NOTES ON THE CONSTRUCTION OF tmf

MARK BEHRENS

CONTENTS
1. Introduction 1
2. Descent lemmas for presheaves of spectra 5
3. p-divisible groups of elliptic curves 7
4. Construction of O;’@) 8
5. The Igusa tower 9
6. K(1) local elliptic spectra 16
7. Construction of (9?(71) 22
8. Construction of OF? 31
9. Construction of (’)(g7 P and QP 41
Appendix A. K (1)-local Goerss-Hopkins obstruction theory for the prime 2 47
References 51

1. INTRODUCTION

In these notes I will sketch the construction of ¢tmf using Goerss-Hopkins obstruction theory.
These notes are the result of my attempts to understand the material surrounding a talk I gave at
the Talbot workshop in 2007. There is no claim to originality in this approach. All of the results
are the results of other people, namely: Paul Goerss, Mike Hopkins, and Haynes Miller. I benefited
from conversations with Niko Naumann and Charles Rezk, and from Mike Hill’s talk at the Talbot
workshop. I am especially grateful for numerous corrections and suggestions which Tyler Lawson,
Aaron Mazel-Gee, Lennart Meier, Niko Naumann, and Markus Szymik supplied me with. The
remaining mathematical errors, inconsistencies, and points of inelegance in these notes are mine
and mine alone.

Let M denote the moduli stack of generalized elliptic curves over Spec(Z). For us, unless we
specifically specify otherwise, a generalized elliptic curve is implicitly assumed to have irreducible
geometric fibers (i.e. no Néron n-gons for n > 1). That is to say, My is the moduli stack of pointed
curves whose fibers are either elliptic curves, or possess a nodal singularity. Our aim is to prove the
following theorem.

Theorem 1.1. There is a presheaf O°P of E.,-ring spectra on the site (My)et, which is fibrant
as a presheaf of spectra in the Jardine model structure. Given an affine étale open

Spec(R) < Moy
classifying a generalized elliptic curve C/R, the spectrum of sections E = O%P(Spec(R)) is a weakly
even periodic ring spectrum satisfying:
(1) mo(E) = R,
(2) Gg=C.

Here, C is the formal group of C.
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Remark 1.2. A ring spectrum FE is weakly even periodic if w,E is concentrated in even degrees, mo F/
is an invertible my F-module, and the natural map

ol @ Moy B = moyyo

is an isomorphism. The spectrum FE' is automatically complex orientable, and we let Gg denote the
formal group over myF associated to F. It then follows that there is a canonical isomorphism

7T2tE = ng}z
where wg,, is the line bundle (over Spec(R)) of invariant 1-forms on Gg.

Remark 1.3. The properties of the spectrum of sections of E = O%P(Spec(R)) enumerated in
Theorem 1.1 make E an elliptic spectrum associated to the generalized elliptic curve C'/R in the
sense of Hopkins and Miller [Hop95]. Thus Theorem 1.1 gives a functorial collection of E.-elliptic
spectra associated to the collection of generalized elliptic curves whose classifying maps are étale.

Remark 1.4. This theorem practically determines O°P, at least as a diagram in the stable homotopy

category. Given an affine étale open Spec(R) < My, the composite

Spec(R) < Moy — Mg

is flat, since the map M, — M pg classifying the formal group of the universal generalized elliptic
curve is flat (this can be verified using Serre-Tate theory, see [BL10, Lemma 9.1.6]). Thus the
spectrum of sections £ = O%P(R) is Landweber exact [Nau07]. Fibrant presheaves of spectra
satisfy homotopy descent, and so the values of the presheaf are determined by values on the affine
opens using étale descent.

Remark 1.5. The spectrum ¢mf is defined to be the connective cover of the global sections of this
sheaf:

tmf = TZOOtOp(Mc”).
We give an outline of the argument we shall give. Consider the substacks

(mﬁll)p L_P> mellv
(Men)g =% M,

where:

(Meu)p = p-completion of My,

(Men)g = Meu ®z Q.

Remark 1.6. We pause to make two important comments on our use of formal geometry in this
paper.
(1) The object (M), is a formal Deligne-Mumford stack. We shall use these throughout this
paper — we refer the reader to the appendix of [Har05] for some of the basic definitions.
Given a formal Deligne-Mumford stack X and a ring R complete with respect to an ideal
I, we define the R-points of X by X'(R) = lim, X(R/IY).
(2) If R is complete with respect to an ideal I, a generalized elliptic curve C/Spf(R) is a
compatible ind-system C,/Spec(R/I™). There is, however, a canonical “algebraization”
C% / Spec(R) where C*9 is a generalized elliptic curve which restricts to C,,, over Spec(R/I™)
[Con07, Cor. 2.2.4]. With this in mind, we shall in these notes always regard C/Spf(R) as
being represented by an honest generalized elliptic curve over the ring R.
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We shall construct QP as the homotopy pullback of an arithmetic square of presheaves of E-
ring spectra

Otop

Hp prime (LP)* O;)OP

|

t
(2):05” oz (T prime10)- 057 )

Here, (9;,"?’ is a presheaf on (M.y),, and C’)gp is a presheaf on (M.y)g. The presheaf

IT w).op7

p prime

Q

is the (sectionwise) rationalization of the presheaf [], in.(tp)«OpP. The presheaf Og YP will be
constructed using rational homotopy theory, as will the map aayith.
It remains to construct the presheaves O;Op for each prime p. Define

(Mew)w, = My @7 F,.
Let
(M&r, € (Men)w,
denote the locus of ordinary generalized elliptic curves in characteristic p, and let
(M, = Mea)r, — (MZ)r,

denote the locus of supersingular elliptic curves in characteristic p. Consider the substacks

<1~1) Mgfld LO—”i) (Mell)pa
(1.2) M =5 (Men)p,
where

Mg;}d = moduli stack of generalized elliptic curves over p-complete rings with ordinary reduction,

ss
el

, = completion of My at (M3})r, .

The presheaves O;,Op will be constructed as homotopy pullbacks:

Oy (LSS)*O?(DQ)

| |

" t
(Lon)*OI((J;?I) Ton(( s)s OI??Q))K(U

Here,
top
((20-0%)
top

denotes the (sectionwise) K (1)-localization of the presheaf (t55).O K(2)" (The reader wondering at
this point why these localizations are related to the ordinary and supersingular loci is invited to
glance at Lemma 8.1.)

The presheaf O, K(2) will be constructed using the Goerss-Hopkins-Miller Theorem — its spectra
of sections are given by homotopy fixed points of Morava E-theories with respect to finite group
actions.

The presheaf Oi?j(’l) will be constructed using explicit Goerss-Hopkins obstruction theory. The
map Qehrom Will be be produced from an analysis of the K (1)-local mapping spaces, and the 6-algebra
structure inherent in certain rings of p-adic modular forms.
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FIGURE 1. Summary of the construction of tmf [courtesy of Aaron Mazel-Gee]



Figure 1 shows a diagram which summarizes the above discussion. Many thanks to Aaron Mazel-
Gee for creating this diagram, and making it available for inclusion here.

2. DESCENT LEMMAS FOR PRESHEAVES OF SPECTRA

For a small Grothendieck site C with enough points, let PreSp, denote the category of presheaves
of symmetric spectra of simplicial sets. The category PreSp, has a Jardine model category structure
[Jar00], where

(1) The cofibrations are the sectionwise cofibrations of symmetric spectra,

(2) The weak equivalences are the stalkwise stable equivalences of symmetric spectra,

(3) The fibrant objects are those objects which are fibrant in the injective model structure of
the underlying diagram model category structure, and which satisfy descent with respect to
hypercovers [DHI04].

The following lemma will be useful.

Lemma 2.1.

(1) If F € PreSp. satisfies homotopy descent with respect to hypercovers, then the fibrant re-
placement in the Jardine model structure

F—=F

s a sectionwise weak equivalence.
(2) If f : F = G is a stalkwise weak equivalence in PreSp., and F and G satisfy homotopy
descent with respect to hypercovers, then f is a sectionwise weak equivalence.

Proof. (1) The Jardine model category structure is a localization of the injective model category
structure on PreSp.. In the injective model structure, weak equivalences are sectionwise. Let

F—F

be the fibrant replacement in the injective model category structure. This map is necessarily a
sectionwise weak equivalence. By the Dugger-Hollander-Isaksen criterion, to see that F’ is fibrant
in the Jardine model structure, it suffices to show that F’ satisfies homotopy descent with respect
to hypercovers. Let U € C and let U, be a hypercover of U. Consider the diagram

F(U) —= holima F(U,)

Nl lN

F'(U) —— holima F'(U,)

We deduce that the bottom arrow is an equivalence. Thus F’ satisfies descent with respect to
hypercovers, and is fibrant in the Jardine model category structure.
(2) Consider the diagram of Jardine fibrant replacements:

r—1.g

U\L lv
f/ g/
f/
By (1), the maps u and v are sectionwise equivalences. The map f’ is a stalkwise weak equivalence
between Jardine fibrant objects. Because the Jardine model structure is a localization of the injective

model structure, we deduce that [ is a sectionwise weak equivalence. We therefore conclude that
f is a sectionwise weak equivalence. O



Let X be a Deligne-Mumford stack, and consider the site X,;. Being a Deligne-Mumford stack,
X possesses an affine étale cover. The full subcategory

Xet,aﬁ i> Xet
consisting of only the affine étale opens is also a Grothendieck site. The map ¢ induces an adjoint

pair of functors

i* : PreSpy,, < PreSpy,, . s

where ¢* is the functor given by precomposition with ¢, and i, is the right Kan extension.

Lemma 2.2.

(1) The adjoint pair (i*,i.) is a Quillen equivalence.
(2) To construct a fibrant presheaf of spectra on X, it suffices to construct a fibrant presheaf
on Xey afp and apply the functor i..

Proof. By [Hov99, Cor. 1.3.16], to check (1) it suffices to check that (i*,i,) is a Quillen pair, that
1* reflects weak equivalences, and that the map

L' X — X

is a weak equivalence. The functor ¢* is easily seen to preserve cofibrations, and it preserves and
reflects all weak equivalences, since the sites Xy and X o have the same points. Since the functor
1, preserves stalks, the map above is a stalkwise weak equivalence, hence is an equivalence. Therefore
(i*,14) is a Quillen equivalence. (2) In particular, the functor ¢, preserves fibrant objects. |

The following construction formalizes the idea that a Jardine fibrant presheaf on X,; is determined
by its sections on étale affine opens.

Construction 2.3.
Input: A presheaf F on X, 5 that satisfies hyperdescent.

Output: A Jardine fibrant presheaf G on X, and a zig-zag of sectionwise weak equivalences
between F and ¢*G.

We explain this construction. Let
u:F — F
be the Jardine fibrant replacement of 7. By Lemma 2.1, u is a sectionwise weak equivalence. Let
G be the presheaf i, F’. By Lemma 2.2, G is Jardine fibrant. The counit of the adjunction
€:1*G =i* i F — F

is a stalkwise weak equivalence since, by Lemma 2.2, the adjoint pair (i*,i,) is a Quillen equivalence.
The sheaf i*G is easily seen to satisfy hyperdescent — it is the restriction of G to a subcategory.
Therefore, by Lemma 2.1, the map € is a sectionwise weak equivalence. Thus we have a zig-zag of
sectionwise equivalences

iG> F « F.

Construction 2.3 requires a presheaf 7 on X .5 which satisfies homotopy descent with respect
to hypercovers. The following lemma gives a useful criterion for verifying that F has this property.

Lemma 2.4. Suppose that F is an object of PreSpy,, o and suppose that there is a graded quasi-
coherent sheaf Ax on X and natural isomorphisms

fu: AJU) S 7, FU)

for all affine étale opens U — X. Then F satisfies homotopy descent with respect to hypercovers.
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Proof. Suppose that U — X is an affine étale open, and that U, is a hypercover of U. Consider the
Bousfield-Kan spectral sequence
ES' =78 Ay(Uy) = m_ holima F(U,).

Since A, quasi-coherent, it satisfies étale hyperdescent, and we deduce that the Es-term computes
the quasi-coherent cohomology

Ey't = H*(U, A)
and since U is affine, there is no higher cohomology. The Fs-term of this spectral sequence is
therefore concentrated in s = 0. The spectral sequence collapses to give a diagram of isomorphisms

A(U)

fU\L&’

T F (U) — m, holima F(U,)

IR

We deduce that the map
F(U) = holima F(U,)

is an equivalence. (|

Remark 2.5. Construction 2.3 shows that to construct the presheaf Oter, it suffices to construct
OP(U) functorially for affine étale opens U — M .y, as long as the resulting values O%P(U) satisfy
homotopy descent with respect to affine hypercovers. This is automatic: there is an isomorphism

T OPP(U) = W& (U)

for an invertible sheaf w on M,y;. Lemma 2.4 implies that O°P satisfies the required hyperdescent
conditions.

3. p-DIVISIBLE GROUPS OF ELLIPTIC CURVES

Let C be an elliptic curve over R, a p-complete ring. The p-divisible group C(p) is the ind-finite
group-scheme over R given by

Clp) = li_;glc[pk]-
Here, the finite group scheme C[p*]/R is the kernel of the p*-power map on C.
Let C be the formal group of C'. If the height of the mod p-reduction of C' is constant, then over
Spf(R) there is short exact sequence

O—>5—>C(p) — C(p)et = 0

where C(p)e: is an ind-étale divisible group-scheme over R.
If R =k, a field of characteristic p, then we have

~

2 = height(C(p)) = height(C) + height(C(p)et)-
The height of C is the height of the formal group. The height of C(p)e: is the corank of the
corresponding divisible group. There are two possibilities:

(1) C is ordinary: C has height 1, and the divisible group C/(p)e; has corank 1.
(2) C is supersingular: C has height 2, and the divisible group C(p)¢: is trivial.

Theorem 3.1 (Serre-Tate). Suppose that R is a complete local ring with residue field k of charac-
teristic p. Suppose that C is an elliptic curve over k. Then the functor

{deformations of C' to R}

!
{deformations of C(p) to R}

s an equivalence of categories.



4. CONSTRUCTION OF O}Jf,
Lubin and Tate identified the formal neighborhood of a finite height formal group in M gq:

Theorem 4.1 (Lubin-Tate). Suppose that G is a formal group of finite height n over k, a perfect
field of characteristic p. Then the formal moduli of deformations of G is given by
Defg = Spf(B(k,G))
where there is an isomorphism
B(k,G) 2 W(k)[[u1,. .., un—1]].
(Here, W(k) is the Witt ring of k.)

Let G/B(k,G) denote the universal deformation of G. The following theorem was proven by
Goerss, Hopkins, and Miller [GH04].

Theorem 4.2 (Goerss-Hopkins-Miller). Let C be the category of pairs (k,G) where k is a perfect
field of characteristic p and G is a formal group of finite height over k. There is a functor
C — E ring spectra
(k,G) —» E(k,G)
where E(k,G) is Landweber exact and even periodic, and
(1) moE(k,G) = B(k,G),
(2) Geg.e) = G.

Theorem 3.1 and Theorem 4.1 give the following.

Corollary 4.3.

(1) Suppose that C is a supersingular elliptic curve over a field k of characteristic p. There is
an isomorphism
Defe = Spf(B(k, C)).

(2) The substack (M35)r, C (Meu)p is zero dimensional.

el

Proof. If C' is a supersingular curve, then the inclusion of p-divisible groups c — C(p) is an
isomorphism. Therefore, Theorem 3.1 implies that there is an isomorphism
Defc = Def@
and Theorem 4.1 identifies Def 5.
To compute the dimension of (M?$};)r, it suffices to do so étale locally. Let k be a finite field,
and suppose that C is a supersingular elliptic curve over k. The completion of M. along the map
classifying C' is the deformation space Defc 2 Spf(B(k,C)), and there is an isomorphism

B(k,C) 2= W(k)[[u]].
Since we have
u; =v1  mod p,

the locus where C has height 2 is given by the ideal (p,u1). The quotient B(k, a)/(p, up) is k, and
is therefore zero dimensional. ]

We now construct the values of the presheaf O;‘(’f’z) on formal affine étale opens
[ Spt(R) = M.

Here R is complete with respect to an ideal I. This suffices to construct the presheaf (’)337(”2) on M3j,
by Construction 2.3.
The induced map of special fibers

o : Spec(R/T) = (MZ)r,
8



is étale. Since (M?2])r, is smooth and zero-dimensional, Spec(R/I) must be étale over F,. We
deduce that there is an isomorphism

R/I = Hk

a finite product of finite fields of characteristic p. Let C be the elliptic curve classified by f, and let
Cy be the elliptic curve classified by fo. The decomposition of R/I induces a decomposition

Co=]Jcs.

Since f is étale, the elliptic curve C' is a universal deformation of the elliptic curve Cj, and hence
by Corollary 4.3 there is an isomorphism

R=T] Bk, C§").

We define
Or, (Spf(R)) == ] B(ki, C§).
Let G be the formal group of this even periodic ring spectrum. By Theorem 3.1, since G is a
universal deformation of Cy and C' is a universal deformation of Cy, there is an isomorphism
G=C.
We have therefore verified

Proposition 4.4. The spectrum of sections (9;?{’2)(Spf(R)) is an elliptic spectrum associated to the
elliptic curve C/Spf(R).

5. THE IGUSA TOWER

If C' is a generalized elliptic curve over a p-complete ring R, let C),s denote the non-singular locus
of C' — Spf(R). Then C,; is a group scheme over R. Given a closed point = € Spf(R), the fiber
(Chs)e is given by

C, ('} nonsingular,
(Cns) = .
G,, C} singular.

The formal group C is the formal group éns. We still may consider the ind-quasi-finite group-scheme

C(p) is technically not a p-divisible group, because its height is not uniform. Rather, we have the
following table:

C:c ‘ ht(c(p)m) ht((c(p)x)et) ht(cz)
supersingular 2 0 2
ordinary 2 1 1
singular 1 0 1

If the classifying map

C: Spf(R) — (ﬂell)p
factors through Mgﬁd, then C has no supersingular fibers, but may have singular fibers. We shall
call such a generalized elliptic curve C ordinary.
9



Let M2 (p*) be the moduli stack whose R-points (for a p-complete ring R) is the groupoid of
pairs (C,n) where

C/R = ordinary generalized elliptic curve,

(0 + papr =, C[p*]) = isomorphism of finite group schemes.

The isomorphism 7 is a pF-level structure. The stacks Mgﬁd (p*) are representable by Deligne-

Mumford stacks.
A pFtllevel structure induces a canonical p*-level structure, inducing a map

(5.1) M) = M (Y).

Lemma 5.1. The map M (ph+t) — MOrd(p*) is an étale Z/p-torsor (an étale (Z/p)* -torsor if
k=0).

Proof. (This proof is stolen from Paul Goerss.) By Lubin-Tate theory, the p-completed moduli stack
M?g“ of multiplicative formal groups admits a presentation

Spf(Zp) — Mg

which is a pro-étale torsor for the group:

Auwt(Gn/Zy) = 2.
Associated to the closed subgroup 1 + kap C Z, is the étale torsor

MEE () — M4
for the group (Z/p*)*. The intermediate cover

MBS ) > MEE (")

is an étale Z/p-torsor (it is an étale (Z/p)*-torsor if k = 0). The R-points of M4 (pk) is the

groupoid whose objects are pairs (G, 7n) where G is a formal group over Spf(R) locally isomorphic
to G, and 7 is a level pF-structure:

The stacks M 27 (p*) are therefore given by the pullbacks

MG PFHY) —— M (p*) ——— M

| L

MGEE (M) —— MBS (pF) —— Mpy"

where the map ‘e’[ld — M%‘g” classifies the formal group of the universal ordinary generalized

elliptic curve. The result follows. O
10



Thus we have a tower of étale covers:

k+

MO (PFH)

e

M (")

M
This is the Igusa tower.

Lemma 5.2. Fork > 1 (k> 2 ifp = 2) the stack M (p*) is formally affine: there is a p-complete
ring Vi, such that

M (PY) = Spf(Vi).

Proof. This is actually well known — see, for instance, Theorem 2.9.4, and the discussion at the
beginning of Section 3.2.2 of [Hid04]. However, the proof of Theorem 2.9.4 in the above cited book
only addresses the case where p > 3. The idea there is that the ordinary locus of the moduli of elliptic
curves, with sufficient level structure, is affine. The result then follows from geometric invariant
theory provided one can show that the moduli problem /\/lgfld (p*) is rigid (i.e. it takes values in sets,
not groupoids). Since p generates the ideal of definition of the formal stack M2 (p*), it follows
from Proposition 3.5.1 of [BL10] that it suffices to show that the mod p reduction M (p*)g, is
rigid.

Let (M Zﬁd)gp denote the moduli stack (over Fp,) of ordinary elliptic curves with the structure
of an n-jet at the basepoint. (Note that jets on an elliptic curve are the same thing as jets on the
formal group of the elliptic curve.) By fixing a coordinate Ty of @m, we observe that there is a
closed inclusion

M 0" ), (Mé’ﬁd)p -
as a level pF-structure 7 gives an elliptic curve the structure of a (p¥ — 1)-jet n.Tp, and this jet
uniquely determines the level structure. Thus it suffices to show that (Mgl’"ld)g:*l
we will establish that it is affine.

Case 1: p > 3. Let R be an Fp-algebra. Suppose that (C,T') is an object of (Mgg}d)” _1(R) for

k > 1. Zariski-locally over Spec(R), there is a Weierstrass parameterization

is rigid. In fact,

C =Cy:y?+ar1zy + asy = 2° + asx? + aux + ag.

The Weierstrass curve C, has a canonical coordinate at infinity given by T, = —z/y. Suppose that
T is a (p* — 1)-jet on Ca, given by

T = moTa+miT2 + - +mye TP '+ O(T2").
According to [Rez, Rmk. 20.3], there are unique values
A= /\(mo)

S

S(m07 ml)
r = r(mg, mi,ms)
t= t(m07m17m21m3)

11



such that under the transformation
f)\,s,r,t : Ca — Ca’
e Nx4r
y = Ny +sz+t
the induced level (pF — 1)-jet 7" = (fa,s.r.t)«T is of the form
k k
T' =T +myT5 + -+ mhu T8 1+ O(TE ).
We have shown that the pair (C,n) is (Zariski locally) uniquely representable by a pair (Ca,T)
where
k k
T =Ta+myT2+ - mye T 1+ O(TY).
The only morphism fy s+ : Ca = Ca which satisfies
f;\k,s,'r,tTa' = Ta + O(Ta5)

has A=1and s =r =t =0. Thus (C,T) is determined, Zariski locally, up to unique isomorphism,
by the functions
a1,02,0a3,04,06, M4, ..., Mpk_g.

The uniqueness of these functions implies that they are compatible on the intersections of a Zariski
open cover, and hence patch to give global invariants of (C,T). Expressing the Eisenstein series
(Hasse invariant) E,_; of Cj as

E,_1 =E,_i(a1,a2,a3,a4, as),
it follows that we have
k_ J—
(lerld)ﬁ;p 1 o~ SpeC(]Fp[a,l, ag,a3,a4,06, M4, ..., mpk,,z])[Ep_ll]).

With minor modification, the method for p > 3 extends to the cases p = 2,3. The canonical
forms for (C,T) just change slightly.

Case 2: p = 3. Suppose that (C,T) is an object of (Mgﬁd)l‘?z—l for k > 1. If £ > 1, then
3¥ —1 >4, and thus (C,T) admits a canonical Weierstrass presentation.
If kK =1, then this no longer holds. Instead, choosing

A = A(myg)
s =s(mg, mq)
there exists (Zariski locally) a Weierstrass curve (Ca,T) = (C,T) such that
T =Ta+ O(T?).
Choosing tg accordingly, there is a transformation
fto : Ca = Cyu
(z,y) = (z,y + to)

such that a} = 0. The induced 2-jet T7 = (f3,).T still satisfies T/ = T,y mod T3. The automor-
phisms fy s, of (Cor,T") preserving the property that as = 0, and the trivialization of the 2-jet,
satisfy

A=1
s=0
t=—air/2.

Under such a transformation, we find that

ag — ayq + 2bor + 312
12



where by = as + a% /4. Because C is assumed to be ordinary, the element b is a unit. Because R is
an Fs-algebra, there is a unique r such that a4 — 0. Thus we have shown that there is a canonical
Weierstrass presentation which trivializes the 2-jet, and for which a3 = a4 = 0.

Case 3: p = 2. Assume that k = 2 (for k£ > 2, we have 2¥ — 1 > 4, and therefore an elliptic curve

with a 2% — 1-jet admits a canonical Weierstrass presentation). Let (C,T') be an object of (MZ/i)3 .

Choose (Zariski locally) a Weierstrass presentation (Ca,T) = (C,T). Choosing
A= )\(m())
s = s(mg,mq)
r= T(m(); mi, m2)
we may assume that 7" satisfies
T =Ty + O(TD).

The automorphisms fy ¢ of (Cq,T) preserving the trivialization of the 3-jet satisfy

A=1,
s=0,
r=0.

Under such a transformation, we find that
ay — ag — aqt.

Because C' is assumed to be ordinary, the element a; is a unit. Letting ¢t = a4/a;, we have ay — 0.
Thus we have shown that there is a canonical Weierstrass presentation which trivializes the 3-jet,
and for which a4 = 0. U

Define
Vo/<\> = I&Dhg Vk/p’”Vk.
m k

The ring V2 is the ring of generalized p-adic modular functions (of level 1).
Let M4 (p>) be the formal scheme Spf(VZ). There is an isomorphism between the R-points
M (p>)(R) and isomorphism classes of pairs (C,7) where

C = a generalized elliptic curve over R,
(n:Gm = Hpoo =N C) = an isomorphism of formal groups.

(Note that the existence of n implies that C' has ordinary reduction modulo p.)
The ring V2 possesses a special structure: it is a f-algebra (see [GH]). That is, it has actions of
operators

o, ke,
P, lift of the Frobenius,
0, satisfying P () = 2P + pb(z).

The operations ¥* and P are ring homomorphisms. The operation 6 is determined from ?, since
V. is torsion-free and we have

YP(x) = 2P mod p.

We determine 1* and 1P on the functors of points of Mgﬁd (p™°). Suppose that R is a p-complete
ring. Note that

Autz, (G,) 2 ZX.
13



We may therefore regard Z; as acting on @m /R. Let [k] be the automorphism corresponding to
k € Z, . Define

(¥F)" : MZF (™) (R) — M (9°)(R)
(C,m) = (C,m o [K]).
The map (¢*)* is represented by a map
Pr VL = VL.

Suppose that (C,n) is an R-point of M2#(p>). Since C' has ordinary reduction mod p, the pth
power endomorphism of C,,, factors as

Chrs i Chrs
N

cp)

(5.2)

where ®;,s¢p is purely inseparable. The morphism @, is not, in general, étale, but ker &, is an
étale group scheme over R. On the non-singular fibers of C, ®,., has degree p, whereas on the
singular fibers it has degree 1.

These morphisms, and their kernels, fit into a 3 x 3 diagram of short exact sequences of group

schemes:

0

C C(P)
" By

l ml i
0 ———Chs =—=0Cp;

where C [p] is the p-torsion subgroup of the height 1 formal group C and C [plet is the p-torsion of
the ind-finite group scheme C'(p).t
Given a uniformization

C

=
@)
lnz

we get an induced uniformization n®):

(p] @m

G
:in n(p)
\
C
(®

(5.3) Hp

|

[p] ——

IR

— W)

insep )

Q)

Remark 5.3. The uniformization 7®) admits a different characterization: it is the unique isomor-
phism of formal groups making the following diagram commute:

o

C(p)

aep *

14



(The isogeny @, induces an isomorphism on formal groups.) The equivalence of this definition of
n®) with the previous is proved by the following diagram.

n‘/ n(l’) n
6 (‘i’msep)* C/'(;) ((I)Zp)* a
[p]

We get a map on R-points
(WP)" : M (™) (R) — M (p)(R)
(Cym) = (CP), @)
which is represented by a ring map
PP VL = VL.
It is easy to see that ¥ commutes with ¢*. To show that ¢? induces a f-algebra structure on
V2, it suffices to prove the following:

Lemma 5.4. We have yP(z) = 2P mod p.

Proof. Tt suffices to show that (¢P)* is represented by the Frobenius when restricted to characteristic
p. That is, we must show that if R is an Fp-algebra, and (C,n) is an R point of /\/lgfld (p™°), then
the Frobenius

c:R—R

T 2P

gives rise to an isomorphism
(C(P),n@)) =~ (6*C,0"n).
We briefly introduce some notation: if X is a scheme over R, then we have the following diagram
of morphisms.
X Fptot

X I Ux

.

Spec(R) —— Spec(R)

The square is a pullback square, and Fr is the pullback of . The map Fr'*

and the universal property of the pullback induces the relative Frobenius Fr
Because the isogeny Fr™ has degree p, we have a factorization

is the total Frobenius,
rel

Chrs i Chrs

A%@

0*Chs

—

Because C has no supersingular fibers, the dual isogeny Frrel
[Sil86, Thm. V.3.1]).

has separable kernel (see, for instance,

15



Therefore, we have
o*C = W),

rel
(I)msep = Fr )
—_—

Dyop = Frel,

We just have to show that under these isomorphisms, we have o*n = 7). We have the following
diagram of formal groups.

rel

~ Fr ~ Fr ~
Gm Gnm G
U\L U*U\L in
C o*C C
F,r,rel Fr

On G,,, the relative Frobenius is the pth power map. Therefore, by the definition of 7®), we have
o*n =2 1) under the isomorphism ¢*C = CP), ]

More generally, letting we, denote the canonical line bundle over Spf(V2), then the graded algebra
(Vog)g* = Fw?;*

inherits the structure of an even periodic graded 6-algebra. The 6-algebra structure may be described
by the isomorphism

(V)s = (Kp)x @z, Ve
Here (K,). is the coefficients of p-adic K-theory, and the §-algebra structure is induced from the
diagonal action of the Adams operations.

Remark 5.5. By defining ¢? on V2 using its modular interpretation, I have glossed over several
technical issues related to extending the quotient by the canonical subgroup of ordinary elliptic
curves to the singular fibers of a generalized elliptic curve. The careful reader could instead choose
a different path to defining the operation ¢?: define it just as I have on the non-singular fibers, and
then explicitly define its effect on g-expansions to extend this definition over the cusp. (The effect
of ¥P on ¢ expansions is to raise ¢ to its pth power.)

6. K(1) LOCAL ELLIPTIC SPECTRA

In this section we will investigate the abstract properties satisfied by a K (1)-local elliptic spec-
trum. Throughout this section, suppose that (E, a,C) be an elliptic spectrum. That is to say, E
is a K (1)-local weakly even periodic ring spectrum, C is a generalized elliptic curve over R = moFE,
and « is an isomorphism of formal groups

a:Gg — C.
We shall furthermore assume that R is p-complete, and that the classifying map
[ SpE(R) = (Meu)p

is flat. This implies:
(1) E is Landweber exact (Remark 1.4),
(2) C has ordinary reduction modulo p (Lemma 8.1).
There are three distinct subjects we shall address in this section.
(1) The p-adic K-theory of K (1)-local elliptic spectra.
(2) f-compatible K (1)-local elliptic E-ring spectra.
(3) The 6-algebra structure of the p-adic K-theory of a supersingular elliptic E-ring spectrum.
16



The p-adic K-theory of K(1)-local elliptic spectra.
Let

(KD).E = m((K A E),)
denote the p-adic K-homology of E. It is geometrically determined by the following standard
proposition.
Proposition 6.1. Let Spf(W) be the pullback of Spf(R) over M2d(p>). Then there is an isomor-
phism
(K))oE =W.
This isomorphism is Z, -equivariant, where the Z; -acts on the left hand side through stable Adams

operations, and it acts on the right hand side due to the fact that Spf(W) is an ind-étale Z; -torsor
over Spf(R).

Proof. By Landweber exactness, choosing complex orientations for K, and F, we have
(K))oE = ((Kp)o @mup, MUPOMUP ®@pup, R),)-

Using the fact that Spec(MUPyMU P) = Spec(MU Py) X p ., Spec(MU Py), it is not hard to deduce
from this that we have

Spf((K})oE) 2 Spf(R) X ae SPE((Kp)o)-
Consider the induced diagram

Spf((Kp)oE) — MY (p™) — Spf((K,)o)

| | |

Spi(R) ————> M Mg

The right-hand square is a pullback by the proof of Lemma 5.1, and we have established that the
composite is a pullback. We deduce that the left-hand side is a pullback, which completes the
proof. O

f-compatible K(1)-local elliptic E.,-ring spectra.
If £/ is an E-ring spectrum, then the completed K,-homology

(K)).E = (K AE),)

naturally carries the structure of a f-algebra: for k € Z;, the operations Y are the stable Adams
operations in Kj,-theory, and the operation 6 arises from the action of the K (1)-local Dyer-Lashof
algebra [GH].
If the classifying map
f: Spf(R) — M

is étale, then the pullback W of Proposition 6.1 carries naturally the structure of a #-algebra which
we now explain. Since Spf(R) is étale over M4, the pullback Spf(W) is étale over M9 (p>) =
Spf(V2). Tt is in particular formally étale, and therefore there exists a unique lift

Spec(IW/p) —"—= Spec(W/p) ——= Spf(W)

Spf(W) ——= M (p>) o ME (™)

where
(W) s M (™) — MG (p™)

17



is the lift of the Frobenius coming from @-algebra structure of V2 and o : W/p — W/p is the
Frobenius. Note that because Spf(R) is étale over Mgﬁd, it is in particular flat, and so W must be
torsion-free. Therefore, the induced homomorphism

PP W =W

determines a unique #-algebra structure on W.
If F is E, and the classifying map f is étale, it is not necessarily the case that the isomorphism

(Kp)oE =W

of Proposition 6.1 preserves the operation )P. This is rather a reflection of the choice of E-structure
on E. We therefore make the following definition.

Definition 6.2. Suppose that E' is a K(1)-local E, elliptic spectrum associated to an elliptic curve
C'/R, and suppose that the classifying map

Spf(R) = (Meu)p

is étale. If the isomorphism (K')oE = W is a map of f-algebras, then we shall say that (E,C) is a
0-compatible.

Remark 6.3. As a side-effect of our construction of (’);?1(01) it will be the case that the E-structure
on the spectrum of sections E = OZ?I)(Spf(R)) is f-compatible.

Remark 6.4. In [AHS04], the authors define the notion of an Hu.-elliptic ring spectrum, which is
a stronger notion than that of an elliptic Hy.-ring spectrum in that they require a compatibility
between the H.o-structure and the elliptic structure. It is easily seen that every K(1)-local Huo-
elliptic spectrum whose classifying map is étale over the p-completion of the moduli stack of elliptic
curves is #-compatible.

The #-algebra structure of the p-adic K-theory of supersingular elliptic F..-ring spectra.
In [AHS04, Sec. 3], previous work of Ando and Strickland is condensed into an elegant perspective
on Dyer-Lashof operations on an even periodic complex orientable H..-ring spectrum 7. Namely,
suppose that
(1) T is homogeneous — it is a homotopy commutative algebra spectrum over an even periodic
E-ring spectrum (such as MU).
(2) meT is a complete local ring with residue field of characteristic p.
(3) The reduction G of Gz modulo the maximal ideal has finite height.
(4) Gr is Noetherian — it is obtained by pullback from a formal group over Spf(S) where S is
Noetherian.
Then, for every morphism
i : Spf(R) — Spf(mT)
and every finite subgroup H < i*Gr (i.e. H is an effective relative Cartier divisor of i*Gr repre-
sented by a subgroup-scheme) there is a new morphism

Y 2 Spf(R) — Spf(mT)
and an isogeny of formal groups
fu "Gy = PGy
with kernel H. This structure is called descent data for subgroups.

Remark 6.5. The authors of [AHS04] actually describe the structure of descent data for level struc-
tures. However, their treatment carries over to subgroups (see [AHS04, Rmk. 3.12]).

Ezample 6.6. Suppose that T is a K (1)-local E-ring spectrum. Then the formal group G, must
have height 1 (see the proof of Lemma 8.1), and it follows that Gr has a unique subgroup of order
p, given by the p-torsion subgroup Gr[p]. Taking ¢ to be the identity map, we get an operation

wGT[p] ol — woT.
18



This operation coincides with ¢?. We shall let f, denote the associated degree p isogeny
Io = forpp) - G — (¥P)*Gr.

Ezample 6.7. Suppose that T = E(k,G) is the Morava E-theory associated to a height n formal
group G/k, with universal deformation G/B, and the E-structure of Goerss and Hopkins [GHO4].
Then in [AHS04] it is proven that the associated descent data for subgroups is given as follows. Let

i: Spf(R) — Spf(B)

be a morphism classifying a deformation i*G/R of i*G/k’' (where k' := R/mp). Suppose that
H < i*G is a finite subgroup, and let H denote the restriction of H to i*G. Because G is a formal
group of finite height over a field of characteristic p, the only subgroups of G are of the form

H, = ker((Fr™)" : i*G — i*G)
where Fr"® is the relative Frobenius. Therefore, we have H = H,. for some r. The quotient (i*G)/H,
is the pullback of G under the composite i(?"):
@) Spf(k') 70 Sp(k') s Spt(k)

where o is the Frobenius. The quotient i*G/H is then a deformation of (i*G)/H = (i®?"))*G, hence
is classified by a morphism

Y+ Spf(R) — Spf(B).
This determines the operation ¢ 5. The morphism f5 is given by
fg G — (i*G)/H = (¥7)*G.

Suppose now that k is a finite field, and that C/k is a supersingular elliptic curve. Then, by
Serre-Tate theory, there is a unique elliptic curve C over the universal deformation ring

B := B(k,C) = W(k)[[uy]]

such that the formal group C” is the universal deformation of the formal group C.F urthermore, we
have seen that the Goerss-Hopkins-Miller theorem associates to C/k an elliptic Fuo-ring spectrum

E:= B(k,C) = O}, (Spf(B))

with associated elliptic curve C.
The curve C is to be regarded as an elliptic curve over Spf(B), but by Remark 1.6, there is a
unique elliptic curve C%9 over Spec(B) which restricts to C/Spf(B). Let B°"¢ be the ring
B = Blu;']).
We regard B°"¢ as being complete with respect to the ideal (p). Let C°r? be the restriction of C%9
to Spf(B°?). The following lemma follows from Lemma 8.1.

Lemma 6.8. The spectrum E 1y is an elliptic spectrum for the elliptic curve CN"’rd/B‘"“d.

The Goerss-Hopkins Eo.-structure on E induces an F, structure on the K(1)-localized spectrum
Ek (1), and there is an induced operation

wp . Bord N Bord
on B¢ = 1y E (1) which lifts the Frobenius in characteristic p. We have the following proposition.

Proposition 6.9. There is an isomorphism

(wp)*éord ~ (Cvord)(p)
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(where (C7)P) s the quotient of C°% of Diagram (5.2)) making the following diagram of isogenies
of formal groups commudte.

(6.1) (éord)/\ i> (wp)*(éord)/\

(P insep)s l_
((éord)(p))/\
Proof. (In some sense, this proposition is one of the most important ingredients to the construction

of tmf, and I would have gotten it wrong except for the help of Niko Naumann and Charles Rezk.)
Let

i : Sub,(C') — Spf(B)

be the formal scheme of “subgroups of C' of order p” (see, for instance, [Str97]). The formal scheme

Sub,(C) is of the form

Spf(To(p)(C))-

Observe that because the p-divisible group of C is entirely formal, we have
To(p)(C) = To(p)(C").
Let H,qn be the universal degree p subgroup of i*C'. There is a corresponding operation
Vg B=mE —To(p)(C)
and an isomorphism

(6.2) ¥h,,,C" = "CY)/ Hean.

c

This operation arises topologically from the total power operation
Vg B=mFE e, o BB+ = To(p)(CM)

where the surjection is the quotient by the image of the transfer morphisms [AHS04, Rmk. 3.12]).
Forgetting the topology on the ring B, we can regard C” simply as a formal group over the ring
B, and we get an induced formal group (C°"%)"/B°" and degree p subgroup

E’ord < i* (Cvord)/\

can

over
To(p) (C)°™ = To(p) (C)[u ']} = To(p)(C7%).
The last isomorphism follows from the fact that forgetting about formal schemes, there is an iso-
morphism
Subp(éalg) X Spec(B) Spec(B°"?) = Subp<éalg X Spec( ) Spec(B°%)).
Let
¢ : To(p)(C") — To(p)((Cr9)") 2 B

be the map classifying the subgroup H°"? of order p of Fo(p)((éwd)/\), regarded as a subgroup

can

of C°"?. The isomorphism To(p)((C"4)") = B reflects the fact that there is one and only one
degree p-subgroup of a deformation of a height 1 formal group. Thus

(6.3) f{ord — i*(éord)/\[p].

can
By Example 6.6, the corresponding operation

¢c*H§{:g :Bord N Fo(p)«éord)/\) ~ Bord
20



is nothing more than the operation ¢? on the K'(1)-local E., ring spectrum Eg ;). Since localization
E — Ek1) is a map of E-ring spectra, E/ and Eg ;) have compatible descent data for subgroups,
and we deduce that there is a commutative diagram:

6.4) B—— - pod

7TOE 7T0EK(1)

PEK(I)
Y pan PE (Pe)K (1)

7TOEBET’+ —_— WO(EBE”)KQ) —_— WO(EK(l))

i i i

Lo(p)(C) Lo(p)(C) Lo(p)((Cor)") == B°"*

BYpy

Using Serre-Tate theory, the isomorphism (6.2) lifts to an isomorphism

(i*C)/Hean = (¥4,,,)"C.
Using the isomorphism above, equality (6.3), and the commutativity of Diagram 6.4, we deduce
that there are isomorphisms

can

(Cvord)(p) _ éord/c* I_}ord

can

= C*J*((l*é)/gcan)
= (g, )*C
_ (d)p)*c"«ord.
Diagram (6.1) commutes because both f, and (®insep)s« are lifts of the relative Frobenius with the
same kernel. ]
Consider the pullback diagram
(6.5) SPE((Kp)oEx(r)) — = Sp(VL)

qi iq/

Spf(mo Bk (1)) ——— M

’

of Proposition 6.1. The following theorem will be essential in our construction of the map o prom-

Theorem 6.10. The map
9: VL = (K))oEkq)
of Diagram (6.5) is a map of 0-algebras.

Proof. We just need to check that g commutes with ¥? (we already know from Proposition 6.1 that
g commutes with the action of Z,'). The map g classifies a level structure

n: @m i) q*(éord)/\.
We need to verify that there is an isomorphism
((P)*q"Co, () ) = ((q" )P n®)).
The descent data for level structures arising from FE.-structures is natural with respect to maps of
E-ring spectra (see [AHS04]). It follows that the maps of E.-ring spectra:

Ky, 5 (Kp A Ex(1))p < Exqy.-
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induce a diagram

G, — I r* (¥P)* G

”l J{(w”)*n

(q*é«ord)/\ = q*(wp)*(é«ord)/\

The E-structure on p-adic K-theory associates to the formal subgroup u, < @m over Z, the pth
power isogeny

fp=1p:Gp = Gy
(this is a special case of Example 6.7). Combined with Diagram (6.1), we have a diagram

@m [p] @m

Wi J{(w”)*n

q* (C«ord)/\(q)msep)*q* ((Cvord)(P))/\

We deduce from Diagram (5.3) that with respect to the isomorphism (¢?)*C°"® = (C°*)(P) we have
(pP)*n = P, O

7. CONSTRUCTION OF O;?’(’I)

For a f-algebra A/k and a 6-A-module M, let
H g, (A/k, M)
denote the f-algebra Andre-Quillen cohomology of A with coefficients in M. In [GH] (see also

[GHO4]), an obstruction theory for K (1)-local E ring spectra is developed. We summarize their
main results:

Theorem 7.1 (Goerss-Hopkins).

(1) Given a graded 0-algebra A, the obstructions to the existence of a K(1)-local Ex-ring
spectrum E, for which there is an isomorphism

(K))+E = A,
of 0-algebras, lie in
Hiig, (As)(Kp)es Al=s +2]),  s>3.
The obstructions to uniqueness lie in
Higg, (A (Kp)ws Ad[=s + 1)), s>2.

(2) Given K(1)-local Eo-ring spectra Ey, Ey such that K['E; is p-complete, and a map of
graded 0-algebras
f* : (KZ/?\)*El — (KI/)\)*E27
the obstructions to the existence of a map f : E1 — Es of Es-ring spectra which induces
f+« on p-adic K-homology lie in
H, (Kp)«Er/(Kp)u (Kp)sEa[=s +1]),  s>2.
(Here, the §-(K))).Ey-module structure on (K))).Ey arises from the map f..) The obstruc-
tions to uniqueness lie in
g, (Kp)«Er/(Kp)us (Kp)uEo[—s]), s> 1.
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(3) Given such a map f above, there is a spectral sequence which computes the higher homotopy
groups of the space Eoo(E1, E2) of Esy maps:

H3yg, (Kp)wE1 [ (Kp) s, (KD) s Ealt]) = 71— s (Eso (B, B2), f).
Remark 7.2. The notation A,[u] corresponds to the notation Q~“A, in [GH04], [GH].
Remark 7.3. To simplify notation in the remainder of this paper, we will write
Hg, (As, M) = Hiyg, (As/(Kp) s, M)

(That is, we will always be taking our Andre-Quillen cohomology groups in the category of graded
0-(K,).-algebras unless we specify a different base explicitly.)

Remark 7.4. The homotopy groups of a K(1)-local E-ring spectrum E are recovered from its
p-adic K-homology by an Adams-Novikov spectral sequence. Assuming that the pro-system

{K(EAM(p))}i
is Mittag-Leffler (see [Dav06, Thm. 10.2]) this spectral sequence takes the form
(7.1) HZ(Z), (K} E) = m_E.

Let A, be a graded even periodic 8-algebra, and M, be a graded #-A,-module. In [GH, Sec. 2.4.3],
it is explained how the cohomology of the cotangent complex L(A/Z,) inherits a canonical 6-Ao-
module structure from that of Ay, and that there is a spectral sequence

(7.2) EXt?\/Iodgo (H(L(Ay/Zy)), M) = HISL‘Jlrth(A*7 M,).
The following lemma simplifies the computation of these Andre-Quillen cohomology groups.

Lemma 7.5. Suppose that A./(K,)« is a torsion-free graded 0-algebra, and that M, is a torsion-free
k X
graded 0-A,-module. Let A denote the fized points AP (A9 = A%p ). Note that we have

A, = %nli%A’j/pmAf.

Let A, (respectively AC and M, ) denote A, /pA. (respectively A? /pAY and M, /pM, ). Assume that:
(1) As and M, are even periodic,
(2) Af is formally smooth over T,
(3) H(Zy,Mp) =0 for s >0,
(4) Ag is ind-étale over AY.
Then we have:
Hug, (As, M. [t]) = 0
if s> 1 ort s odd.
Proof. By [GHO04, Prop. 6.8], there is a spectral sequence
ugg, (Aep" M/ MLE) = Hiyg, (As ML),
Thus it suffices to prove the mod p result. Note that because M is torsion-free, there is an isomor-
phism
M, = pmM*/pmHM*.

Since A is formally smooth over F,, and since Ay is ind-étale over AJ, we deduce that Ay is formally
smooth over F,,. Therefore, the spectral sequence

EXt?\/]od%O (Ht (L(AO/FP))v M* [t]) = HSJrgtFp (A*a M*)
collapses to give an isomorphism
EXt?\/Iod%O (QAO/]FP’ M—t) ~ HS
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Since Ay is ind-étale over A9, there is an isomorphism
Qay/m, = Ao ©ag Qagyr,
of #-Ap-modules. Because Ay is flat over A9, this induces a change of rings isomorphism

EXtL]gWod%O (QAO/va M—t) = EXt?V[od%O (QAS/JFP? M_t).
0

There is a composite functors spectral sequence

Ext o101 (Qagr, » He(Zyy, Ma)) = Exti}fd%o (Qa9/m,» Mu)
0]

which, by our hypotheses, collapses to an isomorphism

X

s | ] Zp ~ s v
(73) EXtAg[G](QAS/Fp7M“ ) = EXtMOdZO (QAg/FP,Mu)
0

Because A is formally smooth over F,, the module of Kihler differentials A9k, 1s projective as

an AY-module. The Ext groups in the left hand side of (7.3) therefore vanish for s > 1, and, since
M, is concentrated in even degrees, for u odd. (|

There is a relative form of Theorem 7.1. Fix a K(1)-local Eo-ring spectrum E. The entire
statement of Theorem 7.1 is valid if you work in the category of K (1)-local commutative E-algebras
instead of K(1)-local Eo-ring spectra. The obstructions live in the Andre-Quillen cohomology
groups for graded 6-W,-algebras:

.Zlg@v* (A*’ M*)
where W, = (KQ)*E
Lemma 7.6. Suppose that W, and A, are even periodic, and that Ay is étale over Wy. Then for
all s,

jllgf/v* (A*7 M*) =0.

Proof. Consider the spectral sequence

EXt?\JOdZ* (Ht(L(A*/W*))7 M*) = H;L%V* (A*7 M*)

Because A, is étale over W,, the cotangent complex is contractible, and the spectral sequence
collapses to zero. O
We outline our construction of Oé?fl):
Step 1: We will construct a K (1)-local E..-ring spectrum #mf (p)°"¢. This will be our candi-
date for the spectrum of sections of (9;?’(71) over the étale cover
M (p)
%l
M

This cover is Galois, with Galois group (Z/p)*. We will show that there is a corresponding
action of (Z/p)* on the spectrum tmf(p)°"® by Es-ring maps. We will define tmf (1) to
be homotopy fixed points

tmf g1y = (tmf (p)7" )"/

Step 2: We will construct the sheaf O;?fl) in the category of commutative imf g (;)-algebras.
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We now give the details of our constructions.
Step 1: construction of tmf ).

Case 1: assume that p is odd.
Let X be the formal pullback

(7.4) X ——— M (p™)

L

M (p) ——— MY
For a p-complete ring R, the R-points of X are given by
X ={(C.n,n")}
where the data is given by:
C' a generalized elliptic curve over R,
n: @m = C an isomorphism of formal groups,
n NG [p] an isomorphism of finite group schemes.

Since M2 (p) = Spf(V7) is formally affine, we deduce that X = Spf(W) for some ring W. Since
Mgﬁd (p) is étale over Mgﬁd7 the ring W possesses a canonical #-algebra structure extending that of
V2. For k € Z, , the operations Y* are induced by the natural transformation on R-points:

(¥*)* X(R) = X(R)
(C,n.n) = (Cono[k],n)
The operation 9P is induced by the natural transformation
(¥")*X(R) — X(R)
(Comyn') = (CP P, () P)

Here, given 7/, the level structure (7')®) is the one making the following diagram commute (see
Remark 5.3).

- Mp
(77/)“7),”' : \L ,
: n
)z
C®[p] — Clp]
Dep)

Taking wee,1 to be the canonical line bundle over X', we can construct an evenly graded #-algebra
W, as
Woy 1= Fw?;fl.

Theorem 7.7. There is a (Z/p)* -equivariant, even periodic, K (1)-local E-ring spectrum tmf (p)°r?
such that

(1) motmf (p)°re = VA,

(2) Letting (C1,m1) be the universal tuple over MOd(p), there is an isomorphism of formal

groups Gypppyora = Cy.
(3) There is an isomorphism of 0-algebras

(K)o tmf () = W..
Proof. Observe the following.

(1) W, is concentrated in even degrees.
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is ind-etale over P = 1, and V; is smooth over Z,. is is because in the following
2) W is ind 1 w Vi d V; h Zy. Th b he foll
pullback

A M (p™)

L

MEE (p) ——— M2
we have M9 (p>°) ind-etale over M9, thus X = Spf(W) is ind-etale over M (p) =
Spf(V1), and M7 (p) is smooth over Spf(Z,).
(3) H(Zy,W) =0 for s > 0. This is because W is is an ind-étale Z-torsor over V.

We deduce, from Lemma 7.5, that there exists a K (1)-local E,.-ring spectrum ¢mf (p)°"¢ such that
we have an isomorphism

(K)atmf () = W.

of graded #-algebras. As a consequence of (3) above, we deduce that the spectral sequence (7.1)
collapses to give an isomorphism

motmf (p) 2= (V).
where, if wy is the canonical line bundle over M9/%(p), then
(Vl)g* = le *.

Let (C1,m1) be the universal tuple over M2 (p). The existence of the isomorphism

N1 Mp = al[p]

implies that w; admits a trivialization. In particular, tmf(p)°" is even periodic.
We now show that the formal group of Gy,f(,yora is isomorphic to the formal group C;. Choose
complex orientations @, Pypp(pyora of K and tmf (p)°r¢. Consider the following diagram.

Lims (pyord ord
MU Py motmf (p) Vi
TlRl lnR [
A ord
MUP,MUP T — (K )otmf (p)ort ==

The map ® g A @y p(pyora classifies an isomorphism of formal groups

@ : NG — NRG g (pyora-

over W. At the same time, the universal tuple (C,n,n’) over W has as part of its data an isomor-
phism of formal groups

n:Gn = C.
The generalized elliptic curve C over W is a pullback of the elliptic curve C; over Vi — thus it
is invariant under the action of Z;. The same holds for the formal group niGypppyora — it is

tautologically the pullback of G,z (pyora. Under the action of an element k € Z, the isomorphisms
« and 7 transform as

M*a = ao K,
(k*n =no [k].

The isomorphism

noa~l: NRG g (pyers — C
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is therefore invariant under the action of Z; . Thus it descends to an isomorphism

Qaq Gtmf(p)ord = Cl.

The Galois group (Z/p)* of M¢(p) over M4 acts on V;. The last thing we need to show is
that this action lifts to a point-set level action of (Z/p)* by Eoo-ring maps. Because W, satisfies
the hypotheses of Lemma 7.5, we may deduce from Theorem 7.1 that the K,-Hurewicz map

[tmf ()", tmf (p)*" ] .. — Homasg, (W, W)
is an isomorphism. The action of (Z/p)* on V; lifts to W in an obvious way: on the R-points of
Spf(W) = X, an element [k] € (Z/p)* acts by
[k]* : X(R) — X(R)
(Cmo') = (Comyn o [K])

This action is easily seen to commute with the action of ¢! for [ € Z), and ¢?. Thus (Z/p)* acts
on W through maps of #-algebras. We deduce that there is a map of groups

(Z/p)* = [tmf ()", tmf (p)*" ] 5__.
The obstructions to lifting this homotopy action to a point-set action may be identified using the
obstruction theory of Cooke [CooT78] (adapted to the topological category of E..-ring spectra).
Namely, the obstructions lie in the group cohomology

H*((Z/p)*, ms—a(Boo (tmf ()", tmf (p)"%), 1)), s = 3.

Since the space Eo (tmf (p)°"%, tmf (p)°"?) is p-complete, and the order of the group (Z/p)* is prime
to p, these obstructions must vanish. O

Define .
tmf e(ay = (tmf (p) )"/
The following lemma is a useful corollary of a theorem of N. Kuhn.
Lemma 7.8. Suppose that G is a finite group which acts on a K(n)-local Ex-ring spectrum E
through Eoo-ring maps. Then the Tate spectrum EC is K (n)-acyclic, and the norm map
N : Eng — EhG

is a K(n)-local equivalence.

Proof. Kuhn proves that the localized Tate spectrum ((ST(n))tG)T(n) is acyclic [Kuh04, Thm. 1.5],
where T(n) is the telescope of a v,-periodic map on a type n complex. The Tate spectrum (E*¢) K(n)
is an algebra spectrum over ((ST(n))tG)T(n). In particular, it is a module spectrum over an acyclic
ring spectrum, and hence must be acyclic. (]

Lemma 7.9. There is an isomorphism of 0-algebras (K ).tmf 1y = (VL)x
Proof. By Lemma 7.8, the natural map

or X ord\h(Z x
(Kp A (tmf (p) d)h(Z/p) i1y = (Kp A tmf (p) d);<((1/)p)

is an equivalence (the homotopy fixed points are commuted past the smash product by changing
them to homotopy orbits). The homotopy fixed point spectral sequence computing the homotopy
groups of the latter collapses to give an isomorphism:

(VD)s 22 (W) B = (K2 tmf ).

(The first isomorphism above comes from the fact that X' is an étale (Z/p)*-torsor over M2 (p>).)
]

Case 2: p=2.
27



If one were to try to duplicate the odd-primary argument, one would do the following: the first
stack in the 2-primary Igusa tower which is formally affine is

M (4) = Spf(Va).

The cover M%t(4) L M9 is Galois with Galois group (Z/4)*. One must begin by constructing
the K (1)-local E.-ring spectrum tmf (4)°"¢. One would like to use the obstruction theory of Cooke
to make this spectrum (Z/4)*-equivariant, but the order of the group is 2, so we cannot conclude
that the obstructions vanish.

We instead replace K with KO. Define a graded reduced 6-algebra to be a graded 6-algebra over
KO, where the action of Z5 is replaced with an action of ZJ /{£1}.

Suppose that V is a 6-algebra, and that the subgroup {£1} C Z5 acts trivially on V. Then V
may be regarded as a reduced #-algebra. One may form a corresponding graded reduced 6-algebra
by taking
(7.5) W,=KO,®V.

Definition 7.10. We shall say that a graded reduced #-algebra W, is Bott periodic if it takes the
form (7.5). We shall say that a K (1)-local Fo, ring spectrum is Bott periodic if

(1) (K%).F is torsion-free and concentrated in even degrees.
(2) The map (KO%L)oE — (K4)oF is an isomorphism.

The relevance of this definition is given by the following lemma.

Lemma 7.11. Suppose that E is a Bott periodic K(1)-local Eoo-ring spectrum. Then we have
(KOY)+E =2 KO, ® (K})oE
In particular, the graded reduced 0-algebra (KO%).E is Bott periodic. Conversely, if E is an Ex
ring spectrum with
(KOM)ZE=2KO,®V
as KO.-modules, then E is Bott periodic, and (K5 )oE = V.

Proof. The first part uses the homotopy fixed point spectral sequence
H*(Z)2,(K{)WE) = (KOY)_E.

The second part follows easily from the Kiinneth spectral sequence. O

Remark 7.12. Both KOs and tmf x () (once we construct it) are Bott periodic.

Unfortunately the homology theory KO% does not seem to satisfy all of the hypotheses required
for the Goerss-Hopkins obstruction theory to apply. Nevertheless, when restricted to Bott periodic
spectra with vanishing positive cohomology as a ZJ /{£1}-module, it can be made to work. This
is discussed in Appendix A. There it is shown that given a Bott periodic graded reduced 6-algebra
W, satisfying

H:(Z5 J{£1},Wy) = 0for s > 0,
the obstructions to the existence of a K(1)-local E-ring spectrum E with (KO%).E = W, lie in
the cohomology groups

Hj”ggcd(W*, Wi-s+2]), s>3.

Given Bott periodic K (1)-local E-ring spectra F; and Es, the obstructions to realizing a map of
graded reduced 6-algebras
(KO3)wEy — (KO3).Ey
lie in
H3y e (KO3 B (KOY) Ex[—s+1]), s>2.
We have the following analog of Lemma 7.5.
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Lemma 7.13. Suppose that A./(KOs), is a graded 2-complete reduced 0-algebra, and that M, is a
graded 2-complete reduced 0-A,-module. Let A* denote the fized points Ai*QkZ? (AY = AL ). Note
that we have

A= LiLnl%A’:/pmAf-

Let A, (respectively AQ and M*) denote the mod 2 reduction. Assume that:

(1) A, and M, are Bott periodic,
(2) AQ is formally smooth over Fa,
(3) Hi(Zy /{£1}, Mo) = 0 for s >0,
(4) Ay is ind-étale over AJ.
Then we have:
S yrea (A, MLJH]) = 0

o
if either s > 1 or —t =3,5,6,7 mod 8.

The following lemma is of crucial importance.

Lemma 7.14. Let V) be the representing ring for M°1¢(2°°) (a.k.a. the 0-algebra of generalized
2-adic modular functions).

(1) The element [—1] € Z5 acts trivially on VL.
(2) The subring Vo C Vi, is isomorphic to the fixed points under the induced action of the group

7y J{%1}.
(3) We have HS(Z5 J{£1},VL/2VL) =0 for s > 0.

Proof. The stack M2/ (2°°) represents pairs (n, C) where
n: @m — é

is an isomorphism. However, we have ([—1]*n, C) = (1, C):

Q

This proves (1). Under the isomorphism given by the composite
1 +4Zy < ZF — 75 J{£1}

the action of the subgroup 1+ 4Zs agrees with the induced action of Z5 /{+1} on V2. But V2 /2V]
is ind-Galois over V5/2V, (the representing ring for ./\/lgl’“ld (4) ® Fy) with Galois group 1+ 47Z5. This
proves (2) and (3). O

The algebra V2 /2V is ind-etale over Va/2Va, and M9(4) ® Fy is smooth. Lemma 7.13 implies
that the groups
Hypea (K0, @ V2, KO, @ VA[u))

vanish for s > 1 and —u = 3,5,6,7 mod 8. This is enough to deduce that there exists a K (1)-local
E-ring spectrum ¢mf (1) such that there is an isomorphism of graded reduced -algebras

29



Remark 7.15. There is another construction of ¢mf j(;) at p = 2 which is described in [Lau04] (see
also [Hop]). The spectrum is explicitly constructed by attaching two K(1)-local E..-cells to the
K (1)-local sphere. Unfortunately, it seems that this approach does not generalize to primes p > 5,
though it does work at p = 3 as well [Hop].

Step 2: construction of the presheaf Oﬁgi’l). We shall now construct the sections of a presheaf

(’);?1(71) on (M%),,. By Remark 2.5, it suffices to produce the values of Oﬁ?l(’l) on étale formal affine
ord

opens of M7,
Let Spf(R) ER MO be an étale formal affine open. Consider the pullback:

f/
Spf(W) —— M (p)

Since f is étale, W is an étale V2 -algebra, and W carries a canonical #-algebra structure (Section 6).
We have an associated even periodic graded 6-(V2).-algebra W.,.

The relative form of Theorem 7.1 indicates that the obstructions to the existence and uniqueness
of a K(1)-local commutative tmf K(1)-algebra E such that there is an isomorphism

(KZ/)\)*E =W,
of -(V2).-algebras lie in the Andre-Quillen cohomology groups

i, (We W)

These cohomology groups vanish by Lemma 7.6.
Given a map
g : Spf(R2) — Spf(R)
in (M%), we get an induced map
g s (Wi)w = (Wa)s
of the corresponding 0-(V2).-algebras. Let Fy, Es be the corresponding K (1)-local commutative
tmf (1)-algebras. The obstructions for existence and uniqueness of a map of ¢mf (,)-algebras
g* B — Ey

realizing the map g* on K,-homology lie in the groups
; (W1)s, (Wa)s[u]).

Alglyp),
Furthermore, given the existence of g*, there is a spectral sequence
e (W) (Wa)alu]) = 7o (Al (1 E2). 7).

Alglya).
Again, these cohomology groups all vanish by Lemma 7.6. We deduce that:
(1) The K,-Hurewicz map

[EX, E2]Algmfk(1> — HOHlAlngo%)* (W), (Wa)y)

is an isomorphism.
(2) The mapping spaces Algtme(l) (E1, E3) have contractible components.
We have constructed a functor

@;?fl) (M) etagr)F — Ho(Commutative tmf r(1)-algebras).
Since the mapping spaces are contractible, this functor lifts to give a presheaf (see [DKS89])

Oy + (MEiet.afy)” — Commutative tmf . (1)-algebras.
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The same argument used to prove part (2) of Theorem 7.7 proves the following.

Proposition 7.16. Suppose that Spf(R) — M2 is an étale open classifying a generalized elliptic
curve C/R. Then the associated spectrum of sections Oﬁ?’(’n is an elliptic spectrum for the curve
C/R.

8. CONSTRUCTION OF QP
To construct (’);Op it suffices to construct the map

Qchrom - (iord)*oigz()l) — ((ZSS)*OZ):E)Z))KO)

Our strategy will be to do this in two steps:
Step 1: We will construct

Qchrom  tf g1y = (IMf g (2)) k(1)
where
tmf g (2) = 03?1()2)( oit)-
Step 2: We will use the K(1)-local obstruction theory in the category of tmf y(q)-algebra
spectra to show that this map can be extended to a map of presheaves of spectra:
(Lord)*Of,?f’l) - ((Lss)*oig?g))Kuy
We will need the following lemma.

Lemma 8.1. Suppose that C is a generalized elliptic curve over a ring R, and that E is an elliptic
spectrum associated with C'. Then

(1) E is E(2)-local.
(2) Suppose that R is p-complete, and that the classifying map

Spf(R) = (Meu)p
for C is flat. Then there is an equivalence
Exay ~ Evy '],
Proof. Greenlees and May [GM95] proved that there is an equivalence

Ep@m) ~ E[I1].

They also showed there is a spectral sequence
(8.1) H*(Spec(R) — X, w®") = mo_ B[, 4]

where X,, = Spec(R/I,+1) is the locus of Spec(R/p) where the formal group of E has height greater
than n. (1) therefore follows from the fact that C' never has height greater than 2. For (2), since R
is assumed to be p-complete, there is an isomorphism

mo(Efvy ]p) & Rlvy ',

Over R[v;']/pR[v; Y], the generalized elliptic curve C' is ordinary, hence X is empty and the spectral
sequence (8.1) collapses to show that E[v; '], is F(1)-local. It is also p-complete by construction,
and since K (1)-localization is the p-completion of E(1)-localization, we deduce that E[v '], is
K (1)-local. It therefore suffices to show that the map

E— E[Ufl]p
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is a K (1)-equivalence. It suffices to show that it yields an equivalence on p-adic K-theory. However,
by Proposition 6.1, both (K))oFE and (KQ)O(E[vl_l]p) are given by W, where we have pullback
squares:

Spf(W) Spf(R[vy']}) — Spf(R)
M (p™) M (Meu)yp

Step 1: construction of chrom : tmf (1) = (¢mf k(2)) k(1)

We shall temporarily assume that p is odd. After we complete Step 1 for odd primes, we shall
address the changes necessary for the prime 2.

Fix N to be a positive integer greater than or equal to 3 and coprime to p. Let M (N)/Z[1/N]
denote the moduli stack of pairs (C, p) where C is an elliptic curve and p is a “full level NV structure”:

p:(Z/N)* =5 CIN].
Since N is greater than 3, this stack is a scheme [DR73, Cor. 2.9]. The cover
Meu(N) = Meu ® Z[1/N]

given by forgetting the level structure is an étale GLo(Z/N)-torsor. Let M.y (N), denote the
completion of M, (N) at p, and let M?5,(N) denote the pullback

€

(V) ——= Meu(N),

l |

on ——= Meu)p

Since My (N), is a formal scheme, M35,(N) is also a formal scheme. By Serre-Tate theory, the
formal scheme M?5,(N) is given by

au(N) = H Spf (W (k;)[[u1]])

for a finite set of finite fields {k;} (this set of finite fields depends on N). Let Ay denote the
representing ring

AN = HW(’%)[[M]]

and let By be the ring
By = An[uy Ty = [ W) (w));.-
(Elements in the ring W(k;)((u1)),, are bi-infinite Laurent series
> aui
JEL
where we require that a; — 0 as j — —o0.) We shall use the notation
Z;I(N) = Spf(p,ul)(AN)

to indicate that Spf is taken with respect to the ideal of definition (p,u1). Define M35,(N)°" to be
the formal scheme given by

Mi?z(N)OTd = Spf(p)(BN)‘
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Let (C32,n%7)/M?25,(N) be the elliptic curve with full level structure classified by the map
en(N) = Meu(N).

We regard M35, (N )od as the “ordinary locus” of C3’. This does not actually make sense in the
context of formal schemes — M35,(N)°"¢ is not a formal subscheme of M*5,(N). Nevertheless, by
Remark 1.6, there is a canonical elliptic curve (with level structure) ((Css)alg ,m%’) which lies over
M5 (N)@9 = Spec(An), and restricts to Cx/Spf(p.u,)(An). The formal scheme ss(N)erd is
given by the pullback

(V)ord —— Myt

MES(N)M —— My

We let ((C32)°7,n5¢) denote the restriction of the pair ((C3f)*9,n53) to M35,(N)°"d. We define
s (N,p)°™® to be the pullback

(N, p)r —— M (p)

| l

Z?Z(N)Ord Mord

and denote the pullback of (C52)°"® to M5,(N,p)°" by (C3:,)°"?. Since M35, (N)°"® and M7 (p)
are formally affine, we deduce that MS5,(N,p)°"? is formally afﬁne and is of the form Spf ) (Bn,1).

Let M2 (p)™s denote the locus of the formal affine scheme M9/ (p) where the universal curve
is nonsingular; it is covered by an étale GLo(Z/N)-torsor given by the pullback

MEHN, p)™ —— Meu(N),
M (p)" ——— (M),

The action of GLy(Z/N) on the formal affine scheme M35, (N, p)°"¢ = Spf () (Bn,1) over MOTE(N, p)"*,
gives descent data which, by faithfully flat descent (see, for instance, [Hid00, Sec. 1.11.3]), yields a
new formal affine scheme

oll (p)ord = Spf (p) (B1)

over M4 (p)™s (where By = B]C\;,’LIQ(Z/ N)) together with a pullback diagram

RN, p)7T e M ()

| |

Mglrld( ) s Mngld(p)ns

Define (V£)** to be the pullback



and define W** and W** to be the pullbacks
(8:2) SPE ) (W**) —— Spf ) (W**) —— Spf(,, (VA)**)

| l |

M (N, p)"™* ——= M ()" ——= (M)"
By faithfully flat descent, we have
Wes = (WSS)GLQ(Z/N)’
(V)™ = (W),
Remark 8.2. Both W*$ and W possess alternative descriptions. They are given by pullbacks
Spf (W) ——— Spf(W**) ——= M2 (p>)

l | |

(N, p) 77— M, (p) ! ———= M7}
Let tmf(N)k(2) be the spectrum of sections
tmf (N) g (2) = Off) (ML N)).

The action of GLy(Z/N) on the torsor M:};(N) induces an action of GLa(Z/N) on tmf (N )k 2)-
Since the sheaf O ]?1(”2) satisfies homotopy decent, we have

(tmf(N)K(2))hGL2(Z/N) =~ tmf g (2)-
Lemma 8.3. There is an equivalence
((tmf (N) re(2)) 1)) CE2EN) = (tmf e (0)) k(1)
Proof. Using Lemma 7.8, and descent, we may deduce that there are equivalences
((tmf (N) (2 1) FH2 N ((tmf g (0)) "5 F) 1)
>~ (tmf gk (2)) K (1)-
|

Consider the finite (Z/p)* Galois extension Eh(1+p L) of S k(1) given by the homotopy fixed
points of Ej-theory with respect to the open subgroup 1+ pZ, C Z) (see [DHO4], [Rog08]). Note
that we have

(8.3) (E{L(l+pZP))h(Z/p ~ SK(1)
Define spectra
(tmf (N, p) k() 5 (1) = (Emf (N) k(2)) k(1) Asrry Brt TP
h
(tmf (p )K(2 )K(l) = (tme(Z))K(l) NS, B (1+pZyp)

These spectra inherit an action by the group (Z/p)* = Z) /1 + pZ,.
Using Lemma 7.8, Lemma 8.3 and Equation (8.3), we have the following.

Lemma 8.4. There are equivalences of Eo-ring spectra
((tmf (N, p)K(Q))K(l))hGLZ(Z/N) >~ (tmf (p)k(2)) K (1)
((tmf (P) K (2) )K(l))h(z/p) ~ (tmf g (2)) k(1)

We now link up some homotopy calculations with our previous algebro-geometric constructions.
34



Lemma 8.5. There is an GLo(Z/N) x (Z/p)*™ -equivariant isomorphism
mo(tmf (N, p)k2)) k(1) = Bn1

making (tmf (N,p)k(2)) k(1) an elliptic spectrum with associated elliptic curve (C’]s\,s’l)‘”“d.

Proof. By construction, there is a GLo(Z/N )-equivariant isomorphism

Wotmf(N)K(g) = AN

making tmf(N)g ) an elliptic spectrum with associated elliptic curve C3?. By Lemma 8.1, this
gives rise to an isomorphism

mo(tmf (N)k(2)) k(1) = BN
making the pair ((¢tmf(N)x(2)) (1), (Ca)°"®) an elliptic spectrum. For any K (1)-local even periodic
Landweber exact cohomology theory E, the homotopy groups of

E' = E A, BYUT™)

are given by the pullback

Spf(moE') ——= M4 (p)

| |

Spf(moE) Mepult

(where the notation here is the same as in the proof of Lemma 5.1). This is easily deduced from
the cofiber sequence

E' s (K, AE), Y74 (K, A E),
where k is chosen to be a topological generator of the subgroup 1+7, C Z;. In particular, we have
the desired isomorphism
mo(tmf (N, p)k(2)) k(1) = Bn.1-
The formal group of E’ is the pullback of the formal group of E along the map ngE — moE’. The
elliptic curve (C¥’ 1)°"% is the pullback of (C35)°"¢ under the same homomorphism. The canonical

isomorphism between the formal group of E and the formal group of (C3#)°"? thus pulls back to give
the required isomorphism between the formal group of E’ and the formal group of (Cf\,?,l)ord. ]

Lemma 8.6. There are isomorphisms
(KD)«(tmf (N, D)k (2)) (1) = (Kp)s ®z, W**
(K))(tmf (p)k(2)) k(1) = (Kp)s ®z, W™
()« (tmf g (2)) k(1) = (Kp)« ®z, (V)™
(We shall denote these graded objects as W2°, W25, and (VL)*, respectively.)

* 7

Proof. We deduce the first isomorphism by combining Proposition 6.1 with Remark 8.2. Using
Lemma 8.4, and Lemma 7.8, we have equivalences

((Kp A (tmf (N, p)K(Q))K(l))p)hGLZ(Z/N) ~ (Kp A (tmf (p)k(2)) K (1))p
((Kp A (tmf(p)K(2))K(1))p)h(z/p)X ~ (Kp A (tmf (p) k(2)) K (1))p
The pullback diagram (8.2) implies that TW** is an étale G Lo(Z/N)-torsor over W**, and W** is
an étale (Z/p)*-torsor over (V2)**. The resulting homotopy fixed point spectral sequence
H*(GLy(Z/N), (K])«(tmf (N, p)k 2)) k(1)) = (K}« (tmf (0) i (2)) (1)
therefore collapses to give the required isomorphism

(K« (tmf (D) K (2)) k(1) = (Wos)GL2(BN) — s
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This in turn allows us to conclude that the homotopy fixed point spectral sequence

H*((Z/p)*, (K;)«(tmf (D) k (2)) k(1)) = (K;\)*(tme@))K(l)

collapses to give the isomorphism

(K ) (tmf re(2y) i (1) = (W) &)™ = (V)3
O

The universal property of the pullback, together with the diagram of Remark 8.2, gives a (Z/p)*-
equivariant map a*:

Spf(W**)

|

88

n
si(p)r? Spf(W) —— M2t (p™)

Iy i

M (p) ——= M}
Here, Spf(W) = X is the pro-Galois cover of M9/¥(p) given by Diagram (7.4).
To construct our desired map

Ochrom - tme(l) — (tme(Q))K(l)
it suffices to construct a (Z/p)*-equivariant map

Yopirom = tf (D) k(1) = (tmf (D) k(2)) K (1)
The map aprom is then recovered by taking homotopy fixed point spectra.
The map &* induces a map
a: W, - Wwpes

of graded f-algebras. The obstructions to the existence of a map of K(1)-local E.-ring spectra
Xorom * tf (D) (1) = (tmf (P) Kk (2)) K (1)
inducing the map & on p-adic K-theory lie in:
Hjlge(W*,Wfs[—s +1]) s> 2.

These groups are seen to vanish using Lemma 7.5. The obstructions to uniqueness (that is, unique-
ness up to homotopy) lie in
Hﬁllgg(W*vW:S[_s]) s>1,
/

and these groups are also zero. Because & is (Z/p)*-equivariant, we deduce that the map o/, ..
commutes with the action of (Z/p)* in the homotopy category of Eo-ring spectra. Because we
are working in an injective diagram model category structure, after performing a suitable fibrant
replacement of (tmf (p)x(2)) x (1), there is an equivalence of (derived) mapping spaces

Eoo(tmf(p)K(l)’ (tmf(p)K(z))K(l))(Z/p)x-equivariant = EOO(tmf(p)K(l)a (tmf(p)K@))K(l))h(Z/p)X .

Because the order of (Z/p)* is prime to p, the spectral sequence

H*((Z/p)*, 7 Eoo (tmf (0) k1), (tmf (9) ke (2)) 1 (1)) = T s Boo (tmf () k(1) (tmf (0) s (2)) (1)) "4/ P
collapses to show that the natural map

[tmf (D) (1), (mf (9) i (2 5 (1)) Ba — [tmf () k(1) (tmf(p)K(Q))K(l)]SEZoép)
(Z/p)* — equivariant
/

is an isomorphism. In particular, we may choose o,

spectra.

to be a (Z/p)*-equivariant map of Ey,-ring
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Modifications for the prime 2.

At the prime 2, the first stage of the Igusa tower which is a formal affine scheme is M9/(4). All

of the algebro-geometric constructions such as M55 (N, p)°™d, M33,(p)°™¢, etc for p an odd prime

go through for the prime 2 with Mgl’ld( ) replaced by Mgl’ld( ) to produce formal affine schemes

s (N, 4)°rd and M35,(4)°"4. One then defines (V2)** as the pullback

(8.4) SPE((V)™) —% MO (2)

| |

M ()T ——= M (4)
Define
(tmf (N)k(2)) k(1) = (0?@)( (V)
(tmf (N, 4) k(2)) k(1) = (tmf (N) i (2)) k(1) NS ppra)
(tmf (k) k) = (0] () k(1) Asiery By T
Just as in the odd primary case, argue (in this order) that we have
(K3 )o(tmf(N, K@) Kra) = Wes
(K5 )o(tmf (4) k(2)) k(1) = W**
(K32)o(tmf (o)) 1) = (VL)*®

where W*5 and W** are given as the pullbacks
SpE(W**) ——— Spf(W**) —— Spf((VL)*)

| l |

Mgﬁd(N, 4)ns S Mglrld (4)ns R (M Zﬁd)ns

Note that the homotopy groups of (tmf K(2)) K (1) are easily computed by inverting ¢, in the homotopy
fixed point spectral sequence for EQOs:

me(tmf g (2)) k(1) = KOL((G71))5 -

It follows that the hypotheses of Lemma 7.11 are satisfied, and we have an isomorphism
(KO3)x(tmf k(2)) k(1) = KOs @z, (V)™

The map o* of Equation (8.4) induces a map

a: KO, ®VL — KO, ® (VL)
of graded reduced Bott periodic §-algebras. The obstructions to the existence of a map of K (1)-local
FE-ring spectra

Qchrom © tf g1y = (IMf g (2)) k(1)
inducing the map « on 2-adic K O-theory lie in:

Hpgrea (KO« @VL KO, ® (VL) [-s+1]) s>2.

These groups are seen to vanish using Lemmas 7.11 and 7.13.
Step 2: construction of acy0m as a map of presheaves over M,;.
We will now construct a map of presheaves

Qchrom - (Lord)*oigz()l) — ((LSS)*O;(()?@)K(U'
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By the results of Section 2, it suffices to construct this map on the sections of formal affine étale
opens of M.
Let R be a p-complete ring, and let

Spf ) (R) = (Meu)p

be a formal affine étale open, classifying a generalized elliptic curve C' /R. Let wg be the pullback
of the line bundle w over M. The invertible sheaf corresponds to an invertible R-module I. Let
R, denote the evenly graded ring where

Ry, = I®RY,
Consider the pullbacks:
(8.5) Spf(R°"?) ——= Spf(R) Spf(R*$) —— Spf(R)
M ——— (Men)y o= Meu)p

Remark 8.7. It is not immediately clear why these pullbacks are formal affine schemes.

(1) The pullback of Spf(R) over M is a formal affine scheme because the Hasse invariant can
be regarded as a section of the restriction of the line bundle w%p ! to Spec(R/p). Indeed,
if v; € I®r(P=1) ig a lift of the Hasse invariant, then R°"? is the zeroth graded piece of the

graded ring
Ry = (R)vr -

p

(2) The pullback of Spf(R) over M?#;, is formally affine because, by Serre-Tate theory, and the
fact that the classifying map is étale, we know that

R = H W (ki)[[u1]],

where {k;} is a finite set of finite fields. In Diagram (8.5), Spf(R*?) is taken with respect to
the ideal (p,u;) C R®®, while Spf(R) is taken with respect to the ideal (p) C R. The ring
R*® has an alternative characterization: it is the zeroth graded piece of the completion
Ris = (R*)é\vl)
Define
(R**)e = (R [o 1))

and let (R®%)°rd = Rss[ufl]ﬁ be the zeroth graded piece. Define generalized elliptic curves:
Co’rd =C Qr Rord
Css — O ®R Rss
(Css)ord = (s ®Rss (Rss)ord

Since the image of v is invertible in (R**)9"?, the curve (C3°)°"® has ordinary reduction modulo p,
and there exists a factorization

(8.6) R. R®* (Rss)zrd
l g
Rord o
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We have K (1)-local E-ring spectra:
Eord = (Lord)*Of;’(”l)(Spf(R)),
E®* = (155). O30y, (SDE(R)),
(Ess)ord = ;{S(l)
Combining Propositions 4.4 and 7.16 with Lemma 8.1, we have the following.

Lemma 8.8. The spectra E°™%, E%%, and (E*%)°™ are elliptic with respect to the generalized elliptic
curves COm4 /RO O35 | R%% | and (C**)°"4 /(R*%)°", respectively.

Consider the pullbacks

Spf((Wis)™®) —— Spt(Wrd) —— M (p>)

l | |

SPF((Rya) ") ——= Sp(RY) ———= M

We have, by Proposition 6.1, the following isomorphisms of graded 6-(V2),-algebras:
(KI/)\)*Eord ~ Wde
(K;\)*(Ess)ord = (Wss):Td

where W4 and (W,,)2"¢ are the even periodic graded f-algebras associated to the f-algebras Word
and (Wy,)°rd.
We wish to construct a map:

QA chrom

tmf g1y —= (¢mf g (2)) k(1)

| |

Eord - (Ess)ord

Qchrom
The map g induces a map of graded 6-(V2).-algebras
g :Word — (W),
The obstructions to realizing this map to the desired map
Qetrom : BT =5 (Byy)om

of K(1)-local commutative tmf x (;)-algebras lie in

y (Wfrdv (Wss)zrd[_s + 1})7 s> 1.

Alg?vogn

Because W' is étale over V2, Lemma 7.6 implies that these obstruction groups all vanish. Thus
the realization ocprom €xists.
Suppose that we are given a pair of étale formal affine opens

Spf(Rl) - me[h i1=1,2.
Associated to these are K (1)-local commutative tmf - 1)-algebras
Efrd = (Lord>*o?()z()1)(spf(Ri))a
(Ei,ss)ord = (LSS)*O?é)(Spf(Ri))K(l)~
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and graded 6-(V1).-algebras
(KL B = (W),

*

(K;\)*(Ei,ss)ord = (Wi,ss)ord~

*

Again, Lemma 7.6 implies that
y (W), (W) 7 [u]) = 0.

Alg ?Vog)*
‘We deduce that
(1) the Hurewicz map

[E7", (E2,88)Ord]Algme(l) - HomAlgfvo/g)* (W), (Wa,s6)™)

is an isomorphism.
(2) The mapping spaces Algimf e o) (E$™, (By,45)°"®) have contractible components.

We conclude that:

(1) The maps acprom assemble to give a natural transformation
Qchrom - (Lord)*@igz()l) — ((LSS)*@?{)‘?@)K(D'

of the associated homotopy functors

(Lo,.d)*Oi?(gl) D (Me)pet,apr)” — Ho(Comm tmf i (1y-algebras),

((LSS)*@%’Q))K(U : ((ﬂell)p7et7aﬁ)°p — Ho(Comm tme(l)—algebras).

(2) The contractibility of the mapping spaces implies that the maps «cprom may be chosen to
induce a strict natural transformation of functors:

Qchrom - (Lord)*oigl()l) — ((LSS)*O?()?Q))K(D'
Putting the pieces together.
Define (9;0” to be the presheaf of F, ring spectra given by the pullback

top

O;op - 9 (LSS)*OK(Q)

| |

(Lord)*Oﬁgz()l) ((Lss)*oigé))l((l)

X chrom

Let R be a p-complete ring and suppose that

Spf(R) — (M),
is an étale open classifying a generalized elliptic curve C'/R. Using the same notation as we have
been using, there are associated elliptic spectra E°"¢ E*5 and (Ess)‘”'d. The spectrum of sections
E := O}°?(Spf(R)) is given by the homotopy pullback

E ESS

L

Eord (Ess)ord

Q& chrom

We then have the following.
Proposition 8.9. The spectrum E is elliptic for the curve C/R.

We first need the following lemma.
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Lemma 8.10. Suppose that A is a ring and that x € A is not a zero-divisor. Then the following
square is a pullback.

A—m— A(Am)

|

Alz7Y —— Al [271]

Proof. Because of our assumption, the map A — A[z~!] is an injection. The result then follows
from the fact that the induced map of the cokernels of the vertical maps

Ajx>™ — Ag\z)/x(’o

is an isomorphism. O

Remark 8.11. Lemma 8.10 is true in greater generality, at least provided that A is Noetherian, but
this is the only case we need.

Proof of Proposition 8.9. The proposition reduces to verifying that the diagram
(8.7) R, R

.

R:rd . (Rss)grd

is a pullback. Since Spf(R) — (M), is étale, and the map (M), — (Mpg), is flat (Remark 1.4),
the composite

Spf(R) = (Meu)p = (Mra)p
is flat. In particular, by Landweber’s criterion, the sequence (p,v1) C R, is regular. Therefore R,
is p-torsion-free, and v; is not a zero divisor in R, /pR.. Using the facts that R, is p-complete and
p-torsion-free, it may be deduced that v; is not a zero divisor in R,. Therefore, by Lemma 8.10,
the following square is a pullback.

R,

| |

Rufor ] —— (R, [or 1]

The square (8.7) is the p-completion of the above square. Since p-completion is exact on p-torsion-
free modules, we deduce that (8.7) is a pullback diagram, as desired. O

9. CONSTRUCTION OF (’)g” AND OtoP

In this section we will construct the presheaf O(S’p , and the map

X grith - (LQ)*O(tQOp — (H(Lp)*020p> .
Q

p

By the results of Section 2, it suffices to restrict our attention to affine étale opens.

The Eilenberg-MacLane functor associates to a graded Q-algebra A, a commutative HQ-algebra
H(A.). Suppose that
f : Spec(R) — (./\/le”)Q
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is an affine étale open. Define an evenly graded ring R, by
Ro; := T f*w®".
We define
Og”(Spec(R)) = H(R.).
The functoriality of H(—) makes this a presheaf of commutative HQ-algebras.

Proposition 9.1. Let C/R be the generalized elliptic curve classified by f. Then the spectrum
H(R.) uniquely admits the structure of an elliptic spectrum for the curve C.

Proof. We just need to show that there is a unique isomorphism of formal groups
c = GH(R*)~

It suffices to show that there is a uniue isomorphism Zariski locally on Spec R. Thus it suffices to
consider the case where the line bundle f*w is trivial. In this case, the formal group Gg (g, is just
the additive formal group. Since we are working over QQ, there is a unique isomorphism given by
the logarithm. O

Because its sections are rational, the presheaf ([],(¢,)«O}")q is a presheaf of commutative HQ-
algebras.

There is an alternative perspective to the homotopy groups of an elliptic spectrum that we shall
employ. Let (M ;)" denote the moduli stack of pairs (C,v) where C is a generalized elliptic curve
and v is a tangent vector to the identity. Then the forgetful map

[ M)t = My
is a G,,-torsor. There is a canonical isomorphism
(91) f*o(ﬂeu)l = @ w®?
tez
which gives the weight decomposition of O(ﬂﬁu)l induced by the G,,-action. We deduce the following

lemma.

Lemma 9.2. For any étale open
U— (Mo
for which the pullback
U= Man)g
is an affine scheme, there is a natural isomorphism
n.OF7(U) 2 O, (0.
Consider the substacks:

Meuler'] € M,

Ma[A™] € M.
A Weierstrass curve is non-singular if and only if A is invertible, whereas a singular Weierstrass

curve (A = 0) has no cuspidal singularities if and only if ¢4 is invertible. Thus the pair ﬂe”[c;l],
My[A~1] form an open cover of M. Consider the induced cover

{(Men)pler T, (Men)g[A™']}.

The following lemma is a corollary of the computation of the ring of modular forms of level 1 over

Q.
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Lemma 9.3. The stack (ﬂ@”)é} is the open subscheme of
Spec(Qley, c))
given by the union of the affine subschemes
(Men)gler '] = Spec(Qle; ", ca]),
(M)A~ = Spec(Qles, cs, A™).
where A = (¢} — c2)/1728.
Let Mey[c;*, A~ denote the intersection (pullback)
Menleg 1N Map[A™Y = M.
For a presheaf F on M.y, let
Fleg'l, FIATY, Fleg' o™

denote the presheaves on M,y obtained by taking the pushforwards of the restrictions of F to the
open substacks

Mealer ], Mea[A7Y, Melegt, A7,

respectively. By descent, to construct ag.in, it suffices to construct a diagram of presheaves of
HQ-algebras:

(9.2) (10). 08 ler ] —"""— (TL, 1)+ 05" ler ]

(12):05"[e ", A7 % ([T, (). 057 leg, A7

(10): 05”17 > (TL, (). 057 187

We accomplish this in two steps:

Step 1: Construct compatible maps on the sections over Moy [A~Y], Mey[cy '], and Moy feg ', A7),
Step 2: Construct corresponding maps of presheaves.

Step 1: Construction of the «,; on certain sections.
Define commutative HQ-algebras
tmfgley '] = (10)-Og" (Meule; ')
tmfgles', A7 = (1)« Og" (Menle ', A7)
(

tme[A_l] = L@)*Og”(ﬂe” [A_l}

tmf ez '] = H(Lp)*of,"”(/\/leu[%l]))
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Observe that we have

metmf y [—] = motmfo[—] ®g Ay

where Ay = (Hp Zp> ® Q is the ring of finite adeles. Therefore there are natural maps of commu-
tative Q-algebras

Qarith ﬂ*tmf@[_] — T« tmfAf [-]-
The Goerss-Hopkins obstructions to existence and uniqueness of maps
Qarith © tmfol=] = tmf, [-]

of commutative HQ-algebras realizing the maps &g, lie in the Andre-Quillen cohomology of
commutative Q-algebras:

Hgome(W*tme[f]aﬂ*tmfAf[7”75+1})7 s> 1.
Because
metmfol—] = Qles, ce][]
is a smooth Q-algebra, we have
Hzome (7'('* tme[—], T tmfAf [_][u]) = O’ s> 0.
We deduce that the Hurewicz map
[tmf (=], tmf ., [=]] atg g = HOMcomme (watmf o[—], wetmf  [=])

is an isomorphism. In particular, the maps o g €xist.
We similarly find that we have

H g (metmfgleg '] matmf e, A7 [u]) =0, s> 0,
Hfome(ﬂ'*tmf@[Afl],w*tmfAf [ert, A7 [u]) =0, s> 0.

This implies that the diagram

(9.3) tmf gleg '] ———"— tmf ;']

tmfgley ', AT =% tmf, [ey ", AT

tmf o[ A1) —="— tmf , [A7]

commutes up to homotopy in the category of commutative HQ-algebras.

Because the presheaves O;Op are fibrant in the Jardine model structure, the maps r; and 79 in
Diagram 9.3 are fibrations of commutative HQ-algebras. The following lemma implies that we can
rectify Diagram (9.3) to a point-set level commutative diagram of commutative HQ-algebras.

Lemma 9.4. Suppose that C is a simplicial model category, and that

A*f>X
B——=Y

g9
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is a homotopy commutative diagram with A coftbrant and q a fibration. Then there exists a map [,
homotopic to f, such that the diagram

A

pl

B

f/

— s X

— Y
g9

strictly commutes.

Proof. Let H be a homotopy that makes the diagram commute, and take a lift
A®O A X
7
- iq
- H
1
Take f' = Hj. O
Step 2: construction of Diagram 9.2.

It suffices to construct the diagram on affine opens. Suppose that
Spec(R) — My
is an affine étale open. Define commutative HQ-algebras
Tley'] = (10)-Og" (Spec(Rle; )
Tlep', A7 = (1g)« Og" (Spec(Rley ', A7)
T[A™Y] := (10)-Og " (Spec(R[AT]))

T'e; ', A7 = (H(Lp)*(’)ff”(speC(R[czl, A‘ll))>
Q

T'A™Y] = (H(Lp)*O]ZO”(SpeC(R[A1])))
Q

P
Let 7" be any commutative tmf, [—]-algebra, and let

metmfol—] = T 1"
be a map of . tmfg[—]-algebras. We have the following pullback diagram.

Spec(m.T[-]) Spec(R® Q)

| |

Spec(Q[ea, c6][~]) == (Meu)p|-] — (Meau)o
In particular, we deduce that 7, T[] is étale over

metmfol—] = Qles, co][—]-

Therefore, the spectral sequence
Exty g (Hi(L(m.T[=]/mtmfo[~]), mT"[u]) = H, (m.T[=], 7T [u])

COMMere, timf [ -]
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collapses to give
HS

comm

e tmf[—] (ﬂ-*T[iL ﬂ-*T/ [u]) =0.

We deduce that
(1) The Hurewicz maps

T[], T’]Alg,,mf@[_] — Homcomm“tmeH (mu T[], mT")

are isomorphisms.
(2) The mapping spaces Algtme[_] (T[-],T") have contractible components.

This is enough to conclude that there exist maps g4, functorial in R, making the following
diagrams commute

Tley'] — > T'[c; ]

| l

Tley ', A7 =5 T, AT

T |

T[Ail] Qarith T/ [Ail}
Since, by homotopy descent, there are homotopy pullbacks

(10).OF" (Spec(R)) —— Te; ] (I, () Of*(Spec(R)) ) | ———T'[ey]
TIAY) ————=T[c; ', A7 TAY) ————————=T'[c; ', A7

We get an induced map on pullbacks

Qarith (LQ)*O(S’?’(Spec(R)) — (H(Lp)*OZOP(SpeC(R))> .
Q

P

which is natural in Spec(R). o
We define O? to be the presheaf on M, whose sections over Spec(R) are given by the pullback

O"P(Spec(R)) [T, (tp)« O} (Spec(R))

| |

(1) 05 (Spec( ) - (I, (1) O} (Spec(R)))

The following proposition concludes our proof of Theorem 1.1.
Proposition 9.5. The spectrum O%P(Spec(R)) is elliptic with respect to the elliptic curve C/R.
Proof. The proposition follows from Propositions 8.9 and 9.1, and the pullback
R I1,

i

R®Q*>(HPR2) ®Q
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APPENDIX A. K(1)-LOCAL GOERSS-HOPKINS OBSTRUCTION THEORY FOR THE PRIME 2

Theorem 7.1 provides an obstruction theory for producing K (1)-local E.-ring spectra, and maps
between them, at all primes. These obstructions lie in the Andre-Quillen cohomology groups based
on p-adic K-homology. Unfortunately, as indicated in Section 7, the K-theoretic obstruction theory
is insufficient to produce the sheaf O?ﬁ) at the prime 2. At the prime 2 we instead must use a
variant of the theory based on 2-adic real K-theory. The material in this Appendix is the product
of some enlightening discussions with Tyler Lawson.

For a spectrum F, the E-based obstruction theory of [GH] requires the homology theory to be
“adapted” to the E., operad. Unfortunately, KO% does not seem to be adapted to the E.-operad.
While the KO%-homology of a free E, algebra generated by the O-sphere is the free graded reduced
f-algebra on one generator, this fails to occur for spheres of every dimension. Nevertheless, we
will show that the obstruction theory can be manually implemented when the spaces and spectra
involved are Bott periodic (Definition 7.10).

Theorem A.1.
(1) Given a Bott-periodic graded reduced 0-algebra A, satisfying

(A1) H(ZS [{£1}, AL) =0, fors >0,
the obstructions to the existence of a K (1)-local Ex-ring spectrum E, for which there is an
isomorphism
(KOp).E= A,
of graded reduced 0-algebras, lie in
et (A (KO Al s +2]), 53,
(2) Given Bott periodic K(1)-local Es-ring spectra Ey1, Fa, and a map of graded 0-algebras

the obstructions to the existence of a map f : E1 — Fs of Ex-ring spectra which induces
f« on 2-adic KO-homology lie in

HYrea(KOY)LE1 /(KOs)., (KOR)uEa[—s +1]), s >2.

6

(Here, the 6-(KO%).E1-module structure on (KO%).Es arises from the map f..) The
obstructions to uniqueness lie in

Hyyyrea(KOY) B /(K O2)s, (KO3)B[—s]), s> 1

6
(3) Given such a map f above, there is a spectral sequence which computes the higher homotopy
groups of the space Eo(FE1, E2) of Es maps:

H3yorea(KO3) i E1 /(K O2)., (KO3) s Ealt]) = m—y—s(Boo(En, E2), f)-

4
Remark A.2. The author believes that Condition (A.1) is unnecessary, but it makes the proof of
the theorem much easier to write down, and is satisfied by in the cases needed in this paper.

The remainder of this section will be devoted to proving the theorem above. Most of the work
is in proving (1). As in [GH], consider the category sAlgg(S) of simplicial objects in the K(1)-
local category of E..-ring spectra. Endow this category with a P-resolution model structure® with
projectives given by
P ={S"T}iczj>1
where the spectra T} are the finite Galois extensions of Sk (1) given by

T; = KOy

1To be precise, we are endowing the category of simplicial spectra with the P-resolution model structure associated
to the K(1)-local model structure on spectra, and then lifting this to a model structure on simplicial commutative
ring spectra.
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for '
Gj = 1+2JZ2 C Z;/{:ﬁl} =:T.
Note that T} is K(1)-locally dualizible (in fact, it is self-dual), and we have

K02 EK(I) hﬂTj
J

The forgetful functor Alg,® — Modgz,r) has a left adjoint — call it Py. Let P denote the free
K (1)-local E-algebra functor. Then the natural map is an isomorphism:

KO, @ Py(K05)o(S%) = (KO%).(PS°).

In fact, the same holds when S° is replaced by the spectrum 77.
As in [GH], an object X4 of sAlggS) has two kinds of homotopy groups associated to an object

P € P: the Es-homotopy groups

75,4 (Xe; P) i= ms[SP, X.}spK(l)

given as the homotopy groups of the simplicial abelian group, and the natural homotopy groups

©l (Xe; P) = [B'P © A% /OA®, X,]

SSPK (1)

given as the homotopy classes of maps computed in the homotopy category h(sSpK(l)). These
homotopy groups are related by the spiral exact sequence

o (X P) o (X P) = ey (Xes P) = 1y g (Xas P) = -

We shall omit P from the notation when P = S°.

We will closely follow the explicit treatment of obstruction theory given by Blanc-Johnson-Turner
[BJT], adapted to our setting. Namely, we will produce a free simplicial resolution W, of the reduced
theta algebra Ag, and then analyze the obstructions to inductively producing an explicit object

K1) .
Xo € sAlgEm with
(KO%)Xe 2 KO, @ W,.
The desired Eo ring spectrum will then be given by E := |X,|.

Both of the resolutions W, and X, will be CW-objects in the sense of [BJT, Defn. 1.20] — the

spaces of n-simplices take the form:

W, = Wn®LnW-7

Xn = (Xn N LnXo)K(l)-
(where L, (—) denotes the nth latching object). The ‘cells’ W,, (resp. X,) will be free reduced
f-algebras (respectively free K(1)-local E rings) and are thus augmented.

For Y, denoting either W, or X,, we require that for ¢ > 0, the map d; is the augmentation when
restricted to Y,,. The simplicial structure is then completely determined by the ‘attaching maps’

J())/n : Yn —Y,_1.

and the simplicial identities. Saying that an attaching map cié/" satisfies the simplicial identities is
equivalent to requiring that the composites dicié/" factor through the augmentation.

Given such a simplicial free #-algebra resolution W, of Apy, and a 6-Ag-module M, the André-
Quillen cohomology of Ay with coefficients in M may be computed as follows. Let QW,, denote the
indecomposibles of the augmented free 6-algebra W,. Then QW, is a simplicial reduced Morava
module, and the Moore chains (C,QW,, dg) form a chain complex of Morava modules. The André-
Quillen cohomology is given by the hypercohomology

HXIgEEd (fl()7 M) =H" (HOH]%z[[F” (O*QW.), I*)

where I* is an injective resolution of M in the category of reduced Morava modules. However, if M
satisfies
H:IT;M)=0, s>0
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then one can dispense with the injective resolution I'*, and we simply have
HX1g§ed (Ao, M) =H" (Homéz[m] (C.QW,, M).

We produce W, and X, simultaneously and inductively so that KOyX, = W,, so that W, is a
resolution of Ag. Start by taking a set of topological generators {af} of Ay as a f-algebra. We may
take these generators to have open isotropy subgroups in I': then there exist j; so that the isotropy
of v is contained in the image of 1+ 27Zs in T'. Note that since there are isomorphisms of Morava
modules

(KO3)oT; = Zo[(Z/2)* [{£1}],
the generators {afy} may be viewed as giving a surjection of f-algebras
{ag} 1 Po(KO03)oYo — A
for Yo = \/aé Tj,. Define
Wo = Py(KO03)oYo, Xo =PY,.
Then take a collection of open isotropy topological generators {ai} (as a Morava module) of the
kernel of the map
{a(’)} Wy — Ao.
Realize these as maps
a) 8% = (KOs A Xo) (1)

Suppose that o} factors through T}, A Xo. Then, since T}, is K(1)-locally Spanier-Whitehead self-
dual, there will be resulting maps
& Ty, — Xo.
Take
Vi=\/T, Wi=Pe(KO3)Y1, Xi=PYi.
a3
and let Jéﬁ be the map induced from {a}}. Suppose inductively that we have defined the skeleta
Wi and X", Note that since
n— A7 =0,
Ter (KO A XYY = s
0, 0<s<n-—-1

we can deduce from the spiral exact sequence that
7r57*(KO A Xln_ll) > A[-s] 0<s<n-3.
Consider the portion of the spiral exact sequence
o (KOAXET) oo (ROA XY 2o nt (KO A XD 2 Al—n + 2.

The map of Morava modules (,, will represent our nth obstruction. Indeed, §,, may be regarded as
a map of graded Morava modules

B Tno1 (KO A XY 5 A[-n 4 2.

Since A satisfies Hypothesis (A.1), there is a short exact sequence

(A-2)  Hom, py (Com1 QW™ A[=n + 2)0) “ Hom, ) (m—1,0(KO A X), Al + 2)o)
— Hglgged(A; Al-n+2]) =0
and this gives a corresponding class [3,] € HZlgged (A; A[—n +2)).
Suppose that (3, was zero on the nose. Take a collection {a?} of open isotropy topological
generators of the Morava module m,_1,0(KO A Xin_l]). Since (,, is zero, these lift to elements
al el (KO AXIY).
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Assume the lifts also have open isotropy. Then for j; sufficiently large, the maps
a1 80 ® A" /oA 5 KO A XY
come from maps
Tj, ® A" HaArt — x{" Y,

Define
n—\/TM W, = Po(KOp)oYn, X, =PY,.

We define a map of simplicial Eoo—algebras
b Xp @ OA™ — xIY
where the restriction
Gnlag : Xn @AY — X0
is taken to be the map which is given by the augmentation on each of the faces of Afj. The map ¢,
is then determined by specifying a candidate for the restriction on the O-face
Cié(" = ¢n|Anfl : Xn ® AL Xinil]

which restricts to the augmentation on each of the faces of OA™ 1. Thus we just need to produce
an appropriate class

[do] € mi_y o(xXI Y T,

We take [dg "] to be the map given by {&’}. Then we define X" to be the pushout

X, @ oAr —2ns x Il

]

X, @ A" —— X"

in sAlgg( and define Wl := = (KO0%)oX x

However, we claim that if the cohomology class [B,] vanishes, then there exists a different choice
of ¢,—1 one level down, which will yield a different (n — 1)-skeleton Xinfl]/, whose associated
obstruction /3], vanishes on the nose. Backing up a level, different choices ¢,,_1, ¢,_; correspond to
different lifts of {a!,_;}. By the spiral exact sequence, any two lifts differ by an element 6,1, as

depicted in the following diagram in the category of Morava modules:

QWTL—I

y l i RO S -

Tn2,0(KOA XY™ <78, (KOAXTh 78, (KO A X))

The fact that 8,_1 = 0, together with the spiral exact sequence

ﬂ"—Qv*(KO/\Xin_Z])h) E«L 4*+1(KO/\X[” 2])*>7T (KO/\X[n 2})%0

tells us that there is an isomorphism
(KOAXUT) Erl (KO AXU ) 2 Aln + 3]

]
7T7L—3,>k

and in particular that we can regard §,,_1 to lie in (compare [BJT, Lem. 2.11]):

Homg, 11y (QWa 1, A[—n + 2]) 2 Hom, 1y (Co 1 QWS ™Y, Al=n + 2)o).
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Let Xi”_l], denote the (n — 1)-skeleton obtained by using the attaching map ¢/ with associated

n—1»
obstruction /. The difference 3, — 3/, is the image of d,,_; under the map u of (A.2). There-

fore, if the cohomology class [3,] vanishes, then there exists d,_1 such that u(d,—1) = Bn, and a
corresponding ¢!,, whose associated obstruction 8/, = 0. This completes the inductive step.
The spectral sequence (3) is the Bousfield-Kan spectral sequence associated to the (diagonal)
cosimplicial space
Eoo(B(P,P, Ey), KOS™ A Es).
The identification of the Es-term relies on the fact that since EF; is Bott-periodic,
(KOL) P E, 2 PST (KO}).E.

The obstruction theory (2) is just the usual Bousfield obstruction theory [Bou89] specialized to this
cosimplicial space.

REFERENCES

[AHS04] Matthew Ando, Michael J. Hopkins, and Neil P. Strickland, The sigma orientation is an Hoo map, Amer.
J. Math. 126 (2004), no. 2, 247-334.

[BJT] David Blanc, Mark W. Johnson, and James M. Turner, Higher homotopy operations and André-Quillen
cohomology, arXiv:1107.4117v1.

[BL10] Mark Behrens and Tyler Lawson, Topological automorphic forms, Mem. Amer. Math. Soc. 204 (2010),
no. 958, xxiv+141.

[Bla00] David Blanc, CW simplicial resolutions of spaces with an application to loop spaces, Topology Appl. 100
(2000), no. 2-3, 151-175.

[Bou89] A. K. Bousfield, Homotopy spectral sequences and obstructions, Israel J. Math. 66 (1989), no. 1-3, 54-104.

[Con07] Brian Conrad, Arithmetic moduli of generalized elliptic curves, J. Inst. Math. Jussieu 6 (2007), no. 2,
209-278.

[CooT8] George Cooke, Replacing homotopy actions by topological actions, Trans. Amer. Math. Soc. 237 (1978),
391-406.

[Dav06] Daniel G. Davis, Homotopy fized points for LK(n>(En A X) using the continuous action, J. Pure Appl.
Algebra 206 (2006), no. 3, 322-354.

[DHO4] Ethan S. Devinatz and Michael J. Hopkins, Homotopy fized point spectra for closed subgroups of the Morava
stabilizer groups, Topology 43 (2004), no. 1, 1-47.

[DHIO4] Daniel Dugger, Sharon Hollander, and Daniel C. Isaksen, Hypercovers and simplicial presheaves, Math.
Proc. Cambridge Philos. Soc. 136 (2004), no. 1, 9-51.

[DKS89] W. G. Dwyer, D. M. Kan, and J. H. Smith, Homotopy commutative diagrams and their realizations, J.
Pure Appl. Algebra 57 (1989), no. 1, 5-24.

[DR73] P. Deligne and M. Rapoport, Les schémas de modules de courbes elliptiques, Modular functions of one
variable, II (Proc. Internat. Summer School, Univ. Antwerp, Antwerp, 1972), Springer, Berlin, 1973, pp. 143~
316. Lecture Notes in Math., Vol. 349.

[GH] Paul G. Goerss and Michael J. Hopkins, Moduli problems for structured ring spectra, Preprint, available at
www.math.northwestern.edu/~pgoerss.

[GHO4] P. G. Goerss and M. J. Hopkins, Moduli spaces of commutative ring spectra, Structured ring spectra, London
Math. Soc. Lecture Note Ser., vol. 315, Cambridge Univ. Press, Cambridge, 2004, pp. 151-200.

[GM95] J. P. C. Greenlees and J. P. May, Completions in algebra and topology, Handbook of algebraic topology,
North-Holland, Amsterdam, 1995, pp. 255-276.

[GS96] J. P. C. Greenlees and Hal Sadofsky, The Tate spectrum of vn-periodic complex oriented theories, Math. Z.
222 (1996), no. 3, 391-405.

[Har05] Urs Hartl, Uniformizing the stacks of abelian sheaves, Number fields and function fields—two parallel worlds,
Progr. Math., vol. 239, Birkh&duser Boston, Boston, MA, 2005, pp. 167-222.

[Hid00] Haruzo Hida, Geometric modular forms and elliptic curves, World Scientific Publishing Co. Inc., River
Edge, NJ, 2000.

, p-adic automorphic forms on Shimura varieties, Springer Monographs in Mathematics, Springer-
Verlag, New York, 2004.

[Hop) Michael J. Hopkins, K(1)-local Ex-ring spectra, available from Doug Ravenel’s web-page.

[Hop95] , Topological modular forms, the Witten genus, and the theorem of the cube, Proceedings of the
International Congress of Mathematicians, Vol. 1, 2 (Ziirich, 1994) (Basel), Birkhauser, 1995, pp. 554-565.

[Hov99] Mark Hovey, Model categories, Mathematical Surveys and Monographs, vol. 63, American Mathematical
Society, Providence, RI, 1999. MR 1650134 (99h:55031)

[Jar00] J. F. Jardine, Presheaves of symmetric spectra, J. Pure Appl. Algebra 150 (2000), no. 2, 137-154.

51

[Hid04]




[KMS5]
[Kuh04]

[Lau04]
[Nau07]

[Rez]
[Rog08]

[Sil86]

[Str97]
[Tat67]

Nicholas M. Katz and Barry Mazur, Arithmetic moduli of elliptic curves, Annals of Mathematics Studies,
vol. 108, Princeton University Press, Princeton, NJ, 1985.

Nicholas J. Kuhn, Tate cohomology and periodic localization of polynomial functors, Invent. Math. 157
(2004), no. 2, 345-370.

Gerd Laures, K(1)-local topological modular forms, Invent. Math. 157 (2004), no. 2, 371-403.

Niko Naumann, The stack of formal groups in stable homotopy theory, Adv. Math. 215 (2007), no. 2,
569-600.

Charles Rezk, Supplementary notes for math 512, Available at http://www.math.uiuc.edu/~rezk/.

John Rognes, Galois extensions of structured ring spectra, Mem. Amer. Math. Soc. 192 (2008), no. 898,
1-97.

Joseph H. Silverman, The arithmetic of elliptic curves, Graduate Texts in Mathematics, vol. 106, Springer-
Verlag, New York, 1986.

Neil P. Strickland, Finite subgroups of formal groups, J. Pure Appl. Algebra 121 (1997), 161-208.

J. T. Tate, p — divisible groups., Proc. Conf. Local Fields (Driebergen, 1966), Springer, Berlin, 1967,
pp. 1568-183.

52



