quillen groups. Comparing with their method,
Lurie’s proof is more conceptual. There are more and more applications of spectral
algebraic geometry in algebraic topology. Such as topological automorphic forms
[BL10], Morava E-theories over any F,-algebra [Lurl8b], not only just for a perfect
field k. The construction of equivariant topological modular forms [GM23], elliptic
Hochschild homology [ST23], and more.

On the other hand, moduli problems concerning deformations of formal groups
with level structures are also representable, and moduli spaces of different levels
form a Lubin—Tate tower [RZ96, FGL08, SW13]. We know that the universal ob-
jects of deformations of formal groups have higher algebraic analogs which are the
Morava E-theories. A natural question is what are higher categorical analogues of
moduli problems of deformations with level structures? And can we find higher
categorical analogs of Lubin—Tate towers? Although the E,-structure of topologi-
cal modular forms with level structures can be obtained from [HL16], we still hope
that there exists a derived stack of spectral elliptic curves with level structures
that provide us with a more moduli interpretation. Except this, in the compu-
tation of unstable homotopy groups of spheres, after applying the EHP spectral
sequences and the Bousfield-Kuhn functor, we observe that some terms on the Fs-
page also arise from the universal deformation of isogenies of formal groups. They
are computed by the Morava E-theories on the classifying spaces of symmetric
groups [Str97, Str98]. They can be viewed as sheaves on the Lubin-Tate tower.
We hope to provide a more conceptual perspective on this fact within the higher
categorical Lubin—Tate tower.

In this paper, we give an attempt to address this problem by studying specific
moduli problems in spectral algebraic geometry. The main ingredient of our work is
the derived version of Artin’s representability theorem established in [Lur04, TV08].
We will use the spectral algebraic geometry version [Lurl8c] in this paper. We
study relative Cartier divisors in the context of spectral algebraic geometry. By
imposing certain conditions, we define derived level structures of certain geometric
objects in spectral algebraic geometry. Using this Artin representability theorem,
we prove some representable results of moduli problems that arise from our derived
level structures. We give some examples of applications involving derived level
structures. We consider the moduli problem of spectral deformations with derived
level structures of p-divisible groups. We prove that these moduli problems are
representable by certain formal affine spectral Deligne-Mumford stacks and the
corresponding spectra can provide us many interesting general cohomology theories.

We note here that the Goerss—Hopkins—Miller—Lurie sheaf does not directly apply
to the moduli problems here due to the failure of étaleness (cf. [Dev23]). This is fixed
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by relative Cartier divisors analogous to Drinfeld’s original approach to arithmetic
moduli of (classical) elliptic curves [KM85, Introduction].

Outline. We work on spectral algebraic geometry in this paper. In Section 2,
we define derived isogenies and prove that the kernel of a derived isogeny in some
cases has the same phenomenon as in the classical case. This provides evidence
that our derived versions of level structures must induce classical level structures.
For representability reasons, we use moduli associated with sheaves to detect higher
homotopy of derived versions of level structures. We define relative Cartier divisors
in the context of spectral algebraic geometry. For a spectral Deligne-Mumford
stack X over a spectral Deligne-Mumford stack S, a relative Cartier divisor is a
morphism D — S of spectral Deligne-Mumford stacks such that D — X is a closed
immersion, the ideal sheaf of D is a line bundle over X, and the morphism D — S is
flat, proper and locally almost of finite presentation. We use Lurie’s representability
theorem to prove that the relative Cartier divisor is representable in certain cases.
The main part of our proof involves computing of cotangent complex. Here is our
first main result.

Theorem A (Theorem 2.17). Suppose that E is a spectral algebraic space over
a connective E-ring R, such that £ — R is flat, proper, locally almost of finite
presentation, geometrically reduced, and geometrically connected. Then the functor

R — CDiV(ER//R/)

is representable by a spectral algebraic space which is locally almost of finite pre-
sentation over R.

In Section 3, we define derived level structures of spectral elliptic curves. Roughly
speaking, for a finite abstract abelian group A, usually equals Z/NZ, Z/NZxZ/NZ,
a derived level-A structure of a spectral elliptic curve E over an E.-ring R is just
a relative Cartier divisor D — FE satisfying its restriction to the heart comes from
an ordinary level-A structure. We let Level(A, E/R) denote the space of derived
level-A structures of a spectral elliptic curve E/R. We prove that moduli problems
associated with derived level structures are representable.

Theorem B (Theorem 3.5). Suppose that E is a spectral elliptic curve over a
connective E.-ring R. Then the functor

LevelE/R : CAlg%l — S
R+ Level(A, Er//R')
is representable by an affine spectral Deligne-Mumford stack which is locally almost

of finite presentation over the E,.-ring R.

In classical algebraic geometry, except one-dimensional group curves, we also
care level structures of p-divisible groups, which come from the full sections of
commutative finite flat group schemes. In Section 3.2, we consider derived level
structures of spectral p-divisible groups. Let Level(k, Gr/R) denote the space of
derived level-(Z/p*Z)" structures of a height h spectral p-divisible group G/R.

Theorem C (Theorem 3.16). Suppose G is a spectral p-divisible group of height
h over a connective E,-ring R. Then the functor

Levelf; p : CAlgy = S; R’ — Level(k,Gp//R')
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is representable by an affine spectral Deligne-Mumford stack S(k) = Spét PZ, /R

In Section 4, we give some applications of derived level structures. We first prove
that the moduli problem of spectral elliptic curves with derived level-A structures
is representable by a spectral Deligne-Mumford stack.

Theorem D (Theorem 4.7). Let Ell(A)(R) denote the space of spectral elliptic
curves with derived level-A structures over the E-ring R. Then the functor

Mea(A) : CAlg™ — S
R +— Mean(A)(R) = Ell(A)(R)

is representable by a spectral Deligne-Mumford stack and this stack is locally almost
of finite presentation over the sphere spectrum S.

In [Lurl8b], Lurie considers the spectral deformations of classical p-divisible
groups. As we have the concept of derived level structures, it is natural to con-
sider the moduli of spectral deformations with derived level structures of certain
p-divisible groups. Suppose Gy is a p-divisible group of height h over a perfect
F,-algebra Ry. We consider the following functor

M CAlgl — S

R — DefLevel” (Gy, R, k)

where DefLevel® (G, R, k) is the co-category spanned by those quadruples (G, p, e, 1)

(1

(2
(3
(4

) G is a spectral p-divisible group over R.

) p is a equivalence class of Gp-taggings of R.

) e is an orientation of the identity component of G.

) m: D — G is a derived (Z/p*Z)"-level structure of G/R.

Our next main result is the following.

Theorem E (Theorem 4.9). The functor M¢" is co-representable by an Eq.-ring
JL;., where JL; is a finite R"GTO—algebra, R"G’"0 is the orientation deformation ring of
Gy defined in [Lurl8b].

We will give another example of spectra constructed by considering moduli of
spectral deformations with p-power order subgroups level structures, which can be
viewed as topological realizations of universal objects of Strickland’s deformations
of Frobenius.

Finally, in Section 5, for every classical p-divisible group, we construct an E.-
spectrum JL called the Jacquet—Langlands spectrum. By taking homotopy fixed
points, we get a Jacquet—Langlands dual of Morava E-theories. We have a diagram
in algebraic geometry:

X
GLn(Z% \\G:
LTk H,

where LTy is the moduli space of deformation of formal groups, & is the moduli
space of defomration with level structures of formal groups, and H is the Drinfled
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upper half plane. It can be lift to the following diagram in the level of E,-spectra.
JL

GLn(y \G:

E, Lg,

Question 1.1. Compute higher homotopy groups of the finite-level and infinite-
level Jacquet-Langlands spectra. These should encode more refined arithmetic-
geometric information. Cf. higher algebraic K-theory, higher stable motivic stems,
classification of knots not just up to isotopy, and the Habiro ring of a number field
(elementless vs. categorification of elements).

Notation and terminology.

e Let CAlg denote the oo-category of Eoo-rings and CAlg®™ denote the oo-
category of connective E,-rings.

e Let S denote the co-category of spaces (co-groupoids).

e Given a spectral Deligne-Mumford stack X = (X, Ox), let 7<,X denote
its n-truncation (X, 7<,0x) and X? denote its underlying ordinary stack
(XO, TSO ﬁx)

e By a spectral Deligne-Mumford stack X over an E,-ring R, we mean a
morphism of spectral Deligne-Mumford stacks X — Spét R. Given an R-
algebra S, we sometimes write X X g S for the fiber product X xgp¢t r Spét S.

o Let M, denote the spectral Deligne-Mumford stack of spectral elliptic
curves, as defined in [Lurl8a], and M¢, denote the (classical) Deligne—
Mumford stack of (classical) elliptic curves.

2. RELATIVE CARTIER DIVISORS OF SPECTRAL DELIGNE-MUMFORD STACKS

A main innovation of this paper concerns derived level structures. We begin
with a derived version of isogenies and prove that, in certain cases, the kernel of
a derived isogeny behaves similarly as in the classical setting. This gives evidence
that our derived version of level structures must induce classical level structures.
In Section 2.2, we define relative Cartier divisors in the setting of spectral algebraic
geometry. We then use Lurie’s representability theorem to prove that certain func-
tors associated with relative Cartier divisors are representable by spectral Deligne—
Mumford stacks. This paves the way for Section 3, where we establish specifically
the representability of derived level structures for spectral elliptic curves and spec-
tral p-divisible groups.

2.1. Isogenies of spectral elliptic curves. To define derived level structures,
the first question we must address is what higher-categorical analogues of finite
abelian groups are. Let us recall from [Lurl7, Section 7.2.4] and [Lurl8c, Section
2.7] some finiteness conditions in the context of E..-rings.

Let A be an Eo.-ring and M be an A-module. We say that M is

e perfect, if it is a compact object of the co-category LMod 4 of left A-modules;

o almost perfect, if there exists an integer k such that M € (LMod4)>, and
M is an almost compact object of (LMod 4)>, that is, 7<, M is a compact
object of Tgn((LModA)Zk) for all n > 0;
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e perfect to order n, if given any filtered diagram {N,} in (LMod4)<o, the
canonical map @ExtQ(M, N,) — Ext;(M,ligNa) is injective for i = n

«
and bijective for i < n;
e finitely n-presented, if M is n-truncated and perfect to order n + 1; and
e finitely generated, if it is perfect to order 0.

Next we recall finiteness conditions on algebras. We say that a morphism ¢ :
A — B of connective E-rings is

e of finite presentation, if B belongs to the smallest full subcategory of CAlg 4
which contains CAlg’® and is stable under finite colimits;
e locally of finite presentation, if B is a compact object of CAlg 4;
e almost of finite presentation, if B is an almost compact object of CAlg 4;
e of finite generation to order n, if the following condition holds;
Let {C,} be a filtered diagram of connective Eo-rings over A having col-
imit C. Assume that each C\, is n-truncated and that each of the transition

maps 7, Cy —+ m,Cg is a monomorphism. Then the canonical map

hﬂ Mapcag , (B,Ca) — Mapcag , (B,C)

is a homotopy equivalence.
e of finite type, if it is of finite generation to order 0; and
e finite, if B is finitely generated as an A-module.

Proposition 2.1 (cf. [Lurl8c, Propositions 2.7.2.1 and 4.1.1.3]). Let ¢: A — B be
a morphism of connective E, -rings. Then The following conditions are equivalent.
e The morphism ¢ is finite (resp. of finite type).
e The commutative ring moB is finite (resp. of finite type) over myA.

Definition 2.2 (cf. [Lurl8c, Definition 4.2.0.1]). Let f: X — Y be a morphism of
spectral Deligne-Mumford Stacks. We say that f is locally of finite type (resp. locally
of finite generation to order n, locally almost of finite presentation, locally of finite
presentation) if the following condition holds. Given any commutative diagram

Spét B—— X

|k

Spét A ——=Y

where the horizontal morphisms are étale, the Eoo-ring B is of finite type (resp. of
finite generation to order n, almost of finite presentation, locally of finite presenta-
tion) over A.

Definition 2.3 ([Lurl8c, Definition 5.2.0.1]). Let f: (X, Ox) — (Y, Oy) be a mor-
phism of spectral Deligne-Mumford stacks. We say that f is finite if the following
conditions hold.

e The morphism f is affine.

e The pushforward f.Ox is perfect to order 0 as a &y-module.

Remark 2.4. By [Lurl8c, Example 4.2.0.2], a morphism f: X — Y of spectral
Deligne-Mumford stack is locally of finite type if and only if the underlying map of
ordinary stacks is locally of finite type in the sense of classical algebraic geometry.
Moreover, by [Lurl8c, Remark 5.2.0.2], a morphism of f: X — Y is finite if and
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only if the underlying map f¥: XY — Y is finite. In particular, if X and Y are
spectral algebraic spaces, then f is finite if and only if f% is finite in the classical
sense.

Recall that a morphism f: X — Y of spectral Deligne-Mumford stacks is surjec-
tive if for every field k and any map Spét k — Y, the fiber product Spét k xy X is
nonempty [Lurl8c, Definition 3.5.5.5].

Definition 2.5. Let R be a connective Eoo-ring and f: X — Y be a morphism
of spectral abelian varieties over R. We call f an isogeny if it is finite, flat, and
surjective.

Lemma 2.6. Let f: X — Y be an isogeny of spectral abelian varieties. Then
fO: XY =YY is an isogeny in the classical sense.

Proof. For ordinary abelian varieties, f¥ being an isogeny means that it is surjective
and its kernel is finite. This is equivalent to f¥ being finite, flat, and surjective
[Mil86, Proposition 7.1]. From Definition 2.5, it is clear that f© is finite and flat.
We need only show that f is surjective.

By the definition of surjectivity above for morphisms of spectral Deligne-Mumford
stacks, we get a commutative diagram

Spét k' —— X

|

Spétk —=Y

The upper horizontal morphism corresponds to a morphism Spét k' — XV by the
inclusion—truncation adjunction [Lurl8c, Proposition 1.4.6.3]. On underlying topo-
logical spaces, this then corresponds to a point [Spétk’| — |X¥|. It is clear that
this point in [X¥| is a preimage of [Spét k| in |[YV|. Therefore f¥ is surjective. [

Lemma 2.7. Let f: X = Y be an isogeny of spectral elliptic curves over a connec-
tive Eoo-ring R. Then fib(f) exists and is a finite and flat nonconnective spectral
Deligne—Mumford stack over R.

Proof. By [Lurl8c, Proposition 1.4.11.1], finite limits of nonconnective spectral
Deligne-Mumford stacks exist, so we can define fib(f). Let us consider the com-
mutative diagram

Spét R

where the square is a pullback diagram. We find that fib(f) is over Spét R. By
[Lurl8c, Remark 2.8.2.6], f’: fib(f) — = is flat because it is a pullback of a flat
morphism. Clearly i: * — Spét R is flat, so by [Lurl8c, Example 2.8.3.12] (being a
flat morphism is a property local on the source with respect to the flat topology),
io f': fib(f) — Spét R is flat.
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Next we show that fib(f) is finite over R. Since x, X, and Y are all spectral
algebraic spaces, so is fib(f). Moreover, Spét R is a spectral algebraic space [Lurl8c,
Example 1.6.8.2]. By Remark 2.4, we need only prove that the underlying morphism
is finite. Since the truncation functor is a right adjoint, it preserves limits. Thus
we get a pullback diagram

fib(f)® ——> X°

|

* Y©
So we are reduced to showing that given an isogeny f% : XY — Y of ordinary

abelian varieties over a commutative ring R, its kernel is finite over R. This is true
in classical algebraic geometry [Mil86, Proposition 7.1]. O

Lemma 2.8. Given an integer N > 1, let fy : E — E be an isogeny of spectral
elliptic curves over a connective Eo-ring R such that the underlying morphism is
the multiplication-by-N map [N]: EY — EY. Then fib(fn) is finite flat of degree
N2 in the sense of [Lurl8c, Definition 5.2.3.1]. Moreover, if N is invertible in moR,
then fib(fn) is an étale-locally constant sheaf.

Proof. By [KM85, Theorem 2.3.1], we know that [N]: EY — EY is finite locally
free of rank N2 in the classical sense. When N is invertible in 7R, its kernel
is an étale-locally constant sheaf. Now, from Lemma 2.7, fib(fy) is a spectral
algebraic space that is finite and flat, and its underlying space fib(fx)" = ker[N]
is locally free of rank N2. We need to prove that fib(fy) — Spét R is locally free
of rank N? in spectral algebraic geometry. Observe that since fib(fy) is finite
and flat, it is affine. We are thus reduced to proving the above for affines, i.e.,
In|spét s: Spét S — Spét R is locally free of rank N? for any affine substack Spét .S
of fib(fx). This is equivalent to proving that R — S is locally free of rank N? in
the sense of [Lurl8c, Definition 2.9.2.1]. Therefore we need to prove the following;:

(1) The ring S is locally free of finite rank over R (by [Lurl7, Proposition
7.2.4.20], this is equivalent to saying that S is a flat and almost perfect
R-module).

(2) For every Eo-ring maps R — k with k a field, the vector space m(k @g S)
is an N2-dimensional k-vector space.

For (1), we know that 7S is a projective moR-module and that S is a flat R-
module, so by [Lurl7, Proposition 7.2.2.18], S is a projective R-module. By [Lurl?,
Corollary 7.2.2.9], since 7S is a finitely generated moR-module, S is a retract of a
finitely generated free R-module, and is therefore locally free of finite rank.

For (2), by [Lurl7, Corollary 7.2.1.23], since R and S are connective, we have
7o(k ®r S) ~ k @y, r ™S, which is an N2-dimensional k-vector space, as myS is a
rank-N? free mgR-module from above.

We next show that if N is invertible in moR, then fib(fx) is a locally constant
sheaf. Since fib(fn) is a spectral Deligne-Mumford stack, its associated functor of
points fib(fn): CAlgr — S is nilcomplete and locally almost of finite presentation.
By [KMS85, Theorem 2.3.1], ﬁb(fN)|CAlg;70R is a locally constant sheaf. The desired

result then follows from the lemma below. O

Lemma 2.9. Let R be a connective Eoo-ring. Let F € Shv®'(CAlgS) be nilcom-
plete and locally almost of finite presentation. Suppose that 5“|(CAlg%n)o is a locally
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constant presheaf. Then F is a (homotopy) locally constant sheaf (i.e., sheafifica-
tion of a homotopy-locally constant presheaf).

Proof. Let us choose an étale cover {U?} of mo R such that .7 |0 is a constant sheaf
for each 7. By [Lurl7, Theorem 7.5.1.11], this corresponds to an étale cover {U;}
of R such that moU; = UiO . For each ¢ and n, we consider the diagram

TS()R —_— TgOUi

L

TgnR E—— TﬁnUi

which is a pushout diagram, since U; is an étale R-algebra. This is a colimit diagram
in 7<,,CAlgp. Since .# is a sheaf locally almost of finite presentation, we then get
a pushout diagram

F(t<oR) — F(1<0U;)

| l

y(TSnR) - y(TSnUi)

Without loss of generality, we may assume that each U; is connective. Thus the
values .# (T<oU;) is independent of 7. This implies that .% (1<, U;) are all equivalent.
Since .Z is nilcomplete, .Z (U;) ~ lim | F(1<nU;), and so all Z#(U;) are equivalent.

O

2.2. Cartier divisors and an exercise of spectral Artin representability.
In this subsection, we define relative Cartier divisors in the context of spectral
algebraic geometry. We then use Lurie’s spectral Artin representability theorem
to prove that relative Cartier divisors are representable in certain cases. Let us
first recall this spectral analogue of Artin’s representability criterion in classical
algebraic geometry.

Theorem 2.10 ([Lurl8c, Theorem 18.3.0.1]). Let X : CAlg™ — S be a functor.
Suppose that we have a natural transformation f: X — Spec R, where R is a
Noetherian E-ring with mgR a Grothendieck ring. Given n > 0, X is representable
by a spectral Deligne—Mumford n-stack which is locally almost of finite presentation
over R if and only if the following conditions are satisfied:

(1) For every discrete commutative ring A, the space X (A) is n-truncated.
(2) The functor X is a sheaf for the étale topology.

(3) The functor X is nilcomplete, infinitesimally cohesive, and integrable.
(4) The functor X admits a connective cotangent complex Lx .

(5) The natural transformation f is locally almost of finite presentation.

Given a locally spectrally ringed topos X = (X, O ), we can consider its functor
of points
hx: 0oTopSh, = S, Y= Map o ropisg, (Y, X)

In particular, by [Lurl8c, Remark 3.1.1.2], a closed immersion f : (), 0y) —
(X, Ox) of locally spectrally ringed topoi corresponds to a morphism Oy — f.Oy
of sheaves over X' of connective Eq-rings such that mo&Gx — mo f« Oy is an epimor-
phism. We denote this epimorphism by «. Given a closed immersion f: D — X of
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spectral Deligne-Mumford stacks, we let Z(D) denote ker(«), called the ideal sheaf
of D.

To prove relative representability for Cartier divisors below, we need the repre-
sentability of Picard functors. Given a map f: X — Spét R of spectral Deligne—
Mumford stacks, we can define a functor

Picx/r: CAlgy — S, R — Pic(Spét R’ xgpet r X)

If f admits a section x: Spét R — X, then pullback along x gives a natural trans-
formation of functors Picx,gp — Picg r. We let

Picyp: CAlgy — S
denote the fiber of this map.

Theorem 2.11 ([Lurl8c, Theorem 19.2.0.5]). Let f: X — Spét R be a map of
spectral algebraic spaces which is flat, proper, locally almost of finite presentation,
geometrically reduced, and geometrically connected over an Eo-ring R. Suppose
that x: Spét R — X is a section of f. Then the functor ,@ici/R is representable by
a spectral algebraic space which is locally of finite presentation over R.

In the classical setting, schemes representing relative Cartier divisors are open
subschemes of Hilbert schemes [Kol96, Theorem 1.13]. However, in the derived
setting, the Hilbert functor is representable by a spectral algebraic space [Lur04,
Theorem 8.3.3], and it is hard to establish an analogous relationship. We will
directly study relative Cartier divisors and their spectral moduli as follows.

Definition 2.12 (Relative Cartier divisor). Suppose that X is a spectral Deligne—
Mumford stack over a spectral Deligne-Mumford stack S. We let CDiv(X/S) denote
the oo-category of closed immersions D — X, such that D is flat, proper, locally
almost of finite presentation over S and the associated ideal sheaf of D is locally
free of rank one over X.

Remark 2.13. It is easy to see that given any spectral Deligne-Mumford stack X
over S, CDiv(X/S) is a Kan complex, since all objects are closed immersions of X.
Let D — D’ be a morphism. Then we have a diagram

D—>D’

N

By the definition of closed immersions, they are all equivalent to the same substack
of X, so f is an equivalence (cf. [Lurl8c, Remark 3.1.1.2]).

Lemma 2.14. Let X/S be a spectral Deligne—Mumford stack as above, and T — S
be a map of spectral Deligne—Mumford stacks. If we have a relative Cartier divisor
D — X, then Dt is a relative Cartier divisor of Xt.

Proof. This is straightforward to check. We simply note that Dt is a closed immer-
sion of Xt [Lurl8c, Corollary 3.1.2.3]. After base change, D is flat, proper, and
locally almost of finite presentation over T. It remains to show that Z(D7) is a line
bundle over Xt. Indeed, we have a fiber sequence

I(D) — ﬁ){ — ﬁp
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By the flatness of D, pullback along the base change f: T — S gives another fiber
sequence

I (I(D)) — Ox; = Op;
So we have that Z(Dv) is just f*(Z(D)), which is invertible. O

Suppose that X is a spectral Deligne-Mumford stack over an affine spectral
Deligne-Mumford stack S = Spét R. From Definition 2.12, we then have a functor

CDiVx/R: CAIg%l — S, R CDiV(XR//R/)

Our main goal in this section is to prove that this functor is representable when
X/R is a spectral algebraic space satisfying certain conditions. To achieve this, we
need some preparations for computing the cotangent complex of a relative Cartier
divisor functor. The main issue has to do with square-zero extensions, for which
we need the following facts about pushouts of two closed immersions.

By [Lurl8c, Theorem 16.2.0.1 and Proposition 16.2.3.1], given a pushout square
of spectral Deligne-Mumford stacks

Xo1 ——=Xqg
T
X; — > X
such that ¢ and j are closed immersions, the induced square of co-categories

QCOh(XOl) I QCOh(XO)

T T

QCoh(X;) =—— QCoh(X)
determines an embedding 6 : QCoh(X) — QCoh(Xo) Xqcoh(xe,) QCoh(X1), which

restricts to an equivalence
QCoh(X)™ = QCoh(Xo)™™ X qCoh(Xe:)en QCoh(X1)"
between connective objects. Moreover, let .% € QCoh(X) and set
Fo=j" € QCoh(Xp), F =i"*F € QCoh(X;)

Then . is n-connective if and only if .%; and %] are n-connective, and this state-
ment is also true for the conditions of almost connective, Tor-amplitude < n, flat,
perfect to order n, almost perfect, perfect, and locally free of finite rank, respec-
tively.

Also, by [Lurl8c, Theorem 16.3.0.1], we have a pullback square of oo-categories

SpDM/X —_— SPDM/XO

l i

Sp])lv[/x1 —_—> Sp])lv[/x01

Let f: Y — X be a map of spectral Deligne-Mumford stacks. Let Yy = Xg xx Y,
Y1 =Xy xx Y, and let fo: Yo = Xp and f1: Yy — X; be the projection maps.
Then we have that f is locally almost of finite presentation if and only if both fy
and f; are locally almost of finite presentation. The statement remains true for
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the following individual conditions: locally of finite generation to order n, locally
of finite presentation, étale, equivalence, open immersion, closed immersion, flat,
affine, separated, and proper [Lurl8c, Proposition 16.3.2.1].

Now, let X = (X, Ox) be a spectral Deligne-Mumford stack, & € QCoh(X)"
be a connective quasi-coherent sheaf, and n € Der(0xy, X&) be a derivation, i.e., a
morphism 7: Oy — Ox © X&. We let ﬁ’;’( denote the square-zero extension of Ox
by & determined by 7, so that we have a pullback diagram

o, Ox

L)

Orv—2> 0y aXE

By [Lurl8c, Proposition 17.1.3.4], (X,0"%) is a spectral Deligne-Mumford stack,
which we will denote by X7. In the case of ) = 0, we denote it by X = (X, Ox B E).
We then have a pushout square of spectral Deligne-Mumford stacks

X8 <— X

|

such that f and g are closed immersions. In turn, by [Lurl8c, Theorem 16.2.0.1],
there is a pullback diagram

QCoh(X#)a» — = QCoh(X)2"

| |

Qcoh(x)acn Qcoh(xEé”>acn

of categories spanned by almost connective quasi-coherent sheaves. Passing to
homotopy fibers over some % € QCoh(X)**®, we obtain an equivalence

QCoh(X?)*" X qcon(x) {7} = Mapqeonx) (F, X(€ © F))

as in [Lurl8c, Proposition 19.2.2.2]. Similarly, by passing to the homotopy fibers
over some Z € SpDM )y with f: Z — X, we obtain the classification of first-order
deformations of X:

SPDM/><<g X SpDM /» {Z} ~ Mapqcon(z) (Lzyx, X[ &)
[Lurl8c, Proposition 19.4.3.1].

Lemma 2.15. Let f: X — Spét R be a morphism of spectral Deligne—Mumford
stacks, and M a connective R-module. Consider the co-category of Deligne—Mumford
stacks X' equipped with a morphism f': X' — Spét (RS M) that fits into the pullback
diagram

X X!

7

Spét R — Spét (R @ M)
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Then this co-category is a Kan complez, and it is canonically homotopy equivalent
to the mapping space Mapqcon(x) (Lx/spet > Zf*M). Moreover, if f is flat, proper,
and locally almost of finite presentation, then so is f'.

Proof. We have a pullback square of E,-rings

RoM R
l \L(Id,o)
R—— R XM
which corresponds to a pushout square of spectral Deligne-Mumford stacks
Spét R M Spét R
Splt R Spét (RT@ M)

such that the morphisms Spét (R & X M) — Spét R are closed immersions. This

exhibits Spét (R & M) as an “infinitesimal thickening” of Spét R determined by

R 1Y pa s,

The first part of this lemma follows from the formula for first-order deforma-
tions of [Lurl8c, Proposition 19.4.3.1]. The second part follows from properties of
pushout of two closed immersions [Lurl8c, Corollary 16.4.2.1]. O

Lemma 2.16. Suppose that we are given a pushout diagram of spectral Deligne—
Mumford stacks

X(n *Z> XO

b

where ¢ and j are closed immersions. Let f: Y — X be a map of spectral Deligne—
Mumford stacks. Let Yo = Xog Xx Y, Y1 = X1 xx Y, and let fo: Yo = Xo and
f1: Y1 = Xy be the projection maps. If fo and fi are both closed immersions and
determine line bundles over Yo and Y1 respectively, then f is a closed immersion
and determines a line bundle over Y.

Proof. The statement concerning closed immersions follows from [Lurl8c, Proposi-
tion 16.3.2.1]. For the line-bundle part, we notice that by [Lurl8c, Theorem 16.2.0.1
and Proposition 16.2.3.1], f determines a sheaf locally free of finite rank. To show
that this sheaf is a line bundle, we proceed locally. By [Lurl8c, Theorem 16.2.0.2],
given a pullback diagram of connective E,,-rings

A—— A4

L

Al - AOl

such that mgAy — mgAo1 + moA: are surjective, there is an equivalence F :
Mod" — Mod{, XMod Mod{ . Moreover, this is a symmetric monoidal equiv-

alence. Indeed, since F(M) = (Ao ®a M, A1 @4 M, Ap1 @4, Ao @4 M ~ Ap1 @4,



14 XUECAI MA AND YIFEI ZHU

A1 ®4 M), we have F(M®4 N) ~ F(M)® F(N). By [Lurl8c, Proposition 2.9.4.2],
line bundles over A, Ag1, and Ag determine invertible objects of Mody’, Mody} ,
and Mod{’ respectively, which in turn determine an invertible object of Mod(,
hence a line bundle over A. (]

Here is the main result of this section and the technical heart of the paper.

Theorem 2.17. Let E/R be a spectral algebraic space that is flat, proper, locally
almost of finite presentation, geometrically reduced, and geometrically connected.
Then the functor

CDivg/g: CAlgg — S
R — CDiV(ER//R,)
is representable by a spectral algebraic space which is locally almost of finite presen-

tation over R.

Proof. We apply Lurie’s spectral Artin representability theorem and verify the 5
criteria from Theorem 2.10 one by one, in the case of n = 0, as follows:

(1) Lemma 2.18;

(2) Lemma 2.19;

(3) Lemmas 2.20, 2.21, 2.22;
(4) Lemma 2.24; and

(5) Lemma 2.23.

These statements and their proofs occupy the rest of this section. ([

Lemma 2.18. For every discrete commutative Ry, the space CDivg,p(Ro) is 0-
truncated.

Proof. Recall that CDivg,r(Rp) consists of closed immersions D — E x g Rg such
that D is flat and proper over Ry. Therefore, if Ry is discrete, so are the objects D,
and so CDivg,r(Rp) is O-truncated. O

Lemma 2.19. The functor CDivg,g is a sheaf for the étale topology.

Proof. Let {R' — U, }ier be an étale cover of Spét R’, and U, be the associated
Cech-simplicial object. We need to prove that the map

CDiVE/R<R/) — %DCDIVE/R(U.)
is an equivalence. Unwinding the definitions, we need only prove the following

general result: Given a spectral Deligne-Mumford stack X/S and an étale cover
T; — S, we have a homotopy equivalence

CDiv(X/S) — @CDiV(X Xs Te)

A
This follows from the fact that our conditions on relative Cartier divisors from
Definition 2.12 are local with respect to the étale topology. O
Lemma 2.20. The functor CDivg,g is nilcomplete.
Proof. By [Lurl8c, Definition 17.3.2.1], we need to show that the canonical map

CDiVE/R(R/) — I’&HCDiVE/R(TSnR/)
n
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is a homotopy equivalence for every E,.-ring R’. This can be deduced from the fol-
lowing: Given a flat, proper, locally almost of finite presentation spectral algebraic
space X over a connective E-ring S, we have an equivalence

CDiv(X/S) — @CDiV(X X T<nS)

Let us now prove this equivalence. Given a relative Cartier divisor D — X, we
have the following commutative diagram

D xg71<pS—D

]

X Xg T<pS —X

]

Spét 7<, S — Spét S

where we get an induced map D xg 7<, S — X X g 7<;,S. It is not hard to prove
that this map is a closed immersion [Lurl8c, Corollary 3.1.2.3]. Moreover, the map
D xgs 7<pS — Spét 7<,, S is flat, proper, and locally almost of finite presentation,
since D x g 7<,, S is the base change of D along Spét 7<,,S — Spét S. The associated
ideal sheaf of D x g7<,, /S remains a line bundle over Xx g7<,,.S. Therefore D X g7<,, S
is a relative Cartier divisor of X x g 7<,S. Thus we define a functor

0: CDiv(X/S) — @CDiV(X X T<nS)

D— {D Xs TSnS}n

This functor is fully faithful, since we have from [Lurl8c, Proposition 19.4.1.2]
an equivalence SpDM /g — lgln SpDM/TSHS defined by X —= X x5 7<,S. For 6 to
be an equivalence, we need only show that it is essentially surjective.

Suppose {D,, = X xg 7<, S}, is an object in I&Hn CDiv(X xg 7<,S). It is a
morphism in @n SpDM,._ . By [Lurl8c, Proposition 19.4.1.2], there is a mor-
phism D — X in SpDM ¢ such that D xg 7<,S — X Xg 7<, S are equivalent to
Dn — X Xg TSnS.

Next, we need to show that D — X from above is a relative Cartier divisor.
The conditions that D — X is flat, proper, and locally almost of finite presentation
follow immediately from [Lurl8c, Proposition 19.4.2.1]. It remains to prove that
D — X is a closed immersion and determines a line bundle over X.

Without loss of generality, we may assume that X = Spét B is affine, so that
we have closed immersions D,, — (Spét B) xg 7<,, S =~ Spét (B ®g 7<,.S), the last
equivalence from [Lurl8c, Proposition 1.4.11.1(3)]. By [Lurl8c, Theorem 3.1.2.1],
each D x g 7<,, S is equivalent to Spét B}, for some B], such that mo(B ®g 7<pS) —
7o By, is surjective. Since 7<,415 — B, is flat, we have

Spét By, = (Spét By, 1) X715 T<nS = Spét (B}, 11 @7, ,,5 T<nS)
~ Spét T<,, By 4

Thus we obtain a spectrum B’ such that Spét7<, B’ ~ SpétB] = D xg 7<,,S.
Consequently, D = Spét B’ and mgB — moB’ is surjective, and so D = Spét B’ —
Spét B = X is a closed immersion.
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Finally, to prove that the associated ideal sheaf of D is a line bundle, we notice
the pullback diagrams

I, — B ®g 1< S

.

x —— B' ®g TSnS

where each I, is an invertible module over B ®g 7<,,S = 7<,, B. Passing to inverse
limits, we obtain a pullback diagram

@IHHB

|

§« —> B’

Consequently, we have I(D) ~ limI,. Now, by nilcompleteness of the Picard
functor Picy/g from [Lurl8c, Proposition 19.2.4.7(1)], I(D) is an invertible B-
module. Therefore the associated ideal sheaf of D is a line bundle over X. O

Lemma 2.21. The functor CDivg, g is infinitesimally cohesive.

Proof. This follows from Proposition 2.16 and [Lurl8c, Proposition 16.3.2.1]. O
Lemma 2.22. The functor CDivg,g is integrable.

Proof. Given a local Noetherian E..-ring R’ which is complete with respect to its
maximal ideal m C myR’, we need to prove that the inclusion functor Spf R’ —
Spec R’ induces a homotopy equivalence

Mappyn(calgen, s)(Spec R, CDive/r) — Mapg,,calgen, s)(Spf R, CDive)r)

This can be deduced from the following result: Given a flat, proper, and separated
spectral algebraic space X locally almost of finite presentation over a connective
local Noetherian E,-ring S which is complete with respect to its maximal ideal,
we have an equivalence

CDiv(X/S) = CDiv(X xspec s Spf S)

Indeed, let Hilb(X/S) denote the full subcategory of SpDM x consisting of those
D — X, such that each D — X is a closed immersion and is flat, proper, and
locally almost of finite presentation. Then by the formal GAGA theorem [Lurl8c,
Corollary 8.5.3.4] and the base-change properties of being flat, proper, and locally
almost of finite presentation, we have Hilb(X/S) ~ Hilb(X xgps g Spt ).

To prove the above equivalence for relative Cartier divisors, we need to further
check that D — X associates a line bundle over X if and only if D xgpet s Spf S
associates a line bundle over X xgp¢ 5 Spf .S. Note that the morphism f: X Xgpet 5
Spf S — Xis flat by [Lurl8c, Corollary 7.3.6.9], and so we have Z(D xgpe s Spf S) =
Z(f*D) ~ f*Z(D) over the pullback square

D XSpét S SpfSH D

|

X xspec s SpE S —1= X



SPECTRAL MODULI PROBLEMS FOR LEVEL STRUCTURES 17

By [Lurl8c, proof of Proposition 19.2.4.7], we have an equivalence
QCoh(X/8)*Prem ~ QCoh(X Xspet 5 Spf §) P

We need only restrict to the subcategories spanned by invertible objects via [Lurl8c,
Proposition 2.9.4.2] to complete the proof. [

Lemma 2.23. The functor CDivg g is locally almost of finite presentation over
Spec R.

Proof. By [Lurl8c, Definition 17.4.1.1(b)], we need to prove that
CDiVE/R: CAlgCRn — S, R — CDiV(ER//R/)

commutes with filtered colimits when restricted to each 7<,, CAlg®'. We notice that
CDiv(Eg /R’') is a full subcategory of SpDM g, _,gpe gy and first consider instead
the functor

Var®™: CAlgy — Cateo, R +— V.eurj'(ER/%Spét R

where Var;r( ) consists of diagrams

E s —Spét R/

D4>ER/

N

Spét R’

such that D — Spét R’ is flat, proper, and locally almost of finite presentation.
Then by [Lurl8c, Proposition 19.4.2.1], this functor commutes with filtered colimits
when restricted to 7<, CAlg®'. It remains to verify that when {D; — E; p'};cr are
closed immersions and determine line bundles over {E; r/}, hﬂie s D, — hﬂz’e s Ein
are closed immersions and determine line bundles over lignie s Ei,r/. As we recalled
earlier in this subsection, this follows from properties of closed immersions and the
property of Picard functors that they are locally almost of finite presentation. [J

Lemma 2.24. The functor CDiveg,r admits a cotangent complex L which is con-
nective and almost perfect.

Proof. Let S be a connective R-algebra, n € CDivg,(S), and M be a connective
S-module. We then have a pullback diagram

Fy (M) —— CDivg/r(S © M)
{n} ———— CDivg/r(5)
From this we obtain a functor
F,:Modg =S, M — F,(M)

We first need to prove that the above functor is corepresentable. Here, 1 is to a
morphism D — E xg S, and E xg (S @ M) is a square-zero extension of E X S.
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Thus by the classification of first-order deformations [Lurl8c, Proposition 19.4.3.1],
the space of spectral algebraic spaces D’ which fit into the pullback diagram

D— D

P

EXRSHEXR(S@M)

& |
Spét § ——> Spét (S @ M)

is equivalent to Mapgcon(p) (LD/(EXRS)7 X (p*M)) Pushing forward along p o7,
by [Lurl8c, Proposition 6.4.5.3], we then have

Mapqcon(o) (Lo /Ex sy, E1° (0" M)) ~ Mapgeen(spes s) (2 2+ (11 Lo Ex 25)), M)

By Lemma 2.16, any such D’ — Ex r (S® M) is a closed immersion and determines
a line bundle over E x g (S @ M). Since the diagram

D— =D

| |

Spét § —> Spét (S @& M)

is a pullback square, D’ is a square-zero extension of D. By [Lurl8c, Proposition
16.3.2.1], D’ — Spét (S& M) is flat, proper, and locally almost of finite presentation.
Combining these facts, we find that

Fy (M) = Mapqcon(spes s) (2 0+ (14 Lo (Ex 15)), M)

Consequently, the functor CDivg,p satisfies condition (a) from [Lurl8c, Example
17.2.4.4]. Condition (b) therein follows from the compatibility of (p o 1)y, as a
left adjoint of the functor (p o n)*, with base change (cf. [Lurl8c, Construction
6.4.5.1 and Proposition 6.4.5.3]). Therefore the functor CDivg,r admits a cotangent
complex Lepive, , satisfying n* Lepive, , = 2704 (14 Lo (Ex s))- Since the quasi-
coherent sheaf Lp,ex,g) is connective and almost perfect [Lurl8c, Proposition
17.1.5.1(3)], the S-module X~ p (14 Lp,(Ex »s)) is (—1)-connective.

Next, we show that Lcpive,, is almost perfect. This follows from [Lurl8c,
17.4.2.2] and Lemma 2.23.

Finally, we show that it is connective. As above, let S be a connective R-
algebra and 7 € CDivg/r(S5). We need to prove that M, = n*Lcpive,, € Mods
is connective. We already knew that M, is (—1)-connective and almost perfect.
In particular, the homotopy group m_1 M, is a finitely generated myS-module. To
prove that it in fact vanishes, by Nakayama’s lemma, we note that this is equivalent
to proving that

T_1(K @rys M) = Torf*® (k, 71 M,)
equals 0 for every residue field s of m9.S. Thus we may replace S by x and assume
K is an algebraically closed field.

Let A = k[e]/(e?). Unwinding the definitions, we find that the dual space
Homy,(7_1M,, k) can be identified with the set of automorphisms of the base change
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14 such that they restrict to be the identity of 7. It remains to prove that this set
is trivial. This boils down to the following assertion in classical algebraic geometry.

Let X/k be a scheme, L be a line bundle over X, and assume L4
is also a line bundle over X 4. If f is an automorphism of L4 such
that f|L is the identity on L, then f is the identity.

This can be proved, mutatis mutandis, as in the last part of [Lurl8a, proof of
Proposition 2.2.6]. O

3. LEVEL STRUCTURES FOR SPECTRAL ABELIAN VARIETIES

3.1. Level structures on elliptic curves. Let C be a one-dimensional smooth
commutative group scheme over a base scheme S, and A be an abstract finite
abelian group. A homomorphism of abstract groups

¢ A— C(S)

is said to be an level-A structure on C/S if the effective Cartier divisor D in C/S
defined by

D = Yacald(a)

is a subgroup of C/S.
The following result due to Katz-Mazur [KM85] gives the representability of level
structures moduli problems.

Proposition 3.1. [KM85, Proposition 1.6.2] Let C/S be a one-dimensional smooth
commutative group scheme over S. Then the functor

Levelg/s : Schg — Set

T — the set of level-A structures on Cp/T
is representable by a closed subscheme of Hom(A, C) = C[Ny] Xg - -+ xg C[N,].

Definition 3.2. Let E/R be a spectral elliptic curve. In the level of objects, a
derived level-A structure is a relative Cartier divisor ¢ : D — E of E, such that
the underlying morphism DY — EY is the inclusion of the associated relative
Cartier divisor Y,ea[po(a)] into EY, where ¢y : A — EY(RY) is any classical
level structure. We let Level(A, E/R) denote the oo-category of derived level-A
structures of E/R, whose objects can be viewed as pairs ¢ = (D, ¢).

It is easy to see that for a spectral elliptic curve F/R, the co-category Level(A, E/R)
is a co-groupoid, since it is a full subcategory of CDiv(E/R), which is a co-groupoid.

Lemma 3.3. Let E/R be a spectral elliptic curve and ¢s : D — E be a derived level
structure. Suppose that T — S be a morphism of nonconnective spectral Deligne—
Mumford stacks, then the induced morphism ¢s : Dy — Er is a derived level
structure of Ep/T.

Proof. We notice that the derived level structure is stable under base change. So
¢g A — (E x5 T)?(Ty) = E¥(Ty) is a classical level structure, so Dy, is the
associated classical relative Cartier divisor of a classical level structure. And Dy —
Er is a relative Cartier divisor in spectral algebraic geometry, this is just the base
change of the relative Cartier divisor (Lemma 2.14). O
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We first recall a proposition in Katz and Mazur’s book [KM85, Corollarly 1.3.7]:
Suppose that C/S is a smooth group curve, and D is a relative Cartier divisor of C,
then exists a closed subscheme Z of S, satisfying for any 7' — S, Dy is a subgroup
of Cr if and only if T" passing through Z.

Lemma 3.4. Let E/R be a spectral elliptic curve, and D — E be a relative Cartier
divisor. There exists a closed spectral Deligne—Mumford substack Spét Z C Spét R,
satisfying the following universal property:

For any S € CAlgR', such that the associated sheaf of Dg is a relative Cartier
divisor of Xg and (Ds)" is a subgroup of (Es)® if and only if R — S factor through
Z.

Proof. For a map R — S, it is obvious that Dg is a relative Cartier divisor of Xg.
By [KMS85, Corollarly 1.3.7], we just notice that if (Dg)¥ /7S is a subgroup of
(Es)® /oS, we have Spec oS must passing through a closed subscheme Spec Zy of
SpecmpR. This corresponds to a closed spectral subscheme Spec Z of Spec R, sin
ce we have the map R — S such that mgR — myS pass through moR/I for
some ideal I of moR, so we have R — S passing through RV#(D  see [Lurl8c,
Chapter 7] for details about nilpotent R-module. Conversely, suppose that R — S
passes through Z, then we have Ogp¢; g vanishing on I. That is we have moR — mpS
passing through mo R/ VT, but this is equivalent to say Spec 79SS — Spec o R passing
through Spec 7o R/I = Spec Zy, and so (Ds)¥ is a subgroup of (Eg)". O

Theorem 3.5. Let E/R be a spectral elliptic curve, then the functor
Levelg/p : CAlgh — S
R' — Level(A, Er/ /R)

is representable by a closed substack S(A) of CDivx/p. Moreover, S(A) = Spét P /g
for an Ew-ring P, r, which is locally almost of finite presentation over R.

Proof. By definition, the functor Levelg g is a subfunctor of the representable func-
tor CDivx,/g. We consider a spectral Deligne-Mumford stack GroupCDiv defined
by the pullback diagram of spectral Deligne-Mumford stacks

GroupCDivy,p — CDivg/r

! i

Spét Z Spét R.

It is easy to say that GroupCDivy,p valued on a R-algebra R’ is the space of
relative Cartier divisors D of E xgpes r Spét R, such that DY is a subgroup of
(E xspst r Spét R')V. Tt is clear that

GroupCDivy, p = H Ao — CDivg g
Ag€EFinAb

where Ag—CDivg/ g valued on a R-algebra R’ is the space of relative Cartier divisors
D of E xgpst g Spét R, such that DY is an algebric subgroup of (E xgpe; g Spét R')™
and DY(R') = Ag. It is cleared that Levelg/r = A—CDivg/g, so we have Level g/ r
is representable by a open substack of GroupCDivy p.

To prove the second part, we consider the map S(A) — Spét R, they are all spec-
tral algebraic spaces. By [Lurl8c, Remark 5.2.0.2], a morphism between spectral



SPECTRAL MODULI PROBLEMS FOR LEVEL STRUCTURES 21

algebraic spaces is finite if and only if its underlying morphism between ordinary
spectral algebraic space is finite in ordinary algebraic geometry. So we only need to
prove S(A)Y is finite over Spec 7y R, but this is just the classical case since S(A4)"
is the representable object of the classical level structure, which is finite over Ry by
[KM85, Corollary 1.6.3]. d

3.2. Level structures on p-divisible groups. Before we talk about derived level
structures of spectral p-divisible groups, let us first review something about the
classical level structures of commutative finite flat group schemes. Let X/S be a
finite flat S-scheme of finite presentation of rank N, it can be proved that X/S is
finite locally free of rank N. This means that for every affine scheme Spec R — 5,
the pullback scheme X x g Spec R over Spec R have the form Spec R’, where R’ is an
R-algebra which is locally free of rank N. For an element f € R’ which can act on
R’ by multiplication, define an R-linear endomorphism of B’. Because R’ is locally
free of rank N. Then multiplication of f can be representable by a N x N matrix
My¢. Then we can define the characteristic polynomial of f to be the characteristic
polynomial of My, i.e.,
det(T — f) = det(T — My) = TN — trace(My) + - - - + (—1)NNorm(f).
Let {Py,---,Pn} be a set of N points in X(5), we say this set is a full set of
sections of X/S if one of the following two conditions are satisfied:
(1) For any Spec R — S, and f € B = H°(Xgr, O), we have the equality
N
det(T — f) = [[(T = f(p:))-
i=1
(2) For every Spec R — S, and f € B = H%(Xg, O), we have

N
Norm(f) = H Fpi).

Actually, these conditions are equivalent.

If we have N not-necessarily-distinct points {P,--- , Py} in X (9), then we have
a morphism

of sheave over X. It is easy to see that this map is surjective, and it defines a
closed subscheme D of X, which is flat, proper over S. So by the construction, for
a¢:A— X(S), we can define closed subscheme D of X which corresponds to the
sheave ®qcad(a).Og.

Lemma 3.6. For a finite flat and finite presentation S-scheme Z, Hom(A, Z) is
an open subscheme of Hilbz,g.

Proof. Let T — S be a S-scheme, for any D — Y =T xgZ in Hilb(Y') = Hilb(T' x g
Z), we need to prove that the set of points ¢ € T' which satisfying D; — Y} is coming
from the closed subscheme associated with a map ¢ : A — Z(T') = Y/(T') is an open
subset of T. Since D is the closed subscheme defined by Oy — Op, if D; comes
form Oyl|; = @(P;)«(Or)|:. Then by the definition of stalks of sheaves, there
exists an open subset U of D such that ¢ € U, and Dy is defined by Oy |y —

Q(F)«(Or)lv- U
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Definition 3.7. Suppose that G/S is a rank N commutative finite flat S-group
scheme of finite presentation and A is a finite abelian group of order N. A group
homomorphism

¢:A— G(9)
is called an A-generator of G/S, if the N points {¢(a)}eca are a full subset of
sections of G(5). In these cases, we say ¢ is a Drinfeld level structure.

Proposition 3.8. [KM85, Proposition 1.10.13] Suppose that G is a rank N finite
flat commutative group scheme of finite presentation over S and A is a finite abelian
group of order N. Then we have the following two propositions:

(1) The functor A—Gen(G/S) on S-schemes defined by
T~ {¢|¢: A— G(T) is a Drinfeld level structure}

is representable by a finite S-scheme of finite presentation. Actually, it is
the closed subscheme of Homgeng (A, G) over which the image of sections
{Ouniv(a) taca of the universal homomorphism ¢unin : A — G form a full
set of sections.

(2) If G/S is finite étale over S of rank N, we have

A—Gen(G/S) ~ Isomgehs (4, G),

such that each connected component of S, A—Gen(S) is either empty or is
a finite étale Aut(A)-torsor.

Derived Level Structures of Spectral Finite Flat Group Schemes: For a
spectral commutative finite flat group scheme G over R. By the definition of finite
flat, we have G = Spét B for a finite flat R-algebra B. We let Hilb(G/R) denote the
full subcategory of SpDM ; spanned by those D — G such that D — G is a closed
immersion of spectral Deligne-Mumford stacks, and the composition D - G — R
is flat, proper and locally almost of finite presentation. Then we find Hilb(G/R) is
actually equivalent to the co-category of diagrams which have the form

such that R’ is flat, proper and locally almost of finite presentation over R and
satisfies certain conditions. It is easy to see that Hilb(G/R) is a Kan complex.
Then we can define a functor

Hilbg, g : CAlgy — S
R — Hllb(GR/)
Theorem 3.9. Suppose that G is a commutative finite flat group scheme over

an Eo-ring R, then Hilbg, g is representable by a spectral Deligne-Mumford stack
which is locally almost of finite presentation over R.

Proof. This is just a special case of spectral algebraic geometry version of Lurie’s
theorem [Lur04, Theorem 8.3.3]. O

Remark 3.10. We can prove this theorem by the same argument of the proof of
representability of relative Cartier divisors.
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Definition 3.11. Let G be a spectral commutative finite flat group scheme of rank
N over an E,,-ring R, and A be an abstract finite abelian group of order N, an
level-A structure of G is an object ¢ : D — G in Hilb(G/R), such that mp¢.Op ~
®¢(a)+Ospec no R, Where ¢(a)«Ospec nor cOmes from a map ¢ : A — G (moR).

Lemma 3.12. Let G/R be a spectral commutative finite flat group scheme of rank
N over an Eo-ring R and let D be a Hilbert closed subscheme of G. Then there
exists a Eoo-ring Z, satisfying the following universal property:

For any R — R' in CAlg$}, (Dr)® is a derived level-A structures of (Gr/)® if
and only if R — R’ factor through Z.

Proof. For R — R’ in CAlg%', it is obvious that Dgs is in Hilb(Gg//R’). This
means that (Dp/)Y is a Hilbert closed subscheme of (Gr/)¥. For Dg to be a
derived level structure, we have Dy, must lie in Hom(A, GV)(moR’), this means
that SpecmoR’ — SpecmgR must passing through an open of SpecwyR, since
Hom(A, G?) can be viewed as a open sub scheme of Hilb(G¥/RY). Then we have
moR — moR' passing through Wy, where Wy is a localization of myR, so we have
R — R’/ must passing through W, where W is an E..-ring, which is a localization of
R. As for now, we already have a map Spét R — Spét W, such that Dy is a Hilbert
closed subscheme of G g/, and mi+Op,, comes from a map ¢ : A — G° (moR'). For
Dp: want to be a derived level structure, Oge — ¢(a).(Ospec ror’) Deeds to be an
isomorphism, i.e., these N points ¢(a).c4 must be a full section of GY (7o R’). By
[KM85, Proposition 1.9.1], for a set of N points of (GY(moR’)) to be a full section
of GY(mR"), SpecmyR' — SpecmoW must passing through a closed subscheme
of SpecWy. Then mgW — mgR’ must passing through Z,, where Z; is equals
moW/I for some ideal I of moW. This means that we have W — R’ pass through
Z = WNI(I)| By the discussion above, we have Z is the desired Eoo-ring. And the
converse is also true by using the same discussion in the derived level structures of
curves.

O

Proposition 3.13. Suppose that G is a spectral commutative finite flat group
scheme of rank N over an Eo-ring R and A is an abstract finite abelian group
of order N. Then the following functor

Levelfj  : CAlgp, — S; R — Level(A,Gr//R)
is representable by an affine spectral Deligne-Mumford stack S(A) = Spét Pgg.

Proof. We first prove the representability. By definition, the functor Levelé /RIS a
subfunctor of the representable functor Hilbg,r. We consider a spectral Deligne—
Mumford stack S(A) defined by the pullback diagram of spectral Deligne-Mumford
stacks

S(A) —— Hilbg,r

]

Spét Z —— Spét R.

It is easy to say that S(A) valued on an R-algebra R’ is the Hilbert closed subscheme
D of E xspst r Spét R’, such that DY is a derived level A-structure of (F X Spét R
Spét R')¥. Then S(A) is the desired stack.
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For the affine condition, we need to prove that S(A) is finite in spectral algebraic
geometry. By [Lurl8c, Remark 5.2.0.2], a morphism between spectral algebraic
spaces is finite if and only if its underlying morphism between ordinary spectral
algebraic space is finite in ordinary algebraic geometry. We have S(A) and Spét R
are spectral spaces. So we only need to prove S (A)O is finite over Ry, but this is
just the classical case, which is finite by [KM85, Proposition 1.10.13]. |

Remark 3.14. We let FFG(R) denote the oo-category of spectral commutative finite
flat group schemes over an Eo-ring R. By [Lurl8a, Proposition 6.5.8], there is
another equivalent definition of spectral p-divisible group [Lurl8b, Definition 6.0.2].
A spectral p-divisible group over a connective E,-ring R is just a functor

G : CAlg®' — Mody"
which satisfies the following conditions:
(1) Suppose that S € CAlg%', the spectrum G(S) is p-nilpotent, i.e., G(S)[1/p] ~
(2) 1(;.01" M be a finite abelian p-group, the functor
CAlgy — S, S Mapy,q, (M,G(S))
is copresentable by a finite flat R-algebra.

Let X be a spectral p-divisible group of height h over an E-ring R, that is a
functor
X : Abf — FFG(R).
For every pF € AbE_, we let X[p*] denote the image of p* of X. We find that X [p*]
is a rank (p*)" spectral commutative finite flat group schemes over R.

Definition 3.15. Let G be a spectral p-divisible group of height h over a connective
E..-ring R. For A a finite abelian group, an derived (Z/p*Z)"-level structure of G
is a derived (Z/p*Z)"-level structure

¢: D — Gp¥]

of G[p*], which is a spectral commutative finite flat scheme over R. We let Level(k, G/R)
denote the oo-groupoid of derived (Z/p*Z)"-level structures of G/R.

Theorem 3.16. Let G be a spectral p-divisible group of height h over an Eo-ring
R. Then the following functor

Levelt, p : CAlgp =+ S; R — Level(k,Gr/ /R
is representable by an affine spectral Deligne—Mumford stack S(k) = Spét Pg/R.

Proof. We just notice that by the definition of spectral p-divisible group, G[p*] is a
spectral commutative finite flat scheme. Then the theorem follows from the above
result of the general spectral commutative finite flat group scheme. (I

Non-Full Level Structures

The above cases only care full-level structures of commutative finite flat schemes,
actually we can define general-level structures of finite flat group schemes. Let G
be a spectral commutative finite flat group scheme of rank N over an E..-ring R,
and A be an abstract finite abelian group, an derived level-A structure of G is an
object ¢ : D — G in Hilb(G/R), such that DY is a subgroup of G' and G (moR)
is isomorphic to A. We let Level; (A, G/R) denote the space of derived level-A
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structure. And Levelp(A, G/R) denote the space of equivalence class D — G in
Hilb(G/R) such that G¥(myR) is isomorphic to A, two object D, D’ are equivalent
if the image of DY — G¥ and D'Y — GY are same.

Proposition 3.17. Suppose that G is a spectral commutative finite flat group
scheme of rank N over an Eo-ring R and A is an abstract finite abelian group
of order not necessarily equal to N. Then the following functor

Levelgy, : CAlgfy — S; R — Levely (A, Gr//R)

is representable by an affine spectral Deligne—Mumford stack.

Proof. We just noticed that the classical level structure functor Level(4, G¥ /moR)
is representable by a closed subscheme Hom(A, G), using the same discussion of
full-level case, we get the desired result. O

Remark 3.18. The above proposition is also true for Level A, By the spectral
commutative finite flat scheme cases, we can get the representability results of the
spectral p-divisible group case.

We let Level; (k, G/R) denote the oco-groupoid of derived (Z/p*Z)-level structures
of G/R. Then the following functor

Levelé”;R :CAlgy -+ S; R — Levely(k,Gr//R')

is representable by an affine spectral Deligne-Mumford stack Sy (k) = Spét Pé’fR.
We let Levelg(k, G/R) denote the oo-groupoid of derived (Z/p*Z)-level genera-
tors of G/R. Then the following functor
Levelgj;, : CAlgf = 8; R’ — Levelo(k, G /R')

0,k

is representable by an affine spectral Deligne-Mumford stack Sp(k) = Spét P IR

4. MODULI PROBLEMS ASSOCIATED WITH DERIVED LEVEL STRUCTURES

4.1. Spectral elliptic curves with level structure. There exists a spectral
Deligne-Mumford stack M,); whose functor of points is
./\/le“ : CAlgcn — S
R+— Men(R),
where M (R) = Ell(R)= is the underline co-groupoid of the co-category of spectral
elliptic curves over R.

And we have the classical Deligne-Mumford stack of classical elliptic curves,
which can be viewed as a spectral Deligne-Mumford stack

M CAlg™ = S
R — M\ (moR)
where M (moR) is the groupoid of classical elliptic curves over the commutative
ring mo R.
And for A denote Z/NZ, or Z/NZ x Z/NZ, we have the classical Deligne—

Mumford stack of classical elliptic curves with level-A structures, which can also
be viewed as a spectral Deligne-Mumford stack.

ME(A) : CAlg™ = S
R— M(A)(moR)



26 XUECAI MA AND YIFEI ZHU

where M, (A)(mo R) is the groupoid of classical elliptic curves with level A-structures
over the commutative ring moR.

In last chapter, we define and study derived level structures. The construction
X — Level(A, X/R) determines a functor Ell(R) — S which is classified by a left
fibration Ell(A)(R) — Ell(R). Objects of Ell(A)(R) are pairs (E, ¢), where E is a
spectral elliptic curve and ¢ is a derived level structure of F.

For every R € CAlg®™, we can consider all spectral elliptic curves over R with
derived level structures. This moduli problem can be thought of as a functor

Meu(A) : CAlgcn - S
R+— Man(A)(R) = Ell(A)(R)

where Ell(A)(R) is the space of spectral elliptic curves E with a derived level
structure ¢ : A — F.

Proposition 4.1. The functor Mey(A) : CAlg™ — S is an étale sheaf.

Proof. Let {R — U} be an étale cover of R, and U, be the associate check simplicial
object. We consider the following diagram

El(A)(R)~ — lima EN(A)(U, )™

lp lq

Ell(R)™~ Y s lima EI(UL)>.

The left map p is a left fibration between Kan complex, so is a Kan fibration
[Lur09b, Lemma 2.1.3.3]. The right vertical map is pointwise Kan fibration. By
picking a suit model for the homotopy limit we may assume that ¢ is a Kan fibration
as well. We have g is an equivalence by [Lurl8a, Lemma 2.4.1]. To prove that f is
an equivalence. We only need to prove that for every FE € Ell(R), the map

p 'E ~ Level(A, E/R) — lim Level(A, E x g Us /Us) =~ q tg(E)

is an equivalence. We have the Level(A, E) as full co-subcategory of CDiv(E/R)
and lima Level(A, E x g U,) as a full subcategory of

lim CDiv(E x g Us(U,))

But CDiv is an étale sheaf. So the functor

Level(A,E/R) — liin Level(A, E x g Us /U,).

is fully faithful. To prove it is an equivalence, we only need to prove it is essentially
surjective.

For any {¢y, : D — E xg Us} in lima Level(A, E x g Uy /U,). Clearly, we can
find a morphism ¢ : D — E in CDiv(E/R) whose image under the equivalence
CDiv(E/R) ~ lima CDiv(E x g Us/U,) is {¢v, : D — E xr Us}. We just need to
prove: ¢r : D — E is a derived level structure. This is true since in the classic
case, Level(A, E¥(Ry)) ~ lima Level(A, EY(1<oU,)) and ¢ : D — E is already a
relative Cartier divisor. |

Lemma 4.2. Mg (A) : CAlg™ — S is a nilcomplete functor, i.e., M (A)(R) is
the homotopy limit of the following diagram

e — MCH(A) (TSmR) — MCU(A)(TSm_lR) — s — MCH(A) (TgoR)
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Proof. For a spectral elliptic curve R, there is an obvious functor
0: Men(A)(R) — lirgMeH(A) (<nR)

define by (E,¢ : D — E) — {(E Xspét r Spét T<n R, ¢n : D Xgper r SPét 7<, R —
E Xspst r Spét 7<,, R) },. Here we notice that (E Xspet g SPét T<n R, ¢dn, : D Xspét R
Spét T<ndl = E Xspet R Spét 7§nR) is in ./\/len(.A)(TgnR).

First, we prove that 6 is essentially surjective. An object in EI}}LMeH(A)(TSmR)

can be written as a diagram

l Dn+1 D, Dy l Dyg
En+1 E, E,_1 Ey

where each FE, is spectral elliptic curve over 7<,R and D, — E, is a de-
rived level structure, and satisfying D, = Dpi1 Xspétro, R SPétT<n R, B =
Ent1 Xspétre, 1R SPEt T<n R. By the nilcompletness of Men, we get a spectral
elliptic curves E, such that F xr 7<, R ~ E,, and by the nilcompletness of Var,
[Lurl8c, Proposition 19.4.2.1], we get a spectral Deligne-Mumford stack D, such
that D, = D Xspst r Spét T<pR. We need to prove the induced map D — F is a
derived level structure, but this follows form nilcompletness of Levelg,g.

Second, we need to prove that this functor is fully faithful. Unwinding the defi-
nitions, we need to prove that for every (X, D; — X), (Y, Dy —»Y) € Mau(A)(R),
the following map is a homotopy equivalence.

MapMe“(A)(R)((X, Dx), (Y, Dy)) — MapMen(A)(R) (IEE(X"’ Dx n), lir%l(Ym, Dy,m)).

where X, is 7<, X = X Xgp 7<p R, and Y, Dx ,,, Dy, similarly.
But we notice that this is equivalent to the following equivalence

MapSpDM/R((Xa DX)7 (Y7 DY)) - mMapSpDMT<n ((XTH DX,TL)v (Yna DYJL))'
And this equivalence follows from [Lurl8c, Proposition 19.4.1.2] O

Lemma 4.3. My (A) : CAlg™ — S is a cohesive functor.

D A
C B
in CAlg®™ such that the underlying homomorphisms mgA — 7B + mpC' are sur-
jective. We need to prove that

M (A)(D) ——= Men(A)(A)

-

M (A)(C) —— Men(

Proof. For every pullback diagram

PR

.

)(B)

is a pullback diagram.
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We have the following diagram in Fun(CAlg®™,S),

Men(A) L= Mg

RN

*

By [Lurl8c, Remark 17.3.7.3], M.y * (A) is a cohesive fucntor if and only if f
is cohesive. Since we have Mg is cohesive functor, A is a cohesive morphism in
Fun(CAlg®™,S). And again by [Lurl8c, Remark 17.3.7.3], f is cohesive if and only
if g is cohesive. So we only need to prove that g is a cohesive morphism. But by
[Lurl8c, Proposition 17.3.8.4] g is cohesive if and only if each fiber of g is cohesive,
i.e., for R € CAlg® and a point ng € My (R) which represents a spectral elliptic
curve E, the functor

fe:CAlgg' =S, R — Ma(A)(R') Xy {ne}

is cohesive. But we have R’ — Men(A)(R') X pmor) {ne} =~ Level(A, E xpg
R'/R') ~ Levelg,r(R'). The cohesive of Mgy (A) then follows from the cohesive of
LevelE/R .

(]

Lemma 4.4. The fucntor Mg (A) : CAlg™ — S is integrable

Proof. We need to prove that for R a local Noetherian E,-ring which is complete
with respect to its maximal ideal m C mgR, then there is an equivalence

Map gy (calgen,s) (SPét R, Men(A)) = Mappy,calger,s) (Spf R, Men(A)).
We have the following diagram in Fun(CAlg®™,S),

Men(A) L= Mg

RN

*

By [Lurl8c, Remark 17.3.7.3], Men(A) — = is a integrable fucntor if and only if
f is integrable. Since we have Mgy is integrable functor, h is a integrable morphism
in Fun(CAlg™,S). And again by [Lurl8c, Remark 17.3.7.3], f is integrable if and
only if g is integrable. So we only need to prove that g is an integrable morphism.
But by [Lurl8c, Proposition 17.3.8.4] g is integrable if and only if each fiber of g
is integrable, i.e., for R € CAlg™ and a point ng € My (R) which represents a
spectral elliptic curve E, the functor

fe:CAlgy =S, R — Mu(A)(R') X o r) {ne}

is integrable. But we have R’ — Men(A)(R') X pmory {ne} = Level(A, E xg
R'/R') ~ Levelg,r(R'). The integrable of Mcy(A) then follows from the integrable

of Levelgg.
O

Lemma 4.5. The functor M (A) : CAlg™ — S admits a cotangent complex
L yqae, and moreover L yqae is connective and almost perfect.
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Proof. We have a commutative diagram in CAlg®™ — S,

Men(A) L= Mg

RN

*

Since we have h is infinitesimally coheisve and admits a connective cotangent com-
plex, and f,g is infinitesimally cohesive. By [Lurl8c, Proposition 17.3.9.1], to prove
that f admits a cotangent complex. We only need to prove g admits a relative
cotangent complex. By [Lurl8c, Proposition 17.2.5.7], a morphism j : X — Y in
Fun(CAlg®™,S) admits a relative cotangent complex if and only if, for any corepre-
sentbale Y/ = Map(R, —) : CAlg®™ — S and any natural transformation Y’ — U,
4’ in the following pullback diagram admit a cotangent complex.

Vixy X —X

o
Y’ Y
To prove that Mg (A) = Mg admits a cotangent complex, we just need to prove

that for any R € CAlg®, and a spectral elliptic curve E which represents a natural
transformation Spec R — M,y. The functor

CAlgr = S, R = Mai(A)(R) X poy(rr) {06}
admits a connective cotangent complex. But we have Men(A)(R') X s (r) e} =
Level(E xgr R') = Levelg/r(R’). So the results of f : Mei(A) — * admits a
cotangent complex follows from Levelg,r admits a cotangent complex. And the

properties of connective and almost perfect also follow from the property of the
cotangent complex of Levelg/g. ([

Lemma 4.6. The functor Mg (A) : CAlg™ — S is locally almost of finite presen-
tation.

Proof. Consider the functor My (A) — *, it is infinitesimally cohesive and admits
an almost perfect cotangent complex, so by [Lurl8c, 17.4.2.2], it is locally almost
of finite presentation. So M (A) is locally almost of finite presentation, since x
is a final object of Fun(CAlg™,S).

a

Theorem 4.7. The functor
Ma(A) @ CAlg— S
R +— Meai(A)(R) = Ell(A)(R)~
is representable by a spectral Deligne—Mumford stack.
Proof. By the spectral Artin representability theorem, we need to prove that the
functor Mg (A) satisfies the following condition

(1) The space Mci(A)(Rp) is n-truncated for every discrete commutative ring

Ry.
(2) Men(A) is a sheaf for the étale topology.
(3) Mcn(A) is a nilcomplete, infinitesimally cohesive, and integrable functor.
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(4) Mcn(A) admits a cotangent complex Ly, 4y which is connective.
(5) Men(A) is locally almost of finite presentation.

But these follow from the above series of lemmas. O

4.2. Higher-homotopical Lubin—Tate towers. We recall that for a height h p-
divisible group Gy over a commutative ring Ry and suppose A € CAnggl. We recall
that a deformation of Gy over R is a spectral p-divisible group over R together with
an equivalence class of Gy-tagging of G. We let Level(k, G/R) denote the space
of derived (Z/p*Z)"-level structure of a height h spectral p-divisible group. We
consider the following functor

My CAlngl )
R — DefLevel(Gy, R, k)

where DefLevel(Gy, R, k) is the co-category whose objects are triples (G, p,n)

(1) G is a spectral p-divisible group over R.
(2) p is an equivalence of Gy taggings of R.
(3) n: D — G is a derived (Z/p*Z)"-level structure of G.

Theorem 4.8. The functor My, is corepresentable by a Eo,-ring which is finite
over the unoriented spectral deformation ring of Gy.

Proof. We let E,iy/ Rg;) denote the universal spectral deformation of Go/Ry. Sup-
pose that G is a spectral deformation Gg to R, we get a map of Eoc-rings R — R,
and an equivalence F, i, X Ry R ~ G of spectral p-divisible groups. By the uni-

versal objects of level structures. We have the following equivalence

Level(k, G/R) ~ Level(k, Eyniv X Ryn R) ~ MapCAlggb;pz (PEunm/R’é;g ,R),
Go

where Pg,,,,.,/ryr is the universal object of derived level structure functor associated
0
with the p-divisible group Eynivn/ RE.
Then we consider the following moduli problem

CAlgcpl -8, R~ MapCAlggé,cpz (PEum-v/Rgg ,R).

d,cpl . .
For R € CAlgp ? MapCAIggé,cPl (PEWW/R%E,R) can viewed the oo-categories of
pairs («, f), where

a:Rg— R
is the classified map of a spectral p-divisible group G, which is a deformation of Gy,
that is a« = (G, p), and f € Mapg,,, et (PE“W,/Run , R) = Level(k, Eyniv X Ryn R)
is a derived level structure of G/R. So we get Mapg j ad.co (PEMLU/RM R) is just
Ro

the oco-category of pairs (G, p,n). By lemma 3.16, PEypiu/Ryn is finite over RE.
i .
So we have Pg,, ., /ru» is the desired spectrum. O
0

Although we get spectra come from conceptually derived moduli problems, these
spectra may be complicated, since we didn’t know the homotopy groups. In alge-
braic topology, the orientation of E.-spectra makes Es page of Atiyah-Hirzebruch
spectral sequences degenerating and give us the information of homotopy groups.
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Let Gy be a height h p-divisible group over Rg,. We consider the following
functor
M CAlgl — S

R — DefLevel” (Gy, R, k)

where DefLevel® (Gy, R, k) is the space of four tuples (G, p, e, 1), where

(1) G is a spectral p-divisible over R.

(2) pis an equivalence class of Gy taggings of R.

(3) e: 5% — Q®G°(R) is an orientation of the G°, where G° is the identity
component of G.

(4) n: D — G is a derived (Z/p*Z)"-level structure of G.

Theorem 4.9. The functor M} : CAlggI‘fl — S is corepresentable by an Eo.-ring

J Kk, which is finite over the orientated deformations ring Ry .

Proof. Let Def (G, R) denote the oo-groupoid of triples (G, p,e), where G is
a p-divisible of over R, p is an equivalence class of Gy-taggings of R, and e is an
orientation of the identity conpoment of G. By [Lur18b, Theorem 6.0.3 and Remark
6.0.7], the functor

M. CAlg™ - S

cpl

R — Def” (Go, R)

is corepresnetable by the orientated deformation ring Rg , that is we have an
equivalence of spaces

Mapcaiges (RE, , ) =~ Def® (Go, R).

Let E,;, be the associated universal orientation deformation of Gg to Rg , then it

is obvious that JLx = Pgor  /ger , the universal object of derived level structures
wniv/ BE
of E" ./ G 1s the desired spectrum similar to th unorientated case. ([l

univ

We call this spectrum 7L the Jacquet-Langlands spectrum. It is easy to see
that this JL, admit an action of GLj(Z/p*Z) x Aut(Gp). And when k varies, we
have a tower

Spét JL

Spét TLk_1

Spét TLo.
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We call this tower a higher categorical Lubin—Tate tower.

In classical arithmetic geometry, the Lubin—Tate tower can be used to realize
the Jacquet-Langlands correspondence [HT01]. Is there a topological realization of
the Jacquet-Langlands correspondence? Actually, in a recent paper [SS23], they
already realized a version of topological Jacquet-Langlands correspondence. But
their method is based on the Goerss-Hopkins-Miller-Lurie sheaf. They consider the
degenerate level structures such that representing objects is étale over representing
objects of universal deformations.

We hope our higher categorical analogues of Lubin—Tate towers can also establish
a topological version of the classical Langlands correspondence, which means that
we construct representations on the category of spectra.

4.3. Topological lifts of power operation rings. We recall the deformation of
formal groups. Let G be a formal group over a perfect field k such that chark = p
, a deformation of Gy to R is a triple (G, i, ®) satisfying

e (G is a formal group over R,
e There is amap i: k — R/m
e There is an isomorphism ® : 7*G = i*Gy of formal groups over R/m.

Suppose that we have a complete local ring R whose residue filed has charac-
teristic p. Let ¢ : R — R,x — zP be the Frobenius map. For each formal group
G over R, the Frobenius isogeny Frob : G — ¢*G is the homomorphism of the
formal group over R induced by the relative Frobenius map on rings. We write
Frob” : G — (¢")*G which is the composition ¢*(Frob” ') o Frob

Let G be a formal group over k, (G, i, «) and (G',4’,a’) be two deformations of
Go to R. A deformation of Frob” is a homomorphism f : G — G’ of formal groups
over R which satisfying

(1) io0¢” =4 and i*(¢")*Go = (V')*Go.
—i;R/m

i* (Frob”
i*GO ( )Z*(¢T)*G0

|, b
()

™G ———= 1*G’

(2) the square

of homomorphisms of formal groups over R/m commutes.

We let Defr denote the category whose objects are deformations fo Gy to R,
and whose morphisms are deformations of Frob” for some 7 > 0. We will say that a
morphism in Def p has height r, if it is a deformation of Frob”, and then we denote
the corresponding subcategory as Sub”R. Let G be the deformation of Gy to R,
then it can be proved that the assignment f — Kerf is a one-to-one correspondence
between the morphisms in Sub’f, with source G and the finite subgroup of G which
have rank p".



SPECTRAL MODULI PROBLEMS FOR LEVEL STRUCTURES 33

Theorem 4.10. [Str97] Let Go/k be a height n formal group over a perfect field k.
For eachr > 0, there exists a complete local ring A, which carries a universal height
r morphism fl_.. : (Gs,is,as) = (G, iy, oq) € Sub”(A,.). That is the operation

viv —> 9 (fr ) define a bijective relation from the set of local homomorphism

g: A, = R to the set Subl,. Furthermore, we have:

(1) Ap = W(k)[[v1,- - ,vn-1]] is the Lubin—Tate ring.

(2) There is a map s : Ay — A, which classifies the source of the universal
height v map, i.e. Gs = s*Gg, where Gg = Guniv/Ao be the universal
deformation of Gy, and A, is finite and free as an Ag module.

(3) There is a map t : Ay — A, which classifies the target of the universal
height r map, i.e. Gy =t*Gg.

(4) And there is a bijection {g : A, — R} — Sub”(R) given by g — ¢*(f7,:,)(g*Gs —
g*Gt)

We know that those rings A,,r > 0 have topological meanings.

Theorem 4.11. [Str98] The ring A, in the universal deformation of Frobenuis is
isomorphic to E°(BY,)/1, i.e,

A, = E°(BS,)/I
where I is the transfer ideal.

The collections {A,} have the structures of graded coalgerbas, for s = si,t =
ty : Ag — Ay, which is induced by E° cohomology on BY. — *, we have

< t
= mugg: Apgr s Appr — AP®a, A

which classifies the source, target, and composite of morphisms. So for the power
operation R¥(X) — R¥(X x BY,,). For z = %, we have

moR — EO(BEPT)/I R moR = A[T‘] R TR

This make 7R becomes a I'-module, where T" are duals of A[r].

For more details about power operation in Morava E-theory, one can see [Rez24,
Rez09] and [Rez13]. Direct computations are in [Rez08] for height 2 at the prime 2,
[Zhul4] for height 2 at prime 3, [Zhul9] for height 2 at all primes. Cases of height
> 2 are still lack of computations.

Because we have the assignment f — Kerf is a one-to-one correspondence be-
tween the morphisms in Sub}, with source G and the finite subgroup of G which
have rank p”. So it is easy to see that A, corepresent the following moduli problem

Mo, : CAlg) - S
R — Def(Go, R,p")

where Def(Gy, R, p") consists of pairs (G, H) where G is an defomration Gy to R,
and H is a rank p" subgroup of G.

Proposition 4.12. For every integer r > 1, there exists a Eo-ring E,, ., such that
7T0En77« = AT.

Proof. For the formal group Gg over a field k of characteristic p. We just consider
the functor CAlgg]‘fl — & by sending an E.-ring R to quadruples (G, p, e,n), where
(G, p) is spectral deformation of Gy to R. e is an orientation of G°, the identity

component G, and n € Levely(k, G/R) is a derived level structure. Using the same
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argument in full-level structure and the fact Level?;’l/€  1s representable, see Remark
3.18. We get this proposition. ([

Remark 4.13. Although we obtain spectra whose my are the power operation rings
of Morava E-theories. But we don’t know higher homotopy groups of these spectra,
since these spectra are not even periodic and they are not étale over Morava E-
theories. We will continue to study such spectra in the future.

5. MORE APPLICATIONS

5.1. Jacquet—Langlands spectra. The Langlands program is a project in math-
ematics which aims to relate many fileds in mathematics together, including number
theory, representation theory, and harmonic analysis. The global Langlands corre-
spondence is conjectural (bijection) between

(1) n-dimensional complex linear representations of the Galois group Gal(F/F)
of a given number field F.

(2) certain representations-called automorphic representations of the n dimen-
sional general linear group GL,, (Ar) with coefficients in the ring of adeles
of F, arising within the representations given by functions on the double
coset space GL,(F)\ GL,(Ar)/GLy() (where O = [], O, is the ring of
integers of all formal completions of F).

which compatible with certain L-function conditions. Moreover, the group GL,,
can be replaced by any reductive group. The Langlands correspondence has many
specific examples in number theory. For the group GLi, this correspondence is
just global class field theory. The Langlands correspondence for G Ly leads to the
famous modularity theorem [Wil95], [TW95].

The Langlands correspondence has a local version. Let E be a local field, and
G be a reductive group over E. The local Langlands correspondence predicts that
for any irreducible smooth representation 7 of G(E), we can naturally associate an
L-parameter

What we want to say in this paper is the Jacquet-Langlands correspondence.
Let K be a p-adic filed, and D a division algebra with center K and dimension
d? over K. We fix an integer » < 1, and Let G = GL,, G' = GL,.(D), where
n = rd. The Jacquet Langlands correspondence aims to relate smooth irreducible
representations of G to those of G’, whereas the Langlands correspondence relates
such representations to degree n-representations of the absolute Galois group of K.

We care about the case r = 1, i.e, D is a center algebra over K of dimension n?.
There is a bijection between

(1) square integrable irreducible representations of D* and,
(2) square integrable irreducible representations of G L, (K).

In classical arithmetic geometry, the Lubin-Tate tower can be used to realize
the Jacquet-Langlands correspondence [HT01]. Is there a topological realization of
the Jacquet—Langlands correspondence? Actually, in a recent paper [SS23], they
already realized a version of topological Jacquet-Langlands correspondence. But
their method is based on the Goerss-Hopkins-Miller-Lurie sheaf. They actually
consider the degenerate level structures such that representing objects are étale
over representing objects of universal deformations. We hope our higher categori-
cal analogues of Lubin—Tate towers can also establish a topological version of the
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classical Langlands correspondence, which means that we construct representations
on the category of spectra. Our derived level structure give an attempt on this idea
by considering certain function spectra.

On the other hand, we know the actions of certain Galois groups and automor-
phism groups on certain objects, like Morava E-theories, THH, TC. This means
that these groups act on their homotopy groups. For example, we have the action
of Morava stabilizer groups G,, on Morava E-theories F,,, it can be used to compute
the stable homotopy group of spheres by the following spectral sequence

Ey' = H5 (G, mEn) = T s L (n)S°.

But usually, it is complicated to compute the continuous cohomology of G,,. This
is common in Langlands correspondence that th Galois side is usually harder to
understand than the automorphic side. One strategy for relevant problems is to
transfer the problems in the Galois side to the automorphic side. Let’s see an
example first.

Theorem 5.1. ([BSSW24b]) There is an isomorphism of graded Q-algebras
Q ® '/T*LK(n)SO = AQP (Cla CQ, e gn)a

where the latter is the exterior Qp-algebra with generators (; in degree 1 — 2i.

The main of their proof of this theorem is they transfer the computation of
cohomoloy of G,, to the cohomoloyg of Drinfeld symmetric space H.

X
GLn(Z% \G,:
LTk H.
In a continuous work [BSSW24a], they compute the Picard group of K(n)-local
spectra by using some results of computation of Drinfeld symmetric space, which
is due to Colmez—Dospinescu—Nizio [CDN20], [CDN21].

We know that LT has a higher categorical refinement, Morava E-theories. So it
is a natural question how to lift this diagram to higher categorical setting and how
to estabilsh a more conceptual theory to transfer the computation of cohomogloy
of G,, to the computation of cohomoloyg of H.

Let Go be a height h p-divisible group over Rg,. We consider the following
functor

M o CAlgt = S

cpl

R — DefLevel” (Gy, R, k)

In subsection 3.3, we prove that this functor corepresentable by an E..-ring JLj.
We defined the Jacquet-Langlands spectrum JL to be the limit of those JLg, i.e.,

JL =lim JLy.
—k
Lemma 5.2. JL is an Eo-ring.

Proof. This is because the oo-category of Eo.-rings admits inverse limits, see[Lurl7,
Corollary 3.2.2.4] for details. O

The spectrum is the higher categorical realization of X, the moduli of deforma-
tions with level structures. It was proved by Scholze and Weinstein [SW13] that X
is a perfectoid space.
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5.2. Jacquet—Langlands duals of Morava E-theory spectra. By the con-
struction of Jacquet—Langlands spectra above, it is easy to see that this JL; admits
an action of GL,(Z/p*Z) x G,,. JL is the limit of JLy, so it admits an action of
lim GLy(Z/p*Z) x G,, = GLi(Z,) x Gy,.

Definition 5.3. We define the dual Morava E-theories L E,, to be JL£"%".

The generic fibre of mo“E,, is just the Drinfled symmetric space. The Drinfled
symmetric space was invented in [Dri76]. It is the rigid analytic space

=Pyt \uH
H K \IL; )

where ]P”}(_l is a rigid analytic projective space, and H run over all K-rational
hyperplanes in ]P’”K_l. It has a formal model h which parametrizes the deformations
of a special formal Op-module related to Gg. In a future work, we will prove that
LE,, can also come from some derived moduli problems.

Theorem 5.4. EL is an Eo -ring spectrum.
Proof. O

Proposition 5.5. There are convergent spectral sequences

Ey' 2 H% (G, x GLy(Zy), mJL) = T—s L (n)S°.

cts

t
E;’ o Hs

cts(GLn<ZP)7 ﬂ-tLEn) = ﬂ—tstK(n)SO'
Proof. This is just because for any profinte group G, and F is a G-equivarait

spectrum, we always have
Ey' = H}

cts

(G, 7TtE) - Wt_sEhG.
see [May96] for more details. O

In [GV18], Galatius and Venkatesh define and study derived Galois deformations.
Let F' be a global field, S is a finite set of places of F. Let k be a finite field, and G
be a split algebraic group over the Witt vectors W (k). Let p be a representation
of m1SpecOp[1/S] in G(k). Then we can define the Galois deformation functor
Mgpu /] form the category of Artinian local W (k)-algebras augmented over k to
the category of sets, by send A to the set of diagrams of the form

G(A)

m1Spec (’)F[l/s] L G(k)

modulo conjugacy. We notice that the étale homotopy type of the scheme Spec Op[1/s]
is equal to the classify space of m1Spec Op[1/s]|. After applying the classifying space
functor, and noticed that G can be extended to simplicial rings. We then define the
derived Galois deformation functor from the category of Artinian simplicial rings
to the category of spaces by sending a simplicial ring A to diagrams

BG(A)

Et(Op[1 /Sj) " . BGk).
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It can be proved that this derived moduli problem is representable by a simplicial
ring R%F[l /8]’ and its mp is the classical Galois deformation ring. There are vari-
ants of this construction, such as local derived deformation functor and crystalline
deformation functor, see [GV18] for more details.

Let G be a reductive group over a local field K, and U C G be a compact
open subgroup. Let A be a commutative ring, we let A[G(K)/U] = ¢ — IndS(K)A
denote the induced representation of the trivial representation from U to G(K).
The classical Hecke algebra for the pair (G(K),U) is

H(G(K),U : A) := Homg(x)(A[G(K) /U], A[G(K)/U]).
In [Venl9], Venkatesh defines the derived Hecke algebra to be
H(G(K),U; A) = Extg ) (A[G(K) /U], A[G(K) /U)).

It satisfies certain good properties like the classical Hecke algebra.

These two constructions give us evidence about the homotopical version of Lang-
land correspondence for general reductive group G, but the derived Hecke algebra
doesn’t come from the symmetry of derived objects.

In recent papers [CS24] and [Dav24], there is some constructions of Hecke opera-
tion on topological modular forms. We hope to establish a general theory of Hecke
algebra in the derived algebra geometry context. In the geometric Langlands cor-
respondence, the construction of the Hecke stack is an important ingredient. We
want to find a reasonable construction of the derived Hecke stack that is compatible
with Hecke algebra of topological modular forms.
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