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REALIZING PROFINITE REDUCED SPECIAL GROUPS

VINCENT ASTIER AND HUGO MARIANO

Special groups are an axiomatization of the algebraic theory of quadratic
forms over fields. It is known that any finite reduced special group is the
special group of some field. We show that any special group that is the
projective limit of a projective system of finite reduced special groups is also
the special group of some field.

1. Introduction

The theory of special groups is an axiomatization of the algebraic theory of qua-
dratic forms, introduced in [Dickmann and Miraglia 2000]. The class of special
groups, together with its morphisms, forms a category. As for other such axioma-
tizations, the main examples of special groups are provided by fields, in this case
by applying the special group functor, which associates to each field F a special
group G (F) describing the theory of quadratic forms over F.

The category of special groups is equivalent to that of abstract Witt rings via
covariant functors, while the category of reduced special groups is equivalent, via
the restriction of the same covariant functors, to the category of reduced abstract
Witt rings (see [Dickmann and Miraglia 2000, 1.25 and 1.26]; recall that the special
group of a field F is reduced if and only if F is formally real and Pythagorean). The
category of reduced special groups is also equivalent, via contravariant functors, to
the category of abstract spaces of orderings; see Chapter 3 of the same reference.

The question whether it is possible to realize every (reduced) special group as
the special group of some (formally real, Pythagorean) field is still open, but the
case of finite reduced special groups (actually of reduced special groups of finite
chain length) has been positively answered by the combination of two results: Kula
[1979], building on techniques introduced in [Brocker 1977] for the field case,
showed that the product of two finite special groups of (formally real, Pythagorean)
fields is still the special group of some (formally real, Pythagorean) field; then
Marshall [1980] showed that every finite reduced special group can be constructed
from the special group of any real closed field by applying a finite number of times
the operations of product and extension. (Marshall’s result is actually stated and

MSC2000: 03C65, 11E81.
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258 VINCENT ASTIER AND HUGO MARIANO

proved for abstract spaces of orderings.) Since the extension of the special group
of a (formally real, Pythagorean) field is still the special group of a (formally real,
Pythagorean) field, it shows that every finite reduced special group (or reduced
special group of finite chain length) is realized as the special group of a field.

After finite reduced special groups, the simplest objects to consider are prob-
ably projective limits of finite reduced special groups, that is, profinite reduced
special groups. They have already been studied, for example, in [Astier and Tressl
2005; Lira de Lima 1997; Mariano 2003], and notably in [Kula et al. 1984], where
the question of the realization of these special groups by fields is considered and
where it is shown (as Corollary 4.7) that every profinite reduced special group is
isomorphic to a quotient of the reduced special group of some field.

In this paper, we improve on this result by showing that every profinite reduced
special group is isomorphic to the special group of some (necessarily formally real
and Pythagorean) field.

2. Preliminaries

Definition 2.1. Let A, B, A’, B’ be objects in a category 6, and let > : A — B,
A A" — B’ be 6-morphisms. Then A, A’ are said to be naturally identified (in
symbols, A = L") if and only if there are 6-isomorphisms is : A— A’,ig: B— B’
such that the following diagram

Al>-A’

Al | L”

B

B——F
commutes. In this case, we also say that A and A’ are naturally identified viai,, ip.

On special groups. We assume some familiarity with the theory of special groups,
as presented in [Dickmann and Miraglia 2000], and only introduce the following
notation:

If G is a special group, Ssat(G) denotes the poset of saturated subgroups of G,
ordered by inclusion. We recall that if A € Ssat(G), then G/A is a reduced special
group if and only if A C G, if and only if —1 ¢ A.

Definition 2.2. A profinite reduced special group is the projective limit of a pro-
jective system of finite reduced special groups.

If (G}, fi’j),-f jer 1s a projective system of finite reduced special groups, where
(I, <) is a downward directed poset, and if G is the projective limit of this system,
the fact that G is indeed a special group (with the structure induced by its inclusion
in the product [[;, G’) follows immediately from [Dickmann and Miraglia 2003,

iel



REALIZING PROFINITE REDUCED SPECIAL GROUPS 259

Theorem 3.24]. Moreover, as proved in [Lira de Lima 1997, Proposition 1.9.11],
it is always possible to describe G as the projective limit of a projective system
(G, fij)i<jer having the following properties:

(1) Foreveryi € I, G; is G/A; with A; saturated subgroup of G of finite index;

(2) Foreveryi < jel, A; € Aj and f;; is the canonical projection of special
groups induced by this inclusion.

We briefly sketch the argument: Let ¢ : G < [];¢; G/, be the canonical em-
bedding given by the definition of projective limit, and let 7; : [ jel G/j — G;
be the canonical projection. We define A; := ker(w; o), G; := G/A; and, for
i < je€l, f; to be the canonical projection induced by A; € A;. The system
(Gi, fij)i<jer 1s a projective system, whose projective limit is isomorphic to G,
via the map g € G — (8.4))ie; € IM(G /A, fij)i<jer-

Remark 2.3. If Ml = (M;, fij)i<jer is any projective system, and if i’ € I, by
restricting this system to the set I’ := {i € [ |i < i’} we obtain a new system

M= (M;, fij)i<jer-

Since I’ is coinitial in 7, Al and A’ have isomorphic projective limits, and M’
possesses the following extra property:

(3) The index set of the projective system has a maximum element.

Definition 2.4. We call adequate a projective system of special groups that satisfies
conditions (1), (2) and (3) above.

We will adhere to the following convention throughout this paper: Let (/, <)
be a downward directed poset. If (/, <) has a maximum element, we will denote
it by T, and if (/, <) has a minimum element (which happens for instance if [ is
finite), we will denote it by L.

Let Gg, G be abstract groups and denote by 77y : Go x G| — Go: (g0, &1) —> £o»
mp: Gox Gp — Gy : (g0, &1) — g1 the canonical projections and by ¢ : Gg —
GoxGr:g0 (80, 1),t1:G1 — Gox Gy : g1+ (1, g1) the canonical injections.

The statements in the next paragraph are straightforward.

Fact 2.5. Let Gy, G| be special groups. Then the canonical map

Y Ssat(Gg x G1) — Ssat(Gg) x Ssat(G)
A = (1AL i TAD = (ol Al 7 [A])

. . s , . Y .
is an order-preserving bijection, whose inverse is (Ao, A1) — Ao X Ay. In partic-

ular, if A € Ssat(Go x G1) and (Ao, A1) := (15 [AL (] '[A]), then A = Ag x A
and A is proper if and only if Ay or A is proper. Moreover:
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o The canonical surjective morphism of special groups
Gox Gy —» Go/Aogx G /A
induces a natural isomorphism of special groups'

gn : (Gox G1)/A — Go/Ag x Gi/A.

o If AC A eSsat(Goyx Gy), then the projection (Gox G1)/A — (Gox G1) /A’
is naturally identified, via the isomorphisms ga, ga’, with the (product) pro-
jection Go/Ag X G1/A] — Go/A/O X G]/A’l.

On projective systems of (valued) fields. 1et (I, <) be a poset. For each i, j € I
such that i < j we define d (i, j) := max{length of a chain from i to j} € NU{oo}.
If i £ j then we setd(i, j) := —oo. Of course, if i and j are comparable, we have
d(i, j)=d(j,i)if and only if i = j, if and only if (i, j) = 0.

We will often consider (I, <) as a directed graph whose vertices are the elements
of I, and where there is an edge from i to j if and only if i < j and d(i, j) = 1.

We first remark that it is possible to describe some projective systems of fields
as projective systems whose morphisms are all inclusions.

Remark 2.6. Let & := (F;, fi;)i<jer be a projective system of fields over a down-
ward directed poset (I, <) with maximum element T € [. Then there is an iso-
morphic projective system of fields & = (F/, t;j)i<jes such that, if i < j € I, then
F/ € F} and the morphism of fields ¢;; : F{ — F/ is the inclusion. The projective
limit of the system & is thus isomorphic to the intersection of the fields F/, i € I.

We briefly sketch the argument. For each i € I, we define Fi’ = fiT[Fi] € F7.
Since fori < j €1, fit = fjT o fij, we obtain F/ C FJ’., so we can define ¢;; to be
this inclusion. It follows that & and ¥’ are isomorphic via the morphisms (fi1)ic;.
Therefore: im(F;, fij)i<jer = 1(i£1(FJ/., tji<jer = (g F/ € Ff.

The next results lead to Corollary 2.10, which shows that any finite projective
system of fields of characteristic zero, whose index set has a maximum element,
is isomorphic to the projective system given by the residues of a finite projective
system of valued fields. We first fix some notation:

If (K, v) is a valued field, we denote by Kv or by K (if there is no risk of
confusion about which valuation we consider) the residue field of v, by vK its
value group, by Ok the valuation ring associated to v and by Mk its maximal ideal
(if there is no ambiguity about the valuation v under consideration). If a € Ok,
we denote by av or a (once again if there is no risk of confusion) the class of a in
the residue field K. Finally, if v has rank one, KV denotes a completion of K with
respect to v.

IThat are reduced if A is proper or, otherwise, the trivial special group {1}.
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If F = (F;, &ij)i<jer 1 a projective system of fields, we denote by G (%) the
system (G (F;), G(&;}))i<jer obtained from & by applying the special group func-
tor G.

If & = ((F;, vi), &ij)i<jer 1s a projective system of valued fields, we denote by
res ¥ or Fv the induced residue projective system (F;v;, (§v);j)i<jer, Where the
(§v);; are the induced morphisms of fields.

If a projective system of fields or of valued fields is denoted by (F;)je; or
(Fi, vi)ies, without mention of the morphisms, it means that the morphisms are
all inclusions (from a field within all fields with larger index).

Lemma 2.7. Let (K, v) be a henselian valued field of residue characteristic zero
and let L be a subfield of K. Let N be a subfield of K such that L € N C K.
Then there is a field M such that L € M C K and M = N. Moreover, if [N : I:] is
algebraic, respectively finite, then M can be chosen such that [M : L] is algebraic,
respectively finite.

Proof. Write N = L(X)(w;,i € B), where X is a transcendence basis of N over
L and (o, i € B) is a (possibly infinite) tuple of elements that are algebraic over
L(X), indexed by an ordinal 8. Let Y be a set of transcendental elements over L
such that ¥ = X. By [Engler and Prestel 2005, Corollary 2.2.2], the restriction of
v to L(Y) is the Gauss extension of v from L to L(Y). In particular, L(Y)=L(X).

We now proceed by induction on k € 8 to find elements a; € K, i <k, such that
L(Y)(a;i,i <k)=L(X)(j, i <k).

If k = 0 there is nothing to prove since L(Y) = L(X).

Assume we have found all a; fori < k. Let Ny = L(Y)(a;,i < k) and M} =
L(X)(a;, i < k). By hypothesis we have Ny = M. Let P € Ok[T] be a unitary
polynomial such that P is the minimal polynomial of a; over L(X). Let a; be
aroot of P in K such that a; = oy (it exists since (K, v) is henselian of residue
characteristic zero). We have Ni(ax) 2 Mi(ax) and the fundamental inequality
[Engler and Prestel 2005, Theorem 3.3.4] tells us that

[Ni(ax) : Ni] < [Ni(ax) : NiI(< deg P).

Since [ My (o) : My ]=deg P, it follows that Ny (ay) = My (ax), which is the desired
result. O

Definition 2.8. Let (K, v) be a valued field and let (E;);~, and (F;);~, be two

sequences of fields of the same length n. We say that (F;); -, is a good residue of

(Ei)i<n in (Ka U) if

(1) E; €K and F; C K fori <n;

(2) Forevery A C{0,...,n—1}, (Ei,i € A) = (F;,i € A) (where (L;,i € A)
denotes the compositum of the fields L;).
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Lemma 2.9. Let (K, v) be a henselian valued field of residue characteristic zero,
and let (E;); <, and (F;);<n be two sequences of fields of length n such that (F;); <,
is a good residue of (E;)i<, in (K, v). Let (Fl-/)l-<m be a sequence of subfields of
K, andlet, fori €{0,...m — 1}

Ai={je€f0,....n—1}| F; C F/}.
Then there is a sequence (E}); < of subfields of K such that

(1) foreveryi €{0,...,m —1} and every j € A;, E; C E; and trdeg E| | E; =
trdeg F/ | Fj;

(2) (F))i<m is a good residue of (E}); <.

Proof. We will use the following reformulation of Remark 4.1.2(3) in [Engler and
Prestel 2005]:

Fact 1. Let (N, w) be a valued field and let P, Q € On[T] and R € N[T] be such
that P = QR. Assume that Q is primitive (that is, w' (Q) =0, where w' is the Gauss
extension of w to N[T], i.e., min; <x w(a;) = 0 if one writes Q =ap+ - - +a, T5).
Then R € ON|[T].

Proof. Write P =aP; and R = cR; witha,c € N and P, R; € N[T] such that
w'(P) = w'(R)) =0 (so P, Ry € Oy[T]). Then w(c) = w'(Q) + w'(cRy) =
w'(QcRy) = w'(QR) = w'(P) > 0since P € Oy[T]. This yields R = cR; with
w' (R)=w(c)+w' (R)) =w(c) >0,ie., Re Oy[T]. O

We next fix some notation. For A € {0, ...,n — 1} we denote by F4 the field
(Fj,i € A) and similarly by E 4 the field (E;, i € A).

Fori <mlet X; ={x;1, ..., xi} be a transcendence basis of Fl/ over Iy, = EA,-,
and let ¥; = {yi1, ..., yit,;} € K be a set of transcendental elements over E,4, such
that ¥; = X;. Note that by [Engler and Prestel 2005, corollary 2.2.2], it implies
that the restriction of v to E4, (Y;) is the Gauss extension of v from E4, to E4, (Y;).
In particular we have E4, (Y;) = E_A,. (Xi) = Fa,(X;) (the last equality holds because
(F;)i<n 1s a good residue of (E;); <).

Write Fi’ = Fy,(X;)(a;), where a; = (;;) jep; is a (possibly infinite) tuple of
elements algebraic over Fy,(X;). Fori <m and j € B; let P;; € OEA,- a»lT] be a
unitary polynomial such that P; ; 1s the minimal polynomial of «;; over Ey, (Y;) =
Fy,(X;), and let a;; € Ok be a root of P;; with a;; = «;; (a;; exists since (K, v)
is henselian of residue characteristic zero). We take for E the field E4, (Y;)(a;),
where a; = (a;;) jep,- The first conclusion of the lemma is obviously satisfied. Let
AC{0,...,m—1}

Claim. Let L be a subfield of K such that (L, v) is henselian, (F{,i € A) C L,and
(Ej,jeA;i,icA)(Y;,i€cA)CL. Thena; €L foreveryi € A,ie., LD (E], i€ A).
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Proof. Leti € A and j € B;. Since «;; € L and (L, v) is henselian (of residue
characteristic zero), there is b;; € Oy such that b; ; = «a;; and b;; is a root of
P;j. Assume b;; # a;;j. Then we can write P;;(T) = (T — a;;)(T — b;;)R(T)
in EA,v(Yi, aij, bij)- But Pij’ (T — al-j), (T — b,‘j) each lie in OEAi(Yi,a;_,‘,b[j)[T] and
(T — a;j)(T — b;j) is primitive, so by Fact 1 we have R(T) € OEAi(Yi,ai,-,bij)[T]-
Going to the residue field K we get ﬁij(T) = (T — oeij)zﬁ(T), so a;; is root of
order at least 2 of P; j» which is impossible since P; ; is the minimal polynomial of
a;; and char K =0. So a;j =b;; € L. End of proof of the claim. O

We have E), = (E/,i € A) = ((Ej, j € A))(Yi)(a;),i € A) =(E;, j € Aj,i €
A)Y(Y;,i € A)(a;,i € A), and

(Ej.jeAiicA)(Yi,icA)=(E}, jeAicA)X;icA)
=(Fj,j €A, i€ A)(X;,i€A).

Moreover,

(FicAy=((Fj, je Aj)(X) (o), i€A)=(F;, jeA;, i€ A)(X;, i€ A)(a;, i €A).

So (F/,i € A) is an algebraic extension of (E;, j € A;,i € A)(Y;,i € A). In par-
ticular (see Lemma 2.7) there is an algebraic extension E” of

(Ej,jeA,icA)(Y,icA)

(inside K) such that E” = (F/,i € A). Let E be the henselian closure of E” in
(K, v). We have E= (F/,ieA),E"C E. By the claim, since E is henselian and
ED (F/,i e A),wehave q; € E for every i € A. It implies E, C E, which gives,
taking residues E', C E = (F/, i € A). But by construction of the E| we obviously
have E', D (F/,i € A). It follows that E'; = (F/,i € A). O

Corollary 2.10. Let F = (F;);e; be a finite projective system of fields of charac-
teristic zero and let L be the minimum of 1. Assume that (I, <) has a maximum T
and let (E 1, v)) be avalued field such that E v, = F|. Then there is a projective
system of valued fields (E;, v;)ic; such that (F;);c; = res(E;, v;);e; and, for every
iel,trdegE; | E; =trdeg F; | F\. Moreover:

o We can assume that all (E;, v;), i € I, are henselian.

o Ifv, has rank one, then we can choose the valuations v;, i € I, such that they
all have rank one.

Proof. We first show that there is a projective system of fields & = (F/);c; with
% = % and there is an extension (K, v) of (E|, v ) such that K = F’, and such
that v has rank one if v, has rank one. In particular K 2 F/ foreveryiel.
Indeed, write F+ = F|(X)(a), where X is a set of elements transcendental
over F| and a is a sequence of elements algebraic over F, (X). Take Y a set of
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indeterminates with the same cardinality as X and consider the Gauss extension
wof v, to E;(Y). Then E, (Y) = F,(X). Note that w has rank one if v has
rank one. Using now for instance [Endler 1963, Satz 1], we find an (algebraic)
extension (K, v) of (E,(Y), w) such that K and Fr are isomorphic via a map
which we denote by & : K — Fr (and with v of rank one if w has rank one).
Define F/ := h~'[F;]. This justifies the claim in the first paragraph of the proof.

To keep notation simple, we assume & = ¥ as above. We construct the valued
fields (E;, v;) (for i % L) as subfields of K endowed with the restriction of the
valuation v. Since the valuation will always be v, we only look for the subfields
E;. Let L be the minimum of /. We find the fields E; by induction on d(L, i)
(note that d(L, T) =maxe; d(L, j)).

Forle{0,...,d(L, D} letD;={iel|d(L,i)=1}.

If d(L, i) = 0, then, by hypothesis and by the claim above, we already have
the subvalued field (£, v;) C (K, v). Note that since Dy = {_L} the sequence of
fields (F});ep, 1s a good residue of (E;);cp, in (K, v).

Assume we have found a system of fields (E;);cr.q(1,iy<; such that res(E;, v |
E;)=F;fori el sothatd(Ll,i) <!l and (F;);ep, is a good residue of (E;);cp, in
(K, v). We write Dy = {ix | k < m}, then we apply Lemma 2.9 with (F))x<p =
(Fi)k<m» and obtain in this way a sequence (E,/C);Km. We define the fields E; for
i € DH—I by (Eik)k<m = (E]/c)k<m~

Finally, we can replace (ET, vt) by one of it henselian closures, and each
(E;, v;) by its henselian closure inside (ET, v7). The new residue system is iso-
morphic to the previously defined residue system, which shows that we can assume
that all (E;, v;) are henselian. O

3. Main results

Our main result, Corollary 3.3, is a direct consequence of the next two theorems,
whose proofs are given in Sections 4 and 5 respectively.

Theorem 3.1. Let 3 := (K;, fij)i<je1 be a projective system of fields (respectively
formally real Pythagorean fields) such that G(K;) is finite for every i € I. Let
(Gi, Xij)i<jer = G(K) and let G be the projective limit of this projective system
of finite special groups. Then G is isomorphic to the special group of some field
(respectively formally real Pythagorean field).

Theorem 3.2. Let G := (G;, Aij)i<jer be an adequate projective system of finite
reduced special groups (see Definition 2.4). Then there is a projective system K
of formally real Pythagorean fields whose morphisms are inclusions, such that
YG=GH).

Now consider a profinite reduced special group G. Say it is the projective limit
of the system 9 = (G, fij)i<jer of finite reduced special groups. Let i’ be any
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element in / and consider the system 9" equal to % restricted to indices in I” :=
{i € I |i <i’}. The special group G is the projective limit of the system %', whose
index set I’ has a maximum element T = i’. We can now use the strategy outlined
after Definition 2.2 to express G as an adequate projective system whose index set
is I'. Applying Theorem 3.2 then Theorem 3.1 now yields:

Corollary 3.3. Every profinite reduced special group is isomorphic to the special
group of some formally real Pythagorean field.

4. Proof of Theorem 3.1

If (I, <) is a downward directed poset and i € I, then i denotes {j € I | j < i}
and i~ denotes {j € I | j > i}.
We first assume the following reductions:

(1) I has a maximum T (/ =T ).

(2) All the K;, i € I, are subfields of the field M := K+, and the morphisms
fij - Ki — K are inclusions. In particular, the projective limit of the system
J{ is isomorphic to the intersection of the fields K;, i € 1.

These assumptions can safely be made because for the original projective system
of fields K := (K, fjk) j<ker and for each i’ € I fixed,

(i) the set i’ is a coinitial subset of I, and
(ii) if j < i’ € I, we can identify K; with the subfield K} = fji[K;] of K;r,
and the morphisms fj; : K; — Kj are naturally identified with inclusions
tir: K ; — K;.
The reductions above give us
im(Kj, fik)j<ker EUM(K;, fix) j<ker= UMK, (i) j<keir=
= N firlK;l1 € Ki
jei's

and
G :=Im(G(K;), G(fjr)j<ker =Um(G(K), G(fjk)) j<kei'=

=1im(G(K"), G(tji)) j<keir-

Now consider the language L = Lg U {R;};c;, Where Lg is the language of
rings and the R; are unary relation symbols. We turn M into an L-structure by
interpreting each R; in M by the subfield K.

Let N be an |I|*-saturated elementary extension of M in the language L. (See
[Chang and Keisler 1990, Chapter 5 and Lemma 5.1.2] or [Hodges 1993, p. 480
and Corollary 10.2.2] for the definition of saturated models and the existence result
we just used. Note that this notion of saturation is not linked to the existing one



266 VINCENT ASTIER AND HUGO MARIANO

for subgroups of special groups.) Each F; := RiN is a subfield of N, and the
fields F; form a projective system of fields & (since for k < i, j € I the sentence
“Ry. € R; N R;” is in the theory of M). Moreover, for every i € I, K; < F;
is an L g-elementary embedding and therefore induces an isomorphism of special
groups

G(Ki)) — G(F)

(since the special groups G (K;), being finite, are described in the theory of M).
More generally G(¥) = G(%), so G = lim G(X) = lim G(%).
Let F :=();.; Fi and define

iel
E: G(F) — limG(%F)
a-F2 [ (a-F,-z),-el.

We show that £ is an isomorphism of special groups, which yields G = G(F) as
needed (in particular, if the fields K;, i € I, are formally real Pythagorean, then
F =(";¢; Fi is formally real Pythagorean, since G (F) is a reduced special group).

Step 1. It is clear that & is well-defined and is a morphism of groups.

Step 2. £ is a morphism of special groups. Indeed, it is clear that £ sends —1 to
—1. Leta-F2,b-F%¢ G (F) be such that a - F?e Dgr)(l, b- F2) There are then
c,d € F such that, foralli € I, a =c*+bd* in F;. Thena- F2 € DGy (1, b-F; )
for every i € I, and therefore & (a - F2) € Dg{(1,E(b- F2))

Step 3. £ is surjective Let a = (q; - F )iel € hm G(F;). Soforalli < j e,

a; - F ]7 =a; F 2 We want x € N satlsfymg the set of formulas

= {x € Fi}ies U{x = a; mod F,' Yier-

Every finite part of A is satisfied in N since a = (a; -Ez)ie ] € l(ln G (F;) (it suffices

to take x = ax, where £ is less than every one of the indices i € I occurring in this

finite part). By |I|"-saturation, A has a solution x in N. Then &(x) = (a; - Fiz).
The rest of the proof relies on the following lemma.

Lemma 4.1. Let n € N and let P(X4,...,X,) € F[Xy,...,X,]. Assume the
equation P(Xy, ..., X,) = 0 has a solution in every F;, i € I. Then the same
equation has a solution in F.

Proof. We are looking for x € N such that the set of formulas
Y :={Px)=0}U{x € Filies

is satisfied in N. Since the F;, together with the inclusions between them, form a
projective system, every finite part of ¥ has a solution, and by the |/|*-saturation
of N, X has a solution in N. O
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We go back to proving that £ is an isomorphism:

Step 4. £ is injective: Leta =a - F?e G(F)besuchthaté(a)=1,ie.,a€ Fiz for
every i € I, i.e., the polynomial X?> —a has aroot in each F;, i € I. By Lemma 4.1,
X% —a has aroot in F, hence a € F2.

Step 5. & is a monomorphism of special groups: Let a, b € F be such that, for
everyi € I, a-F? € D(1,b- F?). Let P(X,Y) =a — (X>+bY?) € F[X,Y].
By hypothesis, P(X, Y) = 0 has a solution in each F;, hence a solution in F by
Lemma 4.1, which means a € Dgr)(1, b).

5. Proof of Theorem 3.2

Reducing to a finite projective system. Since & is adequate, the set (I, <) has a
maximum element T.

In this subsection we show that it is enough to prove Theorem 3.2 when % :=
(G, fij)i<jer 1s a finite projective system of special groups such that I has a max-
imum (which we will also denote by T).

Let L be the language {0, 1, —, 4+, - YU{F; |i € I}U{Ql‘.g |i el, g € G;}, where
0, 1 are constant symbols, — is a unary function symbol, +, - are binary function
symbols and F;, Qf are unary predicate symbols, for each i € I and g € G;. Denote
by A; the inverse of the bijection g € G; — Qf , i € 1. The projective system of
fields we are looking for is a model of the theory €2 consisting of (first-order)
L-sentences that are informally described in the four items below:

(1) the interpretation of the unary predicate F is the universe of the L-structure
(.e., Vx(Fr(x))) and “(FT,0, 1,4, -) is a field”;

(2) foreveryi < jel:
“F; € F;” and “(F;,0,1,+,-) is a subfield of the field (F7,0,1,+,-)”
(technically speaking, + and - are functional symbols globally defined whose
restrictions to F; give internal operations on F;);

(3) foreveryi el:
“A; is an isomorphism of special groups G (F;) — G;”;

(4) foreveryi < jel:
“the morphism of special groups induced by the inclusion F; C F; is naturally
identified with f;;, via the isomorphisms A;, A ;”.

It is clear how to describe the expressions in items (1) and (2) by first-order L-
sentences. For the reader’s convenience, we add a more explicit description of the
L-sentences involved in the two remaining items: the hypothesis that the special
groups G; are all finite ensures that the prescription in item (3) can be encoded by
a set of first-order L-sentences.
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Item (3): for eachi € I:
o for each g € G;, “Qig C F;” and “Qig = aFiz, for some a € F;”;
« for each g, g’ € G; such that g # g/, “Qf N Qig/ =07

o “F; = U{Qf | g € G;}” (as G; is a finite special group, this can be described
by a first-order L-sentence);

e “leQland —1€ Q"
» foreach g, g’ € G;, “foreach a, d’,ifa € Qf and @’ € Qf thena-a’ € Q¥ ™,

o for each g, ¢ € G; such that g’ € Dg, (1, g), for each a,d/, ifa € Qg and
a e Qg then there are x, y € F; such that a’ = x> +ay®”

o for each g, ¢ € G; such that ¢’ ¢ Dg, (1, g), “for each a,d’, if a € Qg and
a ng then for all x, y € F;, a’ # x> 4+ ay>”.

Item (4): foreachi < jeI:
By the axioms above: since F; C F; and we have the partitions

Fi/F?=1{0Qf g€ G} and F;/F?={(0Q% ¢ €G,),

then for each g € G; there is a umque g’ € G such that Q‘g - Qg In this way
we obtain a function g;; : F; /F — F /F2 Clearly gij(a. F2) =a. F2 for every
aeF,ie., qij ; 1s the special group morphlsm induced by the 1nclu310n F; C F;.
We add a new list of axioms expressing that A ;og;; = fijoA;. A direct examination
of the equivalent condition g;; = AJTI o fij o A; shows that these axioms must be

for each g € G;, “QF C Q{ij(g),,‘

Using now the compactness theorem (see [Chang and Keisler 1990, Theorem
1.3.22] or [Hodges 1993, Theorem 6.1.1]), to find a model of this theory we only
need to find a model of every finite part 29 € 2. Let J be the set of elements of /
occurring in this finite part 2¢, together with T. Since / is downward directed, we
can assume that J is also downward directed (taking a larger set J if necessary),
that is J has a first element L. In particular J determines a finite projective system
of special groups whose index set that has a maximum and a minimum.

Description of the proof by induction. We therefore assume from now on that the
index poset (/, <) is finite and that it has a minimum L and a maximum T. We
find a finite projective system K of Pythagorean fields of characteristic O such that
%= G () by induction on the construction of G| by products and extensions. For
the purpose of the proof, we allow the (nonreduced) special group {1} to appear in
4.

Recall that since 4 is an adequate projective system, the morphisms f;;,i <j€l,
are quotients by saturated subgroups (see the paragraph after Definition 2.2).
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If G, = {1}, then all special groups in the system are trivial and all morphisms
are isomorphisms. We can obviously realize such a system by taking F; = A,i €1,
where A is any fixed algebraically closed field of characteristic 0.

If G, = 7,, then all special groups in the system are isomorphic to Z; or to {1}
and all morphisms are isomorphisms or naturally identified with Z, — {1}. We can
obviously realize such a system by simply selecting a real closed field R and an
algebraically closed field A such that R C A.

If G| = G| x G'], since all morphisms and special groups in the systems are
quotients of G by (larger and larger) saturated subgroups, and using Fact 2.5,
the whole projective system (G;, fij)i<jer splits according to the product G =
G'| x G'| into two adequate projective systems of finite special groups:

(5-D (G}, [{Di<jer and  (GY, fiDi<jer-

(Note that, for each i € I, if G; is reduced, then either both G} and G are reduced or
one of them is the trivial special group {1} and the other is reduced.) By induction
the systems in (5-1) are realized by two projective systems of Pythagorean fields
of characteristic 0: ¥ = (F/)je; and ¥’ = (F/);e; (where the morphisms are
inclusions), so we just need to “glue” them together. For this we use results from
[Kula 1979], which describe how to realize a finite product of finite special groups
when each one is already realized. This is achieved in the next subsection.

If G, = G'[H], as above, the morphisms of special groups in the projective
system are quotients of G| by (larger and larger) saturated subgroups A;. This
case is dealt with starting on page 279, using results from [Becher 2002].

Gluing, the product case. The next several pages are taken by the proof of the
following result.

Theorem 5.1. Let (I, <) be a finite downward directed index set with first element
1 and last element T. Let F = (F!)je1, F" = (F!")ie1 be finite projective systems
of fields of characteristic 0, where the morphisms are inclusions and such that for
every i € I G(F/) and G(F!') are finite special groups. Then there is a finite
projective system F = (F;);cr of fields of characteristic O (where the morphisms
are inclusions) such that

G(F) = G(F) x GF").
Remark 5.2. In this theorem, for each i € I we have:

(a) F; is Pythagorean if and only if F and F!' are Pythagorean.

(b) If F; is Pythagorean, then F; is formally real if and only if F; or F!" is formally
real.

We begin with a reformulation of some results from [Kula 1979].
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Definition 5.3. Let F be a field equipped with n mutually independent valuations
of rank one vy, ..., v,, and let f; be an embedding of F into F, a completion
of F with respect to v;. We say that (F, fi,..., f,) fulfills the global squares
property if, for every a € F,

acF? e Vie(l,...,n} fia) e (Fu’.
(Note that the left to right implication always holds.)

Theorem 5.4 [Kula 1979, Corollary 2.5]. With notation as in Definition 5.3, as-
sume that (F, f1, ..., fu) fulfills the global squares property. Then the map

Er:G(F) — []io, G(F")
aF? v (fi(a)- (F") )izt

is an isomorphism of special groups.

Theorem 5.5 [Kula 1979, Theorem 2.6]. Let (L;, vi1, - .., Vin)ics be a finite pro-
Jjective system of fields equipped with n mutually independent valuations of rank
one, and such that 1 has a maximum element T. Then for every i € I there is an
algebraic extension €(L;) of L; and a morphism of special groups
n
ni: G(E(L)) — [T GUL)"™)
k=1
such that

(1) €(Li) S€(L)) forevery jel, j=1i;
(2) G(&(L) = [Tizi GWL)"™); and

(3) the morphism of special groups ]_[Z:1 G((L;)V*)y — ]_[',::1 G((Lj)"*), given
by the product of the morphisms of special groups induced by (L;)"* C (L ;)"/*
is naturally identified, via the isomorphisms n; and n;, with the morphism of
special groups G(€(L;)) — G(€(L})) induced by €(L;) € €(L ).

Proof. Since a valuation v; is the restriction on L; of the valuation vy, we drop

the first index and simply denote it by vx. For k € {1, ..., n} we fix a completion
L’fr of L+ with respect to vy and define, fori € I, Lf.‘ to be the completion of L; in
L’-‘r with respect to vx. The systems (Lf),-el, for k € {1, ..., n}, are all projective

systems of fields, where the morphisms are the inclusions (since Li.‘ is simply the
set of limits in L’% of vi-Cauchy sequences of elements of L;).
Let K be an algebraic closure of L+. We define the set

$ = {projective systems of fields (E;, tj1, ..., tin)iel
such that L; C E; € K with E; | L; algebraic,
equipped with the L;-embeddings of fields ¢ : E; — LY fork=1, ..., n}.
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(Note that the condition that (E;, ¢;1, ..., tin)ies 1S @ projective system implies
ik Sujxfori < jelandk €({1,...,n}, which is possible since Lf.‘ - L’J‘..) We
equip & with the partial ordering

(Eistits s tin)ier < (Fi, Kit, « .. Kindiel
if and only if
foreveryi el andk € {1,...,n}, E; C F; and (;x C kji.

By Zorn’s lemma, & has a maximal element (M;, fi1, ..., fin)icr. We show that,
for jel, (Mj, fj1,..., fjn) fulfills the global squares property. Let j € I and let
a € M;\ {0} be such that fji(a) € (L5)*2, fork =1,...,n. Assume /a & M;.
Fix a square root v/a of a and oy € L’J‘. such that oz,% = fjk(a). Then each morphism
fjk can be (properly) extended to M } := M;(/a) by sending /a to ax. Moreover,
with A; :={r € I | r = j}, and since for r € A; we have L'j‘. C L’r‘, the same
reasoning tells us that, for each r € A; and k € {1, ..., n}, each morphism f,;
can be extended to M/ := M,(y/a) by sending /a to a; (since o € L¥). If
rel\Aj wetake M| := M,. We obtain in this way (M, f/,..., f))iecr, a
projective system of fields equipped with n morphisms of fields that is (strictly)
larger than (M;, f;, ..., fn)ier, a contradiction. It follows that \/a € M ; and thus
that (M;, fj1, ..., fjn), for j € I, fulfills the global squares property. If we take
é(L;)= M, fori € I, the first conclusion of the theorem then holds, and the second
follows by Theorem 5.4, with

i GMy) S T GL)Y
k=1

.....

for i € I. The third conclusion is proved in the next lemma. O

Lemma 5.6. Let the notation be as in Theorem 5.5 and its proof.
Let (L,vy,...,v) 2 (K, v [K,...,v,| K) be two fields equipped with n mu-
tually independent valuations of rank one. Form =1, ..., n let

o L™ be a completion of L with respect to v,, and K™ be a completion of K
with respect to vy, | K such that K™ C L™,

o fin be an embedding of K into K™ and g,, be an embedding of L into L™
extending f,.

Assume (K, fi,..., fu) and (L, g1, ..., gu) satisfy the global squares property.
Let A : [],—; G(K™) — [],—; G(L™) be the product of the morphisms of
special groups induced by the inclusions K™ C L™ form = 1,...,n, and let
uw:G(K) — G(L) be the morphism of special groups induced by K C L.
Then A and w are naturally identified via the isomorphisms Ex and &, given by
Theorem 5.4.
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Proof. By Theorem 5.4 the isomorphism G (K) = G(KY x---x G(K") is
Ex :G(K) - G(K")x---x G(K™)
¥ K2 (1) (KD fa) - (KM,

Similarly, the isomorphism between G (L) and G(LY x---xG(L") is
£ :G(L) - G(LY x---x G(L"
. - 2 -2
x- L7 (g1(x) - (LY, ..., gn(x) - (LM)).

Thus)\:ELoMofglsincegm[K:fmform:1,...,n. O

We now turn our attention to the two finite projective systems of fields ¥ =
(F)ier and & = (F!);er of characteristic zero introduced in the statement of
Theorem 5.1. We first show that we can assume that the fields in ¥ and %" are at
most countable and of finite transcendence degree over Q. This is achieved by the
following proposition.

Proposition 5.7 [Kula 1979, Proposition 3.1]. Let & := (L;);c; be a finite projec-
tive system of fields of characteristic O such that G(L;) is a finite special group for
alli € 1. There is a map &, defined on {L;}ic1, satisfying the following properties
wheneveri < j € I:

(1) %(L;) is a countable subfield of L; with finite transcendence degree over Q.

Q) If @i : F(L;) — L; is the inclusion map, then G(p;) : G(F(L;)) — G(L;) is
an isomorphism of special groups.

(3) F(Li) S F(L)).

@) If Aij : G(L;) — G(Lj) is the morphism of special groups induced by L; C
L j, then the morphism of special groups G(F(L;)) — G(F(L)) induced by
F(L;) € F(L;) is naturally identified with A;;, via the isomorphisms G (¢;)
and G(¢;).

Proof. The proof is a trivial extension of Kula’s. If L is a field with a finite number
of square classes, a representative system of G (L) is a finite subset R(L) = AU B
of L such that

e ACLand L/L?=A/L%
o For every aj,a; € A with a; € Dy (1, ap), there are by, b, € B such that
a) = b% + azb%.
Claim: For every i € I there is a representative system R(L;) of L; such that
R(L;) € R(Lj) wheneveri < j.
Proof of the claim: Direct by induction on d(_L, i) (just take a system of repre-
sentatives of L; and add to it all the R(L ) for L < j <1i).
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Then, just as in [Kula 1979], take for &(L;) the algebraic closure of Q(R(L;))
in Li. O

The following two propositions show that we can assume that atd(F;) =atd(F;")
for every i € I, where atd denotes the absolute transcendence degree, i.e., the
transcendence degree over Q.

Proposition 5.8 ([Kula 1979], Lemma 3.2). Let (L;);c; be a finite projective sys-
tem of countable fields of finite absolute transcendence degree. There is a map T
defined on {L;};cs satisfying the following properties wheneveri < j € I:

(1) I(L;) is a countable field extension of L;.
(2) atd(9(L;)) = atd(L;) + 1.

3) If ti : L;i — J(L;) is the inclusion map, then G(t;) : G(L;) — G(I(L;)) is
an isomorphism of special groups.

@ T(Li) < T(L).

(5) If Aij : G(L;) — G(L) is the morphism of special groups induced by L; C
L, then the morphism of special groups G(J(L;)) — G (I (L)) induced by
I (L;) € I(Lj) is naturally identified with A;; (via G(t;) and G(t})).

Proof. Fori eI let K; := L;(x)( zf/f)neN (x is an indeterminate), and consider on
K the unique extension v; of the valuation on L;(x) determined by the irreducible
polynomial x. The K;, together with their inclusions, form a projective system, and
the sets ®; := {v;} satisfy the hypothesis of Theorem 5.5. We now apply the map
€ defined in Theorem 5.5 to the projective system of the K; and get the projective
system of the I (L;). Since L; is countable, K; and J(L;) = €(K;) are countable.
Kula’s proof of [Kula 1979, lemma 3.2] shows that the second and third claims of
the proposition hold, and the last two hold by Theorem 5.5. U

Proposition 5.9. There exist finite projective systems H'=(K/)ic; and X"=(K!")ies
of fields of characteristic O such that

(1) GIHN=EG(F) and G(HH=G(F"), and
(2) for everyiel, atd(K])=atd(K/") <oo.

Proof. We assume there is some i € I such that atd(F;) # atd(F/") and we proceed
by induction on d(_L, i), the maximal length of a chain from L to i.

e d(L,i)=0,ie.,i=_1. Lett:=max{atd(F|), atd(F})}. We then apply
Proposition 5.8 as many times as necessary to the system % or %" (the one
that does no realize the maximum), and we obtain two new systems 9?’(0)
and %{0) indexed by I, whose fields of index L have same (finite) absolute
transcendence degree ¢.
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e d(L,i) =n > 0. We now proceed by induction on the number of i’s with
d(L,i)=n and atd(F/) # atd(F"). We fix one of them: i;. By induction we
can assume that the projective systems ¥ and F” satisfy atd(F ]/.) = atd(F J// )
forevery j e I,d(L, j) <n. We consider the systems ' [ i;” and F" [ i”.
By applying Proposition 5.8, we get two new systems I’ and J”, indexed by
iy~ whose fields indexed by i; have same absolute transcendence degree. We
replace, in &', respectively %", the subsystem %' [ i;” by J”, respectively F” |

iy by 7" and we write F,,, /}, for the new sets of fields. Since every field

has been replaced by a field extension, we still get projective systems of fields
and, moreover, G(Q?’(l)) = G(%) and G(Q?/(’l)) = G(F"). Now atd(F(/l)il) =

atd(F}); ) < oo, and we proceed by induction. O

So, from now on, we assume that our two finite projective systems of fields ¥
and ¥ consist of countable fields having the same finite transcendence degree over
Q at each index.

Remark 5.10. Let K be a field equipped with two independent valuations v; and
vy and let (L, wy, wy) be an extension of (K, vy, vp). Then w; and w, are inde-
pendent. Indeed, if it were not the case, then w; and w, would define the same
topology on L (see [Engler and Prestel 2005, Theorem 2.3.4]), and therefore the
same induced topologies on K, which coincide with the topologies defined by v
and vp. It shows that v; and v, define the same topology on K, a contradiction
since they are independent (again by the theorem just cited).

Lemma 5.11. There are two henselian valued fields (E',,v') and (E',v") both
containing Q(X), such that

(1) v/ and v" are of rank one,

() E|v' = F| and E/|v" = F,

(3) atdE| =atd F| +1=atd F/ +1=atd E',

(4) V'E', and v"E'| are divisible, and

(5) the restrictions of v/ and v" to Q(X) are independent.
(In (4), two-divisible is actually enough for our purposes.)

Proof. Let {y1, ..., y} be a finite transcendence basis of F| over Q, and let E
be Q(y1, ..., y)(X), equipped with the valuation v determined by the irreducible
polynomial X € Q(y1, ..., y)[X]. Then E = Q(1, ..., ), vE=7Zand F| is
isomorphic to an algebraic extension of E. By [Endler 1963, Satz 1], there is an
algebraic extension E| of E and an extension v’ of v to E’, such that E', = F|
and v'E’, is divisible of rank one.
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To construct (E'[, v”), we proceed as above but start with the valuation on
Q(y1, ..., y)(X) associated to the irreducible polynomial X — 1. Obviously,
"1 @Q(X) and v' | Q(X) are independent over Q(X). O

We now apply Corollary 2.10 twice (with the valued fields (E’, , v") and (E'], v")

given by Lemma 5.11), and get two projective systems of henselian valued fields

= (E/,v))ier and €” = (E/, v);e; equipped with valuations of rank one, such

that res(€¢’) = ¥ and res(€¢”) = O'/ ’. Up to renaming the transcendental elements,

we can assume that for every i € [ there is a finite set X; of transcendental elements

over Q and an algebraic closure Q; of Q(X;) such that E/, E” C Q;, and such that,
foreveryi < jel X; CX;and Q; C Q;.

Since, for i € I, E! and E! are both subfields of Q;, we can consider the
projective system of valued fields (E; N E/', v;, v!');e;. Note that v; and v are
independent by Remark 5.10 and Lemma 5.1 1(5). We recall now the following
special case of a result from [Heinemann 1985]:

Theorem 5.12. Let K be a field equipped with two independent valuations v, and
vy. Fix an algebraic closure K of K. Let (H;,v;), fori = 1,2, be henselian
extensions of (K, v;) such that Hy, Hy C K and K = H| N H,.

Then (H;, v;) is a henselization of (K, v;), fori =1, 2.

Applying this result, we obtain that, for every i € I, (E/, v}) is a henselization
of (EINE!, v})and (E!, v]) is a henselization of (E! N E!, v!'). In particular:

1 l 1 l
(1) v'(E/NE!) and v'(E/ N E!) are two-divisible;
(2) res(E/NE!, v))je; = F and res(E; N E!', v])jc; = F";

i°7i l’l

(3) v’ and v” are independent on E/N E” (by Lemma 5.11.(5) and Remark 5.10).

We now apply Theorem 5.5 to the system (E/NE!, v!, v');c; and get the system
(€(E;N E!))icr, which satisfies

G((8(E}NE]))ier) = (G(E[NE])") x GUE]NE])), g}; x &)i<jer-

where g;;, respectively g/’ . is the map induced by (EiN E”)” c(E;N E”) j
respectively by (E; N E! )” C (E;NE] ). We claim that this last pI'O]eCtIVG
system of (Pythagorean) ﬁelds is 1somorph1c to (G(F))x G(F!), f/ f”)l<]61 It
suffices to check that, for instance, the projective system (G((E ﬂE” )”) g ])l< jel
is isomorphic to (G(F ), f Ji<jer- This is the content of the remamder of this
section.

Since ((E; N E”)”r/ v;) is an immediate extension of (E; N E/, v)), we have
res((E; N E”)”r V)ier =F, so

G(res((E{NE]), v))ier) = G(F) = (G(F)). f)izjer
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and it suffices to show that (G ((E{NE})", g],)i<jer and G (res((E{NE])", v})ic1))
are isomorphic.

We are now in position to conclude by using the following adaptation of the
Baer-Krull theorem [Dickmann and Miraglia 2000, Theorem 1.33]. Recall that the
functor G is well defined, in general, from the category of unitary commutative
rings into the category of L gg-structures.

Lemma 5.13. Let (K, v) be a valued field, i : Og — K be the inclusion and
g : Ox — K be the projection on the quotient (K = Og/Mg). Suppose that
v(2) =0.

(1) The Lsg-structures G(K) and G(K) are special groups. The induced L ¢-
morphism G (i) : G(Og) = G(K) is injective and the induced L gG-morphism
G(q) : G(Ok) — G(K) is surjective.

) If (K, v) is 2-henselian and vK = 2vK, then G(i) : G(Og) — G(K) and
G(g) : G(Og) — G(K) are Lsg-isomorphisms. In particular, the Lgg-
structure G(Ok) is a special group.

3) If (K',v") 2 (K, v) is a valued field extension, then Og C Ok, Mg C Mg
and the diagram of special groups below is commutative (where the vertical
arrows are induced by the field extension).

6K < Gox) 2% Gk)

L G(g) j GG l

G(K')<=— G(0Og) — G(K')

Proof. (1) Since v(2) = 0, 2 is invertible in the rings K, Ok and K, and there-
fore, as K and K are fields, the L gg-structures G(K) and G(I? ) are special
groups ([Dickmann and Miraglia 2000, Theorem 1.32 p.23]). As ¢ : Ox — K
is a surjective riquhomomorphism, it induces a surjective group homomorphism
Ox/0% — K/K and therefore G(q) : G(Og) — G(K) is a surjective Lsg-
morphism. Now let a € OK such that a.K? = 1.K2; i.e..there is b € K such that
a = b2, then 2v(b) = v(a) =0 and b € Ok therefore ker(G(i)) = {1.012{} and
G (i) : G(Og) — G(K) is an injective Lgg-morphism.

(2) We first prove that G(q) is a__nZLSG—is._ognorphism. B

Let a € Ok such that g(a).K = 1.K then, as g : Ox — K is a surjective
ring homomorphism, there is b € OK such that g(a) = q(bz). Consider now the
polynomial P(t) =t*> —a in Og[t]: it is a quadratic monic polynomial such that
g(b) € K is aroot of P?(t) =t>—¢(a) in K and this root is simple (since g(a) #0
and char(K) # 2). The hypothesis (K, v) 2-henselian then entails that there is
b’ € Ok such that g(b') = g(b) and P(b') = 0; i.e., a = b’%, for some b’ € Ok
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(because a € OK). Therefore ker(G(q)) = {1.0'12(} and G(q) is an injective Lsg-
morphism.
We show that whenever a € O K, We have

D) {1. G(@)(@a03)) € G(@)[Dg(o4)(1. aOx)].

Since ¢ and G(q) are surjective, it is enough to prove that for any z € O such
that there are x, y € O with ¢(z) = 1.¢(x)* +¢g(a).q(y)*, there are 7’ € Ok and
x',y € Og with 7/ = 1.x? +a.y”? and

q().K*=q(2).K>.
We recall that Ox = Ok \ Mk and we split the proof into four cases:

e x € Mg,y e Mg: it is not possible because g (z) # 0.

o x € Og,y € Mg: then ¢(z) = ¢(x?) and the quadratic monic polynomial
P(t) = t* — z over Ok has a root in K, and this root is simple (because
q(z) #0 and char(K) # 2). By the hypothesis that (K, v) is 2-henselian, P
has then a root x” in O . Taking this x” as well as 7’ := z and y’ := 0 proves
the result.

e x € Mg,y € Ok: then g(z) = g(ay?) and the polynomial P(t) =12 —a~'z
has a root in K and this root is again simple (because ¢(z), ¢(a) # 0 and
char(K) # 2). Therefore P has a root y' € Ok. Taking this y together with
7/ :=z and x” = 0 proves the result.

e x € Ok, y € Og: then g((x/y)? +a — zy~2) = 0 and the polynomial P(¢) =
12+ (a —7'), with 7’ := zy~2, is a quadratic monic polynomial in O[] such
that ¢ (x/y) € K is aroot of P4(t) =t>4¢g(a—z') in K and we may suppose
this root is simple (because, if not, as char(K) % 2, then g(a — zy_2) =0
and we can proceed as in the case just above). Then the hypothesis (K, v)
2-henselian entails that there is x’ € Og such that 0 = P(x') = x?> +a — 7
and ¢(x') = g(x/y), i.e., such that 7 = 1.x"> +a.y’?, with y’ := 1. Therefore
G(9)(z.0%) = G(¢)(Z'.0%) € G(@)[ Do) (1, aOF)].

We now prove that G (i) is an L gg-isomorphism.

AsvK =2vK, foranya € K there is ¢ € K such that v(ac®) =0, ie., ac* e Ok.
Therefore G(i)(acz.O'%{) =a.K%and G(i) is surjective.

To finish the proof, we must check that for each a € Ok, we have

Deixy(1, G(i)(@0%)) € G(i)[Dg(og (1, aO%)].

Note that if a = —b? for some b € O then, as 2 € O, we have Dg o1, aO%) =
Ok/ O%(. Since G (i) is a surjective group homomorphism, we have

G Dgoy) (1, a0%)] = K /K>
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and therefore Dg k) (1, G(z)(aO ) CG()[Dgog)(l, aO2 )]. Thus we only have
to deal with the case a ¢ — O and, again as G(z) is a surjective group homomor-
phism, 1t is enough to prove that for any z € O such that there are x yek w1th
z=1.x>4a.y?, there are 7’ € Ok and x/, y' € Ok such that 7/ = 1.x* 4+ a.y’”> and
7. K*=z.K>

We split the proof into four cases:

e x,y € Og. Then we simply take 7’ :=z, x' :==x and y’ := y.

exeOgandy¢ Og. Then y~! € Mg and x/y € Mg. Thus (x/y)> € Mg
and 1(x/y)?+a =zy % € Mk. This implies « € M, a contradiction because
ae 0]( = OK \M[(.

e x ¢ Og and y =0. Then z = x> ¢ Ok, a contradiction.

e x& Ok and y #0. Then z=x2(14a(y/x)?) € Ogx andx~' € Mg. As z € Ok,
this implies (1 +a(y/x)?) = zx~% € Mg, and thus —a(y/x)> € 1 + Mg. As
(K, v) is 2-henselian and char(K) # 2, 1 + Mg C 02 and as y # 0, then

—acK? But—ae Og,s0—ac OxNK?= 0?{, contradicting the hypothesis
a€Og\—0%

(3) It follows directly from the definition of extension of valued fields that the
following diagram of (local) rings and (local) homomorphisms is commutative:

K~ 0k K
K <=— Ok Ny
4
The result follows by applying the functor G to it. ([

Under the hypotheses of Lemma 5.13, the last item gives us in particular the
commutative diagram

G(K) ——~ G(K)

L

G(K') — G(K')

where the maps tx := G(q) oG@i) 'and g = G(q) oG (i) are isomorphisms
of special groups whenever (K, v) and (K’, v') are 2-henselian with 2-divisible
value groups, and the vertical maps are induced by the field inclusions.

Since, forz < j €1, we have an extension of valued fields ((E; N E”)“r v;) C
((E;N ! NE’ v i v ") and these two fields are 2-henselian with divisible value groups,
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we conclude that the diagram

G((E|NE!)%) ——= G((E[NE])")

|

- Tj 7
GW(E,NE)") —= GE;NEN")

is commutative, where the maps 7; and t; are the isomorphisms corresponding to
Tk and tg in (5-2). This concludes the proof of Theorem 5.1.

Gluing, the extension case. Now assume that G | = G'[ H], the last case discussed
on page 269. Here we have G; = G'[H]/A; for every i € I, where H is a fixed
finite group of exponent 2, A; is a saturated subgroup of G'[H] and A = {1}.
Furthermore, if i < j € I we have A; C A and f;; is naturally identified with the
canonical projection from G'[H]/A; onto G'[H]/A;.

In view of this, the following theorem is a reformulation of the last case in the
induction step (page 269), and this section is devoted to its proof.

Theorem 5.14. Let (I, <) be a finite downward directed index set with first element
L and last element T. Let G’ be a reduced special group and assume that whenever
Y= (Gi,nij)i<jer is a projective system of reduced special groups with G | = G,
then G is realized by a projective system of Pythagorean fields of characteristic
zero (where the morphisms are inclusions).

Let H be a finite group of exponent 2 and let (A;);c; be a projective system
of saturated subgroups of G'[H], where the morphisms are inclusions. Let 9 be
the projective system indexed by I of the special groups G'[H]/A;, where the
morphisms are the canonical projections.

Then 9 is realized by a projective system of Pythagorean fields of characteristic
zero (where the morphisms are inclusions).

Notation: If G is a special group and H is a group of exponent 2, we will
identify G (respectively H) with the subgroup G x {1} (respectively {1} x H) in
G[H]={(g,h)| g € G, h € H} and write g - h for the pair (g, h).

As H = H| x H, entails G'[H] = (G'[H,1)[H»], we may assume dimp, H =1,
ie, H={1,h)with h2=1and h # 1.
We define, fori e I andi < j € I:
Qi :=A;NG', G/:=G'/Q; (note that Q; C Q)
qij - G{ — G/} the canonical projection,

O, :={(g-Q2).weG/[H]| gwe A;}.

The following fact is then easily checked:
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Fact 5.15. (1) Q; is a saturated subgroup of G'.

(2) ©; is a saturated subgroup of G![H] with G! N ®; = {1}.

(3) The morphism of special groups q;; x Id : G;’[H] — G;[H] is such that
(gij x1d)(®;) € O; and (g;; x Id) | ©; : ©; — O is injective.

4) The map
w1 G'[Hl/A; — (G'/Q)[H]/6;

(&-W/A; — ((g/S)-h)/O;
is an isomorphism of special groups.

(5) The diagram
fi
G'[Hl/Ai —— G'[H]/A;

G/[H1/©; 2% G[H]/©;
commutes, where c;;\x/ld is the canonical map induced on the quotients.

Note that by hypothesis, since G’/ = G’, the projective system (G, g;;)i<jer is
realized by a system of Pythagorean fields (K;);c; of characteristic zero.

To complete the proof, it is then enough to represent the projective system of spe-
cial groups (G/[H1/®;, cfj\ﬂd)is jer by some projective system of Pythagorean
fields of characteristic zero; this is the content of the following proposition.
Proposition 5.16. There is a projective system of Pythagorean fields of character-
istic zero (L;)ic, where the morphisms are inclusions, such that

(G;/[H]/(@l-, q/,-;\ﬁd)igjel =G((Lj)ier)-

The rest of this section now consists in the proof of Proposition 5.16.
Let us denote by y;; the morphism of special groups induced by K; C K ;:

(G(Ki), vijizjer = (G}, qij)i<jer-

We define M; = K;((¢)) for every i € I and record a well known result:
Lemma 5.17. Mi/l\'li2 = {at* - Miz |a € K;, k € {0, 1}}, and the isomorphism of
special groups from G(M;) to G(K;)[H] is

rit G(M)  — G(K;)[H]
at* - M;° — (a-K)h*.
Proof. This is exactly [Dickmann and Miraglia 2000, Theorem 1.33], where the

explicit definition of the isomorphism is given at the beginning of the proof on
page 28. O
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It immediately follows that

(5-3) (G(Ki (1)), yij x Id)i<jer Z(GIH], qij x 1d)i<jer.

For eachi € I, let I'; be the saturated subgroup of G(K;((¢))) that corresponds, by
the isomorphisms above, to the saturated subgroup ©; of G;[H]. This then yields

(G(K; (1)) /Ty, yij X Id)i<jes = (GV[H1/ O, qi; X 1d)i<jer

(where md denotes the induced map on the quotients), which in turn shows
that we only have to find a projective system of fields realizing the system

(G(K;((1)))/ Ty, vij X Id)i<jer.

Therefore, to keep notation simple, we may assume that G(K;)[H] = Gg/ [H],
[ =0;, y;j xId =g;; xId, and that qu\Q/Id is the map from G(K;)[H]/®; to
G(KJ)[H]/(")J induced by Vij X Id = gij X Id.

In this vein, for every i < j € I, we will write G(M;) = G/[H], g;; x 1d will
stand for the morphism of special groups induced by the inclusion M; € M, and
the diagram

My ——— M,

i
) l
Id

(5-4) p,-l
G(M;) 25 G(M;)

is commutative, where p; and p; denote the canonical maps.

Define n; :=dimg, ©; fori € I. Note that dimf, ®; <dimy, H =1, son; € {0, 1}.
Since (¢;j x Id) | ®; : ©; — ©; is injective, we have n; <n; wheneveri < j € I.
If n; =1, write ®; = {1, g;h}, with a; € G. In this case, and if i < j € I, we have
(gij x1d)(©;) = O}, so g;j(a;) = a;.

Lemma 5.18. Thereisb € ML such that, for everyi € I, ©; C {1, p;(b)}.
Proof. For every i < j € I, the map ¢;; is surjective. In particular the map g T is

surjective and, by diagram (5-4) above, pt(M 1) =Im(g, T x Id) = G(M7). Let
be M.L be such that {1, p7(b)} = ®7. Letnow i € I and let x € ®;. Then

(giT x1d)(x) € ©1 = {1, p1(b)}.

If (giT7 xId)(x) =1, we get x =1 € {1, p;(b)}, because (g;; xId)[: ®; — O; is an
injective group homomorphism. If (¢;7 x Id)(x) = p7(b), since diagram (5-4) is
commutative, we get p1(b) = (g1 xId)(p; (b)), so (giTx1d) (x) = (g, xId)(p; (b))
and we conclude that x = p; (b). U
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We assume from now on that there is i € I such that n; =1 (equivalently, nT =1).
Otherwise ©®; = {1} for every j € I, and the projective system of fields (M;);¢;
realizes the projective system of special groups (G;[H]/®;, q/ij\x/ld)g jel-

Recall that an element a of a special group T is called rigid when a # 1 and
Dr(1,a) = {1, a} and an element b of T is birigid when b and —b are rigid. If
T = G[H], then every element in G[H]\ G is birigid (this is essentially the only
way to obtain birigid elements in a special group; see [Dickmann and Miraglia
2000, p. 12, Berman’s Theorem]).

Since we assume that n; = 1 for some i € I (in other words nt = 1), it follows
that the element b produced in Lemma 5.18 is birigid in M; for every i € I.

The next proposition uses the following notation: If K is a field and a € K then
K (%/a) stands for K (&/a,n € N).

Proposition 5.19 [Becher 2002, Proposition 8.2]. Let F be a field, let a be a birigid
element in F (i.e., a € F and a.F? is birigid in G(F)) and let ¢ be a quadratic
formover F. Let L := F( </a). Then

(1) L=FL*and FNL?= FZUaFZ;
(2) ¢ is isotropic over L if and only if ¢ @ ag is isotropic over F.
We define, fori € I,

o Ml' ifi’l,'=0,
"\ M (b)) ifn =1.

Since n; = 1 implies n; = 1 whenever i < j € I, the system (L;);c; is a pro-
jective system of fields. Note that the following diagram of fields is obviously
commutative (with the natural inclusions as morphisms):

M,——M j
Li——1L;
which implies that the induced diagram of special groups is also commutative:

q,"XId
G(M;) —— G(M;)

(5—5) M;L lﬂj
G(L) — G(L;)

where u; : G(M;) — G(L;) is the map induced by M; C L; and t;; is the map
induced by L; C L;.
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Lemma 5.20. Fori € I, let m; : G(K;)[H] — G(K;)[H]/®; be the canonical
projection. Then p; is surjective and there is a unique isomorphism of special
groups &; : G(L;) — G(K;)[H]/O®; such that the diagram

G(Ml) G(Lz)

g | Js

G(K)[H] ——= G(K;)[H]/®;

is commutative. In particular, L; is Pythagorean.

Proof. The case n; = 0 is trivial, so we assume n; = 1. To avoid unnecessary
notational complications, if K is a field and x € K, we simply write X for the
class of x in K /K?2. By Proposition 5.19(1) we know that y; is surjective and that
ker(u; o Ai’l) ={1,1()} = Dq k{1, Ai (»)). In particular, there is a unique
isomorphism of groups &; : G(L;) - G(K;))[H]/{1, A; (b)} such that the following

diagram commutes:
-1

G(K)[H] G(M;) = G(L;)

G(K)[H1/{1, 1 (b)}

We show that &; is an isomorphism of special groups. The image of —1 is clearly
—1. Take u;(c), u;(d) € G(L;), where ¢, d € M;. We have
14i(€) € Dg(Ly(1, pi(d)) < ¢ € D, (1, d)

& ({(—c, d)) isotropic over L;

& ((—c, d)) ® b{{—c, d)) isotropic over M;,
the last equivalence following from Proposition 5.19(2). Recalling that Pfister
forms are isotropic if and only if they are hyperbolic, we continue the chain of
equivalences with
& (1, b) ® ((—c, d)) isotropic over M;
(1, b) ® {{(—c, d)) hyperbolic over M;
(1,2 (b)) ® (( %i(6), 2 (d))) hyperbolic in G (K;)[H]
(1, 2(0)) ® (=2 (&), M (@) = (1, 1 (D)) @ (—1,1, =1, 1) in G(K))[H
(=m0 X (&), mioAi(d)) = (—1,1,—1,1)

in G(Ki)[H1/D(1, % (b)) = G(K)[HI/{1, 1 (b))},

<
<
<
<

the last step following from [Dickmann and Miraglia 2000, Proposition 2.21]. But
this last condition is equivalent to {(—m; o A;(c), 7; o A;(d))) being hyperbolic in
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G(K)[H]/{1, 1i(b)}, and s0 to 7r; 0 4; (€) lying in Dy 1101,y (1> i 0 i (d)).
This shows that &; is an isomorphism of special groups. Since A; () is birigid and
| H| =2, we obtain that G(L;), being isomorphic to G(K;)[H]/{1, A; bI=G(K)),
is a reduced special group or {1}, which entails that L; is a Pythagorean field. [J

Recall that, using the identifications made after (5-3), we have
(@ X 1) (@K )k - ;) = (aK;H)h*-©; fora e K; and k € {0, 1}.
Proposition 5.21. The diagram

G(L) G(Lj)

N ¥

G(K)[H]/©; L G(K)[H]/®;

commutes. In particular, G((L;)ic1) = (G/[H]/ O, qT-j\ﬂd),-Sjel and
lim G((L)ier) =Um(Gy, fij)i<jer-

Proof. Since p; and v are surjective by Lemma 5.20, the commutatlve diagram
in that same lemma completely determines &; and §;. Let z = u; (at* M; ) e G(L;)
(witha € K; and k € {0, 1}). Then

(5-6) &(2) =& opi(at* M;") =mioni (at* M) = m:((aKiHh*) = (a K )b -6

where the second equahty comes from Lemma 5.20. Applymg this, we obtain
(@i X 1d) 0 & (2) = (qi; ¥ 1) (((aK; Yk ©;) = (@K;")h*-©; and

)
£j0Tj(2) =&j ot opi(at* M)
=§&joumjolgijx Id)(atkMiz) by diagram (5-5)

=&jou; (atijZ) since g;; x Id is induced by M; C M;
= (aK;Hn* -0, by (5-6),
which finishes the proof. (]
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ON FIBERED COMMENSURABILITY

DANNY CALEGARI, HONGBIN SUN AND SHICHENG WANG

This paper initiates a systematic study of the relation of commensurability
of surface automorphisms, or equivalently, fibered commensurability of 3-
manifolds fibering over S!. We show that every hyperbolic fibered com-
mensurability class contains a unique minimal element. The situation for
toroidal manifolds is more complicated, and we illustrate a range of phe-
nomena that can occur in this context.

1. Introduction

The main purpose of this paper is to study the equivalence relation of commen-
surability of surface automorphisms. Informally, two surface automorphisms are
commensurable if they lift to automorphisms of a finite covering surface that have
nontrivial common powers. Equivalently, a surface automorphism determines a
foliation of a 3-manifold by closed surfaces, and two automorphisms are com-
mensurable if their corresponding 3-manifolds admit common finite covers for
which the pulled-back foliations are isotopic. Thus commensurability of surface
automorphisms is a special case of the study of commensurability of 3-manifolds
equipped with a certain kind of geometric structure; again informally, we call this
commensurability relation fibered commensurability.

The relation of commensurability of 3-manifolds is well-studied; see, for ex-
ample, [Thurston 1979, Chapter 6; Borel 1981; Macbeath 1983; Neumann 1997;
Behrstock and Neumann 2010]. When studying commensurability in a given con-
text, the most important distinction to make is between those commensurability
classes that admit finitely many minimal elements, and those that admit infinitely
many. For example, amongst hyperbolic 3-manifolds, this is precisely the distinc-
tion between nonarithmetic and arithmetic commensurability classes; see [Mar-
gulis 1991; Borel 1981], for instance. This distinction has a cleaner statement if
one is prepared to work in the category of orbifolds: each commensurability class
of nonarithmetic hyperbolic 3-manifolds contains a unique minimal element.

Fibered commensurability is more rigid than ordinary commensurability. How-
ever, a given 3-manifold can fiber in infinitely many different ways. For Seifert
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manifolds, there is exactly one fibered commensurability class of surface bundles
of all closed (resp. with torus boundary) Seifert fibered manifolds whose fiber has
negative Euler characteristic, and this class contains infinitely many minimal ele-
ments. On the other hand, in the hyperbolic world we obtain:

Theorem 3.1 (Hyperbolic Theorem). Every commensurability class of hyperbolic
fibered pairs contains a unique (orbifold) minimal element.

An immediate corollary is that for a fibered hyperbolic 3-manifold M, each
fibered commensurability class contains at most finitely many fibrations of M;
hence M has either one fibered commensurability class, or infinitely many fibered
commensurability classes.

The reducible case is more complicated:

Examples 5.3 and 5.5 (Toroidal cases). There are examples of graph manifolds
with infinitely many fibered commensurability classes, and a single graph manifold
can fiber in infinitely many ways in a single commensurability class.

As these results suggest, obstructions to commensurability of surface automor-
phisms arise from their behavior on pseudo-Anosov orbits, and near their reducing
systems. We describe such obstructions in detail.

In Section 2, we give basic definitions and illustrate their meaning, in the special
case of commensurability of spherical and toral automorphisms. We recall the
Nielsen—Thurston classification of surface automorphisms, and discuss a “normal
form” for automorphisms. This standard material may be skipped by the expert.

In Section 3, we study fibered commensurability of hyperbolic manifolds, and
prove Theorem 3.1. We also list some commensurability invariants of pseudo-
Anosov automorphisms (Lemma 3.10 and Proposition 3.15), and describe exam-
ples that illustrate their use.

Finally, Section 4 and Section 5 are devoted to the case of reducible auto-
morphisms, especially of graph manifolds. In Section 4 we define certain nu-
merical commensurability invariants for reducible maps (Theorem 4.3, as well as
Proposition 4.11), and give many examples. In Section 5 we give examples of
graph manifolds with infinitely many incommensurable fibrations, including one
with boundary (Example 5.3) that also admits infinitely many commensurable (but
nonisomorphic) fibrations, and a closed one (Example 5.5) that admits incommen-
surable fibrations of the same genus.

2. Fibered commensurability

Basic definitions. Let F be a compact surface. An automorphism ¢ of F is an
isotopy class of self-homeomorphisms of F'. We use the notation (F, ¢) where ¢
is an automorphism of F.
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Remark 2.1. When F has boundary, it is more usual to study isotopy classes
of self-homeomorphisms fixed pointwise on the boundary. However, since we
are interested in automorphisms which might permute boundary components, we
adhere to this nonstandard convention.

One surface automorphism can “cover” another in two distinct ways: either
topologically (in the sense that one surface covers the other) or dynamically (in the
sense that one automorphism is a power of another). We consider covering in both
senses in the sequel. More formally, we make the following definition.

Definition 2.2. A pair (If7 , q~§) covers (F, ¢) if there is a finite cover 7 : F — F and
representative homeomorphisms f and f of ¢ and ¢ respectively so that 7 o f =
fomasmaps F — F.

Remark 2.3. The relation of covering is transitive: if (F1, ¢1) covers (F3, ¢), and
(F>, ¢) covers (F3, ¢3), then (Fy, ¢1) covers (F3, ¢3). This follows by appealing
to a “normal form” for representative homeomorphisms which is compatible with
finite covers. This normal form is well-known, and summarized in Theorem 2.14
and Proposition 2.15 below.

An automorphism ¢ of F determines an outer automorphism ¢, of 7| (F) pre-
serving peripheral subgroups, and by the well-known theorem of Dehn and Nielsen
[Nielsen 1927], this correspondence is a bijection. A cover F determines a con-
jugacy class of subgroups G of 7{(F), and an automorphism ¢ of F' lifts to an
automorphism ¢ of F if and only if G and ¢,(G) are conjugate in 71 (F'). However,
a particular lift ¢ depends on a choice of conjugating element. Thus a finite cover
of surfaces F — F might determine zero, one, or many covers of automorphisms
(I:", (Z)) — (F, ¢) (even if q~§ is primitive).

Example 2.4. If F — Fis any finite cover, then (F,id) is covered by (ﬁ , V)
where 1 is any element of the deck group of the cover.

Definition 2.5. Two automorphisms (Fy, ¢1) and (F», ¢) are commensurable if
there is a surface F, automorphisms ¢~)1 and qﬁz of F, and nonzero integers k; and
ka, so that (F, ¢;) covers (F;, ¢;) fori = 1,2, and if d?f] = ~]2€2 as automorphisms
of F. Moreover say (F1, ¢1) and (F,, ¢o) are topologically commensurable if
|k1| = |kz| = 1, and dynamically commensurable if F=F =F.

Commensurability of automorphisms is readily seen to be an equivalence rela-
tion, and is the main object of study in this paper.

Statements about surfaces and automorphisms can usefully be translated into
statements about 3-manifolds with certain types of foliations. These objects —
“fibered pairs”, to be defined below — admit natural generalizations to objects
called orbifold fibered pairs, that are awkward to discuss in the language of surfaces
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and automorphisms. Certain theorems in this paper are more elegantly stated and
proved in this category. A basic reference for the theory of orbifolds is [Thurston
1979, Chapter 13].

Definition 2.6. A fibered pair is a pair (M, %) where M is a compact 3-manifold
with boundary a union of tori and Klein bottles, and & is a foliation by compact
surfaces. More generally, an orbifold fibered pair is a pair (O, %) where O is a
compact 3-orbifold, and 4 is a foliation of O by compact 2-orbifolds.

At interior points (resp. boundary points) an orbifold fibered pair (O, %) looks
locally like the quotient of an open ball in R* (resp. a relatively open ball in
a vertical half-space) foliated by horizontal planes by a finite group of smooth
foliation-preserving homeomorphisms.

A surface automorphism (F, ¢) determines a fibered pair whose underlying
manifold is an F bundle over S' with monodromy ¢, and whose foliation is the
foliation by surface fibers (which are all homeomorphic to F). If we want to
emphasize its dynamical origin, we use the notation [F, ¢] in the sequel to denote
the fibered pair associated to the automorphism (F, ¢).

If the underlying orbifold O is good (i.e., it admits a finite manifold cover) then
(0, 9) is finitely covered by a pair (M, &) where M is a manifold, and every leaf
of & is a compact surface. After passing to a further 2-fold cover if necessary, we
can assume ¥ is co-orientable, in which case M fibers over S! in such a way that
the leaves of & are the fibers.

Definition 2.7. A fibered pair (M, %) covers (M, F) if there is a finite covering
of manifolds 7 : M — M such that 7=~ (%) is isotopic to F. Two fibered pairs
(M1, &) and (M», &,) are commensurable if there is a third fibered pair (M , @)
that covers both.

If (M;, %&;) fori =1, 2 are fibered pairs with co-orientable foliations, then they
are commensurable in the sense of Definition 2.7 if and only if the associated
surface automorphisms are commensurable. Thus, the category of fibered pairs
enlarges the category of surface automorphisms in such a way that the definition
of commensurability of a surface automorphism is the same, whichever category
we use.

To stress that the definition of commensurability of fibered pairs depends on
both the underlying 3-manifold and the foliation, we call this equivalence relation
fibered commensurability.

The relation of covering is transitive, but it is not yet a partial order because of
the existence of automorphisms of finite order. We must take such examples into
account in order to define minimal elements with respect to commensurability.
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Definition 2.8. We say that two fibered pairs (M, &) and (N, ) are covering
equivalent if each covers the other. Call a covering equivalence class minimal
if no representative covers any element of another covering equivalence class.

The relation of covering descends to a transitive relation on covering equivalence
classes, and defines a partial order on such classes. Minimal classes are minimal
with respect to this partial order.

Remark 2.9. Each covering equivalence class of fibered pairs [ F, ¢] contains ex-
actly one fibered pair unless ¢ is periodic. In the periodic case, (F, ¢) and (G, )
are in the same covering equivalent class if and only if F = G and both ¢ and
generate the same finite cyclic group. With this understood, in the sequel we are
relaxed in our terminology, and use the word “minimal element” when we really
mean “minimal class”.

Simple cases. For simplicity, we usually restrict attention to the case that F (and
therefore M) is closed. However, because of the nature of the theory of surface
automorphisms, to really understand this case we are forced to consider surfaces
(and 3-manifolds) with boundary, associated to the restrictions of automorphisms
to invariant subsurfaces.

Evidently, the sign of x (F) is a commensurability invariant of (F, ¢). In the
case of fibered pairs (of good orbifolds), all leaves have the same sign, so we can
speak unambiguously about fibered pairs with spherical, Euclidean, or hyperbolic
leaves. We first discuss the situation when x (F) > 0.

Example 2.10 (spherical automorphisms). There is only one commensurability
class, consisting of the bundles S? x S! and S?x S, each foliated by spheres, and
RP? # RP3, which can be thought of as an S? bundle over a mirror orbifold. The
elements S?x S! and RP? # RP* are minimal.

Example 2.11 (toral automorphisms). The mapping class group of a torus is iso-
morphic to GL(2, Z), and every automorphism has a linear representative. An
automorphism can be periodic, reducible, or Anosov. From elementary linear al-
gebra, automorphisms in different classes are not commensurable. We discuss each
case in turn.

(1) Periodic case: there is only one commensurability class; moreover there are
exactly two minimal elements, corresponding to the periodic automorphisms
of order 4 and 6 on a square and hexagonal torus respectively.

(2) Reducible case: as automorphisms, each map (7', ¢) is represented by a matrix
which can be conjugated into the form

1n
o~=(o1)
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where n # 0. So there is only one commensurability class and two minimal
elements, corresponding to the conjugacy classes of matrices

11 ~-1 1
#~(or) (T )

(3) Anosov case: the resulting Sol manifolds are commensurable if and only if
they are fibered commensurable, which occurs if and only if the logarithms
of the dilatations of the automorphisms are commensurable as real numbers.
Hence there are infinitely many fibered commensurability classes.

Standard form for surface automorphisms. In the remainder of the paper there-
fore we concentrate on the case of surfaces F with x (F) < 0. Furthermore, unless
we explicitly say to the contrary, all surfaces F are assumed to be compact and
connected.

A commensurability between automorphisms restricts to a commensurability
between the underlying surfaces. A complete set of commensurability invariants of
compact surfaces are the sign of Euler characteristic, and the property of possessing
(or not possessing) a nonempty boundary.

Lemma 2.12. Let F; and F> be compact surfaces with x < 0. If both or neither
have nonempty boundary, they are commensurable. Otherwise they are incommen-
surable.

The proof is elementary; see [Massey 1974], for example. Since every compact
surface orbifold with x < 0 is good, the lemma extends to orbifolds.

Notation 2.13. Suppose I" (resp. F’) is a union of circles (resp. a compact sub-
surface) in F. Let F\ T (resp. F \ F’) denote the compact surface obtained by
splitting F along ' (resp. removing intF’, the interior of F”).

Recall the Nielsen—Thurston classification of surface automorphisms.

Theorem 2.14 [Thurston 1988; Fathi et al. 1979]. Let ¢ be an automorphism of
a compact surface F. Then the isotopy class of ¢ has a representative (which by
abuse of notation we continue to denote by ¢) so that either

(1) ¢ has finite order, and [F, ¢] is a Seifert manifold with H*> x R geometry; or

(2) ¢ is pseudo-Anosov—i.e., F admits a pair of transversely measured singular
foliations §s and §, with measures g, [L,, and there is a real number X > 1
called the dilatation so that ¢ takes each foliation to itself, stretching |, by
A and compressing s by 1/, —and the interior of | F, ¢] admits a complete
hyperbolic structure of finite volume; or

(3) ¢ is reducible —i.e., there is a minimal nonempty embedded 1-manifold I in
F with a ¢-invariant tubular neighborhood N (I') such that on each ¢-orbit
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of F\ N(I') the restriction of ¢ is either finite order or pseudo-Anosov, and
[F, ¢] is a 3-manifold with a JSJ decomposition (whose tori correspond to the
¢ orbits of ") into Seifert fibered and hyperbolic pieces.

In the sequel, we will need more precise control over the normal form of ¢ near
the boundary of a subsurface on which ¢ is pseudo-Anosov. We say a representative
pseudo-Anosov map ¢ on F with boundary is in standard form if it satisfies the
following two conditions:

(1) Near each boundary circle, two p-pronged measured transverse foliations
(&*, 1¥) and (§*, u*) have the form illustrated here (for the case p=3).

(2) On each ¢-orbit on 0 F, the restriction of ¢ is periodic.

Proposition 2.15 [Jiang and Guo 1993]. Each reducible map ¢ as in case (3) of
Theorem 2.14 can be isotoped into a standard form,; i.e.:

(1) The restriction of ¢ to each pseudo-Anosov orbit of F \ N(I') is in standard
form as above.

(2) The restriction of ¢ to each periodic orbit of F\ N(I') is periodic.

This completely fixes the behavior of ¢ on the complement of the regions N (I").
In the sequel we assume that each reducible map ¢ has been isotoped to its standard
form in Proposition 2.15. Then for any such ¢, there is some positive integer / so
that ¢’ is the identity on o(F \ N(I'(¢))) and ¢ on N(I') are Dehn twists along
each y € I'(¢) relative to d(F \ N(I"(¢))).

Definition 2.16. Let ¢ be a reducible map. Say ¢ is D-type if it is generated by
Dehn twists along components of I'(¢); say ¢ is D-type along I'(¢) if ¢ restricts
to the identity along d N (I'(¢)).
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Remark 2.17. Note that every ¢ has a power ¢/ which is D-type along I'(¢).
Moreover, ¢ is a root of D-type, i.e., some power ¢’ is D-type, if and only if ¢
is periodic on each ¢-orbit of F \ N(I'). Alternatively, every ¢ is either a root of
D-type or has pseudo-Anosov ¢-orbits.

Finally we make the following notational convention. We denote surfaces in
general by F, F;, G and so on, and use X, , to denote the surface of genus g with
n boundary components. We sometimes abbreviate ¥, o to X.

Seifert fibered case. Finite order automorphisms are very easy to understand. Sup-
pose (F1, ¢1) and (F3, ¢) have finite order, so that the manifolds [F], ¢;] and
[F>, ¢o] are Seifert manifolds with a product geometry. Each [F;, ¢;] is finitely
covered by a product F; x S'. From Lemma 2.12 we can deduce:

Proposition 2.18. There is exactly one fibered commensurability class of surface
bundles of all closed (resp. with torus boundary) Seifert fibered manifolds whose
fiber has negative Euler characteristic. This class contains infinitely many minimal
elements.

Proof. All that needs to be proved is that the class contains infinitely many minimal
elements. A key observation is that if (13 is primitive in MCG(F ) and has a fixed
point near which it acts as a rotation through order p, the same is true of any
¢ € MCG(F) that it covers. This observation lets us construct infinitely many
minimal elements, as follows.

For each genus g > 1, let ¢, be a maximum-order orientation-preserving periodic
map on X,. Then (see [Steiger 1935]) ¢, has order 4g+2 (indeed there is a unique
Z/(4g + 2)Z subgroup of MCG(X) up to conjugacy) and has exactly one fixed
point, one periodic orbit of length 2 and one periodic orbit of length 2g +1. Clearly
(Xg, ¢¢) is primitive, and (Zg, ¢,) and (X, ¥) cover each other if and only if
Y= ¢§ for g coprime with 4g + 2. Now suppose (Zg, ¢,) covers (X, ) with
[ # g. Of course, we must have [ < g. On the other hand by the observation above,
¥ must have a fixed point near which it acts as a rotation through order 4g + 2,
which implies that v is a periodic map on %; of order at least 4g + 2, which is
impossible. This completes the proof. U

3. Pseudo-Anosov automorphisms

Minimal elements. The most important fact we prove about commensurability
of pseudo-Anosov automorphisms — equivalently, of fibered commensurability of
hyperbolic fibered pairs—is the existence of finitely many minimal elements in
each commensurability class. In fact, working in the orbifold category, the state-
ment is as clean as it could be:
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Theorem 3.1. Every commensurability class of hyperbolic fibered pairs contains
a unique (orbifold) minimal element.

Remark 3.2. If M is not arithmetic, then the commensurability class of M (in
the usual sense) contains a unique minimal element which is some orbifold O.
However, if M is arithmetic, no such unique minimal element exists, and the com-
mensurator of 7y (M) is dense in PSL(2, C); see [Borel 1981; Margulis 1991].

Remark 3.3. Compare with Proposition 2.18 to see that the hypothesis of “hyper-
bolic” is essential here (in fact, the hyperbolic world is essentially the only context
in which there are unique minimal elements in a commensurability class).

Proof of Theorem 3.1. Let (M, %) be a fibered pair, and after passing to a 2-fold
cover if necessary, assume that M fibers over S! with fibers the leaves of %. Thus
M has the structure of an F-bundle over S! with monodromy ¢, for some compact
surface F', and some pseudo-Anosov homeomorphism ¢ : F — F. The suspension
of the product structure gives a pseudo-Anosov flow X transverse to %, with finitely
many closed singular orbits corresponding to the singular points of ¢. The interior
of the manifold M admits a unique complete singular Sol metric for which the
leaves of & are Euclidean surfaces with cone singularities on the singular orbits of
X; see [Thurston 1997] or [Fathi et al. 1979] for details.

Pulling back the singular Sol metric on M gives the interior of the universal
cover (M, F) the structure of a complete simply connected singular Sol manifold,
for which the leaves of % are singular Euclidean planes, and on which i (M) acts
as a discrete finite covolume group of isometries. Let A denote the full group of
isometries of M with its singular Sol metric.

Claim: A is itself a lattice, and it preserves the foliation F.

We show how the theorem follows from this Claim. Since 71 (M) C A we have
the foliation-preserving covering p: (M, &) = (M, %) /(M) — (M, F) /A. Since
(M, %) is a hyperbolic surface bundle of finite volume, we conclude that (M , 93) /A
is an orbifold fiber pair (O, ). Notice that any covering map of fibered pairs
(M , @) — (M, F) is isotopic to an isometric covering of the interiors in the singular
Sol metrics. Then it is easy to see that for any pair (M’, ) commensurable with
(M, F) the group 771 (M’) embeds into A in such a way that (M’, F') covers (O, 9).

Now we prove the Claim. First, it is evident that A preserves the stratifica-
tion of M into “ordinary” points (those with a neighborhood isometric to an open
set in Sol) and singular points (those on the lifts of the singular flowlines of X).
Moreover, any isometry between open subsets of Sol must preserve the foliation
by Euclidean planes, as can be seen by appealing to the well-known structure of
the point stabilizers in Isom(Sol); see [Thurston 1997, Chapter 3], for instance.



296 DANNY CALEGARI, HONGBIN SUN AND SHICHENG WANG

Since A is equal to the group of isometries of the nonsingular part of M, it
follows that A is a Lie group, by the well-known theorem of Myers and Steenrod
[1939]. Hence if A is not discrete, it must contain a continuous family of nontrivial
isometries. Such isometries can only act on the singular flowlines as translations.
Let £(¢) and £'(¢) be two such flowlines, parametrized by length in such a way that
£(t) and ¢/(¢) are contained in the same singular Euclidean leaf of M , for each
t. Assume furthermore that for |¢| sufficiently small, the points £(7) and ¢'(¢) can
be joined by a unique (nonsingular) Euclidean geodesic in the singular Euclidean
leaf containing them. Then for small ¢, the length of this Euclidean geodesic as
a function of ¢ has the form /e*x2 + e¢=2ty? for fixed x and y; in particular,
the length of this Euclidean geodesic is not locally constant, and therefore (since
elements of A preserve the foliation by singular Euclidean planes) a continuous
family of isometries must fix ¢ and ¢’ pointwise. But this implies that M admits
no continuous family of nontrivial isometries, and A is discrete. Since it contains
w1 (M), it is therefore a lattice, as claimed. U

Remark 3.4. If F is closed, M with its singular Sol metric and with its hyperbolic
metric are quasi-isometric. Consequently if £, ¢’ are two flowlines, the distance
function d( -, -) is proper on £ x £’ and therefore one obtains another proof that A
contains no nontrivial continuous family.

Remark 3.5. A fibration of M over a circle is uniquely determined by an element
of H'(M; 7), which is represented by a unique harmonic 1-form « in the hyper-
bolic metric on M. A cover (1\7[ , @) — (M, &) pulls back the harmonic 1-form on
M to the corresponding harmonic 1-form on M (up to scale), so one can give a
slightly different proof of Theorem 3.1 by using the pullback of this 1-form to H?
and arguing that its set of (projective) symmetries is discrete. Compare with the
proof of Theorem 0.1 in [Agol 2006].

The following two corollaries are immediate:

Corollary 3.6. For any positive constant C, the set of hyperbolic fibered pairs in a
commensurability class whose underlying 3-manifold has volume bounded above
by C contains only finitely many elements.

Proof. Such a pair corresponds to a finite index subgroup of the orbifold fundamen-
tal group of (O, %) (with notation as in Theorem 3.1) where the index is bounded
by C/vol(0O). Since 71 (0O) is finitely generated, the number of such subgroups is
bounded. (]

Corollary 3.7. Suppose M is hyperbolic and fibers over S', and rank(H,(M)) > 1.
Then M fibers over S' in ways representing infinitely many fibered commensura-
bility classes.
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Example 3.8. Suppose (F, ¢) is pseudo-Anosov. Let ¢ be an essential simple
closed curve on F, and let 7. be a Dehn twist along c¢. Then the automorphisms
(F, rcl o ¢) are hyperbolic for all large /, while the volumes of [F, rﬁ o ¢] are all
bounded by the volume of the cusped manifold [ F, ¢]\ (c x {0}). By Corollary 3.6,
there are infinitely many commensurability classes among the (F, ré o @) for large
[. Of course, it is easy to see directly in this case that the underlying manifolds
fall into infinitely many commensurability classes (in the usual sense); see [Ander-
son 2002], for instance. We give more substantial examples of incommensurable
pseudo-Anosov automorphisms in the next subsection and after.

Remark 3.9. One trivial way to produce a hyperbolic 3-manifold M with many
nonisotopic but commensurable fibrations is just to choose a 3-manifold with a
large isometry group. We do not know explicit examples of two commensurable
fibrations of a single hyperbolic 3-manifold with different genus.

Commensurability invariants. The following is an incomplete list of elementary
commensurability invariants for pseudo-Anosov automorphisms:

(1) whether the underlying surface is closed or bounded;
(2) the commensurability class of the underlying 3-manifold of [F, ¢].
(3) the commensurability class of log(K) where K is the dilatation;

(4) the set of orders of the singular points of the invariant foliations;

For later use we say a few words about (3) and (4). First we make some def-
initions. For a pseudo-Anosov automorphism (F, ¢) with a pair of transversely
measured singular foliations § ,, we use A(¢) > 1 to denote the dilatation of ¢,
and §,(¢) to denote the number of singularities of degree n, then define A(¢) to
be the (infinite) vector whose coordinates are the &, (¢).

The first observation to make is that for pseudo-Anosov automorphisms, A ()
is only affected by dynamical coverings, and A (x) is only affected by topological
coverings.

Lemma 3.10. Suppose (Fy, ¢1), (F2, ¢2) are two commensurable pseudo-Anosov
maps. Then for some s, s’ € Q,,

(1) log A(¢1) = s log A(¢2), and moreover log A(¢p1) = log A(¢,) if they are topo-
logically commensurable; and
2) A(¢1) =5 A(¢2), and moreover A(¢p1) = A(¢y) if they are dynamically com-

mensurable.

Proof. These facts follow immediately from the definitions (recall Definition 2.5;
also, (1) follows from the proof of Proposition 4.11). U
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Example 3.11 (bounded—unbounded). Remark 4.3 of [Hironaka 2009] gives an
example of a pair of automorphisms ¢; 3) defined on a genus 2 surface with four
boundary components, and ¢ (3 4y defined on a closed genus 3 surface with the same
dilatation. The commensurability classes of these examples are also distinguished
by the orders of the singular points.

Example 3.12. Explicit examples of incommensurable fibrations of the same hy-
perbolic 3-manifold are straightforward to construct and distinguish by means of
Lemma 3.10. For example, in page 4 of [Hironaka 2009], fibrations of the com-
plement of the link 6% in Rolfsen’s tables [1976] are listed, and their singularity
sets do not satisfy the commensurability condition in bullet (2) of Lemma 3.10.

Example 3.13. Incommensurable examples may be obtained by branched covers.
Start with an Anosov automorphism ¢ of a torus 7" with dilatation K, and let P
be a finite subset of T permuted by ¢. Let F' be obtained as a branched cover of
T, branched over P. Then some power of ¢ lifts to an automorphism of F with
dilatation a power of K. Different choices of branch orders give rise to incommen-
surable automorphisms of closed surfaces with the same dilatations, but usually
incommensurable singular sets.

One may define a more subtle invariant of commensurability as follows. Let
¢ be a pseudo-Anosov automorphism of F, with measured foliations §;, and
projectively invariant transverse measures (s ,, and singular set S (note that S is
finite). For any pair of points p and g (possibly p = ¢) in the singular set, and
any homotopy class of paths y from p to ¢ in the complement F \ S we define a
number £(y) to be the infimum, over all paths 3’ from p to g which are homotopic
to y in F'\ S rel. endpoints, of the product

Ly = igf s (V) i ()

This number depends on the choice of measures i, i, in their projective class,
but is well-defined if we normalize the product of measures so that | pdusdp, =

—x(F).
Definition 3.14. Define the spectrum of (F, ¢) to be the set of numbers £(y) as y
varies over nontrivial homotopy classes of paths in F \ S as above.

Proposition 3.15. With the normalization of the product of measures as above, the
spectrum is a commensurability invariant. Furthermore, it is strictly positive, and
discrete as a subset of R (and is therefore bounded away from zero).

Proof. By multiplicativity of Euler characteristic, the normalization of the product
of measures is compatible under finite covers. Each homotopy class of arcs joining
singular points on F lifts to an arc joining singular points in any cover F, so the
spectrum as defined is a commensurability invariant.
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It remains to show that the spectrum is discrete. By the properties of a pseudo-
Anosov, we have £(y) = £(¢' (y)) for any homotopy class y and any integer i. To
show that the spectrum is discrete, it suffices to show that there are only finitely
many ¢-orbits of homotopy classes y with £(y) < C.

Suppose K > 1 is the dilatation of ¢, and y/ is any path between singular points
on F. By the definition of §, ,, we have us(¢(y)) = Kus(y) and pn, (@ (v)) =
K~ 11, (¥). So under the automorphism ¢, the difference of their logs changes by
2log K. It follows that whatever the difference of logs is initially, after a suitable
power of ¢ the absolute value of the difference can be taken to be at most log(K).
In other words, there is some integer i so that

log (s (¢ (¥))) — log(ru (¢ (¥)))] < log(K).

If A and B are positive numbers, a bound on AB and one on |log(A) —log(B)|
let us bound both A and B. It follows that if £(y) < C then for some i, the homotopy
class ¢’ (y) is represented by an arc 8 = ¢'(y/) for which both 1, (8) and 1, (B)
are bounded, by a constant depending only on C and K. By the discreteness of
S, there are only finitely many such relative homotopy classes ¢’ (y), and each of
them has a positive £ length. So £(y) takes only finitely many values in [0, C] (all
of them positive). 0

Remark 3.16. If X is a Riemann surface, any quadratic holomorphic differential
o on X defines a pair of singular measured foliations, and we can define a spectrum
as above for a pair (X, o). Multiplying o by a constant also multiplies the spectrum
by a constant, so we can normalize to quadratic differentials with f): || = 1. The
set of such pairs (X2, o) can be identified with the unit cotangent bundle in moduli
space. The spectrum (defined as above) is constant on orbits of the Teichmiiller
flow (see, e.g., [Masur and Tabachnikov 2002] for a definition), and is discrete (by
Proposition 3.15) for points on closed orbits of the flow. For general quadratic
differentials the spectrum can have accumulation points, or its closure can contain
a perfect set, or it can even be dense.

This invariant gives rise to a new way to distinguish commensurability classes
of automorphisms.

Example 3.17 (different spectrum). As above, let ¢ be an Anosov automorphism
of a torus T (with a flat metric on the torus of total area 1). The set of periodic
points is dense, so we can choose two periodic points O, P. The stable and unstable
foliations of ¢ give coordinates on 7, at least in a neighborhood of O, so that
O0=(0,0)and P = (x,y).

In a suitable cover of 7" branched over O and P we obtain an automorphism with
dilatation a power of K for which the smallest term in the spectrum is at most |xy|
times a constant depending only on the combinatorics of the cover. By choosing
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the periodic point P so that |xy| is sufficiently small, we can ensure that the first
term in the spectrum is as close to 0 as we desire, while at the same time fixing the
orders of the singular points. By Proposition 3.15, this construction gives rise to
infinitely many commensurability classes with commensurable log dilatation and
the same combinatorial invariants.

Remark 3.18. Example 3.13 also produces examples of infinitely many (incom-
mensurable) pseudo-Anosov maps with different singular orders but the same spec-
trum. It is not clear if there exists a pair of pseudo-Anosov maps with incommen-
surable log dilatations but the same spectrum.

4. Reducible automorphisms

Commensurability invariants of reducible automorphisms. We have assumed that
each reducible map is in its standard form as described in Proposition 2.15. We
also use the notation from that proposition without comment.

Let A be an oriented annulus A. The mapping class group of A rel. boundary
is isomorphic to Z, generated by a positive Dehn twist T along the core circle. We
denote the n-th power of such a Dehn twist by 7,. Here is an illustration of the
casesn =1 and n = —2.

;
_) ki:j
i
N

Remark 4.1. In this and later figures, the orientation of the surface is indicated by
a “cup” shaped arrow, and the numbered circles on the surface indicate the power
of a positive Dehn twist (with respect to the given orientation).

For a reducible map ¢, choose / so that ¢! is the identity on 9(F \ N(['(¢))).
For each component N (y) of N(I'(¢)), where y € I'(¢), N(y) has the induced
orientation and ¢'|dN (y) is the identity. Then the restriction of ¢! to N(y) is the
n-th power of a Dehn twist for some integer n. Now define

1@y, 1@, =19/ a@) =#yel (@I, y)=k}, ke
Further, define

S(@)={S | S acomponent of F\ N(I'(¢))}
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and
Q(S) ={y | y acomponent of 35\ dF}.

For every S € S(¢), define

asi($) =#{y € QS) | 1, y) =k}; A(¢,S)=( 3 “5’2(¢), 3 M).

keQ keQ_ —k

The following two numerical invariants are easy to compute:

AP =13 aw.9= < PR “"_(f)),

SeS(¢) keQ4 keQ_
1
—x(S)

We say that two sets of ordered pairs of rational numbers {(p;, ¢;)} and {( p;-, q})}
are equal up to a flip, denoted {(p;, gi)} ~ {(p;, q})}, if either they are equal, or
{(pi,g)) = {(q;., p;.)}. Immediately we have:

N@ ={—46.9 |ses@).

Lemma 4.2. Reversing the orientation of F preserves A(¢, S), and therefore also
A(¢p) and T1(¢), up to a flip.
We can derive commensurability invariants from A(-) and IT(-) as follows:

Theorem 4.3. Suppose (Fy, ¢1), (Fa, ¢2) are two reducible maps. If they are com-
mensurable, then for some s € Q,

A(p1) ~sA(¢2) and T1(¢1) ~ sTI(¢2).

We postpone the proof of Theorem 4.3 until page 302.

Remark 4.4. The invariant IT(-) is typically better than A(-) at distinguishing
commensurability classes (though not always; see Example 4.13). We say that a
D-type map is definite if it is a product of Dehn twists in the components of " (¢)
of the same sign. Note that the property of having a power which is definite (along
['(¢)) is a commensurability invariant. The invariant A( - ) can distinguish between
definite and indefinite maps, but can never distinguish different commensurability
classes of definite maps, whereas IT(-) can.

Remark 4.5. Both A(¢) and I[1(¢) can be encoded as a polynomial (with fractional
exponents), as follows. For any pair of nonnegative rational numbers (p, q), define
A, S)
—x(S)
Now define a polynomial pair

P(@)(x,y) = (P1(®)(x,y), P2(P)(x,y)) = Z (P, DMP)(p.gyx" .

(p.q)eQ?

2_ses@)(p.g) X (S)
x (F) '

S@)(p.a) =S € S(¢) =@} M =
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One can recover A(-) and I1(-) from this polynomial by the formulae

AP = Y (P @B g =P@)(1, 1),

(p.q)eQ?
(@) ={(p, @) | L) (p.q) # O}
One can show along lines similar to the proof of Theorem 4.3 (in the next sub-

section) that if two reducible maps (F1, ¢1), (F2, ¢») are commensurable, then for
some s € Q4, we have

—x(F)

P(p)(x, y) ~sP(¢2)(x’, y*).

Proof of Theorem 4.3. We need some lemmas, which can be verified immediately
from the definitions.

Lemma 4.6. If ¢ is a reducible map, we have, then for any positive integer k,

@D 165 =K@, 7), asa@)=asyi@), AGS) =1A@,S).

Lemma 4.7. Suppose two automorphisms ¢1 and ¢ on F are isotopic, and two
circles y\ and vy, on F are isotopic. If ¢; is D-type along y;, i = 1,2, then
1(¢1, y1) = 1(¢2, y2).

Lemma 4.8. I1(¢) and A(¢) are isotopy invariants.

Proof of Lemma 4.8. This follows from the definitions, from Lemma 4.7 and from
the fact that the reducible system I" is unique up to isotopy; see Theorem 1 in [Wu
1987], for example. U

Now turning to the proof of Theorem 4.3 proper, suppose (F1, ¢1) and (F2, ¢2)
are commensurable. Then there is a surface F, automorphisms ¢; and ¢, of F,
and nonzero integers k; and kp, so that (ﬁ , qgi) covers (F;, ¢;) fori = 1,2, and
d;f‘ = qgéz as automorphisms of F. Denote the covering F — F; by p;, i =1, 2.
By Lemma 4.2, we may assume that the orientations of F , F1 and F> have been
chosen so that both p;, p, are orientation-preserving.

Assume that k; = k» = 1 for the moment. By Lemma 4.8, we may assume that
$1 = ¢ as maps in usual sense (rather than in their isotopy class).

Consider the commutative diagram

T (NI (1)) —2L apr (N (g1)))

Pl|l lpll
INT@G) —Ls  aNT(4)
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where k is chosen 5o that ¢ [on ) = id|an(r(g)- It follows that the restriction
of ¢>1 to dp, (N (I'(¢1))) is a deck transformation of the covering p;|. Since p|
is a finite covering, by replacmg k by a power if necessary, we can assume that
¢1 agrees with id on dp; YN (¢1))) and consequently maps every component
of p;’ (N(F(¢]))) to itself. For such a k, eachqu <,z§,» ; i =1, 2 are D-type along
their respective reducible systems, where F(¢, )=p; (F (@i)).

For each S| € S(¢) and each component S of Py (S 1), there exists a component
Sy € S(¢2), such that Sisa component of p, (Sz). Assume p;| : S — S; are [;-
sheeted coverings, fori =1, 2.

Pick a component y € 2(S;). Suppose that {51, ..., ;} = (p1 |S‘)_1(y) and that
p1:6; — y is a d;-sheeted covering. Then 2521 d, =1.

Under an m-fold covering of annuli, a Dehn twist on the covering annulus
projectg to the m-th power of a Dehn twist on the image annulus. Consequently
d,-I(q§1 ,0i) = I(d)k, y), and by (4-1) we have

<k kI (¢1,y)
4-2) I(¢1,6) = 7
i
and moreover the I(qglk, ;) all have the same sign as the I (¢, y), i =1,...,¢

(because p; preserves orientation and k > 0). Suppose I(¢;, y) # 0. Then by
(4-2),

t t

1 d,’ l]
43 S =
@ 2 G = L g~ kTG

Now we sum over circles § € Q(S’) with positive / (¢§1, 8):

~ k ~
Z ag, (1) Z #(8 € QSPII (9, 8) =1}

l
[>0 >0

-y =Y Y

5eQ2(8) I(¢1 78) y,eQ(u)gl) se(p1lS)~1(vi) I(¢1 ,8)

1(‘51,5)>0 I(é1.yi
_ l_l Z 1 . l_l as, 1(¢1)
yeawsy [@Lvi) kil
I1(¢1,yi)>0

where the penultimate equality follows from (4-3).
By a similar computation, we have

~ k

Z az (1) I as,i($1)
l ok I

1<0 <0
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and therefore

(4-4) A(¢§,~",§):%A(¢i,si), i=1,2.
By (4-1) we have

(4-5) A1, 8) =kA@". §) = A, S)).

Since I; = x (5)/x (S:), by (4-4) and (4-5), we get

A@1.S) _A@1LS) _ A2 $)
—x(S1) —x(8) —x($2)
From the definition of IT1(-) we have I1(¢,) C [1(¢). By symmetry we have

[T(¢) =TI1(¢p1). Summing over all I" in the argument above in place of 2(S;), we
get similarly

(4-6)

A(d1)  Aldn)

x(F1)  x(F)’
From (4-1) we have I1(¢*) = I1(¢)/k and A(¢*) = A(¢)/k and the proof is
complete. (]

From the proof above immediately we have:
Corollary 4.9. If (F1, ¢1) and (F3, ¢) are topologically commensurable, then

A A
X(F)  x(F)

Remark 4.10. We remind the reader that our invariants are defined for all reducible
maps (and not just D-type examples and their roots). When reducible maps are
not the roots of the D-type maps, then they have pseudo-Anosov orbits, and we
can combine the invariants defined in Sections 3 and 4. For example, see the
proposition below and Example 4.18.

and Tl(¢1) ~ I1(¢2).

Proposition 4.11. Suppose (Fi, ¢1), (F2, ¢2) are two commensurable reducible
maps. Then for some s € Q,

log M(@1) = slogh(¢z) and Ti(g1) ~ s~ 'Tl(¢o).

Here we think of A(¢) for a reducible map ¢ as a (possibly empty) set of dilata-
tions of the set of restrictions of ¢ to its pseudo-Anosov orbits.

Proof. From the definition of commensurability, there are positive integers k; and
k, such that (F, ¢1f‘) and (F>, ¢§2) are topologically commensurable, both covered
by (F, ¢). Evidently we have A(q&f‘) =A(P) = )»(qbé”), and therefore ki log A(¢p1) =
log .(¢") = log A(¢5>) = ka log A(¢p2) and then

k
log A(¢1) = k—flog M)
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On the other hand, by Corollary 4.9 and (4-1), we have

[T(¢1) [T(¢1)
=T} ~ T($5) = —
ki k
and therefore
k
M(gn) ~ T1($).
2
The proposition is proved by setting s = k /k. (Il

Examples of reducible automorphisms. In this section we give several examples,
which illuminate the meaning of the invariants defined above. A D-type map on an
oriented F can be indicated pictorially by assigning integers to disjoint essential
simple closed curves on a surface; we use this convention in what follows.

Example 4.12. Dehn twists in separating and nonseparating curves (on the same
surface) are commensurable. In the figure below, let ¢ be a D-type automorphism
on a surface F of genus 3 generated by full Dehn twists on circles ¢ and ¢’ as
indicated in the figure.

@

N
=)
F/t F/t

Then J) is invariant under both m-rotations along 7; and 7,. Hence q~> induces ¢;
on F/t;, where ¢; is the Dehn twist along the circle ¢;. Since ¢ is separating
while ¢, not, ¢ and ¢, are not conjugate. But from the construction they are
commensurable.
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Example 4.13. This example show that [1(¢) is not always finer than A(¢). Four
automorphisms are depicted here:

By computing A(¢) and I1(¢), it can be seen that no pair of them are commensu-
rable. Notice that on one hand A(¢1) = A(¢») = (1, 1) and {(1, 0), (3, 1), (0, D} =
M(¢1) # () = {(1,0), (3. 1), (0, 1)}, and on the other hand (2, 1) = A(¢3) #

A(gs) = (1, }) and TI(¢3) = () = {(1,0), (5. 5)}.

Example 4.14 (minimal elements). Let ¢, be a orientation-preserving periodic
map on X, of order 4g+2 which rotates by 7 /(2g+1) around its unique fixed point
X4 (see the proof of Proposition 2.18). Remove a ¢¢-invariant disc at x, from X, to
get X 1. Connect X | and X3 along their boundaries via an annulus A to form a
closed surface s and define ¢ on F5 by ¢|3¥2 1 =¢2|%2,; and ¢|X31 = ¢3_1 1231,
and then extend to A by a continuous family of rotations through angles from %
to 7. The difference in speeds on the boundary components is 23—’§, and it follows
that ¢3° is a Dehn twist D.. By the uniqueness of the reducible system and the
argument similar in the proof of Proposition 2.18, one can verify (Zs, ¢) is a
minimal element. One can construct infinitely many minimal elements in such a
way.

Remark 4.15. One can verify that 35 is the largest order of a root of a Dehn
twists on Xs. It is amazing that the maximal order of roots of Dehn twist along
nonseparating curves, which is 11 on X5 (and in general is 2g + 1 in X,), was
determined only very recently by several papers; see [Margalit and Schleimer 2009;
McCullough and Rajeevsarathy 2009; Monden 2009].

Example 4.16. This example will be used in Section 5. X, can be presented
as the union of X; , and n copies of X | in a in symmetric way so that there is an
action 7, ; of order n which acts freely on the triple (an+ 1, Zl.ns U'f i, 1).

Let D, be the positive Dehn twist along one component ¢ of 0%, and let ¢, &
be the composition of D, o 7, ;. Then one can verify that D, ; = qbZ’ ¢ 1s D-type,
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and is given by the product of a positive Dehn twist along each component of
0X1,,. For fixed k, the automorphisms (Xn+1,0, Dn k) and (Zgm+1, Dim.k) have
a common cover (Xgmu+1, Dmn k). Therefore for fixed k, (Zxn+1, $n k) are in the
same commensurability class for all 7.

On the other hand one can verify by inspection that I[1(D,, ;) ={(1,0), (1/(2k—
1),0)}. So (Zgn+1, Dux) and (Zgm+t1, Dm i) are not commensurable for k # k'
by Theorem 4.3.

Example 4.17. Each D-type map (F, ¢) is commensurable with a D-type map
(F’, ¥) so that the Dehn twist on each y € T'(v) is a single positive or negative
Dehn twist. We can argue as below:

For simplicity, assume F is closed, S(¢) ={S;,i =1, ..., k}, and set

dy=11(¢, y)|.

By replacing ¢ by a power if necessary, we may assume that d,, is an integer > 1 for
each y € I'(¢). Then for each i there is a covering g; : S; — S; such that ¢;| : 7 — y
is of degree d,, for each component y € 9§ and each component y in g;” 1(3). One
quick way to see this is to attach an orbifold disk D, of index d, to each y € 95;.
The result is 2-dimensional orbifold which is good, since x(S;) < 0 and each
d, > 1. This orbifold has a manifold cover (see [Thurston 1979, Chapter 13]), and
the restriction to S; gives the required covering ¢g; : S; — S;.

If P is a planar surface of negative Euler characteristic, then for every n > 2
coprime with the number of components of d P, there is a cover P — Pof degree
n, which restricts to a cover of degree n on each boundary component of P, and
such that P is nonplanar. Moreover, every nonplanar surface with negative Euler
characteristic has a covering of any given degree which is a covering of degree 1
on each boundary component. So after replacing ¢ by ¢", we can find covers

in23}—>§,’

and a covering of degree n ]_[k# deg(qy) so that the restriction on each component
of 83‘,~ is a covering of degree exactly n. The coverings p; =g, oq; : §,~ — §; match
compatibly to produce a covering p : F = US; — F such that pl:y— yisof
degree nd,, for each y € I'(¢) and each component y in p~ (). Define a D-type
map q~5 on F with I(q~5, y)=1if I(¢,y) >0, and I(q~5, y) = —1 otherwise, then dN)
covers ¢ (see the paragraph before (4-2) in the proof of Theorem 4.3.)

Now we give an application of Proposition 4.11 to reducible maps which are
not roots of D-type maps.

Example 4.18. Let F be a closed oriented surface of genus 2, and ¢ a nonsep-
arating circle in . Let ¢ be any pseudo Anosov map on F \ ¢ with dilatation
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A(¢) = K and twist angle 27 near ¢, r € Q, and let 7. be a positive Dehn twist
along c. Then:

(1) T8 0 ¢ and 2 o ¢ are commensurable if and only if k| = k.
(2) To¢" and T o p*2 are commensurable if and only if k| = k.

The proofs of (1) and (2) are similar; we only give a proof of (1). Note that

H(rko¢):< ,0) and A(thod)=r(@@) =K > 1,

(k—r)
where r and K depend only on ¢. If % o0 ¢ and 7% o ¢ are commensurable,
by Proposition 4.11 and the fact we are considering the automorphism in the same
oriented surface F, we should have log K =slog K and 1/(k; —r) = s‘l/(kz —-r)
for some s € Q. The first equality implies that s = 1, and the second implies
ky = ky.

5. Commensurable and incommensurable bundles in graph manifolds

In this section we give two more complicated examples. The first (Example 5.3)
is an example of a graph manifold that is the total space of infinitely many incom-
mensurable fibrations, and at the same time fibers in infinitely many ways in the
same commensurability class. The second (Example 5.5) is an example of a graph
manifold that is the total space of infinitely many incommensurable fibrations,
including two incommensurable fibrations with the same genus. Both examples
depend on a construction that we turn to now.

Primary construction. Let F be a compact oriented surface with the induced ori-
entation on dF. Let a be an essential oriented arc on F connecting two different
components of dF. Let ag and a; be the two components of the quadrilateral
dN(a) \ 0F such that the direction on ag induced from the orientation on d N (a)
is parallel to that on a:

Then in F x [0, 1], the surface F x {;—'l} intersects the quadrilateral a; x [0, 1] in
the arca;; =a; x {;l;} for each integer n > 2, where j =0,1andi =0, 1, ...,n.
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Let Ay, ..., A, be n pairwise disjoint quadrilaterals that are properly embedded in

N(a) x [0, 1] so that A; is a stair connecting ag ; and a; ;+1, as shows in the figure
on the left:

Fx1

Fx0

Let F; = (F x ;;)\(N(a) x [0, 1]) and build a surface R(a,n) =J;_, F;UU_; Ai
in F x [0, 1]; see right diagram above. A similar surface R(a, n) in F x [0, 1] can
be constructed if we replace a by a disjoint union of essential arcs « on F.

We call the quotient of R(«, n) in F x S U= [F,id] the n-floor staircase along
a in F x S, or just n-floor along « for short, and denote it as F (e, n). Note that
the surface F(«, n) is transverse to the S! fibers. If o is empty, then F (@, n) is
just 7 disjoint copies of F in F x S'.

Let S' have the orientation induced from [0, 1]. Then both F x S! and 9 F x S!
are oriented. For each component ¢ € 3 F, the torus ¢ x S! has product coordinates
(c, t). The proof of the following lemma is a routine verification:

Lemma 5.1. Let p : F x S' — F be the projection. Suppose that « N ¢ < 1 for
each component c € OF. Then:

(1) p: F(a,n) — F is a cyclic covering of degree n. Moreover F(a,n) is a
surface of genus 1 — k +nk — 1+ g) with n(#F — 2k) + 2k boundary
components, where k = #a.

(2) p~(c) is either connected or has n components for each component ¢ of 3F
and p~'(c) is connected if and only if @ N ¢ # @. Moreover suppose a is an
arc in « with tail in ¢’ and head in ¢, then & = p~'(¢') has slope (n, —1) and
¢" = p~ (") has slope (n, 1).
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(3) Let T be the 27 /n-rotation of F x S' along the oriented S' factor, and let
¢ and ¢" be as in (2). Then t, the restriction T on F(a, n) is a generator
of the deck group of the covering in (1), which rotates ¢’ and ¢" through
27 /n in negative and positive directions respectively; see right diagram on
the previous page.

(4) Fx S'=[F,id]=[F(a,n), ], and
Pan : F(a,n) x s = [F(a,n), "] — F x S'=[F,id]
is a cyclic covering of degree n.

Remark 5.2. We can perform a similar construction for a nonseparating circle y in
F, in which case the description of the boundary is much simpler: each component
of O F gives rise to precisely n copies of d F(y, n).

Example 5.3. We describe a graph manifold that

(1) admits fibrations representing infinitely many fibered commensurability clas-
ses, and

(2) admits infinitely many fibrations representing the same fibered commensura-
bility class.

First take M = [F1, ¢1], where the oriented surface F| and the monodromy ¢
are as shown here:

Note that M has two boundary components and ¢ is D-type and definite.
Another view of M is this:

S x S! Sz x S!
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Here every component is of the form S; x S' (depicted in the figure as an S; x I') for
i =1, 2, 3, and two pairs of boundary tori are identified by maps f and g expressed
in terms of coordinates by the maps

f1,0)=(=1,0, f0,1)=(L1;
g(1,0)=(=1,0), g(0,1)= (=L 1.

Recall that this notation means that each (1, 0) denotes the homotopy class of some
component of some 9.;, and each (0, 1) denotes an § U .

Now we construct another surface fibration of the same underlying manifold
M = [F,, ¢,] as follows. Pick oriented arcs «; € S;, i =2, 3 as follows:

Sl (¢5 2) 52(052, 2) S3((Z3, 3)

Then construct
S1=S81(2,2), S$5==5(x,2), 85==53(a3,3)

inS; xS,i=1,2,3.

By Lemma 5.1(1), it is easy to see that S| is two copies of Sy, that S} is a surface
of genus 2 with 4 boundary components, and that S} is a surface of genus 3 with
2 boundary components. By Lemma 5.1(2), we see that ¢, is of slope (2, 1) in
ch X St and ¢ is of slope (=3, 1) in c§ x st

Since g sends (2, 1) to (=3, 1), the maps f and g match S}, S} and S} together
to produce a new surface F;, in M. Let t; be the generator of the (cyclic) deck group
for the covering p; : Sl.’ — §; given by Lemma 5.1(3). Then 7y, 15, 73 have periods
2, 2, 3 respectively. Now the new surface bundle structures [S;, t;]in S; x S ! given
by Lemma 5.1(4), i = 1, 2, 3, match to produce a new surface bundle structure of
M, which we denote by [F>, ¢»].

The monodromy map ¢; is a virtual D-type automorphism whose restriction
on each S is 7;. Hence ¢, permutes the two copies of S; in F,. Moreover un-
der this permutation, each copy also undergoes a half-twist relative to S}. By
Lemma 5.1(3), 1, rotates ¢, by m and 3 rotate ¢} by —%n respective along the
directions shown in the first figure on page 310. So the relative twist at S) N S5 is
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T—5= %JT. Now ¢§ is a D-type automorphism, as shown here:

A direct computation gives

M($1) = {(1,0), (3,0), (3.0} and TI(¢) ={(2,0), (3.0), (1,0)}

Consequently there is no s € Q so that [1(¢;) ~ s[1(¢2). By Theorem 4.3, (Fi, ¢1)
and (F,, ¢,) are not commensurable.

If we perform a similar construction starting from S;(&, n), S>(a2, n), and
Si(az,n+1)in S; x S, i=1,2,3, we will get a surface bundle structure [F,, ¢, ]
on M, where ¢, is a virtual D-type automorphism and ¢, @t isa D-type automor-
phism, and I1(¢,) = {(n, 0), (2”3"’1 ,0), (3, 0)}. So for any positive integers i # j,
the automorphisms (F;, ¢;), (F;, ¢;) are not commensurable. We have verified
that M fibers in infinitely many incommensurable ways.

On the other hand if we start from S| (y, n), S2(<, n) and S3(J, n), where y is
a nonseparating circle in S1, then by Remark 5.2 and the argument above, we can
produce a fibration of M with monodromy (X2,41,2x, $2.n), Where we adapt the
notations in Example 4.16, and use X5 3 = S, U S5 in place of X5 ;. As observed in
Example 4.16, the automorphisms (X2;,+1,2,, ¢2,,) are commensurable for all #.
So M admits infinitely many distinct but commensurable fibrations, as claimed.

Remark 5.4. One can modify the construction in Example 5.3 to a more general
setting where the arc connecting two boundary components of F passes through the
cores of more than one Dehn twist. For simplicity, consider a D-type map which
is either a single positive or negative Dehn twist on each y € I'(¢) (compare with
Example 4.17). Then one always gets infinitely many fibered commensurability
classes unless the x (S;) satisfy a certain linear equation so that the invariants in
Section 4 fail to distinguish them, where S;’s are pieces of F \ I'(¢) meeting the
arc.
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Example 5.5. We now give an example of a closed graph manifold which fibers in
infinitely many incommensurable ways, including two incommensurable fibrations
with fibers of the same genus.

Let M = [F, ¢] be the graph manifold with ¢ as indicated here:

Our discussion of the bottom figure on page 310 applies mutatis mutandis in
this case, leading to the following diagram, with gluings given by

[ 1L,0)=(=10), fi1(0,1)=(2,1); [(1L0)=(=1,0), f2(0,1)=(=2,1);
81(1,0)=(=1,0), 10, hH=(=11; £1,00=(=1,0), £(0,D)=1,1).

< N o
NS Y
) 4 .
L\ O L\ O
) &4 '
Sp x St Sy x St S};XS1

First we construct infinitely many commensurability classes of fibrations of M.
Pick oriented arcs o; € S;, i =1, 2, 3 as follows:

1}

\_/ 1
O&l 02—
oy s
! 2

Si(a1,4) S>(02,2) S3(a3, 3)
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Construct S| = Sy(a1, 4), S5 = Sr(a2,2), §§ = S3(e3,3) in §; x sli=1,2,3,
respectively. Then f; and g;, i = 1, 2 paste the boundary of S/ together to produce
another bundle structure on M; i.e., we have M = [Xyg, ¢»], where ¢212 is a D-
type automorphism on the surface of genus 20. We can check that (X, ¢212) has
invariant

M) ={(3.2). 2. 2). (1, D}

and is as follows:

genus 12

We can perform a similar construction starting from S («y, n + 2), S2(o2, 1)
and S3(e3,n+ 1) in S; x S', i = 1,2, 3, and obtain a surface bundle structure
[Znis, dul on M, where ¢+ is a D-type automorphism of a surface of
genus 6n + 8 and

() = {(35, 15), (L, 3ty (2 1))

So for any positive integers i # j, (X¢;+8, ¢i), (X6;+8, ¢;) are incommensurable.
Now we construct another surface bundle structure [ X9, ¥ ] on M, which is not
commensurable with (X9, ¢2), where ¢, is the automorphism above.
Pick oriented arcs «; € S;,i =1, 2, 3 as follows:

Sl(¢7 3) Sz(az, 3) S3(a374)

and construct S| = S1(, 3), §) = S2(a2, 3), 5 = S3(a3, 4) in §; x sti=1,2,3,
respectively. Then f; and g;, i = 1, 2 glue the boundary of S! together to provide
M another structure of surface bundle: M = [X;, Y], where wlz is a D-type
automorphism on X, of genus 20. We can check that (X9, ¥ '?) has invariants
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() = {(

Iy (1L 11y (3 3 ‘ :
1), (5> g)s (5, 3)} and is as follows:

A=

By Theorem 4.3 we deduce that (F3, ¥) and (F3, ¢) are not commensurable,
as claimed.
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ON AN OVERDETERMINED ELLIPTIC PROBLEM

LAURENT HAUSWIRTH, FREDERIC HELEIN AND FRANK PACARD

A smooth flat Riemannian manifold is called an exceptional domain if it
admits positive harmonic functions having vanishing Dirichlet boundary
data and constant (nonzero) Neumann boundary data. In analogy with
minimal surfaces, a representation formula is derived and applied to the
classification of exceptional domains. Some interesting open problems are
proposed along the way.

1. Introduction

Given an m-dimensional Riemannian manifold (M, g) and a smooth bounded do-
main Q in M, we denote by A;(€2) the first eigenvalue of the Laplace—Beltrami
operator under an identically zero Dirichlet boundary condition. The critical points
of the functional

Q> A1(R2)

under the volume constraint Vol 2 = «, where o € (0, Vol M) is fixed, are called
extremal domains. Smooth extremal domains are characterized by the property
that the eigenfunctions associated with the first eigenvalue of the Laplace-Beltrami
operator have constant Neumann boundary data [Soufi 2007]. In other words, a
smooth domain is extremal if and only if there exists a positive function u#; and a
constant A such that
A sU1 + AMur=0

in  with u; =0 and V,,u; constant on 02, where n denotes the inward unit normal
vector to 02.

The theory of extremal domains is very reminiscent of the theory of constant
mean curvature surfaces or hypersurfaces. To give some credit to this assertion,
we recall that J. Serrin [1971] proved that the only compact, smooth, extremal
domains in Euclidean space are round balls, paralleling the well-known result of
Alexandrov asserting that round spheres are the only (embedded) compact constant
mean curvature hypersurfaces in Euclidean space. More recently, F. Pacard and

We thank Romain Dujardin and Charles Favre for useful discussions. F. Pacard is partially supported
by the ANR-08-BLANC-0335-01 grant.

MSC2000: primary 35N25, 35J25, 35R35; secondary 53A10.

Keywords: harmonic function, overdetermined elliptic problem, extremal domain, minimal surface.
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P. Sicbaldi [2009] proved the existence of extremal domains close to small geo-
desic balls centered at critical points of the scalar curvature function, paralleling an
earlier result of R. Ye [1991], which provides constant mean curvature topological
spheres (with high mean curvature) close to small geodesic spheres centered at
nondegenerate critical points of the scalar curvature function.

We propose the following:

Definition 1.1. A smooth domain 2 C R™ is said to be an exceptional domain if
it supports positive harmonic functions having identically zero Dirichlet boundary
data and constant (nonzero) Neumann boundary data. Any such harmonic function
is called a roof function.

Exceptional domains arise as limits under scaling of sequences of extremal do-
mains, just like minimal surfaces arise as limits under scaling of sequences of
constant mean curvature surfaces. As explained above, there is a formal corre-
spondence between extremal domains and constant mean curvature surfaces. In
this note, we try to explain that there is also a strong analogy between exceptional
domains and minimal surfaces. More generally, we propose:

Definition 1.2. An m-dimensional flat Riemannian manifold M is said to be excep-
tional if it supports positive harmonic functions having identically zero Dirichlet
boundary data and constant (nonzero) Neumann boundary data. Any such har-
monic function is called a roof function.

Our results raise the problem of the classification of (unbounded) smooth m-
dimensional exceptional manifolds. In trying to address this classification problem,
we provide a Weierstrass-type representation formula for exceptional flat surfaces.
When the dimension m = 2, we give nontrivial examples of exceptional domains
that are embedded in R?, and we prove a half-space result for exceptional domains
that are conformal to a half-plane.

2. A nontrivial example of an exceptional domain in R?

The property of being an exceptional domain is preserved under the action of the
group of similarities of R” (generated by isometries and dilations). We first give
trivial examples of exceptional domains in R™:

(i) The half-space {x = (x1, ..., x,) € R™ : x; > 0} is an exceptional domain in
R™, since the function u(x) = x is a positive harmonic function with identi-
cally zero Dirichlet boundary data and constant Neumann boundary data.

(i) The complement of a ball of radius 1 in R™ is an exceptional domain since the
function u defined by u(x) := log|x| when m =2 and by u(x) :=1— |x|2~™
when m > 3 is positive, harmonic, and has 0 Dirichlet and constant Neumann
data on the unit sphere.
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(iii) The product £ x R¥ is an exceptional domain in R” provided 2 c R"* is
an exceptional domain in R"*,

In dimension m =2, there exists (up to a similarity) at least one other exceptional
domain. To describe this domain, we make use of the invariance of the Laplace
operator under conformal transformations. The idea is that there exists a (somehow
natural) unbounded, positive harmonic function U with identically zero Dirichlet
boundary condition on an infinite strip in R?. This function does not have constant
Neumann data, but we can then look for a conformal transformation 4 which has the
property that the pullback of the harmonic function U by & has constant Neumann
boundary data on the boundary of the image of the strip by A.

To proceed, it is convenient to identify R? with the complex plane C.

Proposition 2.1. The domain Q := {w € C: |Imw| < /2 + cosh(Re w)} is an
exceptional domain.

To prove this result, we define the infinite strip
S:={zeC:Imze (-n/2,7/2)}

and the mapping
F(z) :=z+sinhz.

Observe that Q = F(S). The proof of Proposition 2.1 follows from the next two
lemmas.

Lemma 2.2. The mapping F is a conformal diffeomorphism from S into Q2.

Proof. We can write

1
F(z)—F(Z)=(z-2) / (1+cosh(tz+ (1-1)2)) dt.
0

In particular

1
2-1) (z—7Z,F@)—F@))=|z—7) (1 +/ Recosh (tz+ (1 —1)7) dt),
0

where (-, - ) denotes the scalar product in C. Now, for all x +iy € S, we have
Recosh (x +iy) =coshx cosy > 0.

This, together with (2-1), implies immediately that F restricted to S is injective.
Also,

10, A(2)|* = |1 4 cosh z|* = (cosh x + cos y)2.

Therefore 9, F does not vanish in S. Thus F is a local diffeomorphism, and because
the mapping F is holomorphic, it is conformal. ]
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We define the real-valued function u on Q2 by the identity
u(F(z)) =Recoshz forallz e S.

Lemma 2.3. The function u is harmonic and positive in 2, vanishes and has con-
stant Neumann boundary data on 0€2.

Proof. The function W defined in C by W (z) := Re cosh z is harmonic. Indeed, as
mentioned in the proof of the previous lemma, W (x +iy) = coshx cos y. Hence
W is both harmonic and positive in S, and vanishes on dS. The mapping F being
a conformal diffeomorphism from S to 2, we conclude the function u is both
harmonic and positive in €2, and vanishes on d€2. We claim that u has constant
Neumann data on d<2. Indeed, by definition,

u(F(z)) = %(coshz +cosh 7).

Since F is holomorphic, differentiation with respect to z yields

sinh z

20 @) = e

Therefore
) coshx —cosy
IVul"(F(2)) = —————,
coshx +cosy
where z=x+iy. On 02, we have y =4 /2 and hence |Vu|=1. Since we already
know that u = 0 on 9€2, we conclude that u has constant Neumann boundary data.

O

Lemmas 2.2 and 2.3 complete the proof that 2 = F(S) is an exceptional domain
in R? with roof function u.

Remark 2.4. We suspect that this example generalizes to any dimension m > 3:
specifically, there should exist a rotationally symmetric exceptional domain in R™
for all m > 3.

3. Toward a global representation formula

Let M be an exceptional flat surface (an exceptional domain of dimension 2) with
smooth boundary M. Let M be its universal cover and let d M be the preimage of
dM by the covering map M — M. In the following, we exclude the uninteresting
case where oM = @.

By assumption, M is a flat surface. Hence M is naturally endowed with a flat
Riemannian metric g and hence with an induced complex structure, which is con-
formal to the standard one. Also, there exists an orientation-preserving isometric
immersion F : (M, g) — (C, gc), where g¢ is the canonical Euclidean metric on
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C; this induces a smooth immersion of oM , Observe that F' is holomorphic and
that ||[dF ||, =1in M U dM. We define the holomorphic (1, 0)-form

®:=dF = 3,F dz.

Observe that ® does not vanish and admits a smooth extension to M U d M.

We let u : M — R™ be a roof function on M and, with a slight abuse of notation,
we denote its lift also by u : M — R*. The roof function u can be normalized so
that

(3-1) IVullg=1

on d M. We consider the harmonic conjugate function v : M—R (uniquely defined
up to some additive constant) that is the solution of

(3-2) o, (u—iv)y=0 (and hence 0;(u +iv) =0).

We set
U:=u+iv.

Recall that U is a holomorphic function from M into C. The property that u takes
positive values in M and vanishes on dM can be translated into the fact that U
maps MtoCt:={weC:Rew > 0} and 9M to i R. Since ® #% 0 on M, there
exists a unique holomorphic function / on M such that dU = 8.U dz = h ®. We
deduce from the fact that u vanishes on 9 M and from (3-1) that V,U = 1, where
n denotes the inward unit normal vector to dM. Hence

(3-3) |9.Ull,=1  ondM.

Now, condition (3-1) translates into the fact that || ®||; = ||dF |l =1 = [|[dU||g on
dM. Clearly, this is equivalent to the fact that |4| = 1 on dM. Therefore, we end
up with the following data:

(i) An oriented, simply connected complex surface M with smooth boundary
IM.
(i) A holomorphic function U, defined on M, which takes values in C* and maps
oM into i R.
(iii)) A holomorphic function 4, defined on M , such that || =1 on oM , and for
which the 1-form ¢ defined by ® := (1/h)dU does not vanish on M.

By analogy with the theory of minimal surfaces, we call these data the Weierstrass-
type representation formula for exceptional flat surfaces.

Conversely, given a set of such data, we can define the map F : M — C by
integrating dF = ®. Thanks to (iii), this map is an immersion and its image is
an immersed exceptional flat surface with roof function given by u = Re U. In
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Section 4, we will give some explicit examples of such constructions when M
isequal to 0D\ {ay, ..., a,}, where «y, ..., ®, is a finite collection of points on
D =S".

Example 3.1. Here is a (rather pathological) illustration of this Weierstrass-type
formula. Consider M = C™, the function U(z) = z and

F(z) = /Zesin“ de.
0

Note that 9, F is 2iw-periodic, and this implies that F(z+2im) = F(z) 4+ C, where
the constant C is given explicitly by

21 o
C:=i / e SIS gy,
0

Moreover, for x > 0,
X
F(x+iy)=F(iy) +/ e sinh(s+iy) ds
0

converges to +00 as x — +o00 if y =0, but this quantity is bounded if |y —m | < /2,
and even admits a finite limit as x — +o0.

Hence, in addition to the regular boundary F (i R), which is a smooth periodic
curve, the image of F has a singular boundary: the set of limits of F(x +iy) as
u tends to +oo, for the values of y for which this limit exists. The roof function
tends to infinity along this singular boundary.

4. Examples of exceptional flat surfaces

Thanks to the Weierstrass-type representation in the previous section, we can give
many nontrivial examples of exceptional flat surfaces. We keep the notation from
that section.

The construction makes use of an integer n € N\ {0} and the Riemann surface
D ={z€C:|z] < 1}. On D, we define the holomorphic functions

1+z"
11—z

h(z)=z"" and U(z):=

The 1-form ® is given by

2n
CD(Z) = m dz.

Both U and ® have singularities at the n-th roots of unity. The function F is then
obtained by integrating ®, and the roof function u is defined by u = Re U.
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(i) When n = 1, we can take

F@) =1t

In this case, we simply have F(D) = C*, and we recover the fact that the
half-plane is an exceptional domain. This is the counterpart of the plane in
the framework of minimal surfaces.

(i1)) When n = 2, we can take

z+1
-1

5+ log

F(z)=1

In this case, the exceptional flat surface found can be isometrically embedded
in C, and hence F (D) is an exceptional domain. In fact, F (D) corresponds
(up to some similarity) to the domain €2, which was defined in Proposition 2.1.
This exceptional domain is the counterpart of the catenoid.

(iii) Finally when n > 3, the exceptional flat surfaces we find cannot be isometri-
cally embedded in C anymore. They are counterparts of the minimal n-noids
described in [Jorge and Meeks 1983].

Let us analyze this example further. The function U can be written as

where « := ¢?"/"_ In particular, Re U is nothing but a multiple of the sum of the

Poisson kernel on the unit disc with poles at 1, «, . . ., a1 Next,
2n
dU ="' —— 4z,
(1—zm)2

so the function /% is cooked up to counterbalance the zero of dU and ensure that ®
does not vanish in the unit disk, while keeping the condition |dU|> = |®|? on 3 D.

To generalize the example, consider n distinct points oy, ..., a, € S' C C and
ai, ...,a, > 0. We define
“ 2+ ok
(4-1) UR)=-Y a
Z— 0
k=1
It is easy to check that Re U is positive (since each function z > — Zt% maps D
to C*) and vanishes on dD \ {1, ..., o, }. We have LT

[[Gc—e?dU = P()dz,
k=1
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where P is a polynomial that depends on the choice of points «y, ..., o, and
weights ay, . .., a,. Assume that P does not vanish on 9 D and denote by z, ..., 7
the roots of P in the unit disc, counted with multiplicity. We simply define

[
h) =]

Z—Zj
ZZj—l

and the 1-form & by & := (1/h) dU. Integration of ® yields a 2n-dimensional
family of exceptional flat surfaces immersed in C.

5. A global Weierstrass-type representation

In this section, we show that exceptional flat surfaces whose immersion in C have
finitely many regular ends and are locally finite coverings of C are precisely the
examples in the previous section. We use the notations introduced in Section 3,
and we set
M:=MUIM.

We further assume that M is simply connected and that 0 M # &. In particular, M
has the conformal type of the unit disk D, and without loss of generality, we can
assume that M is indeed equal to D and consider D as a natural compactification of
M. We denote by F an orientation preserving, holomorphic, isometric immersion
F: (M, g) — (C, gc). Recall that ||[dF |l =1 on 0M. Some natural hypotheses
are needed:

(H-1) M has finitely many ends. This means that
n n
oM =D\ U E; = I,
j=1 j=1
where each E; C S! is a closed arc and I; C S! is an open arc.
(H-2) F is proper. This means that F'(w) tends to infinity as w tends to U?:] E;.

(H-3) Each end of M is regular. This means the image of /; := (6, G;F) by F
is a curve I'; asymptotically parallel to fixed directions at infinity. In other
words, there exist two unit vectors 7;” and t;” € ' C C such that

F(eiG) 4
— =T,
vel; . 6-0% |F(e®)]

This is the case, for example, if we assume each I'; has finite total curvature.

(H-4) The mapping F is a locally finite covering. This means there exists d € N*
such that, for any z € C, the cardinal of {¢ € M : F(¢) = z} is at most d.

We now state the main result of this section.
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Theorem 5.1. Assume that M is a simply connected exceptional flat surface and
let F : M — C be an isometric immersion. Further assume that (H-1)—(H-4) holds
and identify M with D. Then there exist i € R, n distinct points oy, ...,a, € S 1
and n constants ay, . .., d, > 0 such that

m -
‘ 1

dF = ] 2" av,
k1 Z— Zk

where 71, . .., zm € D denote the zeros of dU, counted with multiplicity, and where

N It
U@):=— a; L in D.
(2) ; s
The proof is divided into a few lemmas and propositions. We start by analyzing
the ends E; and show that they reduce to isolated points «q, ..., a,. Next we
analyze the behavior of F' near the points «; and show that ' does not have any
essential singularity there. Then we proceed with the analysis of the function U
and show that it has the expected form. The proof is completed with the study of
the function 4.
As promised, we first analyze the sets E:

Lemma 5.2. Under the assumptions of Theorem 5.1, there exists a finite number
of points a1, ...,a, € 0D = S! such that M = D\{oy,...,a,}

Proof. We need to show that each interval E; is reduced to a point. This essentially
follows from the fact that the capacity of E; vanishes.

Suppose, for a contradiction, that E; is an arc of positive arc length for some
J» and take some / € (0, 7/2) and an arc E C E; of length /. Our problem being
invariant under the action of fractional linear transformations of the unit disk, we
can assume without loss of generality that E is the image of [—[/2,1/2] under
s > €', Reducing [ if necessary, we can also assume that the opposite arc —E,
the image of [—1/2,1/2] under s — —e'*, is contained in S' \U;f:1 Ej;.

Recall that for any smooth function defined on (a, b) which satisfies f(b) =1
and f(a) =0, we have

b b 12
1=f(b)—f(0)=/ f’(s)dsf(/ (f’)z(s)ds) b—a.

If in addition, b — a < 2, we conclude that

b
/ (f)(s)ds > 1.
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Now assume that we are given a smooth function f : D — R such that f =1 on
E and f =0 on —E. Using the previous inequality, we can write

(5-1) f||Vf||§C dxdyz/ |8yf|2dxdyz/ ldx=sin=.
D DN{|x|<sin(l/2)} |x|<sin(l/2) 2

Given R > r > 0, define x : C — R by

0 if |z] <r,
_ ) log(lzl/r) .

1 if R < |z],

and we define f : D — R by f := x o F. Since F is conformal, we can write

/D||Vf||§q:dxdy=/D||Vf||§dvolg.

Now, using (H-4), we conclude that
2
log(R/r)
Fixing r > 0 large enough, we can ensure that f is identically equal to O on —E.

Using (H-2), we see that f is identically equal to 1 on each E;, and in particular
on E. Therefore f can be used in (5-1), which together with (5-2) yields

(52) fD IVFI2d vol, <d A IVXI2, dxdy=d

. R
2nd2s1n§ 10g7

independently of R > r. Letting R tend to infinity, we get a contradiction, and the

proof is complete. U
Therefore, we now know that E; := {o;}. Without loss of generality, we can
assume that a7, ..., a, are arranged counterclockwise along S'. We agree that
ap := o, and o4 := a1, and that for each j =1, ..., n, the arc I; is positively
oriented and joins «; to &1 1. We now analyze the singularities of F' close to «;.
Given j =1, ..., n, we denote by S(«;, r) the circle of radius » > 0 centered

at o ;. We define
yi:=DNS(,r),

which we assume to be oriented clockwise. The angle 6; € R at «; is defined by

0; ::—lim/ F*de,
Yk

r—0
where df :=Imdz/z. Thanks to (H-3), 6; is well defined, and we have

- _ 6 _+
=Tl
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Lemma 5.3. Under the assumption of Theorem 5.1, the function
Hi(z) = (z _O[j)ej/ﬂ F(2)
is holomorphic in a neighborhood of o in D\ {aj}, and H;(a;) # 0.

Proof. Without loss of generality, we can assume that o; = 1. By right composing
F with the conformal transformation z — (1 — z)/(1 + z), we can replace D by
C™*. Now we define

G(z):= F(z) /%,

Observe that G (0) =0 by (H-2). Moreover, (H-3) and the definition of §; imply that
the image by G of a neighborhood of 0 in i R is a ¢!-curve, and hence analytic. In
particular, there exists some conformal transformation 7" such that, for some r > 0,
the image by 7 o G of i (—r, r) is a straight line segment in { R. Then it is possible
to extend 7 o G to a function G defined on a neighborhood of 0 in C by setting

5 )_{T(G(z)) ifImz >0,
~|-T(G(=%)) ifImz<0O.

The resulting G is bounded in a neighborhood of 0 in C and holomorphic away
from 0. It is well known that the singularity is then removable and hence it is
holomorphic. Therefore G is actually holomorphic in a neighborhood of 0. In
particular, we can write

G()=7"H(z)

near 0, where H is a holomorphic function that does not vanish at 0. Going back
to the definition of G, this implies that

F(2)=(z—a;)) /™ H(2),

where H; is holomorphic in a neighborhood of «; and does not vanish at «;. But
the definition of 6; readily implies that k = 1. This completes the proof. O

As a corollary, we conclude that

(5-3) H@Z):=FQ@) [[c—ap’/”

j=1

is a bounded holomorphic function in D. Moreover, since F tends to infinity as z
approaches «, this implies that 6; > 0.

We now make use of the fact that M is an exceptional domain, and hence there
is a roof function u : M — [0, +00). We can define the holomorphic function
U:=u+iv, where v: M — R is the (real-valued) harmonic conjugate of u. The
purpose of the next result is to show that U is precisely given by (4-1).
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Lemma 5.4. Under the assumptions of Theorem 5.1, there exist n constants a,
..., a, > 0 such that

. 2+
U(z)=— ; L.
2 Z Ry
j=1
Proof. First, it is possible to extend the function U to all C\ {«y, ..., a,} by
defining V to be equal to U in D \{aq, ..., a,}, and

V(z):=-U/z)

when z € C\ D. The key observation is that, since ReU =0 on 0D\ {«1, ..., an},
the function V is continuous and in fact holomorphic on C\ {«y, ..., o, }. More-
over, V converges to V(oc0) 1= —U(0) at infinity.

We proceed with the proof that the function V has no essential singularity at
any o; it will follow from Picard’s theorem. By definition, Re V' vanishes on /;
and is positive in D. Therefore the outward normal derivative of Re V on I; is
negative. This implies that the tangential derivative of Im V on I; does not vanish
and hence that Im V is strictly monotone on each ;. This shows that there exists
some neighborhood V" of «; in C such that any element of i R is achieved by V at
most twice in V" (that is, at most once on /; and at most once on /;_; and certainly
not in ¥\ d D, since V takes values in C\i R away from d D). Picard’s big theorem
[Conway 1978] then implies that «; is not an essential singularity of V. Hence «;
is either a removable singularity of V or a pole.

Since [|Vull = 1 on dM, this forces |0, U| = [d;F| on dM, and since |0 F|
tends to +o00 at «;, so does [0, U|. Hence all «; are poles of V.

We are now interested in the zeros of V. Since Re V takes positive values in
D and negative values in (C U {o0}) \ D, we already know that the only possible
zeros of V are on d D. We have already seen that, along /;, the function V equals
iv, where v is strictly monotone. Further, since a;_1 and «; are poles of this
function, |V| must converge to +00 as we approach either o;_; or «;. Because
of the continuity of v along each /; it follows that v vanishes exactly at one point
B; on each I;. Moreover, this zero is simple: if it had order k > 1, the zero set
of Re V near B; would contain k curves intersecting at 8;, and this would force
Re V =Re U to vanish in D, in contradiction with our hypothesis.

Finally, we prove that V has only simple poles. We know that V extends mero-
morphically to a map on CP' = CU {oo} with neither a pole nor a zero at infinity.
Furthermore, V has exactly n simple zeros and n poles; hence these poles must be
simple. To summarize, V can be written as a linear combination of the constant
function and functions of the form z + 1/(z —«;). Without loss of generality, this
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amounts to saying that V can be written as

where a and the a; are complex numbers. Using the fact that, by construction,
V(a/z) = —V (2), we conclude that a € i R and also that a j € R. Moreover, since
Re U is positive, this implies that the a; are positive real numbers. This completes
the proof, since U is defined up to the addition of some element of i R. U

We are now in a position to complete our analysis of the function F. Since F
is an immersion, dF # 0 on M. Hence there exists a unique holomorphic function
h on M such that

(5-4) 9.U=ho,F

on M. Moreover, since ||[Vullg = 1 on M, this implies that |2| =1 on 0M. We
now analyze the function /&, which will complete the proof of Theorem 5.1.

Lemma 5.5. Under the assumptions of Theorem 5.1, there exists a constant e '* €R
such that the function h defined by (5-4) has the form

o) SkZ T 1
where 71, . ..zy are the zeros of ;U in D counted with multiplicity.
Proof. The function 4 is holomorphic in D and satisfies |h|=1on d D\{«y, ..., a,}.
We can extend /4 to a holomorphic function H, defined on (CU{oco})\{«aq, ..., a,}
by setting H(z) :=h(z) forall z € D\ {a1, ..., a,} and
1
5-5 H(z) = -
(3-5) () (/%)

for all z € C\ D. Clearly H is locally bounded in D\ {«, ..., a,}, and its only
singularities in (CU{0o})\ D are poles that are the images by z— 1/z of the zeros of
h; hence H is meromorphic outside {«1, ..., o, }. But Lemma 5.3 and (5-3) imply
that, near «;, |H| is bounded by a constant times |z — o jl_kf' for some k; > 0.
Therefore o is not an essential singularity of H, and hence H is meromorphic in
CU{o0}.

Observe that |H(z)| =1 on dD \ {«1, ..., oy}, and this implies that the points
a; are not poles of H. Therefore, the singularities o; of H are removable. Also,
we have

A|H|> = 48:0; |H|* =49, H|* = 0,

and since |H| =1 on d D, the maximum principle implies that |H| <1 in D.
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Since H is bounded in D, it does not have poles in this set. This also implies that
H has no zeroes in (CU{oo})\ D, because otherwise H would have poles in D by
(5-5). Therefore, if z1, ..., z, € D denote the zeros of H (counted with multiplic-
ity), the poles of H are given by 1/z1, ..., 1/z,;, (also counted with multiplicity).
It is then a simple exercise to check that H is of the form

for some constant C € C. Finally, the condition that |H(z)| = 1 on 9D forces
|C| = 1. This completes the proof. O

6. A Bernstein type result for two-dimensional exceptional domains

We prove the following Bernstein type result for two-dimensional exceptional do-
mains.

Proposition 6.1. Assume that Q2 is a two-dimensional exceptional domain confor-
mal to C, and let u be a roof function on Q. We further assume that 9cu > 0 in
Q. Then Q is a half-plane.

Proof. Since we have assumed that € is conformal to C™, there exists a holomor-
phic map ¥ : C* — Q. We then define

H := (0;u) o W.

The function H is holomorphic in C* and does not vanish, since we have assumed
that d,u # 0. Moreover, |[H| =1 on dCT. We can write H = ¢!©, where ® is a
holomorphic function defined in C* that is real valued on the imaginary axis. This
means that Im ® = 0 when Re z = 0. Since we have assumed that d,u > 0, we also
conclude that Re ® € (—n/2, /2).

We can extend © as a holomorphic function ® in C as follows:

O(z) if Rez >0,

0@:= I@(—z) if Re z < 0.

It is easy to check that @ is a holomorphic function: in fact, the real part of © is
extended as an even function of Re z, while the imaginary part of ® is extended
as an odd function of Rez. That © is €' is then a consequence of the fact that
Im ® = 0 on the imaginary axis, while the holomorphicity of ® follows from the
fact that 9, Re ® = 0 on the imaginary axis of C.

The real part of @, being a bounded harmonic function, must be constant. Then
®, being holomorphic, must itself be constant. But this implies that the gradient
of u is constant, and hence the level sets of u are straight lines. This implies that
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u only depends on one variable, and hence it is an affine function. This completes
the proof. (I

Corollary 6.2. There is no exceptional domain contained in a wedge
QcC{zeC:Rez>«|Imz|}

forany k > 0.

Proof. The proof is by contradiction. If 2 were such an exceptional domain, there
would exist on 2 a roof function u. One can apply the moving plane method
[Serrin 1971; Gidas et al. 1979] to prove that d,u > O and hence that 92 is a
graph over the y-axis. Since 2 is contained in a half-plane, there is no bounded,
positive, harmonic function on Q having 0 boundary data on d£2; otherwise one
could use an affine function as a barrier to obtain a contradiction. Certainly, QU2
is conformal to D \ E, where D is the unit disc and E is a closed arc included in S L
Necessarily, E is reduced to a point, since otherwise we can construct bounded,
positive, harmonic functions on E that have 0 boundary data on S'\ E, and these
would lift to bounded, positive, harmonic function on €2, with 0 boundary data, a
contradiction. Therefore, we conclude that €2 is conformal to C*. The assumptions
of Lemma 5.5 are fulfilled, and hence we conclude that €2 is a half-plane, which is
a contradiction. O

7. Open problems

We have no nontrivial example of an exceptional domain in higher dimensions
R™ for m > 3, besides the ones described in Section 2. In dimension m = 2, it
is tempting to conjecture that (up to similarity) the only exceptional domains that
can be embedded in R? are half-spaces, the complement of a ball and the example
discussed in Section 2.
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MINIMAL SETS OF A RECURRENT DISCRETE FLOW

HATTAB HAWETE

S. G. Dani, giving a counterexample to a result in a paper of Knight, showed
that recurrent transitive flows can admit multiple minimal sets. Here we
show that such a phenomenon occurs on a wider scale.

Let (X, T) be a discrete flow, where X is a compact metric space and T is a
self-homeomorphism of X. For x € X, the set {T"(x) : n € Z} is called the orbit of
x and is denoted by O (x, T). A set W is a minimal set of (X, T) if for all x ¢ W
we have O(x, T) = W. The study of minimal sets of such a system is a central
question in topological dynamics. Zorn’s lemma ensures the existence of at least
a minimal set of (X, 7). If X is a minimal set, (X, T') is called a minimal flow.

A point x of X is recurrent if T" (x) — x for some sequence ny — +00. When
each point of X is recurrent we say that (X, T') is a recurrent flow. All periodic
points are recurrent. The standard example of a nonperiodic recurrent point is
any point in the irrational flow on the circle S'. Every point in a minimal set is
recurrent, so the existence of minimal sets implies the existence of recurrent points.

Knight [1987] purported to prove that, if X is a compact recurrent orbit closure
in (X, T), then any pair of orbit closures intersect and, in particular, X contains a
unique compact minimal set. Dani [1991] pointed out with a counterexample that
this statement is false.

In Theorem 0.1 below we enlarge the class of known counterexamples. More
specifically, for any weakly mixing, minimal, uniformly rigid system (X, 7') the
system (X x X, T x T), defined by (T x T) (x1, x2) = (T (x1), T (x2)) for (x1, x2) €
X x X, is a recurrent and transitive system with multiple minimal sets.

(Recall that the a discrete flow (X, T) is called

o transitive if there exists xo € X with a dense orbit;

» ergodic if for all two open subsets U and V there exits n such that 7"U NV
is nonempty;

o weakly mixing if the discrete flow (X x X, T x T) is ergodic;

MSC2010: 54H20.
Keywords: minimal set, discrete flow, uniformly rigid, weakly mixing.
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o uniformly rigid if there exists a sequence n; — +00 such that

lim supd(T"x;x)=0,

M=+ yex
where d is the metric on X.)

Minimal uniformly rigid weakly mixing systems exist; see [Glasner and Maon
1989, Proposition 6.5].

Theorem 0.1. Let (X, T) be a minimal uniformly rigid weakly mixing system.
Then (X x X, T xT) is transitive and recurrent, and admits infinitely many minimal
sets.

Proof. Let (X, T) be a minimal uniformly rigid weakly mixing system.

Step 1: (X x X, T xT) is transitive. Since (X, T) is weakly mixing, (X x X, T xT)
is ergodic. But for discrete flows on compact spaces, ergodicity is equivalent to
transitiveness; see [de Vries 1993], for example. Because X x X is compact, this
means that (X x X, T x T) is transitive.

Step 2: (X x X, T x T) is recurrent. Since (X, T) is a uniformly rigid flow, there
is a sequence ny — +o00 such that

lim supd(T"x,x)=0.

nk—>+00 y e x
For each point (x, y) point of X x X we have

lim (TxT)™"(x,y)= lim (T™x, T™y) = (x, y).
Ng—>1T00

ni——+00
Thus (x, y) is a recurrent point and so (X x X, T x T) is a recurrent discrete flow.

Step 3: There are infinitely many minimal sets of (X x X, T xT). Define D, =
{(x, T"(x)) : x € X}. Then D, is an invariant closed set of (X x X, T xT). If F
is a nonempty closed (7 x T')-invariant subset of D,, then so is its projection, say
p1(F), on the first factor. By the minimality of T we get p;(F) = X, and hence
F = D,,. Thus D, is minimal for every n. Since (X, T) is minimal it follows that
the D, are pairwise distinct. U

Remark 0.2. The discrete flow (X x X, T x T') does not have fixed points because
we chose (X, T') as a minimal discrete flow.
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TRACE-POSITIVE POLYNOMIALS

IGOR KLEP

In this paper positivity of polynomials in free noncommuting variables in
a dimension-dependent setting is considered. That is, the images of a poly-
nomial under finite-dimensional representations of a fixed dimension are
investigated. It is shown that unlike in the dimension-free case, every trace-
positive polynomial is (after multiplication with a suitable denominator —a
Hermitian square of a central polynomial) a sum of a positive semidefinite
polynomial and commutators. Together with our previous results this yields
the following Positivstellensatz: every trace-positive polynomial is modulo
sums of commutators and polynomial identities a sum of Hermitian squares
with weights and denominators. Understanding trace-positive polynomials
is one of the approaches to Connes’ embedding conjecture.

1. Introduction

Interest in positivity questions involving noncommutative polynomials has been
recently revived by Helton’s seminal paper [2002], in which he proved that a
polynomial is a sum of squares if and only if its values in matrices of any size
are positive semidefinite. Considering polynomials with positive trace, Klep and
Schweighofer [2008, Theorem 1.6] observed that Connes’ embedding conjecture
[1976, Section V, pp. 105-107] on type II; von Neumann algebras is equivalent to
a problem of describing polynomials whose values at tuples of self-adjoint d x d
matrices (of norm at most 1) have nonnegative trace for every d > 1. This result is
the motivation for the present work. Here we investigate polynomials whose values
at tuples of d x d matrices have nonnegative trace for a fixed d > 1. We show that
such a polynomial is (after multiplication with a Hermitian square of a suitable cen-
tral polynomial) a sum of commutators and of a polynomial whose values at tuples
of d x d matrices are positive semidefinite. The latter were characterized in [Klep
and Unger 2010], leading us to the following Positivstellensatz: every polynomial
with nonnegative trace on d x d matrices is modulo sums of commutators and

Supported by the Slovenian Research Agency (project no. J1-3608 and program no. P1-0222).

MSC2000: primary 16W10, 13J30; secondary 11E25, 16R50.

Keywords: free algebra, noncommutative polynomial, central simple algebra, (reduced) trace,
polynomial identity, involution, central polynomial, quadratic form, free positivity.
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polynomial identities for d x d matrices a sum of Hermitian squares with weights
and denominators. See Section 4 for a precise formulation.

The organization of this paper is as follows: Section 2 introduces the main no-
tions and interprets them in full matrix algebras, Section 3 considers these notions
for free algebras, while Section 4 presents our main results.

2. Basic notions and a motivating example

Let R be an associative ring with 1 and involution a+> a* (that is, (a+b)* =a*+b*,
(ab)*=b*a* and a** =a forall a, b € R). We denote by Sym R:={a € R|a =a*}
its set of symmetric elements. Elements of the form a*a and ab — ba (a,b €
A) are called Hermitian squares and commutators, respectively. We introduce an

. . . . . cyc , . .
equivalence relation (cyclic equivalence) on R by declaring a ~ b if and only if
a — b is a sum of commutators in R. For notational convenience we write

cyc

»*R:={Yala;|a;e R} SSymR, ©*R:={aeR|3Ibe=*R:a ~ b}
for the sets of (finite) sums of Hermitian squares, and sums of Hermitian squares
and commutators in R, respectively.

Throughout this paper k& will denote R or C.
Matrices. For a concrete example of these notions, consider the ring R = My (k)
of real or complex square matrices of a fixed size d > 1 endowed with the usual
(complex conjugate) transposition of matrices, denoted here by *. Using > to

denote the Lowner partial order (that is, A > B if and only if A — B is positive
semidefinite), it is easy to see that for A € M;(k), we have

(A) A = 0if and only if A € £2My(k);
(B) tr(A) = 0 if and only if A X 0 in My (k);
(C) tr(A) > 0 if and only if A € ®>My(k).
Let us determine multiplication by which matrices respect these properties.

Lemma 2.1. Suppose A € My (k) is such that for all B € My (k),
(1) B>0 = AB>0.
Then A = )\ for some X € Rxo.

Proof. Using (1) with B = 1, we obtain A > 0. In particular, A = A*. Again by
(1), A commutes with all positive semidefinite matrices, hence with all symmetric
matrices, which are differences of two positive semidefinite matrices by

1 2 1 2
B=3B+1)"—3(B-1).

So A is scalar and the desired conclusion follows. O
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Lemma 2.2. Suppose A € My (k) is such that for all B € My (k),
2) tr(B)=0 = u(AB)=0.
Then A = X for some M\ € k.

Proof. Write A = [a;;] l‘.{ =1 Let i # j. Then B = AE;; has zero trace for every
A € k. (Here E;; denotes the d x d matrix unit with a one in position (i, j) and
zeros elsewhere.) By (2), this implies that Aa;; = tr(AB) = 0. Since A € k was
arbitrary, a;; = 0.

Now let B = A(E;; — E ;). Clearly, tr(B) = 0 and hence
Ma;; — ajj) =tr(AB) =0.

As before, this gives a;; = aj;. O
Lemma 2.3. Suppose A € My (k) is such that for all B € My (k),
3) tr(B)>0 = tr(AB)=>0.

Then A = ) for some A € Rxo.

Proof. By Lemma 2.2, A is scalar. In addition to that, a;; = tr(AE;;) > 0 by (3),
showing that A must be a nonnegative multiple of the identity. U

Likewise we can characterize matrices that map positive semidefinite matrices
into matrices with nonnegative trace:

Lemma 2.4. Suppose A € My (k) is such that for all B € My (k),
4) B>0 = tr(AB)>0.
In the case k = R, assume moreover that A = A*. Then A > 0.

Proof. This is just a restatement of the well-known self-duality of the cone of all
positive semidefinite matrices. For v € k%, let B = vv* > 0. Then

0 <tr(AB) = tr(Avv™) = tr(v* Av) = (Av, v),
showing A is positive semidefinite. (Il

Converses of Lemmas 2.1-2.4 hold as well.

3. Positivity in free algebras

Words and polynomials. Fix n € N. Let
X=X, ....X,) and X*:=(X7,...,X))

denote tuples of n distinct variables (or letters). By (X, X™) we denote the free
monoid on {X, X*} (consisting of words in X, X*) and let k(X, X*) be the semi-
group algebra of (X, X*) over k (consisting of polynomials in noncommuting
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variables X and X* with coefficients in k). We endow k(X, X*) with the invo-
lution p — p* mapping X ; — X j and extending complex conjugation on k. Thus
k(X, X*) is the free *-algebra on X over k.

Cyclic equivalence. 1t is well known and easy to see that trace-zero matrices are
sums of commutators, that is, cyclically equivalent to 0. Cyclic equivalence can
also be easily tested in k(X, X™):

(a) For v, w € (X, X*), we have v L wif and only if there are vy, vy € (X, X™)
such that v = vyvy and w = vpv;. That is, v X w if and only if w is a cyclic
permutation of v.

(b) Polynomials
f=Y ayw and g=Y byw foray, b, ek

we(X, X*) we(X, X*)

are cyclically equivalent if and only if for each v € (X, X™*),

5) S =Y b

we(X,X*) we(X,X*)

cye cyc
w~v w~v

Evaluations and representations. Letd € N. An n-tuple of matrices A € (Mg (k))"
gives rise to a x-representation

(6) eva k(X, X*) > My(k), pr> p(A A").

We are interested in the values of a fixed element f € k(X, X*) under all these
s-representations. If the size d of the matrices A; is free, we talk about dimension-
free properties; otherwise we call them dimension-dependent. We are mostly in-
terested in the latter, but briefly review the former for the sake of completeness.

Dimension-freeness. Free analogs of properties (A) and (B) have been established,
while a free version of (C) is closely related to an important open problem on
operator algebras due to Connes; see below for further details.
Let f € Symk(X, X*).
(AT f(A, A*) =0foralld e Nandall AeM,(k)" if and only if f € 2% k(X, X*);
(B) tr(f(é, A*)) =0 for all d e N and all A € My (k)" if and only if f L 0in
k(X, X™).

Part (A)T is due to Helton [2002] (see also [McCullough 2001; McCullough
and Putinar 2005]), and (B)" is Theorem 2.1 of [Klep and Schweighofer 2008].
(This reference will henceforth be abbreviated as [KS 2008].) See also [Collins and
Dykema 2008, Lemma 2.9] for a proof inspired by free probability. For a recent



TRACE-POSITIVE POLYNOMIALS 343

study of trace-positive polynomials in a dimension-free setting see also [Netzer
and Thom 2010].

The obvious extension of (C) fails: there are f € Symk(X, X*) with positive
trace everywhere, but still not cyclically equivalent to a sum of Hermitian squares.
The following is a variant of the noncommutative Motzkin polynomial from Ex-
ample 4.4 of [KS 2008] given in free (nonsymmetric) variables.

Example 3.1. Let X denote a single free variable and set
My =
3XY—3(XXF)? —4XOX* —2X3 X 4 2XP XXX 42X XXX 4+ 2(XX ).
Then the noncommutative Motzkin polynomial is
M :=1+ Mo+ My € Symk(X, X*).
It is trace-nonnegative everywhere since

Y+i1Z Y —-1Z
272

M = YZ4Y+ZY4Z—3YZZY+1W~°M( )ek(Y, Z)
is trace-nonnegative on symmetric matrices; see Example 4.4 of [KS 2008]. Al-
ternatively, M (X3, (X*)?) € ®%k(X, X*). On the other hand, M ¢ @%k(X, X*).
(Some of these computations were done with the aid of the computer algebra sys-
tems NCSOStools [Cafuta et al. 2010] and NCAlgebra [Helton et al. 2010].)

Connes’ embedding conjecture [1976, Section V, pp. 105-107] states that every
separable II;-factor is embeddable in an ultrapower of the hyperfinite II;-factor.
Understanding trace-positive polynomials in the dimension-free setting is the key
to this problem, because it is equivalent, by Theorem 1.6 of [KS 2008], to Conjec-
ture 1.5 of the same reference, which we repeat here for convenience:

Conjecture 3.2 (algebraic version of Connes’ conjecture). For f € Symk (X, X™)
the following are equivalent:
(i) tr(f (A, A*)) >0 for all d € N and all tuples of contractions A € My(k)";

(ii) for every ¢ € R-, f + ¢ is cyclically equivalent to an element of the form

Z sisj+ Z pi;(1 = X! Xi)pij,
J i.J
where Si, Pij € k(X, X*)

In the sequel we indicate an approach to this problem “from below”. That is,
we abandon the dimension-free setting and solve a Hilbert 17-type problem char-
acterizing polynomials with nonnegative trace in a dimension-dependent setting.
It is our belief that this might constitute an important step towards (a positive or
negative resolution of) Connes’ embedding conjecture.



344 IGOR KLEP

4. Dimension-dependent positivity

The properties (A) and (B) for free algebras in a dimension-dependent setting are
well understood due to our previous work. Roughly speaking, a trace-zero poly-
nomial is cyclically equivalent to a polynomial identity [BreSar and Klep 2009,
Section 4], and a positive semidefinite polynomial is a sum of Hermitian squares
with denominators and weights [Klep and Unger 2010, Section 5]. In this sec-
tion property (C) is explored and we present our main result, a Positivstellensatz
characterizing polynomials with nonnegative trace on all tuples of d x d matrices
for fixed d. This is done in Section 4C. Before that we recall generic matrices
and universal division algebras with involution in Section 4A and take a look at
polynomial preservers of the various notions of positivity in Section 4B.

4A. Generic matrices and universal division algebras. We assume the reader is
familiar with the theory of polynomial identities as presented, e.g., in [Procesi
1973; Rowen 1980]. We review the notion of generic matrices and universal di-
vision algebras with involution and refer the reader to [Procesi 1976; Procesi and
Schacher 1976] for details.

Let¢:=(¢ |1<i,j<d. 1<t<mand:= (@ |1<i,j<d. 1<L=<n)
denote commuting variables. To keep the notation uniform, let

{; if k=R,

£ =t ifk=c.

Form the polynomial *-algebra k[{] that endowed with the involution that extends
complex conjugation on k and fixes ;“ p01ntw1se (if K = R) or sends §(£) to g(z)
(f k =C).

Consider the d x d matrices

ij ]1gi,j§d € My(k[¢]) foreN.

Each Yy is called a generic matrix. The (unital) k-subalgebra of My (k[{ ]) generated
by the Y, and their (complex conjugate) transposes is the ring of generic matrices
with involution GMy (k). Equivalently,

GMy (k) = k(X, X™) /ta,

where t; C k(X, X*) is the T-ideal of polynomial identities for d x d matrices.
For d > 2, the ring GMy (k) is a prime PI algebra (see [Procesi and Schacher
1976, Section II]). Hence its central localization is a central simple algebra UD; (k)
with involution, which we call (by an abuse of notation) the universal division
algebra. Relating these notions to *-representations of the free x-algebra is the
following commutative diagram: for d € N and A € My (k)", let R4 denote all the



TRACE-POSITIVE POLYNOMIALS 345

elements of UD, (k) that are regular at A. Then:

evy

k(X, X*) - My (k)

1 |

T Ré

— |

GMy (k) ———— UDy (k)

For a more geometric viewpoint of the ring of generic matrices and the universal
division algebra we refer the reader to [Procesi 1976; Saltman 1999]. The standard
textbook on central simple algebras with involution is [Knus et al. 1998].

4B. Polynomial preservers. In this subsection we present versions of Lemmas
2.1-2.4 in the context of free x-algebras. To avoid trivialities, we assume through-
out that d > 2.

Lemma 4.1. Suppose f € k(X, X*) is such that for all g € k(X, X*),
@) g>=0ond xdmatrices = fg>0ond xdmatrices.

Then f is a central polynomial positive semidefinite on d x d matrices.

Proof. Using (7) with g = 1, we see f is positive semidefinite on d x d matrices.
Thus there is no harm in assuming f = f™.

Again by (7), fg — gf vanishes on all d x d matrices for all polynomials g of
the form g = A*h. That is, [ f, g] is a polynomial identity of d x d matrices. Now
the same holds true for all symmetric g, since

2[f, g1+ 1f. g 1=1f 1+ g7

is then a polynomial identity. Hence f commutes (modulo the T-ideal of identities)
with all symmetric polynomials.

Every element of UD, (k) can be represented as rs~! for some r, s € GMy (k)
with s = s* € Z(GMy(k)). Such an element is symmetric if and only if r =r*. So
7 (f) commutes with all symmetric elements of UD, (k). By Dieudonné’s theorem
[1952, Lemma 1], the latter generate UD, (k). Hence 7 (f) € Z(UD,(k)) and f is
indeed a central polynomial.

(Note: once we have established that f commutes with all symmetric polynomi-
als, an easier argument is available if k = C. In this case one immediately obtains
that f also commutes with all skew symmetric polynomials as these are all of the
form ig for symmetric g.) ]
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Lemma 4.2. Suppose f € k(X, X*) is such that for all g € k(X, X*),
(8) tr(g) =0ond x d matrices = tr( fg)=0o0nd x d matrices.

Then f is a central polynomial.

Proof. Let g = [hy, hy] for some h; € k(X, X*). Then

) fg = flhi, ] =1Lf hihal+[h1, fha]l+ hilho, f1.

Since tr(g) = 0 on all d x d matrices, this implies tr(h[h2, f]) =0 ond x d
matrices. Fix h, and denote r := [hy, f]. Then r satisfies

tr(pr) = 0 on d x d matrices

for all p € k(X, X*). Taking p = —r* leads to — tr(r*r) = 0, and hence » = 0 on
all d x d matrices. That is, r is an identity of d x d matrices. As r = [h;, f] and
h, was arbitrary, this implies f is a central polynomial. ([

Lemma 4.3. Suppose f € k(X, X*) is such that for all g € k(X, X*),
(10) tr(g) > 0ond x d matrices = tr( fg) > 0ond x d matrices.

Then f is a central polynomial positive semidefinite on d x d matrices.

Proof. If tr(g) = 0, then by (10), tr( fg) > 0 and tr(— fg) > 0 on d x d matrices.
That is, tr( fg) = 0. Now by Lemma 4.2, f is a central polynomial.

Applying (10) with g=1 yields f(A, A*)= tr( f(A, A*)) >0forall Ae M, (k)",
showing f is positive semidefinite on d x d matrices. O

Likewise we can characterize polynomials that map positive semidefinite poly-
nomials into trace-nonnegative ones. At the same time this indicates how to build
examples of trace-nonnegative polynomials. As we shall see in the next subsection,
the procedure is essentially exhaustive.

Lemma 4.4. Suppose f € Symk(X, X*) is such that for all g € k(X, X™),
(11) g >=0ond xdmatrices = tr(fg)>0ond xd matrices.

Then f is positive semidefinite on d x d matrices.

Proof. Assume f is not positive semidefinite on d x d matrices. Then there exists
an n-tuple A = (A, ..., A,) € My (k)" with

(12) f(A, AY) £0.

Let 4 € My (k) denote the *-subalgebra generated by the A, ..., A,. Since the
Hermitian square of a nonzero matrix is not nilpotent, o is semisimple. By the
Artin—Wedderburn theorem, s is x-isomorphic to a direct sum of full matrix alge-
bras. We distinguish two cases.
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CASE 1: If k = C, there is a *-isomorphism
S
(13) &g;@Mdj(@)

for some d; € C, and > j dj < d. This induces a block diagonalization

A= , with A;; € My, (C).
Ajs
By (12), there is a j such that Aj) = (A1, ..., Ay j) € Mg, (C)" satisfies
f(AG), A 2£0.
Choose u € C% with

(14) (f(AG), AGju, u) < 0.

There is a B € My, (C) with Be; 4, =u foralli =1,...,d;. (Here ¢; 4, are the
standard basis vectors for C%.) By the construction of s and (13), there is an
h e C(X, X*) with h(A(;), A’(kj)) = B. Let g = hh*. Then

(15) u((fe)(A(j). A (,)))—tr((h I (Ag). Afj))

M A

<h (A AG) f(AGy, A{Dh(AG), Ajj)eid; i)

i=1

&

<f(A(]), A(j))Bez dj» Be; d>

(f(A(,), Afpu, u) < 0.

ﬁms i

As this contradicts our assumption (11), we conclude that f > 0 on d x d matrices.

CASE 2: If k = R, the reasoning is the same with a minor technical modification.
Let

(16) sl = 691 My, (R) @ @1 M,,(C) & @ My, (H)
J
for some d;, e, fo € N.

If there is a tuple A € My; (R)" with f(A, A*) £ 0, we proceed as in Case 1. If
there is an A € M, (C)" with 0 £ f(A, A*) € M,, (C), we proceed as follows. Let
V be the invariant subspace of R? corresponding to the action of M,, (C). There is
au eV with (f(A, A")u, u) < 0. Pick a basis {vy, ..., v, } of V over C, and let
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B € M,, (C) satisty Bv; = u for all j. Choose h € R(X, X*) with h(A, A*) =B
and g = hh*. Then the complex trace z of (fg)(A, A*) is negative by the same
computation as in (15). Hence the real trace satisfies

u((f9)(4, 4) = 2= <o,

The remaining case of quaternion matrices is dealt with similarly. We leave this
as an exercise for the reader. (]

It is clear that converses of Lemmas 4.1-4.4 hold true. Also, with the exception
of (11), which is satisfied when f is a sum of Hermitian squares, there are no
nonconstant dimension-free polynomial preservers.

4C. The dimension-dependent tracial Positivstellensatz. Our main tool for de-
scribing trace-nonnegative polynomials is the following proposition deduced from
the properties of the reduced trace [Knus et al. 1998, Section 1] on UDy (k).

Proposition 4.5. For every f € k(X, X*) and d € N there exists a nonvanishing
central polynomial for d x d matrices, denoted by ¢ € k(X, X™*), such that cf is
cyclically equivalent to a central polynomial. That is,

(17) cf Lo
for some central polynomial ¢'.

Proof. Consider F :=1(w(f)) € UDy(k). So Trd(F) € Z(UD,(k)), and there is a
nonvanishing central polynomial ¢y € k(X, X*) and a central polynomial c;, with

(18) Trd(F) = 7 (c})m(co) "

Since Trd is Z(UDy (k))-linear, this yields Trd(r (co f —c;,)) = 0. By [Amitsur and
Rowen 1994, Theorem 2.4], w(co f — c(’)) L 0in UD, (k). Clearing denominators
shows

(19) ncf - X0

in GM (k) for a nonvanishing central polynomial ¢ and a central polynomial ¢”.
Lifting (19) to k(X, X*) gives the desired conclusion: c¢f L. U

Remark 4.6. Instead of the Amitsur—Rowen result used in this proof, we can
apply the tracial Nullstellensatz [BreSar and Klep 2009, Theorem 5.2]: once we
have established that Trd(w (¢, f — 66)) = 0, by clearing denominators we obtain
tr(mw(coc” f — ¢pc”)) = 0 for some nonvanishing central polynomial ¢”. Hence
w(coc” f —c'c”) L 0in GMy (k) by [Bresar and Klep 2009, Theorem 5.2]. As

before, lifting this relation to k(X, X*) yields the desired conclusion.
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We are now ready to give our main results characterizing trace-nonnegative
polynomials.

Theorem 4.7. Let k € {R, C} and suppose [ € Symk(X, X*) satisfies
(20) tr(f(A, AM)) =0

for all A € My(k)". Then there is a nonvanishing central polynomial for d x d
matrices, denoted by ¢ € k{X, X*), such that cfc* is cyclically equivalent to a
polynomial g € k(X, X*) that is positive semidefinite on d x d matrices:

(21) cfc*cfvycg and g > 0ond xd matrices.

Proof. This is a consequence of Proposition 4.5. Indeed, there is a nonvanishing
central polynomial ¢ with

(22) cf Lo

for a central polynomial ¢’. Multiplying (22) with ¢* (from the right) shows

(23) cfe* L e,

For any A € My(k)",

(24) 0 <tr(c(4, A%) f(A, A")c(A, A)) =t(c'(A, A")e(A, A™)Y)
=tr((c'c*)(4, A)) = (c'c*)(A, A").

So g := (/c* is a (central) polynomial positive semidefinite on d x d matrices

satisfying

cyc

cfc* ~ g. O

Remark 4.8. The proof shows that g in Theorem 4.7 can actually be taken to be
a central polynomial.

Combining Theorem 4.7 with the dimension-dependent Positivstellensatz for
positive semidefinite polynomials ([Procesi and Schacher 1976, Theorem 5.4] or
[Klep and Unger 2010, Theorem 5.4]) yields:

Corollary 4.9. Choose ay, ..., a, € k{X, X*) whose images in GMy (k) form a
diagonalization of the quadratic form Trd(x*x) on UDy, (k). For f € Symk(X, X*),
the following are equivalent:

(i) tr(f(A, A%)) = 0 for every A € My (k)".

(ii) There exists a nonvanishing central polynomial ¢ € k(X, X*), a polynomial
identity h € k(X, X*) for d x d matrices, and p; . € k(X, X*) with

(25) cftTh+ D oty popie.

eef0,1}m i
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Remark 4.10. For experts we mention that, by applying the reduced trace, we can
reformulate (25) as
(26) cfc*

L h+1,
where ¢ and & are as above, and ¢ belongs to the preordering in Z(UD,(k)) gen-
erated by the «;.

If d = 2, the weights «; are superfluous since the reduced trace of a Hermitian
square is a sum of Hermitian squares in this case (see [Procesi and Schacher 1976,
p. 405] or [Klep and Unger 2010, Section 4]), and Corollary 4.9 simplifies as
follows:

Corollary 4.11. For f € Symk(X, X*), the following are equivalent:
(i) tr(f(A, A*)) = 0 for every A € Ma(k)".

(ii) There exists a nonvanishing central polynomial ¢ € k(X, X*), and a polyno-
mial identity h € k(X, X*) for 2 x 2 matrices, such that

(27) cfc* eh+O%k(X, X*).

Example 4.12. We finish this presentation with an example showing denominators
are necessary for these results to hold. First, the Motzkin polynomial M from
Example 3.1 is not cyclically equivalent to a sum of Hermitian squares modulo a
T-ideal of identities. Indeed, suppose that

(28) MZTh+Y grg;

for some g; € k(X, X*) and a polynomial identity & € k(X, X*) for d x d matrices
(d = 2). Then

B v/2 221\ _ . Y/2 Z)2
el 2 20)- el 22 7))

where M., € R[Y, Z] denotes the commutative collapse Y4Z24Y%274-3Y27%2+1
of the noncommutative variant M’ of the Motzkin polynomial (in symmetric vari-
ables). Since M. is not a sum of squares in R[Y, Z], and the trace of a Hermitian
square is a sum of squares, M does not satisfy a relation of the form (28). Hence
a denominator is needed in Corollaries 4.9 and 4.11.

A little more work is required to show the necessity of the denominator in
Theorem 4.7. Let d € N be sufficiently large (at least 127, the dimension of
the vector space of all polynomials in X, X* of degree at most 6). Suppose M
is cyclically equivalent to a polynomial g that is positive semidefinite on d x d
matrices. Without loss of generality, g € Sym k(X, X*). Choose g of the smallest
possible degree. If this degree is greater than 6, then the highest homogeneous
component g of g is positive semidefinite on d x d matrices and at the same
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time g L 0. Hence tr(g©®) = 0 on d x d matrices, implying that g is a
polynomial identity. Then
cyc
M~ (g—g),

with g — g positive semidefinite and of degree smaller than g. This contradicts
the minimality of g, so deg(g) < 6.

Now g is positive semidefinite on d x d matrices for some d > 127 and is thus
a sum of Hermitian squares by Helton’s sum of squares theorem [2002]. But M

is not cyclically equivalent to a sum of Hermitian squares by the first part of this
example.
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REMARKS ON THE PRODUCT OF HARMONIC FORMS

L1viu ORNEA AND MIHAELA PILCA

A metric is formal if all products of harmonic forms are again harmonic.
The existence of a formal metric implies Sullivan formality of the manifold,
and hence formal metrics can exist only in the presence of a very restricted
topology. We show that a warped product metric is formal if and only if the
warping function is constant and derive further topological obstructions to
the existence of formal metrics. In particular, we determine the necessary
and sufficient conditions for a Vaisman metric to be formal.

1. Introduction

A fundamental problem in algebraic topology is the reading of the homotopy type
of a space in terms of cohomological data. A precise definition of this property
was given by Sullivan [1977] and called formality. As concerns manifolds, it is
known, for example, that all compact Riemannian symmetric spaces and all com-
pact Kéhler manifolds are formal. For a recent survey of topological formality, see
[Papadima and Suciu 2009].

Sullivan also observed that if a compact manifold admits a metric such that
the wedge product of any two harmonic forms is again harmonic, then, by Hodge
theory, the manifold is formal. This motivated the following definition:

Definition 1.1 [Kotschick 2001]. A closed manifold is called geometrically formal
if it admits a formal Riemannian metric.

In particular, the length of any harmonic form with respect to a formal metric is
(pointwise) constant. This larger class of metrics having all harmonic (one-)forms
of constant length naturally appears in other geometric contexts, for instance in
the study of certain systolic inequalities, and has been investigated in [Nagy 2006;
Nagy and Vernicos 2004].

Classical examples of geometrically formal manifolds are compact symmetric
spaces. In [Kotschick and Terzi¢ 2003; 2011] more general examples are provided,
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both of geometrically formal and of formal but nongeometrically formal homoge-
neous manifolds.

Geometric formality imposes strong restrictions on the (real) cohomology of the
manifold. For example, it is proven in [Kotschick 2001] that a manifold admits a
nonformal metric if and only if it is not a rational homology sphere.

In this note, we shall obtain further obstructions to formality. We shall see
(Section 2) that if a compact manifold with b; = p > 1 admits a formal metric, and
if there exist two vanishing Betti numbers such that the distance between them is
not larger than p + 2, then all the intermediary Betti numbers must be zero too.
Also, a conformal class of metrics on an even-dimensional compact manifold with
nonzero middle Betti number can contain no more than one formal metric.

Our main concern will be the formality of warped products (Section 2). We will
show that a warped product metric on a compact manifold is formal if and only if
the warping function is constant. On the way, we shall also provide a proof for the
fact (stated in [Kotschick 2001], for instance) that a product of formal metrics is
formal.

Unlike Kihler manifolds, which are known to be formal, for the time being,
nothing is known about the Sullivan formality of locally conformally Kéhler (in
particular Vaisman) manifolds. In Section 3 of this note, we shall discuss compact
Vaisman manifolds, whose universal cover is a special type of warped product,
a Riemannian cone to be precise, and we shall find obstructions to the metric
formality of a Vaisman metric. Several computational facts and their proofs are
gathered in the Appendix.

2. Geometric formality of warped product metrics

For completeness, and as a first step in the study of geometrically formal warped
products, we provide a proof for the formality of Riemannian product formal met-
rics.

Proposition 2.1. If (M1, g1) and (M3, g») are two compact Riemannian manifolds
with formal metrics, then the metric g = g1 + g2 on the product manifold M =
M x M3 is also formal.

Proof. Lety € QP M and y' € Q7 M be two harmonic forms on M. By Lemma A.2, y
and Y’ are given by linear combinations with real coefficients of the basis elements
in (A-3). Thus, it is enough to check that the exterior product of any two such basis
elements is a harmonic form on M. But

(i@ AT B) A (@) A5 () = (=D WPl (@ Aa'y AT (B A B,

which is g-harmonic on M by Lemma A.2 and by the formality of g; and g, (as
a Ao is again a g;-harmonic form and 8 A B’ a g;-harmonic form). U
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We now pass to the setting we are mainly interested in, warped products.

Theorem 2.2. Let (B", gg) and (F™, gr) be two compact Riemannian manifolds
with formal metrics. Then the warped product metric g =m*(gp)+ (pom)?c*(gF)
on B x ,F is formal if and only if the warping function ¢ is constant.

Proof. Let B € QP(F) be a gr-harmonic form on F (as b,,(F) = 1, there exists
at least a harmonic m-form on F). From the equalities (A-4) in the Appendix,
it follows that o*B is a g-harmonic form on the warped product B x, F. If we
assume the warped metric g to be formal, it follows in particular that the length of
o*B is constant. As g is also assumed to be formal, the length of § is constant
as well. On the other hand,

(2-1) g(a*B,0*B) = (pom)*’gr(B, B) oo,

showing that the function ¢ must be constant.

Conversely, if ¢ is constant, then the warped product reduces to the Riemann-
ian product between the Riemannian manifolds (B, gg) and (F, ¢’gr), which is
geometrically formal by Proposition 2.1. U

Remark 2.3. From the above proof we see that Theorem 2.2 holds more generally
for metrics having all harmonic forms of constant length.

An interesting question regarding the formal metrics is their existence in a given
conformal class. Under a weak topological assumption, we prove that there may
exist at most one such formal metric. More precisely, we have

Proposition 2.4. Let M>" be an even-dimensional compact manifold whose middle
Betti number b, (M) is nonzero. Then, in any conformal class of metrics there is at
most one formal metric (up to homothety).

Proof. Let [g] be a class of conformal metrics on M and suppose there are two
formal metrics g; and g, = e2f g1 in [g]. The main observation is that in the middle
dimension the kernel of the codifferential is invariant at conformal changes of the
metric, so that there are the same harmonic forms for all metrics in a conformal
class: #H"(M, g1) =#"(M, g5). As b,(M) > 1 there exists a nontrivial g;-harmonic
(and thus also g-harmonic) n-form o on M. The length of & must then be constant
with respect to both metrics, which are assumed to be formal and thus we get

2nf

g, a)=e"" gi(a, a),

which shows that f must be constant. (I

Using the product construction to ensure that the middle Betti number is nonzero,
one can build such examples of formal metrics which are unique in their conformal
class.
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Other examples are provided by manifolds with “big” first Betti number, as
follows from the following property of “propagation” of Betti numbers on geomet-
rically formal manifolds proven in [Kotschick 2001, Theorem 7]: if by(M)=p >1,
then by, (M) > (f;),for all 1 <g < p. Inparticular, if b; (M*) > n, then b, (M*") > 1.

Another property of the Betti numbers of geometrically formal manifolds is this:

Proposition 2.5. Let M" be a compact geometrically formal manifold such that
b1 (M) = p > 1. If there exist two vanishing Betti numbers by (M) = by+; (M) = 0,
for some k and I withO <k +1 <nand 0 <1 < p+ 1, then all intermediary Betti
numbers must vanish: b;(M) =0, for k <i <k + 1. In particular, if there exists
k> m—p—1)/2 such that by (M) =0, then b;( M) =0 forallk <i <n —k.

Proof. Let {01, ..., 0),} be an orthogonal basis of g-harmonic 1-forms, where g is
a formal metric on M. We first notice that here is no ambiguity in considering the
orthogonality with respect to the global scalar product or to the pointwise inner
product, because, when restricting ourselves to the space of harmonic forms of
a formal metric, these notions coincide. This is mainly due to [Kotschick 2001,
Lemma 4], which states that the inner product of any two harmonic forms is a
constant function. Thus, if two harmonic forms « and 8 are orthogonal with respect
to the global product, we get

0=(x,B) = fM(a, B) dvoly = (a, B) vol(M),

showing that their pointwise inner product is the zero-function.

It is enough to show that by (M) = 0 and then use induction on i. Let o be
a harmonic (k + 1)-form. By formality, 6; A 62 A --- A 61 A is a harmonic
(k + I)-form and thus must vanish, since by;(M) = 0. On the other hand,

th.t_noz = (=D (0, A xa)

is a harmonic k-form, again by formality. Since by (M) = 0, it follows that ij.Joz
vanishes for 1 < j < p. Then, since {01, ..., 6,} are also orthogonal, we obtain

0=00 11200 5O A---NO_| Aa) =] [61_1 )%,

which implies that « = 0, because each 6; has nonzero constant length. This shows
that by (M) =0. O

3. Geometric formality of Vaisman metrics

A Vaisman manifold is a particular type of locally conformal Kihler (LCK) mani-
fold. Itis defined as a Hermitian manifold (M, J, g), of real dimension n =2m >4,
whose fundamental 2-form w satisfies the conditions

do=0 Aw, VO=0.
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Here 6 is a (closed) 1-form, called the Lee form, and V is the Levi-Civita connec-
tion of the LCK metric g (we always consider 8 # 0, to not include the Kihler
manifolds among the Vaisman ones).

Locally, & = df and the local metric e~/ g is Kihler, hence the name LCK.
When lifted to the universal cover, these local metrics glue to a global one, which
is Kéhler and acted on by homotheties by the deck group of the covering.

In the Vaisman case, the universal cover is a Riemannian cone. In fact, compact
Vaisman manifolds are closely related to Sasakian ones, as the following structure
theorem shows:

Theorem 3.1 [Ornea and Verbitsky 2003]. Compact Vaisman manifolds are map-
ping tori over S'. More precisely, the universal cover M is a metric cone N x R™,
with N compact Sasakian manifold and the deck group is isomorphic with Z, gen-
erated by

(x, 1) > (A(x), 1 +q)
for some . € Aut(N), q € R>0.

This puts compact Vaisman manifolds into the framework of warped products
and motivates their consideration here.

Vaisman manifolds are abundant. Any Hopf manifold (quotient of CN \ {0} by
the cyclic group generated by a semisimple operator with subunitary eigenvalues)
is such, as are its compact complex submanifolds [Verbitsky 2004, Proposition
6.5]. A complete list of compact Vaisman surfaces is given in [Belgun 2000].

On the other hand, examples of LCK manifolds (satisfying only the condition
dow = 6 A w for a closed 6) which cannot admit any Vaisman metric are also
known: for example, one type of Inoue surface and the nondiagonal Hopf surface;
see [Belgun 2000]. The nondiagonal Hopf surface is particularly relevant for our
discussion because it is topologically formal, as are all manifolds having the same
cohomology ring as a product of odd spheres.

Being parallel and Killing [Dragomir and Ornea 1998], the Lee field 6* is real
holomorphic and, together with J6*, generates a complex one-dimensional totally
geodesic Riemannian foliation &. Note that & is transversally Kihler, meaning
that the transversal part of the Kéhler form is closed (for a proof of this result, see
[Vaisman 1982, Theorem 3.1]).

In the sequel, the terms basic (foliate) and horizontal refer to &. We recall that a
form is called horizontal with respect to a foliation % if its interior product with any
vector field tangent to the foliation vanishes and is called basic if in addition its Lie
derivative along a vector field tangent to the foliation also vanishes. Moreover, we
shall use the basic versions of the standard operators acting on 27 (M), the space
of basic forms: Ajp is the basic Laplace operator, L g is the exterior multiplication
with the transversal Kéhler form and A g its adjoint with respect to the transversal
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metric. For details on these operators and their properties we refer the reader to
[Tondeur 1988, Chapter 12].

Here is the main result of this section. It puts severe restrictions on formal
Vaisman metrics.

Theorem 3.2. Let (M, g, J) be a compact Vaisman manifold. The metric g is
geometrically formal if and only if b,(M) = 0 for

2<p=2m-=2, bi(M)=by—1(M)=1,
that is, M is a cohomological Hopf manifold.

Proof. Let y € QP (M) be a harmonic form on M for some p, 1 < p <m — 1. By
[Vaisman 1982, Theorem 4.1], y has the form

3-D y=a+6 A8,

with « and B basic, transversally harmonic and transversally primitive.
Since « is basic, Jo is also a basic p-form that is transversally harmonic and
transversally primitive:

Ap(Ja)=0, Ap(Ja)=0,

because Ap and Ap both commute with the transversal complex structure J (as
the foliation is transversally Kéhler). Again from the theorem just cited, by taking
B =0, it follows that J« is a harmonic form on M: A(Ja) =0.

The assumption that g is geometrically formal implies that o A J« is harmonic
on M, so that in particular it is coclosed: §(a A Jo) = 0. By [Vaisman 1982]
(where the term transversally effective is used instead of transversally primitive),
this implies that o A Jo is transversally primitive: Ag(a A Ja) =0.

Otherwise, by [Grosjean and Nagy 2009, Proposition 2.2], for primitive forms
n, u € APV, where (V, g, J) is any Hermitian vector space, the algebraic relation

(3-2) (WP A = (=DPP™D2pin, T ),
holds, where J is the extension of the complex structure to A*V defined by
Ui, ...,vp) i=nJvy, ..., Jvy), forallne APV, vy,...,v,eV.

We apply the formula above to the transversal Kéhler geometry and conclude that
o vanishes everywhere:

0= (Ap)’(@anJa)=(—1)PPTD2py o).

The same argument as above applied to B € Qg_l (M) shows that 8 is identically
zero if p > 2. Thus, y =0 for 2 < p <m — 1, which proves that

by(M) =--- =by_1(M) =0.
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If p =1, then B is a basic function, which is transversally harmonic, so that g is
a constant. Thus y is a multiple of 8, showing that the space of harmonic 1-forms
on M is 1-dimensional: by (M) = 1.

It remains to show that the Betti number in the middle dimension, b,, (M), also
vanishes. This follows from Proposition 2.5 appliedto p=1,k=m —1and [ =2.

The converse is clear, since the space of harmonic forms with respect to the
Vaisman metric g is spanned by {1, 0, %0, dvol,} and thus the only product of
harmonic forms which is not trivial is 6 A %0 = g(6, 0) dvol,, which is harmonic
because 6 has constant length, being a parallel 1-form. O

Remark 3.3. (i) There exist Vaisman manifolds that do not admit any formal Vais-
man metric. Indeed, let f : N < CP" be an embedded curve of genus g > 1 and
let M be the total space of the induced Hopf bundle f*(S! x $?"*1). Then M is
Vaisman and b (M) > 1 [Vaisman 1982], hence, according to 3.2, it does not admit
any formal Vaisman metric. Other examples can be found in [Belgun 2000].

(i1) On the other hand, we do not have an example of a topologically formal
complex compact manifold, which admits Vaisman metrics, but does not admit
geometrically formal Vaisman metrics. This seems to be a difficult open problem.

(iii) In complex dimension 2 the Vaisman condition in Theorem 3.2 is not nec-
essary. Due to the results of Kotschick [2001], the existence of any geometrically
formal metric on a non-Kéhler surface implies that »; =1 and b, = 0.

(iv) Theorem 3.2 may be considered as an analogue of the following result on
the geometric formality of Sasakian manifolds.

Theorem 3.4 [Grosjean and Nagy 2009, Theorem 2.1]. Let (M*"*!, g) be a com-
pact Sasakian manifold. If the metric g is geometrically formal, then b,(M) = 0
for 1 < p <2n, that is, M is a real cohomology sphere.

Appendix: Auxiliary results

Lemma A.1 (characterization of geometric formality). Let o and B be two har-
monic forms on a compact Riemannian manifold (M", g). Then o A B is harmonic
if and only if

(A-1) 3 (€i90) AV B = —(— 1) 3 (611 8) AV,
i=1 i=1

where {e;},_1; is a local orthonormal basis of vector fields. Thus, the metric g is

formal if and only if (A-1) holds for any two g-harmonic forms.

Proof. Since M is compact, o A 8 is harmonic if and only if it is closed and
coclosed. As a A B is closed, we have to show that (A-1) is equivalent to o A
being coclosed. This is implied by the following:



360 LIVIU ORNEA AND MIHAELA PILCA

S(@AB)

n n
=—Y €V (anp)=—> eis(Voa AB+aAV,p)
i=1 i=1

=60 A B~ (=D Y Voa AlesB) — Y. (e150) AV B+ (— Do £ 8B
i=1 i=1

n n
= —(=DIWFIS (e;1p) AV — 3 (e130) AV, B. O
i=1 i=1
Riemannian products. Let (M"™", g) = (M", g1) x (M3, g2). We denote by
m; : M — M; the natural projections, which are totally geodesic Riemannian
submersions.
One may describe the bundle of p-forms on M as follows:

p
(A-2) APM = @ i (N M) @ 75 (AP My).
k=0
This identification also works for the space of harmonic forms, namely the har-
monic forms on (M, g) can be described in terms of the harmonic forms on the
factors (M, g1) and (M>, g»). To this end let %X (M;, g;) be the space of harmonic
k-forms on M; and let by (M;) be the Betti numbers of M;,i =1, 2.

Lemma A.2. Let {af, ..., a5 )} be abasis of 3*(My, g1) and (B, ..., By 1)}
a basis of%k(Mz, g2)). Then the forms

(A3)  {ri @) AmEBP ) 11 <s <bi (M), 1 <1 <bp ((M),0<k < p)

form a basis of the space of #P (M, g), for each 0 < p <m + n.
For a proof, see [Griffiths and Harris 1978, page 105].

Warped products. Let (B", gg) and (F™, gr) be two Riemannian manifolds and
¢ > 0 be a smooth function on B. Then M = B x, F denotes the warped product
with the metric g = 7*(gg) + (¢ o)?0*(gr), wherew : M — Bando : M — F
are the natural projections.

Let {e;},_ T be a local orthonormal basis on B and let {f;} . =T be a local
orthonormal basis on F, which we lift to M and thus obtain a local orthonormal
basis of M:

~ 1 -
{el’ porm fi }izfn;jzm'
Consider the decomposition § = §; + 8, of the codifferential on M, where

n 1
8= — 0. Vs, &)= —
: igel_l a (pom)? ; 'ZfJJ i

We first determine the commutation relations between the pullback of forms on
B and F with §; and §5.
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Lemma A.3. Fora € Q*(B) and B € Q*(F), we have

(A-4)  81(c"(B) =0, 82(0*(B)) = o™ (35 (B)),

1
(pom)?
(A-5)  8i(* (@) =" (8% (), S(r* (@) = ——=

pom

grad(¢ o) am™* ().

Proof. Let B € QP*!(F). For any tangent vector fields X1, ..., X p to M we obtain

51" (B) (X1 ... Xp)
e (Vs (@B (X ... X))

i=1
n

n
é(ﬁ(a*elv U*Xla MR G*Xp)oa)+2 ﬂ(a*(véé)a G*le ct U*Xp)
i=1

i=

+ Z(ﬁ(o*é,-, 0u(VaX1), .., 0uX )+ 4B (0461, 0 X1, ..., o*(vgl.x,,)))
i=1

—_

=0,

since o.¢; = 0, because ¢; is the lift of a vector field on B and also

—_—~—

04(V46) = 0, (V5le)) = 0.

This proves that §;(c*(8)) = 0.

The commutation rule in (A-4) is shown as follows:

(@om)?*8(a*(BN(X1, ..., Xp)

=~ L@ AKXy
]:

= — f: fj(ﬁ(o*fj,o—*xl,...,a*x,,)oa)+ f:lﬂ(o*(VAfjfj),a*Xl,...,U*Xp)oa
2 P

(ﬂ(a*fj» 0'*(V Xl) U*Xp)
4. .+ﬁ(a*fj, 0.X1, .. .,O’*(ijXp)))OO’

TMs

=—> fi(B(fj,04X1,...,0:Xp)) 00
j=1

g(fj, f,)

m —_ —
+> ﬂ(a*(vﬁ.jf,- =P orad(gon)), 04 X1, ..., 0.Xp) 00
j=1

+ Z(ﬂ(fj,o*(vfjxl),...,a*Xp)+---+ﬂ(fj,o*X1, . 0:(V} X)) 00
j=1
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where we may again assume, without loss of generality, that X; are lifts of vector
fields Z; on F: X; = Z; fori =1, ..., p. For a tangent vector field Y to B, each
of the above terms vanishes, since 0,(Y) = 0. We then get

(9 o) 82(a* (BN (X1, -\ Xp)

==X fiBUfi 21 Zp) oo + 3 BV [, Z1, ... Zp) oo
Jj=1 j=1 :

m
+ Z[lg(fj7 fobe,O'*Xp)++,3(fj,21,,V§pr)]00'
j=1

=o* (5T (B (X1, ..., X)p).

The relations (A-5) can be obtained by similar computations, which we omit
here. ]
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STEINBERG REPRESENTATION OF GSp4):
BESSEL MODELS AND INTEGRAL REPRESENTATION
OF L-FUNCTIONS

AMEYA PITALE

We obtain explicit formulas for the test vector in the Bessel model, and
derive the criteria for existence and uniqueness of Bessel models for the
unramified quadratic twists of the Steinberg representation = of GSp4(F),
where F is a nonarchimedean local field of characteristic zero. We also give
precise criteria for the Iwahori spherical vector in 7 to be a test vector. We
apply the formulas for the test vector to obtain an integral representation of
the local L-function of x, twisted by any irreducible admissible representa-
tion of GL,(F). Using results of Furusawa and of Pitale and Schmidt, we
derive from this an integral representation for the global L-function of the
irreducible cuspidal automorphic representation of GSp,(A) obtained from
a Siegel cuspidal Hecke newform, with respect to a Borel congruence sub-
group of square-free level, twisted by any irreducible cuspidal automorphic
representation of GL,(A). A special-value result for this L-function, in the
spirit of Deligne’s conjecture, is obtained.

1. Introduction

It is known that the representation of the symplectic group obtained from a Siegel
modular form is nongeneric, which means that it does not have a Whittaker model.
Consequently, one cannot use in this case the techniques or results for generic
representations. In such a situation, one introduces the notion of a generalized
Whittaker model, now called a Bessel model. These Bessel models have been
used to obtain integral representations of L-functions. It is known that, if A is
the ring of adeles of a number field, an automorphic representation of GSp,(A)
obtained from a Siegel modular form always has some global Bessel model. For
the purposes of local calculations, it is often very important to know the precise
criteria for the existence of local Bessel models and have explicit formulas. In
this paper, we wish to investigate Bessel models for unramified quadratic twists of

MSC2000: primary 11F46; secondary 11F66, 11F67, 11F70.
Keywords: Steinberg representation, Siegel modular forms, L-functions, special values of

L-functions.
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the Steinberg representation 7w of GSp,(F), where F is any nonarchimedean local
field of characteristic zero.

We first briefly explain what a Bessel model is (detailed definitions will be given
in Section 3). Let F be a nonarchimedean local field of characteristic zero. Let
U (F) be the unipotent radical of the Siegel parabolic subgroup of GSp,(F), and
6 be any nondegenerate character of U (F). The group GL,(F), embedded in the
Levi subgroup of the Siegel parabolic subgroup, acts on U (F) by conjugation and,
hence, on characters of U (F). Let T (F) = StabGLz( P (0); then, T (F) is isomorphic
to the units of a quadratic algebra L over F. The group R(F) = T(F)U(F) is
called the Bessel subgroup of GSp,(F) (depending on #). Let A be any character
of T (F), and denote by A ® 8 the character obtained on R(F). Let (7, V) be any
irreducible admissible representation of GSp,(F). A linear functional g : V — C,
satisfying B(w(r)v) = (A ® 0)(r)B(v) for any r € R(F) and v € V, is called
a (A, 0)-Bessel functional for w. We say that = has a (A, 6)-Bessel model if
7 is isomorphic to a subspace of smooth functions B : GSp,(F) — C such that
B(rh) = (A ®0)(r)B(h) for all r € R(F) and h € GSp,(F). The existence of
a nontrivial Bessel functional is equivalent to the existence of a Bessel model for
a representation. If  has a nontrivial (A, 6)-Bessel functional §, then a vector
v € V such that (v) # 0 is called a test vector for B.

Prasad and Takloo-Bighash [2007] have obtained, for any irreducible admissible
representation w of GSp,(F'), the criteria to be satisfied by A for the existence of
a (A, 0)-Bessel functional for 7. Their method involves the use of theta lifts and
distributions. The uniqueness of Bessel functionals has been obtained in [Novo
—dvorsky and Piatetski-Shapiro 1973] for many cases; in particular, for any 7 with
a trivial central character. In [Sugano 1985], a test vector is obtained when both the
representation 7 and the character A are unramified. In [Saha 2009], a test vector
is obtained when F' = Q,, where p is odd and inert in the quadratic field extension
L corresponding to T'(Q,,), the representation 7 is an unramified quadratic twist of
the Steinberg representation, and A has conductor 1+ po, . The explicit formulas
of the test vector in the above two cases have been used in [Furusawa 1993; Saha
2009] to obtain an integral representation of the GSp, x GL, L-function, where
the GL, representation is either unramified or Steinberg.

The main goal of this paper is to obtain explicit formulas for a test vector, when-
ever a Bessel model for the unramified quadratic twist of the Steinberg representa-
tion of GSp,(F) exists. In addition to obtaining these formulas, we in fact obtain
an independent proof of the criteria for the existence and uniqueness of the Bessel
models. We also give precise conditions on the character A, so that the Iwahori
spherical vector in 7 is a test vector. This is achieved in:

Theorem 3.18. Let m = QStGSp4 be the Steinberg representation of GSp(F),
twisted by an unramified quadratic character Q2. Let A be a character of L™
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such that A|px = 1. If L is a field, then 7w has a (A, 0)-Bessel model if and only
if A # QoNpr. If L is not a field, then w always has a (A, 0)-Bessel model.
In case w has a (A, 0)-Bessel model, it is unique. In addition, if w has a (A, 6)-
Bessel model, then the Iwahori spherical vector of 7 is a test vector for the Bessel
functional if and only if

1) A is trivial on 1+ (see (2-1) for the definition of J3), and

ii) in case L = F @ F and A is unramified, we have A((1, w)) # Q2 (@), where
w is the uniformizer in the ring of integers of F.

The criterion for the existence of the Bessel model obtained in this theorem is
the same as in [Prasad and Takloo-Bighash 2007]. However, the methods used
to prove it are very different from those in that paper and in [Nove-dvorsky and
Piatetski-Shapiro 1973].

When the Iwahori spherical vector is a test vector, we use the explicit formula
for the test vector to obtain in Theorem 4.3 an integral representation of the local
L-function L(s, w x t) of the Steinberg representation = of GSp,(F), twisted by
any irreducible admissible representation t of GL;,(F). This integral involves a
function B in the Bessel model of 7, and a Whittaker function W# in a certain
induced representation of GU(2, 2) related to 7. We wish to remark that, in this
paper as well as in other works [Furusawa 1993; Pitale and Schmidt 2009b; 2009c;
Saha 2009], the Bessel function B is always chosen to be a “distinguished” vector
(spherical if r is unramified, and Iwahori spherical if 7 is Steinberg) that has
the additional property of being a test vector. With this choice of B, we have
a systematic way of choosing W# (see [Pitale and Schmidt 2009¢c]) so that the
integral is nonzero and gives an integral representation of the L-function. The
work so far suggests that, to obtain an integral representation for the L-function
with a general irreducible admissible representation = of GSp,(F’), we will have
to choose B to be both a “distinguished” vector in the Bessel model of = and
a test vector for the Bessel functional. This further highlights the importance of
obtaining more information and explicit formulas for test vectors for Bessel models
of GSp,4(F). This is a topic of ongoing work.

Using the local computation mentioned above, together with the archimedean
and p-adic calculations from [Furusawa 1993; Pitale and Schmidt 2009c], we ob-
tain in Theorem 5.2 an integral representation of the global L-function L(s, 7 X 7)
of an irreducible cuspidal automorphic representation = of GSp,(A), obtained
from a Siegel cuspidal newform with respect to the Borel congruence subgroup of
square-free level, twisted by any irreducible cuspidal automorphic representation
T of GL,(A). When 7 corresponds to an elliptic cusp form in S;(N, x), we obtain
in Theorem 5.3 algebraicity results for special values of the twisted L-function, in
the spirit of Deligne’s conjecture [1979].



368 AMEYA PITALE

2. Steinberg representation of GSp,

Nonarchimedean setup. Let F be a nonarchimedean local field of characteristic
zero. Let o, p, @, g be the ring of integers, prime ideal, uniformizer and cardinality
of the residue class field o/p, respectively. We fix three elements a, b, ¢ € F such
that d := b> —4ac #0. Let
L {F(ﬁ) ifd ¢ F*2,

“|FeF ifde F*2

In the case when L = F @ F, we consider F diagonally embedded. If L is a
field, we denote by x the Galois conjugate of x € L over F. If L= F @ F, let
m = (y, x). In every case, we let N(x) = xx and tr(x) = x + x. We shall
assume that a, b € 0 and ¢ € 0*. In addition, we assume that d is the generator of
the discriminant of L/F ifd ¢ F*?> and d € 0* if d € F*2.

The Legendre symbol (%) is set to

—1 ifd & F*? and d ¢ p (the inert case),
(5)=1 0 ifd¢gF*?andd ep (the ramified case),
1 if d € F*? (the split case).

If L is a field, then let o, be its ring of integers. If L = F @ F, thenlet o, =0 ®o.
Let w; be the uniformizer of o, if L is a field, and set @w; = (=, 1) if L is not a
field. Note that, if (%) # —1, then N(w;) € wo*. Let a € 0, be defined by

b+vd if L is a field,
- 2c
b d b—
( +‘/_, “/3) fL=F®F.
2c 2c

We fix in o, the ideal
b (5 =1,
(2-1) B :=po, = {p} if (5) =0,
o (L
Here, when L is a field extension, p, is the maximal ideal of o,. Note that ‘P is
prime only if () = —1. We have
P'No=p" foralln=>0.

Lemma 2.1 [Pitale and Schmidt 2009b, Lemma 3.1.1]. With the notation above,
the elements 1 and o constitute an integral basis of L/ F. There does not exists any
X € o such that « + x € 5.
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Steinberg representation. We define the symplectic group H = GSp, by

1
H(F) = {g € GLy(F) :'gJg = u2(9)J. ua(g) € F*}.  where J = [_ L 2] .
The maximal compact subgroup is denoted by
K™ :=GSp,(0).

We define the Iwahori subgroup by

I'={gekf:.g= (mod p)

SO ¥ *
SO *x O
S ¥ ¥ *
* ¥ ¥ ¥

Let @ be an unramified quadratic character of F*. Let m be the Steinberg
representation of H (F'), twisted by the character 2. This representation is denoted
by Q2 StGSp4. Since we have assumed that €2 is quadratic, we see that 7 has trivial
central character. The Steinberg representation has the property that it is the only
representation of H (F) which has a unique (up to a constant) Iwahori fixed vector.
The Iwahori Hecke algebra acts on the space of I-invariant vectors. We will next
describe the Iwahori Hecke algebra.

Iwahori Hecke algebra. The Iwahori Hecke algebra ¥ of H(F) is the convolu-
tion algebra of left and right I-invariant functions on H (F). We refer the reader
to [Schmidt 2005, §2.1] for details on the Iwahori Hecke algebra. Here, we recall
the two projection operators (projecting onto the Siegel and Klingen parabolic sub-
groups) and the Atkin—Lehner involution. The unique (up to a constant) Iwahori
fixed vector vy in 7 is annihilated by the projection operators and is an eigenvector
of the Atkin—Lehner involution.

1 w
1
22 Y = . v+ =0, w(0)vo = wro,
weo/p —w 1 |
Z T y 1 | vo + 7w (s2)vg = 0.
y€o/p 1
Here,
1 1 1
|11 _ 1 _ 1 _
s = L= , Moo= o , w=-—-Q(w).
1 1 w

3. Existence and uniqueness of Bessel models



370 AMEYA PITALE

for the Steinberg representation

We fix an additive character i of F, with conductor 0. Leta, b € 0 and c € 0 be
as in Section 2, and set

Then, ¢ defines a character 6 on

U(F)={[12 fj:fX=X} by 9([1 ﬂ):w(tr(SX)).

Let
- T(F):={g € GLa(F) : 'gSg = det(g)S}.
Set ,
$:|:—§a g and  F@)={x+y§:x,yeF}

It can be checked that T (F) equals F(£)* and is isomorphic to L*, with the
isomorphism given by

x+ty oy }_)[Hy%g if L is a field;

(3-2) [ b
—ay x-—1%y (x+y%, x—y¥d) fL=F@F.

We consider T (F) as a subgroup of H(F) via

T(F)> g+ [g € H(F).

det(g) ’g_l]
Let R(F)=T(F)U(F). We call R(F) the Bessel subgroup of H(F) (with respect
to the given data a, b, ¢). Let A be any character on L* that is trivial on F*. We
will consider A as a character on T (F). We have 6(t~'ut) =6 (u) forall u € U(F)
and r € T(F). Hence, the map tu — A(¢)60(u) defines a character of R(F). We
denote this character by A ® 6.

As mentioned in the introduction, a linear functional 8 : V — C, satisfying
Br(r)v)=(A®0O)(r)B(v) forany r € R(F) and v € V, is called a (A, 6)-Bessel
functional for . We say that 7 has a (A, 6)-Bessel model if 7 is isomorphic to a
subspace of smooth functions B : H(F) — C satisfying

(3-3) B(tuh) = A()0(u) B(h) forallt e T(F),ucU(F),he H(F).

The existence of a nonzero (A, 8)-Bessel functional for r is equivalent to the exis-
tence of a nontrivial (A, 6)-Bessel model for r. If 7 has a nonzero (A, 6)-Bessel
functional B, then the space {B, : v € w, B,(h) := B(w(h)v)} gives a nontrivial
(A, 0)-Bessel model for . Conversely, if 7 has a nontrivial (A, 6)-Bessel model
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{B, : v € } then the linear functional 8(v) := B, (1) is a nonzero (A, 6)-Bessel
functional for 7. We say that v € 7 is a test vector for a Bessel functional j
if B(v) # 0. Note that a vector v € 7 is a test vector for 8 if and only if the
corresponding function B, in the Bessel model satisfies B, (1) # 0.

Define the space B(A, 0)! of smooth functions B on H(F) which are right I-
invariant, satisfy (3-3) and the following conditions, for any & € H(F'), obtained
from (2-2),

1w
1
(3-4) Z Blh . + B(hsy) =0,
weo/p —w 1
(3-5) B(hno) = wB(h),
1
1
(3-6) Z Blh yo1 + B(hsy) = 0.
yeo/p 1

Our aim is to obtain the criteria for existence and uniqueness for (A, 6)-Bessel
models for . We state the steps we take to obtain this.

i) Since a function B in B(A,0)! is right I-invariant and satisfies (3-3) we
see that the values of B are completely determined by its values on dou-
ble coset representatives R(F)\H(F)/I. We obtain these representatives in
Proposition 3.3.

ii) In Proposition 3.8, we use the I-invariance of B and (3-3)—(3-6) to obtain nec-
essary conditions to be satisfied by the values of functions in B(A, #) on dou-
ble coset representatives for R(F)\ H (F) /1. This gives us dim(B(A, ) <1
in Corollary 3.9.

iii) In Proposition 3.10, we show that the function B with the given values at
double coset representatives for R(F)\ H (F)/I (obtained in Proposition 3.8)
is well-defined. We show that B satisfies (3-4), (3-5) and (3-6) for all values
of h € H(F) and obtain the criteria for dim(B(A, #)') = 1 in Theorem 3.11.

iv) Suppose A is such that dim(B(A, #)") = 1. If A is unitary then we use 0 #
B € B(A, 0)! to generate a Hecke module Vz. We define an inner product
on Vp and show in Proposition 3.15 that Vj is irreducible and provides a
(A, 0)-Bessel model for . If A is not unitary (this can happen only if L is a
split extension of F'), then we show that any irreducible, generic, admissible
representation of H(F') has a split (A, 6)-Bessel model. Since m is generic
in the split case, we obtain in Theorem 3.18 the precise criteria for existence
and uniqueness of a (A, 6)-Bessel model for 7.
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3.1. Double coset decomposition. From [Furusawa 1993, (3.4.2)], we have the
disjoint double coset decomposition

w.2m+l
m-l
H(F)= R(F)h(l,m)K", h(l, m) = @
(F)y=|_||] PR, m) (1, m) |
1€Z m>0 —_
It follows from the Bruhat decomposition for Sp(4, o/p) that
1 1 X
1 1
K% =1u * U I
L e |t U T
xe€o/p xe€o/p
1 1
1 I xy
x 1 y 1y
u s8I U sp811
|_| IR |_| | 251
X,YEO/P X,yE0/p
1 1
y I xy
L I_l x 1 yxy+z 1 yz
s182511 U |_| s2851521
1 —x 1
X,y,2€0/p X,y,Z€0/p
1 1
1 x y
L |_| w1 wxty wy+z s15251821.
1 —w
w,x,y,z€0/p

1
Let W ={1, s1, 52, 5152, 5251, S15251, 525152, S1525152} be the Weyl group of Sp,(F)
and let the representatives for {1, s;} \ W be given by WD = {1, 55, 5251, 525152}

Observing that .

00
h(l, m) 1‘;” h(l, m)~!
1

is contained in R(F’), we get a preliminary (nondisjoint) decomposition

(3-7) R(F)h(l,m)K" = U (R(F)h(l,m)s1 U R(F)h(l, m) Wys;sl),

sew®
weo/p 1

with W, = w 1

1 —w [
1
The next lemma gives the condition under which the two double cosets of the form

R(F)h(l,m)sl and R(F)h(l, m)W,s;s] are the same.

Lemma 3.1. For w € o/p and m > 0, set B} := aw? 4+ bw"w + cw?. Let
s € W, Then R(F)h(l, m)s1 = R(F)h(l, m) Wysslif and only if B € o*.
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Proof. Suppose B, € 0*. Take y =™, x =@ ™b/2 + cw and set

b
X+ 3 c

—ay x—3%y
Then
8 _

|: det(g)tg_]]h(lvm)_h(lvm)wwslka

where
By
b 4+cw ¢
k= I
—c bw™+cw <
B

Note that for any s € W, we have s~ 'ks e 1. Using
rh(l,m)s = h(l, m) Wys1s(s~'ks),
we obtain R(F)h(l,m)sl = R(F)h(l, m) Wyssl, as required. The computation
of the converse is straightforward. U
The next lemma describes for which w € o/p we have 8] € 0™.
Lemma 3.2. For w € o/p and m > 0, set B := aw? + b w + cw? as above.
1) If m > 0, then B} € o™ if and only if w € (0/p)™.
i) Let m = 0.
a) If(%) = —1, then ,Bg € 0* forevery w € 0/p.

b) Let (%) = 0. Let wg be the unique element of o/p such that o + wg € p; ,
the prime ideal of o;. Then ;33) € 0™ if and only if w # wq. In case #(0/p)
is odd, one can take wo = —b/(2c).

—b++d —b—+d

¢) Let (i) = 1. Then By, € o™ if and only if w # PR

Proof. Part (i) is clear. For the rest of the lemma, we need the equivalence

(3-8) Bl eo” <= a+tweo).
This follows from the identity
(3-9) a+bw+cw? = —c(a+w)(@+w)=—cN(ax+w).

If (%) = —1, then p, =" and Lemma 2.1 implies that « +w € o;* for all w € 0/p.
The equivalence (3-8) gives (ii-a) of the lemma. Let us now assume that (%) =0.
In this case, the injective map ¢ : 0 < o, gives an isomorphism between the fields
o/p>~o; /p,. Letwy= —1~ () be the unique element in o/p such that o +wg € b
In case #(0/p) is odd, then one can take wo = —b/(2c) € o since v/d € p, . Then
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for any w € o/p, w # wy, we have o« + w € oLX. Now (3-8) gives (ii-b) of the
lemma. Next assume that ( ) = 1. Since v/d € 0™ by assumption, we have o & P.
fo+w¢ oL for some w € o0, then we have one of (b & \/_)/(2c) + w lies in
p. Hence, we see that the only choices of w = (w, w) such that « +w & o, are
w = (—b £ /d)/(2¢). Note that /d € o* implies that (—b & +/d)/(2¢) are not
equal modulo p. This completes the proof of the lemma. (]

In the case ( ) =0, (3-9) implies that ), € p but ) ¢ p* by Lemma 2.1. The
disjointness of all the relevant double cosets can be checked easily. We summarize
in the following proposition.

Proposition 3.3. Let W be the Weyl group of Sp,(F) and set
WO = {1, 52, 5251, s25152}.

If(%) =0, let wg be the unique element of 0/p such that o +wq € p,. If #(o/p) is
odd, then take wy = —b/(2c). We have the disjoint double coset decomposition

R(F)h(l,m)K! =

LI R(F)h(l,m)sl if m > 0;

E|_v|v R(F)h(,0)sI ifm=0,(3)=—1;
Semm(R(F)h(l, 0)sIL R(F)h(l, 0) Wy,s151) ifm=0, (%) =0;
sem(l)(R(F)h(l,0)sI|_|R(F)h(l, OW_,, jgs1sUR(F)h(, 0) W_,, fslsl)
sew® T 2c P (p) .

3.2. Necessary conditions for values of B € B(A, 0)'. We will now obtain the
necessary conditions on the values of B € B(A, )" on the double coset represen-
tatives from Proposition 3.3 using the I-invariance of B and (3-3)—(3-6).

Conductor of A: We define
(3‘10) C(A) == mln{m 2 0 . A|(1+mm)moz< = 1}

Note that (1 +P")No, =1+P" if m > 1 and (1 +P")No; =0, if m =0.
Also, c¢(A) is the conductor of A only if (L) =—1. We set c(A) =my. Since A is
trivial on F*, we see that A g gm0 o = 1. Observe that if L is a field, then we
have L™ = (=, ). OLX If (p) = —1 and mo = 0, then we have that A(w; ) = 1, since
w; € woL In case (é) = 0 and mo = 0, we see that A(ww; ) = 1. In general,
if L is a field, we see that A is a unitary character since m is finite. On the other
hand, if L is not a field, then L* = F* @ F* and A((x, y)) = A1(x)A2(y), where
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A1, Ay are two characters of F* satisfying Aj.A; = 1. In this case, mg is the
conductor of both A, A, and the character A need not be unitary.

In the next lemma, we will describe some coset representatives, which will be
used in the evaluation of certain sums involving the character A.

Lemma 3.4. Let m > 1. A set of coset representatives for

(@ + "N o)/ (0% +B™)
is given by {wt+aw™ :we (o/p)*YU{l}ifm>2and {fw+oa:weo/p,w+a €
o, YU{l}if m=1.

Proof Let x +aw™ 'y € (0* —I—‘Bm_l)ﬂoLX, with x, y € 0. If m > 2, then x € 0*.
If y € p, then x + aw™ 'y € (6 + P™), and hence corresponds to the coset
representative 1. Now, we assume that y € 0. Then, using y € 0™ +B", we see
that x + aw™ 'y is equivalent to x/y 4+ aw ™! modulo (0> + P™). Note that

x/y+aw™ e 0, implies that, modulo p, the element x/y lies in
(0/p)* if m > 2,
o/p ifm=1,(%)=-1
(3-11) , (‘L“)
0/p — {wo} ifm=1,(5)=0,

1.

o/p—{(—b£Nd)/Q20)} ifm=1, (L)

This follows from the proof of Lemma 3.2. A calculation shows that if w, w’ are
equivalent, modulo p, to (not necessarily the same) elements in the sets defined in
(3-11), then

w=w (modp) ifandonlyif (w4+aw™ /(W +aw™ ) e +Pp".
This completes the proof of the lemma. ]

Depending on the c(A) = myg, certain values of B have to be zero. This is
obtained in the next lemma.

Lemma 3.5. For any | € Z, we have B(h(l,m)s) = 0, if any of the following
conditions are satisfied.

)m<mog—2,my>2,s=1,
ii) m =0, (%) =1, myg>1, s €{Wys1:w=(—b++/d)/Qc)};
iii) m =0, (%) =0, A=QoNr/F, mo=0, s = Wy,s15;
iv) m=0, () =—1,mo=0,s=1.
Proof. We illustrate the proof of (i) here. Let m <mg— 2. Let

l+x+aye 1+‘,]3m+1, withx,yepm+1,
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be such that A(1+x +ay) #1. Let

c(14+x)+by cym ™
—ayo™  c(14+x)

k= cd+xn)  ayom | T
—cyw ™ c¢(14+x)+by
Then
B(h(l,m)) = B(h(l, m)k)
c(I1+x)+by ¢y
_3B —ay c(1+x) h(l, m)

c(1+x) ay
—cy c(l4+x)+by

= A(l+x+ay) B(h(l, m)),

which implies that B(h(l, m)) = 0, as required. The other cases are computed in
a similar manner. O

From Lemmas 3.4 and 3.5(i), we obtain information on certain character sums
involving A:

Lemma 3.6. For any [, we have

m _Jo if 0 <m < my,
we%m? e )B(h(l’m))+3(h(l’m))_{qBUz(l,m)) if m = mo, m > 0;
> Aw+a)B(h(l.0) + B(h(, 0) = {0 ifmo =1,
weolp ’ ’ (¢ (L)) B*(L0) if my=0.
wHaeco)

Conductor of . Since the conductor of ¥ is 0, we obtain the following further
vanishing conditions on the values of B.

Lemma 3.7. Form >0, we have B(h(l, m)s) =0 if one of the following conditions
are satisfied:

1) 1 <0, sefl, s, 82,55}
i) [ < —1, s € {s152, 515251, 525152, S1528152}.

For w € o, we have B(h(l,0)Wys) = 0 if one of the following conditions are
satisfied:

1) <0, s=s1;

i) I < —1, s € {s152, 515251, 515285152}

]f(%) =land w = _ljzic\/g, then B(h(—1,0)W,s1s2) = 0.
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Proof. We illustrate the proof for the case m > 0,1 < 0, s € {1, 51, 52, s251}. For
any € € 0%, set

1 1 €
k€: 1 €

< | ifs=1,5, and k5= 1 if s =57, $251.

1 1
Then, for s € {1, 51, 52, 5251} and € € 0™, we obtain
B(h(l,m)s) = B(h(l, m)sk?)
1

I
=B I e h(l,m)s =W(cew1)B(h(l,m)s).

1

Since the conductor of i is 0, we conclude that B(h(l, m)s) =0 if [ < 0. The other
cases are computed in a similar manner. U

Values of B using (3-4). Substituting & = h(/, m)s; in (3-4) and using Lemmas
3.1, 3.2 and 3.6, we get, for any /,

if
—qB(h(,m)) ifm>myand m > 0;

if 1
(3-13) B(h(l, 0)Wy,s1) = {0 Hmo =2
—qB(h(,0)) ifmy=0;

(3-14) B(h(l,O)W_,, sz51)+ B(h(,OOW_,_ j751) = —(g — 1) B(h(l, 0))

2c 2 if mg = 0.

Substituting & = h(l, m)sys; in (3-4) and using that the conductor of ¥ is 0, we
get forany [, m

(3-15) B(h(l, m)sys1) = —éB(h(l,m)sz).

Substituting & = h(l, m)sys>s; in (3-4) and using that the conductor of ¥ is o,
we get for any m > 0 and /

(3-16) B(h(l,m)sis281) = —%B(h(l,m)slsz).

Let (L) = 0. Substituting i = h(~1,0)Wy,s15251 in (3-4) and using that the
conductor of ¥ is 0 and b +2cwy € p, we get

B(h(—1, 0) Wy, s15281) = —éB(h(—l, 0) Wiy,s152).
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Let (g) =1and w = (—b++/d)/(2¢). Substituting & = h(l, 0)W,s1525] in (3-4)
and using that the conductor of ¥ is 0 and v/d € 0%, we get for [ # —1

(3-17) B(h(L, m) Wiy s2s1) = —éB(h(l, m) Wys152).

Values of B using (3-6). Substituting & = h(l, m)s, in (3-6) and using that the
conductor of y is 0, we get for any [, m

(3-18) B(h(l,m)sy) = —éB(h(l,m)).

Substituting & = h(l, m)sas1s2 in (3-6) and using that the conductor of i is o,
we get for [ # —1

(3-19) B(h(l, m)sas1s2) = —53(11(1, m) $251).
Set
0 ifm >0,
w= 1 wo ifm=0, (%):0,

—btd .. N

Substituting & = h(l, m) Wy, s1s3 in (3-6) and using that the conductor of i is 0, we
get for [ # —1

(3-20) B(h(l, m)Wys152) = —éB(h(Z,m) Wwst).

Substituting h = h(l, m) Wy,s1525152 in (3-6) and using that the conductor of ¥ is
0, we get for all [, m

(3-21) B0, m) Woys1525152) = = B0 m) Woysios0).
Values of B using (3-5). For any [, m, w we have the matrix identities

1
(3-22) h(l,m)sysingo=h({—1,m4+1)s;525;

(3-23) h(l, m)Wys1s281501m0 = h(I+1, m) Wy,s;

(3-24) h(l, m)sysisong =h(l+1, m)



STEINBERG REPRESENTATION OF GSp(4) 379

Hence, by (3-5), we have

(3-25) B(h(l,m)sys1) = wB(h(—1,m+1)s15251),
(3-26) B(h(l,m)Wys1s25152) = wB(h(+1,m) Wys1),
(3-27) B(h(l, m)s>s152) = wB(h(l+1, m)).

Using (3-24) we see that
B(h(l,O)W_,, szs152) = wB(h(I,0)W_, | /7515210)

1
=wB |hL.OW ., u| 5

w
2¢ 1

by/2
Lets = d[24a,y =1, ¢ = [H—ay/ ‘b /2}’ = [g det(g)’ ‘1]'
We have the matrix identity Y Y £78

2¢ 2c

rh(l,O)YW_,_ gsiso=h,OW_,, & © sk,
2¢

2¢ @
Vd/c —1
with k = —Vdjc 1 el
w C
—w —C
This gives us

(3-28)  B(h(,O)W_,, i5152) = oA((Vd+w@, @) B(h(l,0)W_,_ s35152).
2c 2c

Summary. Using (3-15), (3-18), (3-19) and (3-27) we get for [, m >0

(3-29) Bh(l+1,m)) = —q%B(h(l,m)).

Using (3-12), (3-15), (3-16), (3-18), (3-20), (3-25) and (3-29), we get for / > 0 and
m>mgy— 1

(3-30) B(h(l,m+1)) = %B(h(l,m)).

Hence, we conclude that

(3-31) B(h(l,m)) =
0 ifl<—lor0<m<my—2,
g~ 4m=motD(_ g3 B(h(0, my—1)) ifl>0and m > my—1> 0,
g 4" (—wq ™)' B(1) ifl>0and m > mo=0, 1.
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Let (%) =1and w = (—b £ +/d)/(2c). Using (3-17), (3-20), (3-21) and (3-26),
we get for [ > 0, B(h(l+1,0) Wys1) = (—wqg ) B(h(l, 0) Wy,s1), which gives us

B(h(l,0) Wys1) = (—wq ) B(Wys1).

In addition, if mg =0 and wA((1, @w)) = —1, using (3-14), (3-20) and (3-28), we
getforalll/ >0

B(h(l,0)) =0.
Summarizing the calculations of the values of B, we obtain

Proposition 3.8. Let c(A) =myg. Forl,m € Z,m > 0, we set

| “_F4Ww“Wﬂw4Y ifmo > 1,
I,m

g (—wg 73 if mo =0,
. {B(h(O, mo—1)) ifmy>1,
"0 B(1) if mo=0.

We have the following necessary conditions on the values of B € B(A, 6)\.

1) For m > 0 and any my,

0 il <—1 <mp—2
»  B(h(,m)= fl<—lorm=mo=2,

A mCpy i1 >0andm >mgy—1.

0 fl<-—1 <my—2,
b BGhUGms)={ Y I<—lorm=mo

—q Al,mcmo lleOandmZmo—l.

0, ifl<—1 < -2,
o Bhlmss)=1{ ", ffl=<—lorm=my

q “AimCpy, f1>0andm >mo—1.

0, ifl<—2o0orm<mg—2,
d) B(h(l,m)s25152) = { @A, mCny» ifl=—1andm > mgy—1,

—q*3A1,mCm0, ifl>0andm > mgy — 1.

i1) For m > 0 and any my,

0 1< —1 <mo—1,
D BGGms) = yi<—lorm=mo
—qA;mCpmy if 1 >0and m > my.

0 ifl<—-2orm<my—1,
b) B(h(l,m)s152) = { —@q> Ao.mCry» if | =—1and m > my,

AL Cmy,s if l >0andm > my.

0 ifl<—2o0orm<mg—1,

¢)  B(h(,m)sis2s1) = { wq?AomCmy  if | =—1and m > my,
_q_lAl,mCmO, lfl > 0and m > my.
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0 ifl<—-2orm<mg—1,
d) B(h(l,m)s1s285182) = § —wqAomCm, if l=—1andm > my,
q_zAl’mCmo, if l >0andm > my.
i) Let mo > 1.
a) If(%) =0ands € {1, sy, 5251, $285152}, then, for all I,
B(h(l, 0) Wy,s15) =0

b) If(%) =1,5 €{l, 52, $251, 525182} and w = _bzic«/g then, for all I,

B(h(l,0) Wys1s) =0
iv) Let moy = 0.
a) If () = —1 then Co =0.
b) Suppose ( ) 0. Then

1 B(h(l,0)W,
) (1, 0) Waos1) —qA;0Cy if1>0.

A1 0Co, ifl > 0.

0 ifl <=2,

0q*Ar+1,0Co, if 1> —1.
ifl<-2,

—wqA1,0Co, ifl=—1.

ifl<-=-2
2) B(h(l, 0) Wy,s152) = I—a)q Co ifl=-1,
3)  B(h(l,0) Wy,s15281) = {

4) B(h(l,0) Wyys15281852) = {

¢) Suppose (%) =0and A =QoNyr. Then Cy=0.
L
p

d) Suppose ( ) = 1. Then for s € {1, 52, 5251, 525152}

B(h(L,O)W_,_ jzs15) = B(h(,O)YW_,, /z515).
2¢ 2c

1
wA((1, w))

e) Suppose (%) =land woA((1, w)) = —

1 Co=0.
2 B(h(,0)W = .

) (h(, 0) —b;ﬁsl) AI,OB(Wbet\/gsl) if 1> 0.

3 B(h(l,0) W .

) ( (¢, 0) b;fslsz) —éA[,OB(W,b+ﬁsl) if 1 >0.

2¢
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4)  B(h(,0)W_,, jz515281) =
2¢

0 if 1<-2,
—qul+1,OB(W_b+¢d’S1) if l>—1.
2¢

0 ifl<-2,
5) B(h(l, 0) W#SISZSISZ) = {wAHl,OB(W_HﬂM) ifl=-1
c T2
f) Suppose (%) =land oA((1, @)) # —1. Setv = W_&,w})
) B(h(l,0) W#Sl) - (ivA,,oCo, Zp’ﬁ i (;1’
2) B(h(z,())w#slszh 2_1VA1’0C0, z:;;;l
3)  B(h(,0) W#mszm): ?oqvA1+1,0Co, szi:?’
4) B(h(L 0)W_, g51525152) = ngAHLOCO Zﬁij

2c
Corollary 3.9. For any character A, we have

dim(B(A, 0)") < 1.

3.3. Well-definedness of B. In this section, we will show that a function B on
H(F), which is right I-invariant, satisfies (3-3) and with values on the double
coset representatives of R(F)\H(F)/I given by Proposition 3.8, is well defined.
Hence, we have to show that

risky =rasky = B(risky) = B(raskp)

for ri, r, € R(F), k1, ko € I and any double coset representative s. This is obtained
in the following proposition.

Proposition 3.10. Let s be any double coset representative from Proposition 3.3
and the values B(s) be as in Proposition 3.8. Lett € T(F), u € U(F) such that
s 'tus € I Then

A®)O(wm)=1 or B(s)=0.

N E (X
t_[ det(g)’g‘l] and u_[ 1]

_[x+by/2 cy 4
g_[ —ay  x—by)2 and X ='X.

Proof. Let

with
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First let s = h (I, m). Observe that

Vd by

x+yT:x—7+cya.

(In the split case, we consider the same identity with (x + yv/d/2, x — yv/d/2)).
We assume s~ 'fus € I. We see that x £ by/2 € 0%, y € p" ! and x + Vdy/2 €
0* 4 P +!. Hence, we conclude that g € GL,(0). This gives us
[+2m  l+m
Xe |:I;1+m ppl ]
Now looking at the values of B(h(l, m)) from Proposition 3.8, we get that either
B(s)=0or A(t) =60(u)=1.

We will illustrate one other case, s = h(l, 0) Wy,,s152, since it is the most com-
plicated. Here, wy is the unique element of o/p such that wo +o & 0;. If mo > 1
or [ < —2, then we have B(s) = 0. Hence, assume that my =0 and / > —1. Note
that x + y~/d /2 = x —by/2 — cwoy + c(wo + )y anda+bw0+cw% € p. We see
that s~'#us € I implies that

b
y€Eo and xﬂ:(z—i—cwo)yeox.
Hence, we see that x + y‘/TE € oLX. This implies that g € GL,(0) and A(z) = 1. We

have
1] 1 —wp pop
|:_w0 1_ gX|: 1 :| € |:pl pH—l .

If [ > 0, then we get 8(u) = 1, as required. If / = —1, then let

1 1 — [ .
gX Wo| _ | X1 X2 , with x, xo2, x3 € wilo, X4 € 0.
—wq 1 1 | X3 X4

Set €, = x + (b/2 4+ cwp)y, €2 = x — (b/2 + cwp)y. Using the fact that X is
symmetric and ﬂgo € p, we conclude that x3e; — x2€; € 0. Now 0 (1) = ¢ (tr(SX))
is equal to

w(detl(g) (a((x - %)Xl —ye(xz + U)O)C])) +b(yax1 + (x + %)(m + woxl))

b
+c(ya(xy +woxy) + (x + %)(w%xl 4+ wo(x + x3) +x4))))

1 b
=V (det(g) <(x + %)(xlﬂ,?m + cx4) + 2By, yC — X34, ye

+ (x262 — x3€1)cwo + x3€1 (b + 26w0)))
=1.
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Here, we have used that x3e; — xp€2 € 0, b+ 2cwq € p, and  is trivial on 0. The
other cases are computed in a similar manner. O

3.4. Criterion for dim(B(A, 6)") =1. Inthe previous sections, we have explicitly
obtained a well-defined function B, which is right I-invariant and satisfies (3-3).
The values of B on the double coset representatives of R(F)\H (F)/I were ob-
tained, in Proposition 3.8, using one or more of the conditions (3-4)—(3-6). To
show that the function B is actually an element of B(A, )1, we have to show
that the conditions (3-4)—(3-6) are satisfied by B for every h € H(F). In fact, it
is sufficient to show that B satisfies these conditions when / is any double coset
representative of R(F)\H (F)/1. The computations for checking this are long but
not complicated. We will describe the calculation for 4 = h(/, m) below.

w
B(h(,m)no) =B | h(l,m)| h(—1,0)s2515,
w

=B —1,m)sy5152) = wB(h(l, m)).

Here, we have used Proposition 3.8 and the identities A;_1 , = (—wq3)A1,m. Using
the matrix identity
1 1 w! —w 1 w!
1 1 -w 1
1 —w 1 -w 1
1 —w 1 —w —w 1

for w € 0, w # 0, Lemmas 3.1, 3.2, 3.6 and Proposition 3.8, we get

Z B(h(l, m) sy Wys1) + B(h(l, m)s;) = 0.

weo/p
Using the matrix identity

1 1y -y 1yt
1 _ 1 s 1 1
y 1 1 2 —y‘l 1
1 1 L 1 1

for y € 0, y # 0 and Proposition 3.8, we obtain
| -

> B[ ha.m) , 1 | + B(h(l, m)sy) =0

yeo/p 1.

This shows that, for &7 = h(l, m), the function B satisfies (3-4)—(3-6), as required.
The calculation for other values of 4 follows in a similar manner. Hence, we get
the following theorem.
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Theorem 3.11. Let A be a character of L*. Let B(A, 0) be the space of smooth
functions on H (F), which are right 1-invariant, satisfy (3-3) and the Hecke condi-
tions (3-4) - (3-6). Then

0 ifA=RQoNyrand (7)€ {~1,0},

] I
dlm(B(Av 6) ) = :1 otherwise.

The condition on A, in the case (%) € {—1, 0}, follows from cases (iv-a) and
(iv-c) of Proposition 3.8.

3.5. Existence of a Bessel model. We now obtain the existence of a (A, 6)-Bessel
model for 7. When A is a unitary character, we act with the Hecke algebra of
H(F) on a nonzero function in B(A, #)!. We define an inner product on this
Hecke module and also show that the Hecke module has a unique, up to a constant,
function which is right I-invariant (the same function that we started with). This
leads to the proof that the Hecke module is irreducible and is isomorphic to 7, thus
giving a (A, 8)-Bessel model for .

When A is not unitary (this can happen only if L = F @ F), we obtain a Bessel
model for 7 using the Whittaker model.

The Hecke module. The Hecke algebra 3¢ of H(F) is the space of all complex-
valued functions on H (F) that are locally constant and compactly supported, with
the convolution product defined by

(fix f2)(g) == . fith) fr(h™'g)dh  for fi, fr e ¥, g€ H(F).

We refer the reader to [Cartier 1979] for details on Hecke algebras of p-adic groups
and Hecke modules. Let A be a character of L* such that B(A, 6)! # 0. Let
B € B(A, 6)" be the unique, up to a constant, function whose values are described
in Proposition 3.8. Define the action of f € # on B by

(R(f)B)(g) := f(h)B(gh) dh.
H(F)
This is a finite sum and hence converges for all f. Let
(3-32) Ve :={R(f)B: f € ¥}.
Since R(f1)R(f2)B = R(f1* f>)B, we see that Vp is a Hecke module. Note that
every function in Vp transforms on the left according to A ® 6.

Inner product on Hecke module. We now assume that A is a unitary character.
Note that, by the comments in the beginning of Section 3.2, if L is a field, then A
is always unitary. In this case, we will define an inner product on the space Vp.

Lemma 3.12. The norm (B, B) := / |B(h)|*dh is finite.
R(F)\H(F)
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Proof. We have

(B,B) = / | B(h)|*dh
Z R(F)\R(F)sI

sER(F)\H(F)/I

ol(1
= Y BOP[ a= > P
SER(F)\H (F)/1 Y SER(F)\H(F)/I s

Here I :=s~'R(F)sN1. To get the last equality, we argue as in [Pitale and Schmidt
2009b, Lemma 3.7.1]. The volume of I; can be computed by similar methods to
Sections 3.7.1 and 3.7.2 of the same reference. Now, using the values of B(s) from
Proposition 3.8 and geometric series, we get the result. ([

Let .
¢ : H(F) — C such that ¢ is smooth,

LZ(R(F)\H(F), A®9) =1 prh)=(AQ6O)(r)p(h) forre R(F), he H(F),
and [3 v nem) lp(h)|? dh < oo.

The previous lemma tells us that B € L? (R(F)\H(F), A ®9). Itis an easy exercise
to see that, in fact, for any f € ¥, we have

R(f)B e L*(R(F)\H(F), A®0).

Now, we see that Vg inherits the inner product from L?(R(F)\H (F), A®®). For
f1, f» € ¥, we obtain

(3-33) <R(f1)B,R(fz)B)=/ (R(f1)B)(g) (R(f2) B)(g) dg.
R(F)\H(F)
Lemma 3.13. For f € ¥, define f* € # by f*(g) = f(g~"). Then, for any
By, B; € Vg,
(B1, R(f) B2) = (R(f") B, Ba).
Proof. The lemma follows by a formal calculation. ([
Irreducibility of V.

Lemma 3.14. Let V}; be the subspace of functions in Vg that are right I-invariant.

Then
dim(Vp) = 1.

Proof. We know that VlI; is not trivial since B € V};. Let 1 € 9 be the characteristic
function of I and set f; := vol(I) ! x1. Then, by definition, any B’ € Vé, satisfies
R(f)) B'=B'. Let f € # be such that B' = R(f) B = R(f * f;) B. Here, we have
used that B € Vé. Then

B'=R(f)B =R(f)(R(f* f,) B) = R(fy* f * ;) B.
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But f; * f x f; € 9, the Iwahori Hecke algebra. Since B is an eigenfunction of
%, we see that B’ € CB. Hence, dim(VlIg) =1, as required. O

Proposition 3.15. Let m = QStGSp4 be the Steinberg representation of H(F),
twisted by an unramified quadratic character Q2. Let A be a character of L*
such that dim(B(A, 6)") = 1. Let Vg be as in (3-32). If A is unitary, then Vg is
irreducible and isomorphic to .

Proof. We assume, to the contrary, that Vp is reducible. Let W be an #-invariant
subspace. Let W+ be the complement of W in V with respect to the inner product
( ,) given in (3-33). Using Lemma 3.13, we see that W+ is also ¥-invariant.
Write B = B + By, with B; € W, B, € W+, Let /i be as defined in the proof
of Lemma 3.14. Since W, W' are ¥-invariant, we see that R( fpB1 € W and
R(f}) By € W+, Since B is right I-invariant, we see that By = R(f;)B; and B, =
R(fp)B>. By Lemma 3.14, we obtain, either B = By or B = B;. Since Vp is
generated by B, we have either W = Vp or W = 0. Hence, we see that Vp is
an irreducible Hecke module, which contains a unique, up to a constant, vector
which is right I-invariant. This uniquely characterizes the Steinberg representation
of H(F), and hence, Vg is isomorphic to 7. [l

Generic representations have split Bessel models. We now assume that A is not
a unitary character. This can happen only if L = F @ F. In this case, we will
use the fact that SZSthp4 is a generic representation. We will now show that any
irreducible admissible generic representation of H(F') has a split Bessel model.
We believe that this result is known to the experts (for example, see the proof of
[Takloo-Bighash 2000, Theorem 2.1]) but we present the details of the proof here.

Let o |:2l % :|

b C

be such that b*> — 4ac is a square in F*. One can find a matrix A € GL;(0) such
that
1
S :="ASA= |:1 2] .
2

In this case, Ty (F) :={g € GLy(F) :'gS'g =det(g) S’} = A~' T (F) A. The group
Ty (F) embedded in H (F) is given by

X

y

y
X

:x,y€eF*

Let 0’ be the character of U (F) obtained from S’ and A’ be the character of T (F)
obtained from A. Then it is easy to see that 7 has a (A, 6)-Bessel model if and
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only if it has a (A’, 8”)-Bessel model. So, we will assume that

5=, ]

Let (77, V) be an irreducible admissible representation of H (F). Forcy, c; € F*,
consider the character V., ., of the unipotent radical N (F') of the Borel subgroup
given by

1 x *
ey = v +ay).
-x 1
The representation 7 of H (F) is called generic if Homy, r) (7, ¥¢, ¢,) # 0. In this
case there is an associated Whittaker model W' (i, ¥, .,) consisting of functions
H(F) — C that transform on the left according to ¥, .,. For W € W(m, ¥, ¢,),
there is an associated zeta integral

—_% ¥

wcl,q

y
Z(s, W):/ /W - Iy[* =32 dx d*y.
*JF

X 1

This integral is convergent for Re(s) > 5o, where s is independent of W [Roberts
and Schmidt 2007, Proposition 2.6.3]. More precisely, the integral converges to
an element of C(¢™*), and therefore has meromorphic continuation to all of C.
Moreover, there exists an L-factor of the form

|
L(s, = R X C[X], 0)=1,
(s,7) oG 0(X) e C[X], 0(0)
such that
(3-34) 26 W) Celg gl forall W e Wir, Y o).
L(s,m) '

(This is proved in [Roberts and Schmidt 2007, Proposition 2.6.4] for 7 with trivial
central character. Also see [Takloo-Bighash 2000, §3.1])

Lemma 3.16. Let (7w, V) be an irreducible admissible generic representation of
H (F) with trivial central character. Let o be a unitary character of F*, and let
s € C be arbitrary. Then there exists a nonzero functional fs s : V — C with the
following properties.

i) Forallx,y,z€e Fandv eV,

1

y
(3-35) frol| lyz

v =1ﬁ(61)’)fs,a(v)-

—_< =

1
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ii) Forallx e F* andv eV,

X

1

(3-36) i K v =) x| T2 £ (v).

1

X
Proof. We may assume that V =W (r, ¥, .,). Let so € R be such that Z(s, W) is
absolutely convergent for Re(s) > so. Then the integral

y
Zy (s, W)=f /W Y VP32 a(y)dx d™y
*JF
x 1

is also absolutely convergent for Re(s) > sp, since o is unitary. Note that these
are the zeta integrals for the twisted representation o . Therefore, by (3-34), the
quotient Z, (s, W)/L(s,om) is in Clg™*, ¢*] for all W € W (m, ¥, c,). Now, for
Re(s) > so, we define

Zs(s, T(w)W) 1

(3-37) fso(W) = Lo.om) where w = I

-1
Straightforward calculations show that (3-35) and (3-36) are satisfied. For general

s, since the quotient (3-37) is entire, we can define f; , by analytic continuation.
O

Proposition 3.17. Let (7w, V) be an irreducible admissible generic representation
of H(F) with trivial central character. Then w admits a split Bessel functional

with respect to any character A of T (F) that satisfies A| ., = 1.
Proof. As mentioned earlier, we can take
1
S = [1 2} .
2
Let s € C and o be a unitary character of F* such that
X
A ! =o) " x=H2 forall xe FX.

1
x

Let f;» be as in Lemma 3.16. We may assume that ¢; = 1, so that f , (w (u)v) =
O (u)v for all u € U(F) by (3-35). We have

X

fsol|lm ! | v | = A®X) fi.0() forall x € F*™,

X
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by (3-36). Since A|,, =1 we in fact obtain f; (7 (1)v) = A7) fs,0(v) for all
t e T(F). Hence f; , is a Bessel functional as desired. U

We remark here that, in the split case, for values of s € C outside the range of
convergence of the zeta integral, we do not have an explicit formula for the Bessel
functional. This, in turn, is also reflected in the fact that, when A is not unitary,
it is not very easy to define an inner product on the space Vp defined in (3-32),
although it is known that the Steinberg representation is square-integrable.

Main result on existence and uniqueness of Bessel models.

Theorem 3.18. Let 1 =2 S'[GSp4 be the Steinberg representation of H(F), twisted
by an unramified quadratic character Q. Let A be a character of L™ such that
Alpx = 1. If L is a field, then @ has a (N, 0)-Bessel model if and only if A #
Qo Ny p. If L is not a field, then 7 always has a (A, 0)-Bessel model. In case «
has a (A, 0)-Bessel model, it is unique.

In addition, if T has a (A, 0)-Bessel model, then the Iwahori spherical vector
of i is a test vector for the Bessel functional if and only if A satisfies the following
conditions.

1) Aligp =1, ie, c(A) <1 (see (3-10) for definition of c(A)).
ii) If(%) =1 and A is unramified, then A((1, @)) # Q ().

Proof. If  has a (A, #)-Bessel model, then it contains a unique vector in B(A, 8)".
By Theorem 3.11, the dimension of B(A, 6)! is one, which gives us the uniqueness
of Bessel models.

Now we will show the existence of the Bessel model. Let A be a character
of L™, with A|px =1, such that, if L is a field, A # Qo Ny ,r. We know, by
Theorem 3.11, that dim(B(A, 0)) = 1. If A is unitary, Proposition 3.15 tells us
that Vp is a (A, 6)-Bessel model for . If A is not unitary, we use the fact that 7 is
a generic representation in the split case. Then Proposition 3.17 gives us the result.

The statement regarding the test vector can be deduced from Proposition 3.8
and the fact that a Bessel function B corresponds to a test vector if and only if
B(1) #0. (|

4. Integral representation of the nonarchimedean local L-function

Using the explicit values of the Bessel function obtained in Proposition 3.8, we
will now obtain an integral representation of the L-function for the Steinberg rep-
resentation w of H(F) twisted by any irreducible admissible representation 7 of
GL,(F). For this, we will use the integral obtained in [Furusawa 1993]. We briefly
describe the setup.
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4.1. The unitary group, parabolic induction and the local integral. Let G =
GU(2, 2; L) be the unitary similitude group, whose F-points are given by

. 1
G(F):={g € GLy(L): 'gJg = na(g)J, ua(g) € F*} where J = [—12 2]

Note that H(F) =G (F)NGL4(F). As aminimal parabolic subgroup we choose the
subgroup of all matrices that become upper triangular after switching the last two
rows and last two columns. Let P be the standard maximal parabolic subgroup of
G (F) with a nonabelian unipotent radical. Let P = M N be the Levi decomposition
of P. We have M = M M@ where

¢
@1 MOEF) = Yo |rrerrt
L 1
-1 -
42 MPm=1| ¢ Ple G(F)} ,
L 5
1z T9r1 wy
(4-3) N(F) = 11 1{ cweF, y,zel
L -z 1 1
The modular factor of the parabolic P is given by
e 1
ol e ] CLT = INvORT w=as—sp.
1 y @
where | - | is the normalized absolute value on F. Let (t, V;) be an irreducible

admissible representation of GL,(F), and let xo be a character of L* such that
X0| o coincides with w;, the central character of . We assume that V; is the
Whittaker model of T with respect to the character iy~ (we assume that ¢ # 0).
Then the representation (X, g) — xo(A)T(g) of L™ x GL,(F) factors through
{(A, 2" 1 e FX}, and consequently defines a representation of M @(F) on the
same space V;. Let x be a character of L*, considered as a character of MV (F).
Extend the representation x x xo x T of M(F) to a representation of P(F) by
setting it to be trivial on N (F). If s is a complex parameter, set I (s, x, xo0, T) =
Indggg(&?l/z X X X X0 X T).

Let (r, V) be the twisted Steinberg representation of H (F). We assume that
Vx is a Bessel model for m with respect to a character A ® 6 of R(F). Let the
characters x, xo and A be related by x(¢) = A Txo(@©)L. Let W#(-,s) be
an element of I (s, x, xo, T) for which the restriction of W#( -, s) to the standard
maximal compact subgroup of G(F) is independent of s, i.e., W#(-,s) is a “flat
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section” of the family of induced representations (s, x, xo, 7). By [Pitale and
Schmidt 2009b, Lemma 2.3.1], it is meaningful to consider the integral

1
4-4) Z(s)=/ w#(nh, s) B(h) dh, p=| 1 s
R(F)\H(F)

—a

1
This is the local component of the global integral considered in Section 5.2 below.

4.2. The GL; newform. We define K (p°) = GL,(0) and, for n > 0,
1 n

(4-5) K9 (") =GL,y(0) N [ :np 0°X] .

As above, let (7, V;) be a generic, irreducible admissible representation of GLy (F')

such that V; is the ¥ ~“-Whittaker model of t. It is well known that V; has a unique

(up to a constant) vector W, called the newform, that is right-invariant under

K © (p™) for some n > 0. We then say that T has conductor p”. We normalize W
so that W (1) = 1. We will need the values of W evaluated at

")

for [ > 0. The following table gives these values (refer to [Schmidt 2002, §2.4]).

. wo (7))
1
I+1y _ I+1
o x B with o and 8 unramified, af~! # | - |*! —1p2@ ) @ )
a(w) — B(w)

o x B with « unramified, B ramified, «f =" #£ |- |F'| @ (@) a(@ ™) g7!/?
supercuspidal OR ramified twist of Steinberg 1 if =0

OR « x B with «, B ramified, af~! # |- |*! 0 if />0

Q' Stgr,, with Q' unramified Q(@!yqg™

We extend W to a function on M@ (F) via W (ag) = xo(a) W (g) fora e L*,
g € GL(F).

4.3. Choice of A and W¥. We will choose a character A of L* such that 7 has a
(A, 8)-Bessel model and the Iwahori spherical vector is a test vector for the Bessel
functional. Noting that A| g~ is the central character of 7 and using Theorem 3.18,
we impose the following conditions on A:

1) AlFx = ]

ii) c(A) <1.
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iii) A # Qo Ny ,Fincase L is a field.
iv) w A((1,@w)) # —1 in case L is not a field and c(A) = 0.
Note that this implies that A|,<y 3 = 1. For n > 1, let I'(") be the principal

congruence subgroup of the maximal compact subgroup K¢ := G(o) of G(F),
defined by

T'(P"):={geK%:g=1 (mod P")}.
The next lemma will be crucial for the well-definedness of W# below.
Lemma 4.1. Let (7, V;) be a generic, irreducible admissible representation of
GL,(F) with conductor ", n > 0. Set no = max{1, n} and let
e 1z 1
@ Ylemr) and i=| ! !

ue! 1
¢ d Z 1 1

—_t< 8

m= e N(F).
Suppose that A == n~'mnn lies in 1T (P™). Then
i) ePanda’t™" € 1 +P", and

/ /

i) for any [2‘1 Z}] e GU(1, 1; L)(F), we have
1 1

a, b [a b a, b
o ([ 2] 2) - ([ 2])
Proof. Using Lemma 2.1, it is easy to show that for n > 0

(4-6) xceo+ P andax €0 +P" = x eP".

First note that IT"(3"0) C M4(0 + 3"°). Looking at the (4, 1), (4, 2) coefficient of
A, we see that ¢/, ac’ € 0+ P". By (4-6), we obtain ¢’ € P"°, as required.

Observe that mi € K% and ¢’ € P C P implies that ¢, a’, d’ € o). The upper
left 2 x 2 block of A is given by

|: ¢ +azl 7 ]
ad —a(C +azl)) a —azt |’

We will repeatedly use the following fact:
If x € 0 +P", then x = x (mod (o« — &) P").

Applying this to the matrix entries of A, we get z¢ = 7¢ (mod (a — &)™), and
then
a —a = (a—a)z¢ (mod (a — @) P),

(4-7) - -
¢ —t=(@—a)z; (mod (o —a) P").
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Using ¢ + az¢ = ¢ + @z¢ (mod (@ — &) P") and (4-7), we get from the (2, 1)
coefficient of A that

(@ —¢)(a—a)=0 (mod ( —a&)P").

Hence a’ — ¢ = 0 (mod "), so that a’¢ ! € 1 4+ "™, as required. This proves
part (i) of the lemma.

Looking at the (1, 2) coefficient of A, we see that z¢ € 3. Looking at the (1, 1)
coefficient of A, we see that £ € 0™ + 3.

) Cl; bq Cl/ b/
KOW ([ d;] [ dD
_ , ) Cll b/ 1 b//a/
_X(g)XO(a)W (|:C/11 d%] |:C//Cl/ d//a/:|>

N | P | N (a1 bl L b/a" |\ _ o (la b
= A ) xo(& ) xola)W (|:C/1 di:| [C//a/ d//a/:|>_W <|:C/1 d{])

Here we have used the fact that A is trivial on 0™ 43, x is trivial on 14 B"° and

the matrix
1 bJd
c/a" d'Ja

lies in K@ (p™0). O

Let nop = max{l1, n}, as above. Given a complex number s, define the function
W#(-,s): G(F) — C as follows.
i) If g ¢ M(F)N (F)nIT ("), then W#(g, s) =0.

ii) If g =mnnky withm € M(F),ne N(F), kel,y e T ("), then W¥(g, s) =
W#(mn, s).
a b
iii) For £ € L* and [C, d,] e MA(F),
s 1
(4‘8) W# 1 E_l a b n’ s
1 A iy
—113(s+1/2 a
= |N@) - O )X(OW“)([ , D
c d
where u =a’'d’ —b'c.

By Lemma 4.1, we see that W* is well-defined. It is an element of I (s, x, xo, 7).

4.4. Support of W#. We choose W¥ as above and B as in Proposition 3.8, with
B(1) = 1. Note that B(1) # 0 by the comments in the beginning of Section 4.3.
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Then the integral (4-4) becomes

(4-9) Z(s)= Yy > W¥nh(, myt,s) B, mt) V"™,
lez t
m=>0

where ¢ runs through the double coset representatives from Proposition 3.3 and
V"™ =vol(R(F)\ R(F) h(l, m)t1).

To compute (4-9), we need to find out for what values of [, m, t is nh(l, m)t in the
support of W#. Write nh(l, m) = h(l, m)n,,, where

Since h(l,m) € M(F), we need to know for which values of m, ¢ is n,,t in the
support of W#. This is done in the following lemma.

Lemma 4.2. Let t be any double coset representative from Proposition 3.3. Then
Nt lies in the support, MNn 1T ("), of W* if and only if m =0 and t = 1.

Proof. We first consider the case m > 0. Note that it is enough to show that 7,,¢ ¢
MNnIT(P). For any double coset representative ¢, we have t~'5,,t = 1 (mod 3)
and hence t~!n,,t € T (P). So it is enough to show that 1 ¢ M Nn 1T (P) for any ¢.
Suppose there are /i € M, /i € N such that A = n~'mit e IT (P). Using i, i € K€
and

o+ P o+P o+P
o+ o+P o+P o+P
B BT o+B o+P
BB P o+P

we get a contradiction for every t € W. We now consider the case m = 0. First let
t = 1. Taking m = n = 1, we easily see that n € M Nn 1T ("), as required. Now
assume that # # 1. Suppose, there are /i1 € M, /i € N such that A = n~lmant e
IT(P). Again, using 1, i € K¢ and (4-10) we get a contradiction for ¢ # 1. This
completes the proof of the lemma. O

(4-10) IT(P) C

4.5. Integral computation. From Lemma 4.2, we see that the integral (4-9) is
equal to

(4-11) Z(s)=Y_ W*ah(,0).5) B(h(,0) V{*.
>0
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Arguing as in [Furusawa 1993, §3.5], we get

1,0 _ (1_(%)‘1_1)6] 31
LT U0+t

From Proposition 3.8 and (4-8), we get B(h(l, 0)) = (—wq*3)l and

l
W¥nh(,0),5) =¢7 P o (@ Hwh ([w 1]) '

We set
e se ) (1_(%)q71)q
T 1+ @21+’
We have
I
(4-12) Z(s)=C Z(_a))lq—3(s+l/2)la)r(w_z) WO ([w 1]) .

>0

We will now substitute the value of W, from the table obtained in Section 4.2,
into (4-12) for all possible GL; representations t.
(4-13)
C(l + woz(w_l)q_&"_z)_1 (1 + a),B(w—l)q_&"_z)_1
if T = x B, a, B unramified, af = #£ | - |T1;

C(l +a)a(w*1)q*3“2)71
Z(s) = if T = x B, « unramified, B ramified af ! # | - |E!;

C1+wQ @ Hg 52"
if T = Q'Stgr,, Q" unramified;

C otherwise.

Let T denote the contragredient of the representation r. We get the following
theorem on the integral representation of L-functions.

Theorem 4.3. Let

be the Steinberg representation of GSp,(F) twisted by an unramified quadratic
character Q2. Let t be any irreducible admissible representation of GL,(F). Let
Z(s) be the integral defined in (4-4). Choose B as in Section 3 and W* as in
Section 4.3. Then we have

(4-14) Z(s)=Y'(s)L(3s+ 3, w x T),
where

C(1-Q@) (@ Hg™73?) ift=Q Ster,, Q unramified,

C otherwise.

Y'(s) = i
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Here,

(=)
T A+ +gD)

Proof. This follows from (4-13) and from the following definition of L-functions
for the representation 7w = 2 StGSp4, with Q unramified and quadratic, twisted by 7:

(1-Q@) a@ g™ ) (1 - Q@) p@ g )"
if T =a x B, a, B unramified, af~! # | - |£1;

(1 - SZ(w)()z(w_])q_s_3/2)_1
L(s,mXT)= if T = o x B, & unramified, B ramified ¢~ # | - |T1;

(1-2@) Q@ g™ ") (1- @) Q@ Hg 2"
if T = Q'Stgr,, ' unramified;

1 otherwise. O

5. Global theory

In the previous section, we computed the nonarchimedean integral representation
of the L-function L(s, w x ) for the Steinberg representation of GSp, twisted by
any GL, representation. In [Furusawa 1993], the integral has been computed for
both 7 and 7 unramified. In [Pitale and Schmidt 2009c], the integral has been
calculated for an unramified representation 7 twisted by any ramified GL, repre-
sentation t. In the same paper, the archimedean integral was computed for 7,
a holomorphic (or limit of holomorphic) discrete series representation with scalar
minimal K-type, and 7, any representation of GL,(R). In this section, we will
put together all the local computations and obtain an integral representation of a
global L-function. We will start with a Siegel cuspidal newform F of weight [ with
respect to the Borel congruence subgroup of square-free level. We will obtain an
integral representation of the L-function of F twisted by any irreducible cuspidal
automorphic representation T of GL,(A). When t is obtained from a holomorphic
cusp form of the same weight / as F, we obtain a special value result for the L-
function, in the spirit of Deligne’s conjectures.

5.1. Siegel modular form and Bessel model. Let M be a square-free positive in-
teger and / be any positive integer. Set

O % ¥
S % O
* % ¥

B(M):=1g€Sps(Z):g= (mod M)

*
*
*
000 =«
Let F be a Siegel newform of weight / with respect to B(M). We refer the reader

to [Saha 2009, §8] or [Schmidt 2005] for definition and details on newforms with
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square-free level. The Fourier expansion of F is given by

F(Z) = Z A(T) eZnitr(TZ)’
T>0

where T runs over all semi-integral, symmetric, positive definite 2 x 2 matrices.
We obtain a well-defined function ® = & on H (A), where A is the ring of adeles
of Q, by

@ (y hooko) = H2(hoo)' det(J (hoo, i12)) ' F (hoo(i12)),

where y € H(Q), hoo € HT(R), kg € np’rM H(Z,) ]—[le I,. Let VF be the space
generated by the right translates of @ and let w be one of the irreducible compo-
nents. Then mr = ®m),, where 4, is a holomorphic discrete series representation
of H(R) of lowest weight (/,1), for a finite prime p t M, 7, is an irreducible,
unramified representation of H(Q)), and for p|M, 7, is a twist 2 PStGSp4 of the
Steinberg representation of H(Q,) by an unramified quadratic character £2,,.

For a positive integer D = 0, 3 (mod 4), set

1
4(? (1):| if D=0 (mod4),

S(—D) =

Lqapy 1
a( —li_ ) i if D=3 (mod 4).
2

Let L=Q(/—D)and T (A)~ AZ be the adelic points of the group defined in (3-1).
Let R(A) =T (A) U(A) be the Bessel subgroup of H(A). Let A be a character of

(5-1) TAW/T@T® [[T@) []T1),

piM pIM

where T(Z),) = T(Q,) NGLy(Z,) and T = T(Z,) NTY). Here

0
rg:{geGLz(z,,):gE[: *] (modep)}.

Note that, under the isomorphism (3-2), T,? corresponds to Z ;4 poy ,, where oy, is
the ring of integers of the two dimensional algebra L ®q Q,,. Let ¥ be a character
of @\ A that is trivial on Z,, for all primes p and satisfies ¥ (x) = e 7 for all
x € R. We define the global Bessel function of type (A, 6) associated to & by

Bg(h) = / (A®O)r) ' ®(rh)dr,
Z 4 (A)R@\RA)
where

9([1 ﬂ) = Y (tr(SX)) and O (h) = D(h).
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If Bg is nonzero, then By is nonzero for any ¢ € . We say that 7 has a global
Bessel model of type (A, 0) if Bg # 0. We shall make the following assumption
on the representation g.

Assumption. 7y has a global Bessel model of type (A, 6) such that

Al. —D is the fundamental discriminant of Q(+/—D).
A2. A is a character of (5-1).
A3. For p|M, if L ® Q,, is split and A, is unramified, then

Qp(wp) Ap((1, @p)) # 1.

Remark 5.1. In [Furusawa 1993; Pitale and Schmidt 2009b; 2009¢; Saha 2009],
nonvanishing of a suitable Fourier coefficient of F is assumed, while in [Pitale and
Schmidt 2009a], the existence of a suitable global Bessel model for 77 is assumed.
We explain the relation of the assumption above to nonvanishing of certain Fourier
coefficients of F. Let {z;} be a set of representatives for (5-1). One can take
IFS GL;,(Ay). Write

tj=vyjmjKj,

with y; € GL2(@), m; € GL] (R) and «; € [] 1y GL2(Zp) [, Tp- Set

Sj = det(yj)f1 'y;S(—D)y;.

Note that {S;}; is a subset of the set of representatives of o) equivalence
classes of primitive, semi-integral positive definite 2 x 2 matrices of discriminant
—D.

From [Saha 2009] or [Sugano 1985], we have, for i, € H(R),

(52) By (hoo) = p2(hoo) det(J (oo, )T 2 D) 37 A 1) 7VACS)),
J

and Bg (hoo) =0 for hoo & HT (R). Suppose that there is a semi-integral, symmet-
ric, positive definite 2 x 2 matrix 7 satisfying

1) —D =det(27) is the fundamental discriminant of L = Q(+/—D).

ii) T is TO(M) equivalent to one of the §;.
iii) The Fourier coefficient A(T) # 0.
Then it is clear from (5-2) that one can choose a A such that parts Al and A2 of
the assumption are satisfied. If M =1 (as in [Furusawa 1993; Pitale and Schmidt
2009b; 2009c¢]) or, every prime p|M is inert in L (as in [Saha 2009]), then {S;};
is the complete set of representatives of I'’(M) equivalence classes and hence,

condition (i) above implies condition (ii) to give the assumption from [Furusawa
1993; Pitale and Schmidt 2009b; 2009c¢] and [Saha 2009]. We have to include part
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A3 of the assumption to guarantee that the Iwahori spherical vector in 7, for p|M,
is a test vector for the Bessel functional.

We abbreviate a(A) =) A(t;) A(S;). For h € H(A), we have

By (h) =a(A) [ | Bp(hp),

where B 18 as defined in [Pitale and Schnlr)lidt 2009c¢], for a finite prime p 1 M,
B, is the spherical vector in the (A, 6,)-Bessel model for 7, and for p|M, B,
is the vector in the (A, 6,)-Bessel model for 7, defined by Proposition 3.8 and
3.10. For p < oo, we have normalized the B, so that B, (1) = 1.

5.2. Global induced representation and global integral. Let t = () 7, be an irre-
ducible cuspidal automorphic representation of GL;(A) with central character w..
For every prime p < oo, let p"» be the conductor of 7,. For almost all p, we have
n,=0.Set N = ]_[p p"». Choose /] to be any weight occurring in 7. Let xo be
a character of A, such that x| ax = @r and x0,00(¢) = ¢ for any ¢ € S'. Here,
[, depends on /] and [ by the formula

U AV
S T B

as in [Pitale and Schmidt 2009c]. The existence of such a character is guaranteed
by Lemma 5.3.1 of that reference. Define another character x of A,* by

X(©)=x0@)'A@)L.

Let I (s, xo, x, 7) be the induced representation of G (A) obtained in an analogous
way to the local situation in Sect. 4.1. We will now define a global section f, (g, s).
We realize the representation 7 as a subspace of L? (GLz (@) \ GL, (A)) and let f
be the automorphic cusp form such that the space of t is generated by the right
translates of f . The function f corresponds to a cuspidal Hecke newform on the
complex upper half plane. Then, f is factorizable. Write f =® fp such that foo is
the function of weight /1 in 7. For p < oo, pr is the unique newform in 7, with
fp(l) = 1. Using yxo, extend f to a function of GU(1, 1; L)(A).
For a finite prime p, set

G(Zp) if pt MN;
K = 11T ((poL,)"»?) if p|M;

p
H(Z,)T ((por,)") if p|[N,ptM.
Here, in the second case, n,, o = max(1l, n,). Set KG(M, N)= ]_[p<oo KI? and let
K~ be the maximal compact subgroup of G(R). Let n be the element of G(Q)
defined in (4-4). Let 1y n be the element of G(A) such that the p-component is
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given by n for p|/M N and by 1 for p{ MN. For s € C, define f,(-,s) on G(A)
by
D) fu(8.9)=0if g g MA)NA) 7, yKeo KM, N).

i) fm=mma, m; € MO A), n e N(A), k =kokoo, ko € K¢ (M, N), koo € Koo,
then

(5-3) fa(mnny vk, 5) =87 m) x (m1) f(m2) f (keo)-

113
Recall that 8 (mm2) = | Ny jq(mi)pi(m2) ™|

Here, MV (A), M@ (A), N (A) are the adelic points of the algebraic groups defined
by (4-1)—(4-3) and f is the function on K, defined in [Pitale and Schmidt 2009c].
As in [Pitale and Schmidt 2009c¢], it can be checked that f, is well-defined. For
Re(s) large enough we can form the Eisenstein series

E(gaS;fA) = Z fA(yg’s)-

yEP(@\G(@)

In fact, E(g, s; f,) has a meromorphic continuation to the entire plane. In [Furu-
sawa 1993], Furusawa studied integrals of the form

(5-4) Z(s. oo 9) = / Ehs: fy) o(h) dh,

H(Q)Zn (M\H(A)

where ¢ € V.. Theorem 2.4 of [Furusawa 1993], the “basic identity”, states that

(5-5) Z(s, fu, ) = f W, (nh. s) By (h) dh.
R(A)\H (A)

where B, is the Bessel function corresponding to ¢ and Wy, is the function defined
by
1
WfA<g>=/ Al T g vendr,  gec@.
Q\A |
The function Wy, is a pure tensor and we can write

Wi (g9 =W, .
P

Then we see that W(fo is as defined in [Pitale and Schmidt 2009¢c]. For a finite
prime p t M, the W;f is the function defined in Section 4.5 of that reference. For
p|M, the W;f is as in Section 4.3. It follows from (5-5) that

ZGs., fr. @) = [ | Zp(s. W, By).

p=0©
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where

Z,(s. WP, By) :/ Wi(nh, s) B,(h)dh.
R(Qp\NH(Q)p)

When p t MN, p < oo, the integral Z,, is evaluated in [Furusawa 1993]. For

p=o0or p|N, pt M, the integral Z, is calculated in [Pitale and Schmidt 2009c,

Theorems 3.5.1 and 4.4.1]. For p|M, the integral Z, is calculated in Theorem 4.3.

Putting all of this together we get the following global theorem.

Theorem 5.2. Let F be a Siegel cuspidal newform of weight | with respect to
B(M), where l is any positive integer and M is square-free, satisfying the assump-
tion stated in Section 5.1. Let ® be the adelic function corresponding to F, and
let Ty be an irreducible component of the cuspidal automorphic representation
generated by ®. Let T be any irreducible cuspidal automorphic representation of
GLy(A). Let the global characters y, xo and A, as well as the global section
fa € 1(s, X, X0, T), be chosen as above. Then the global integral (5-4) is given by

LBs+1/2,m X 7T)
L6s+1, 07 YLBs+ 1,7 x AF(A))

56 Z6. fu ® = (] %)

p=<oco
with

. +
(5-7) Yoo(s) = a(D) i”lza?nz)*“*l/z

(Am)=3H32=L T(3s+1—1+(ir)/2)T(3s+1—1—(ir)/2)
652+ —1 T@s+1—1,/2—1/2) '

Here, A$(AN) is the automorphic representation of GL,(A) obtained from A via
automorphic induction. The factor Y, (s) is one for p t MN. For pt M, p|N,
the factor Y, (s) is given in [Pitale and Schmidt 2009¢c, Theorem 3.5.1]. For p|M,
we have Y, (s) = L, (6s + 1, wf_pl) L(3s +1,7, x &M(Ap)) Yl’,(s), where Y[/,(s) is
given in Theorem 4.3. The number r and a™ are as in the archimedean calculation
in [Pitale and Schmidt 2009c], and the constant a(A) is defined in Section 5.1.

5.3. Special values of L-functions. In this section, we will use Theorem 5.2 to
obtain a special value result for the L-function in the case that t corresponds to
a holomorphic cusp form of the same weight as F. Let ¥ € S;(N, x’), the space
of holomorphic cusp forms on the complex upper half plane §; of weight / with
respect to I'g(N) and nebentypus x’. Here N =[] » P"7 s any positive integer and
x' is a Dirichlet character modulo N. We have as a Fourier expansion

° .
\IJ(Z) — aneZTHVlZ.

n=1
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We will assume that W is primitive, which means that W is a newform, a Hecke
eigenform and is normalized so that b; = 1. Let v = @ w, be the character of
A /Q* corresponding to x’. Let KO (N) := [T,y KO (pmr) [1,v GLa2(Z)) with
the local congruence subgroups

Py, Zp

as in (4-5). Let Ko(N) := leN Ko(p™r) HPTN GL»(Z,), where
L, Zp
p'Zy Zp]
Evidently, K O (N) c Ko(N). Let A be the character of Ko(N) given by

N

pPIN

Ko(»") =GLa(Z,) N [

With these notations, we now define the adelic function fy by

Jw(yomk) = x(k)

det(m)!/? \p((xi +,3)
(yi+8)! \yi+8/
where yp € GL,(Q),

m= [;‘ ﬂ e GL} (R)

and k € Ko(N). Define a character xg, as in the previous section, with /o = —I.
Using xo, extend fy to a function on GU(1, 1; L)(A). We can take f = fy in
(5-3) and obtain the section f,. Now, [Pitale and Schmidt 2009¢, Lemma 5.4.2]
gives us that, for g € G (R), the function

pa(g) ™ det(J (g, i12) E(g, 55 f)
only depends on Z = g(il,). We define the function € on
H :={Z € M>(C) : i('Z — Z) is positive definite}

by the formula

1
UZo5) = pa(e) ! det(U(.i10) (g, 5+ 2= 50 fa):

where ¢ € GT(R) is such that g(il,) = Z. The series that defines €(Z, s) is
absolutely convergent for Re(s) > 3 —[/2 (see [Klingen 1967]). We assume that
[ > 6. Now, we can set s = 0 and obtain a holomorphic Eisenstein series €(Z, 0)
on H,. Let

r(M,N):=G@NGTR)K%(M, N).
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We have
%M, NyNnH(Q) = B(M).

Then €(Z, 0) is a modular form of weight / with respect to '’ (M, N). Its restric-
tion to b, the Siegel upper half space, is a modular form of weight / with respect
to B(M). By [Harris 1984], we know that the Fourier coefficients of €(Z, 0) are
algebraic.

Set

V(M) :=[Sps@) : BOM)]™

and define, for any two Siegel modular forms Fy, F, of weight [ with respect to
B(M), the Petersson inner product by

(F, F) = V(M) F(Z) Fo(Z) (det(Y)) 3dx dy.
B(M)\ b2
Arguing as in [Pitale and Schmidt 2009¢, Lemma 5.6.2] or [Saha 2009, Proposi-
tion 9.0.5], we get

(5-8) Z(t1— 1. f1. @) =(€(Z,0), F).

Let
(M) :={geSp,(Z):g=1 (mod M)}

be the principal congruence subgroup of Sp,(Z). We denote the space of all Siegel
cusp forms of weight / with respect to @) by S;(I'®(M)). For a Hecke
eigenform F € S;(I'®(M)), let Q(F) be the subfield of C generated by all the
Hecke eigenvalues of F. From [Garrett 1992, p. 460], we see that Q(F) is a
totally real number field. Let S;(I"® (M), Q(F)) be the subspace of S;(I'®(M))
consisting of cusp forms whose Fourier coefficients lie in Q(F). Again by [Gar-
rett 1992, p. 460], S; ('@ (M)) has an orthogonal basis {F;} of Hecke eigen-
forms F; € S;(F'® (M), Q(F;)). In addition, if F is a Hecke eigenform such that
F € S;(T'® (M), Q(F)), then one can take F; = F in the above basis. Hence, we
assume that the Siegel newform F of weight [ with respect to B(M) considered in
the previous section satisfies F € S (TP (M), Q(F)). Then, arguing as in [Pitale
and Schmidt 2009b, Lemma 5.4.3], we have

€(Z,0 -
( (Z’ )’F> Q

(5-9) Fr <P

where Q is the algebraic closure of @ in C. Let

(U, W), := (SLa(@) : Ty (N)) /F - W (2)|*y' " 2dx dy,
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where

Ti(N) = ”i Z] eTo(N):a,d=1 (modN)}.

We have the following generalization of [Furusawa 1993, Theorem 4.8.3].

Theorem 5.3. Let [, M be positive integers such that | > 6 and M is square-free.
Let F be a cuspidal Siegel newform of weight [ with respect to B(M) such that F €
ST (M), Q(F)), satisfying the assumption from Sect. 5.1. Let ¥ € S;(N, x')
be a primitive form, with N = [ p"», any positive integer, and ', any Dirich-
let character modulo N. Let mp and ty be the irreducible cuspidal automorphic
representations of GSp,(A) and GL;(A) corresponding to F and V. Then

l
ST

5 g X Ty
Y (F, F) (W, W),

Proof. Arguing as in the proof of [Pitale and Schmidt 2009¢c, Theorem 5.7.1],
together with (5-8) and (5-9), we get the theorem. O

(5-10)

Special value results like the one above have been obtained in [Bocherer and
Heim 2006; Furusawa 1993; Pitale and Schmidt 2009b; 2009¢; Saha 2009].
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AN INTEGRAL EXPRESSION OF THE FIRST NONTRIVIAL
ONE-COCYCLE OF THE SPACE OF LONG KNOTS IN R?

KEIICHI SAKAI

Our main object of study is a certain degree-one cohomology class of the
space ¥ of long knots in R3. We describe this class in terms of graphs
and configuration space integrals, showing the vanishing of some anomalous
obstructions. To show that this class is not zero, we integrate it over a cycle
studied by Gramain. As a corollary, we establish a relation between this
class and (R-valued) Casson’s knot invariant. These are R-versions of the
results which were previously proved by Teiblyum, Turchin and Vassiliev
over Z/2 in a different way from ours.

1. Introduction

A long knot in R" is an embedding f : R' < R” that agrees with the standard
inclusion ¢(¢) = (¢, 0, ..., 0) outside [—1, 1]. We denote by ¥, the space of long
knots in R" equipped with C*°-topology.

In [Cattaneo et al. 2002] a cochain map [ : 9* — Q7 ,(¥,) from a certain
graph complex 9* was constructed for n > 3. The cocycles of J,, corresponding
to trivalent graph cocycles via I generalize an integral expression of finite type
invariants for (long) knots in R3 [Altschuler and Freidel 1997; Bott and Taubes
1994; Kohno 1994; Voli¢ 2007]. In [Sakai 2008] the author found a nontrivalent
graph cocycle I' € 9* and proved that, when n > 3 is odd, it gives a nonzero
cohomology class [/(I")] € H 13)'}{8(?7{,1). On the other hand, when n = 3, some
obstructions to / being a cochain map (called anomalous obstructions; see for
example [Voli¢ 2007, Section 4.6]) may survive, so even the closedness of 1(I")
was not clear. However, the obstructions for trivalent graph cocycles X (of “even
orders”) in fact vanish [Altschuler and Freidel 1997], hence the map [ still yields
closed zero-forms 7 (X) of J{3 (they are finite type invariants). This raises our hope
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that all obstructions for any graphs may vanish and hence the map / could be a
cochain map even when n = 3.

In this paper we will show (in Theorem 2.4) that the obstructions for the non-
trivalent graph cocycle I' mentioned above also vanish, hence the map I yields the
first example of a closed one-form I (I") of 3. To show that [/(I")] € H Ll) rU3)
is not zero, we will study in part how I (I") fits into a description of the homotopy
type of 3 given in [Budney 2010; 2007; Budney and Cohen 2009]. It is known
that on each component J{3(f) that contains f € J{3, there exists a one-cycle G ¢
called the Gramain cycle [Gramain 1977; Budney 2010; Turchin 2006; Vassiliev
2001]. The Kronecker pairing gives an isotopy invariant V : '+ (I(I'), G ). We
show in Theorem 3.1 that V coincides with Casson’s knot invariant v,, which is
characterized as the coefficient of z> in the Alexander-Conway polynomial. This
result will be generalized in Theorem 3.6 for one-cycles obtained by using an action
of little two-cubes operad on the space %3 of framed long knots [Budney 2007].

Closely related results have appeared in [Turchin 2006; Vassiliev 2001], where
the Z/2-reduction of a cocycle v% of J,, (n > 3), appearing in the E;-term of Vas-
siliev’s spectral sequence [Vassiliev 1992], was studied. A natural quasi-isomor-
phism 9* — E¢ ® R maps our cocycle I' to v;. In this sense, our results can be
seen as “lifts” of those in [Turchin 2006; Vassiliev 2001] to R.

The invariant v, can also be interpreted as the linking number of colinearity
manifolds [Budney et al. 2005]. Notice that in each formulation (including the one
in this paper) the value of v, is computed by counting some colinearity pairs on
the knot.

2. Construction of a close differential form

Configuration space integral. We review briefly how we can construct (closed)
forms of X, from graphs. For full details see [Cattaneo et al. 2002; Voli¢ 2007].
Let X be a graph in the sense of those references (see Figure 1 for examples).
Let v; and vr be the numbers of the interval vertices (or i-vertices for short; those
on the specified oriented line) and the free vertices (or f-vertices; those which are
not interval vertices) of X, respectively. With X we associate a configuration space

Co (f3 X105 o v vy X XogbLs - v o s Xupuy) f(xi) # x; for any
71 €%, x Conf (R!, v;) x Conf (R, vp) | 1 <i<wvi<j<vituv|’

where Conf (M, k) := M**\ U1<i</<k{xi = x;} for a space M.

Let e be the number of the edg_es of X. Define wx € Q(D";])e(CX) as the wedge
of closed (n — 1)-forms ¢} volg.-1, where ¢, : Cx — S"=1is the Gauss map,
which assigns a unit vector determined by two points in R" corresponding to the

vertices adjacent to an edge o of X (for an i-vertex corresponding to x; € R!, we
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consider the point f(x;) € R"). Here we assume that volg.-1 is “(anti)symmetric”,
namely i*volg:-1 = (—1)"volg.—1 for the antipodal map i : S"~! — §"~!. Then
1(X) € QUZDTU " (9, is defined by

I(X) = (mx)swx,

the integration along the fiber of the natural fibration 7y : Cx — ¥,. This fiber is a
subspace of Conf (R, v;) x Conf (R", v¢). Such integrals converge, since the fiber
can be compactified in such a way that the forms ¢ volg.-1 are still well-defined on
the compactification [Bott and Taubes 1994, Proposition 1.1]. We extend / linearly
onto ¥*, a cochain complex spanned by graphs. The differential § of 9* is defined
as a signed sum of graphs obtained by “contracting” the edges one at a time.

One of the results of [Cattaneo et al. 2002] states that I : 9* — Q7,,(¥,) is a
cochain map if n > 3. The proof is outlined as follows. By the generalized Stokes
theorem, dI(X)==x(r f()*wx, where )‘3 is the restriction of 7rx to the codimension
one strata of the boundary of the (compactified) fiber of mx. Each codimension
one stratum corresponds to a collision of subconfigurations in Cy, or equivalently
to A C V(X)U{oo} (here V (X) is the set of vertices of X) with a consecutiveness
property: if two i-vertices p, g are in A, then all the other i-vertices between p and
q are in A. Here “oco € A” means that the points x; (! € A) escape to infinity. When
oo & A, the interior Int X4 of the corresponding stratum X4 to A is described by
the pullback square

IntXy —— BA

2

f]{n m CX/XA TA> BA
Here

e X4 is the maximal subgraph of X with V(X,) = A, and X/ X4 is a graph
obtained by collapsing the subgraph X 4 to a single vertex vy4;

e B, = S"!if A contains at least one i-vertex, and B4 = {x} otherwise;

o if A consists of i-vertices iy, ..., iy (s > 0) and f-vertices is11, ..., is4s, then

éA': (U3 (Kiys e s X3 Xy e e ey Xigy,)) Xi, U # Xi, for any N
€ S" ! xConf (R!, s) xConf (R", 1) | 1<p<s<gqg<s+t ’

where ~ is defined by

(U; (x,-l, ...,x,-s;x,-m,...,xiw))~

(vi (aCxi, 1), oo a(xi, +1)5alxig,, +1v), ..., alxi,, +10))),
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for any a € R.¢ and r € R (if A consists only of ¢ f-vertices, then
B, :=Conf (R", 1)/(R! , x R™),

where R1>0 x R" acts on Conf (R", ¢) by scaling and translation);
e p4 is the natural projection;

» when A contains at least one i-vertex, D4 : Cx;x, —> N maps (f; (x;)) to

f/(va)/|f/(va)|-

We omit the case oo € A; see [Cattaneo et al. 2002, Appendix].

By properties of fiber integrations and pullbacks, the integration of wy along
Int X4 can be written as (x,x,)«(wx/x, A D% (pa)«®x,), Where v, € Q*DR(EA)
is defined similarly to wy € Q7,x(Cx).

The stratum X4 is called principal if |A| = 2, hidden if |A| > 3, and infinity if
oo € A. Since two-point collisions correspond to contractions of edges, we have
dI(X) = I(6X) modulo the integrations along hidden and infinity faces. When
n > 3, the hidden/infinity contributions turn out to be zero; in fact (p4).0x, =0
if n > 3 and if A is not principal; see [Cattaneo et al. 2002, Appendix] or the next
example. This proves that the map [ is a cochain map if n > 3.

Example 2.1. Here we show one example of vanishing of an integration along a
hidden face X 4. Let X be the seventh graph in Figure 1 and A := {1, 4, 5}. Then
in (2-1), B4 = S"~! since A contains an i-vertex 1, and

Ba = {(v; x1; x4, x5) € S""' x R' x Conf (R", 2) | x1v # x4, X5}/ ~,

where (v; x1; x4, X5) ~ (v; a(x; +71); a(xqg +rv), a(xs + rv)) for any a > 0 and
r € R'. The subgraph X 4 consists of three vertices 1, 4, 5 and three edges 14, 15
and 45. The open face Int X 4, where three points f(x1), x4 and x5 collide with each
other, is a hidden face and is described by the square (2-1). Then the integration
of wy along Int X4 is (mx/x,)«(wx/x, A D} (pa)xdx,), Where

A 3n—1) §
dx, = @iyvolgi1 A@isvolgii A @lsvolg 1 € 2 )(By),
X5 — X4

(.] = 49 5)’ P45 ‘= .
x5 — x4

xj—xlv
Y —
J v|

|x;j —x1

In this case we can prove that (p4).@x, = 0, hence the integration of wx along
Int ¥4 vanishes. Indeed a fiberwise involution x : B4 — B4 defined by

x (V5 X1 X4, X5) := (V5 X175 2X1V — X4, 2X1V — X5)

preserves the orientation of the fiber but x *®x, = —®x, (here we use that vol g1
is antisymmetric), hence we have (p4).0x, = —(04)+®x, -
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Figure 1. A graph cocycle I'.

Nontrivalent cocycle. 1t is shown in [Cattaneo et al. 2002] that, when n > 3, the
induced map I on cohomology restricted to the space of trivalent graph cocycles is
injective. In [Sakai 2008], the author gave the first example of a nontrivalent graph
cocycle I' (Figure 1) which also gives a nonzero class [/ (I")] € H g’;;g(?{,,) when
n > 3 is odd.

In Figure 1, nontrivalent vertices and trivalent f-vertices are marked by x and
e, respectively, and other crossings are not vertices. Here we say an i-vertex v
is trivalent if there is exactly one edge emanating from v other than the specified
oriented line. Each edge ij (i < j) is oriented so that i is the initial vertex.

Remark 2.2. An analogous nontrivalent graph cocycle for the space of embed-
dings S! < R" for even n > 4 can be found in [Longoni 2004].

If n = 3, integrations along some hidden faces (called anomalous contributions)
might survive, so the map / might fail to be a cochain map. However, nonzero
anomalous contributions arise from limited hidden faces.

Theorem 2.3. Let X be a graph and A C V(X) U {00} be such that X 4 is not
principal. When n = 3, the integration of wx along ¥ 4 can be nonzero only if the
subgraph X 4 is trivalent.

Our main theorem is proved by using Theorem 2.3.
Theorem 2.4. (') € Q) (H3) is a closed form.

Proof. We call the nine graphs in Figure 1 I'y, ..., I'g, respectively. The graphs
I'i, i #3,4,9, do not contain trivalent subgraphs X 4 satisfying the consecutive
property; see the paragraph just before (2-1). So dI(I';) = 1(dT;) fori #3,4,9
by Theorem 2.3.

Possibly the integration of wr, (i =3,4,9) along X4 (A := {2, ..., 5}) might
survive, since the corresponding subgraph X 4 is trivalent. However, we can prove
(pa)s«®x, = 0 (and hence dI(I';) = 1(dT';)) as follows: (pa).wx, = O for I's,
because there is a fiberwise free action of R.g on l}A given by translations of x;
and x4 [Voli¢ 2007, Proposition 4.1] which preserves @x,. Thus (pa4).®x,= 0
by dimensional reason. The proof for I'4 has appeared in [Bott and Taubes 1994,
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page 5271]; wx, =0 on B since the image of the Gauss map ¢ : By — (S%)3 corre-
sponding to three edges of X 4 is of positive codimension. As for I'g, (pa)«®x,=0
follows from deg(pa)«®x, = 4 which exceeds dim B4 (in fact B4 = {x} in this
case). O

Proof of Theorem 2.3. Let A be a subset of V (X) with |[A| >3 oroco € A, and X4 is
nontrivalent. We must show the vanishing of the integrations along the nonprincipal
face X 4 of the fiber of Cx — 3. To do this it is enough to show (p4).®x, =0. By
dimensional arguments [Cattaneo et al. 2002, (A.2)] the contributions of infinite
faces vanish. So below we consider the hidden faces X4 with |A| > 3.

If X 4 has a vertex of valence <2, then (p4).®x, = 0 is proved by dimensional
arguments or existence of a fiberwise symmetry of B4 which reverses the orien-
tation of the fiber of py4 : B A — By but preserves the integrand oy, (like x from
Example 2.1, see also [Cattaneo et al. 2002, Lemmas A.7-A.9]).

Next, consider the case that there is a vertex of X 4 of valence > 4. Let e, s and
t be the numbers of the edges, the i-vertices and the f-vertices of X 4, respectively.
Then deg wx, = 2e and the dimension of the fiber of p4 is s + 3t — k, where
k = 2 or 4 according to whether s > 0 or s = 0 [Cattaneo et al. 2002, (A.1)].
Thus (pa)«@x, € Q) r(Bya) is of degree 2e — s — 3t + k. It is not difficult to
see 2¢ — s — 3t > 0 because at least one vertex of X4 is of valence > 4. Hence
deg(pa)«wx, exceeds dim B4 (=0 or 2) and hence (pa).0x, = 0.

Thus only the integrations along ¥4 with X 4 trivalent can survive. U

Remark 2.5. Every finite type invariant v for long knots in R? can be written
as a sum of I(I'y) (I'y is a trivalent graph cocycle) and some “correction terms”
which kill the contributions of hidden faces corresponding to trivalent subgraphs
[Altschuler and Freidel 1997; Bott and Taubes 1994; Kohno 1994; Voli¢ 2007].
So by Theorem 2.3 the problem whether I : 9* — Q7,,(J{3) is a cochain map or
not is equivalent to the problem whether one can eliminate all the correction terms
from integral expressions of finite type invariants.

3. Evaluation on some cycles

Here we will show that [/ (I")] € H 11) g (J{3) restricted to some components of H3 is
not zero.
We introduce two assumptions to simplify computations.

Assumption 1. The support of (antisymmetric) vol is contained in a sufficiently
small neighborhood of the poles (0, 0, £1) as in [Sakai 2008]. So only the configu-
rations with the images of the Gauss maps lying in a neighborhood of (0, 0, 1) can
nontrivially contribute to various integrals below. Presumably [/ (I")] € H ll) rU3)
may be independent of choices of volg [Cattaneo et al. 2002, Proposition 4.5].
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Assumption 2. Every long knot in R3 is contained in xy-plane except for over-arc
of each crossing, and each over-arc is in {0 < z < h} for a sufficiently small & > 0
so that the projection onto xy-plane is a regular diagram of the long knot.

The Gramain cycle. For any f € 3, we denote by J{3(f) the component of ¥
which contains f. Regarding S! = R/27Z and fixing f, we define the map
Gyr: st — H3(f), called the Gramain cycle, by G r(s)(t) := R(s) f(¢), where
R(s) € SO(3) is the rotation by the angle s fixing the “long axis” (the x-axis).
G y generates an infinite cyclic subgroup of 71 (J{3(f)) if f is nontrivial [Gramain
1977]. The homology class [G ¢] € H;(H3(f)) is independent of the choice of
f in the connected component; if f; € H3 (0 < ¢ < 1) is an isotopy connecting
foand fi, then Gy, : [0, 1] x § I — 93 gives a homotopy between G foand Gy,.
Therefore the Kronecker pairing gives an isotopy invariant V (f) := (I(I'), G)
for long knots.

Theorem 3.1. The invariant V is equal to Casson’s knot invariant v,.
Corollary 3.2. [1 (D)5, )] € H o (H3(f)) is not zero if va(f) # 0. O

We will prove two statements that characterize Casson’s knot invariant: V is of
finite type of order two and V (3;) = 1, where 3; is the long trefoil knot. To do
this, we will represent G 7 using a Browder operation, as in [Sakai 2008].

Little cubes action. Let i, be the space of framed long knots in R” (embeddings
f : R x D"! < R” that are standard outside [—1, 1] x D"™'). There is a
homotopy equivalence @ : 3 ~H3 x 7 [Budney 2007] that maps f to the pair
( f IR x((0,0))» T £), where the framing number fr f is defined as the linking number
of f IR x((0.0y With f IR (1,00}~ Since fr f is additive under the connected sum,
@ is a homotopy equivalence of H-spaces. In general, T~ H, x Q2SO(n—1) as
H-spaces, where 2 stands for the based loop space functor.

In [Budney 2007] an action of the little two-cubes operad on the space ?7~{n was
defined. Its second stage gives a map S' x (¥,)2 — ., up to homotopy, which
is given as “shrinking one knot f and sliding it along another knot g by using
the framing, and repeating the same procedure with f and g exchanged” [Budney
2007, Figure 2]. Fixing a generator of H;(S'), we obtain the Browder operation
A H, (§{n) ® H, (§{n) — Hpig41 (§{n), which is a graded Lie bracket satisfying
the Leibniz rule with respect to the product induced by the connected sum. The
author proved in [Sakai 2008] that (I (I"), r.A(e, v)) =1 when n > 3 is odd, where
r: 57{,, — X, is the forgetting map, e € H,_3 (i‘ff,,) comes from the space of fram-
ings, and v € H2(n73)(§{n) is the first nonzero class of X, represented by a map
(8"73)*2 — %, (see below).
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@ """""""" % 7’%

Figure 2. The cycles e and v = v(T).

The case n = 3. In [Sakai 2008] the assumption n > 3 was used only to deduce
the closedness of I (I") from the results of Cattaneo et al. [2002]. The cycles e and
v are defined even when n = 3:

o Under the homotopy equivalence T3 ~ H3 x Z, the zero-cycle e is given by
(t, 1) where ¢ is the trivial long knot (¢(¢) = (¢, 0, 0) for any ¢ € R).

e The zero-cycle v = v(T') is given by Zsi:il e1&21%, ¢, where T = 3 and
Ty, s, 18 T with its crossing p;, for i = 1, 2 changed to be positive if ¢; = 41
and negative if &; = —1 (see Figure 2).

Notice that, for any f € J3 and any pair (p;, p2) of its crossings, an analogous
zero-cycle v = v(f; p1, p2) can be defined.

Regard f € J{3 as a zero-cycle of f7~{3 (with fr f = 0) and consider rA(e, f).
During a knot f “going through” e, f rotates once around the x-axis. Thus the
one-cycle ryA(e, f) is homologous to the Gramain cycle G ;. This leads us to
the fact that, for v = v(f; p1, p2), the one-cycle r,A(e, v) is homologous to the
sum Zgl:i] 162G f, .. This is why we can apply the method in [Sakai 2008] to
compute

DV(f):= Y aeV(foa)= Y aa(ld), Gy )=, rie v(f)).
gj==l gj==%1

Recall that our graph cocycle I' is a sum of nine graphs I'y, ..., I'g (see Figure 1).
By Assumption 1, the integration (I (I';), G y) can be computed by “counting” the
configurations with all the images of the Gauss maps corresponding to edges of
I'; being around the poles of S?. Lemma 3.4 below was proved in such a way in
[Sakai 2008] when n > 3. Since [v(f)] € Hy(H3(f)) is independent of small 7 > 0
(see Assumption 2), we may compute D>V (f) in the limit 4 — 0.

Definition 3.3. We say that a pair (p;, p») of crossings of f respects the diagram
_ 7 | if there exist 1] < tp < 13 < t4 where f(t;) and f(t3) correspond to pq,
while f(#2) and f(#4) correspond to p,. The notion of (p1, py) respecting
or _/—\ _is defined analogously.

Lemma 3.4 [Sakai 2008]. Suppose that (py, p2) respects _( 7\ .. Then, in the
limith — 0, P;(f):= Z€j=i18182(1(f‘,~), Gf51~52> converges to zero fori # 2, and
P>(f) converges to 1. Thus D*V (f) = 1.
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Outline of proof. Let Cr, — S be the pullback of Cr, — H3 via G 7, and let G ; :
Cr, — Cr;, be the lift of G ¢. By the properties of pullbacks and fiber integrations,

(3-1) PUH= X e [ G o

gi==%1 Cr,

Let t; < --- < t4 be such that f(#;) and f(#3) correspond to p;, while f(#)
and f(#4) correspond to p;. Define the subspace Cf“,- C éri as consisting of
(Gr(s); (xj)) (s € S1) such that, for each j =1, 2, there is a pair (/, m) of i-vertices
of I'; such that x; is on the over-arc of p;, x,, is on the under-arc of p;, and there
is a sequence of edges in I'; from [/ to m.

First observation: The integration over CA'F,. \C}i does not essentially contribute
to P;(f) in the limit 2z — 0. This is because, over (Afrl. \C/l_, the integrals in (3-1)
are well defined and continuous even when & = 0 (p; becomes a double point),
so two terms in P;(f) corresponding to £; = &1 cancel each other. This implies
limy,—o P;(f)=0fori =7,8,9, since Cll",- = @ if g{i-vertices} < 3.

Second observation: Consider the configurations (x;) € Cl/“; such that, for any
pair (I, m) of i-vertices of I'; with x; on the over-arc of p; and x,, on the under-arc
of p;, all the points x; (k is in a sequence in I'; from [ to m) are not near p;.
Such configurations also do not essentially contribute to P;(f) in the limit z — 0,
by the same reason as above. This implies limy,_.o P;(f) = 0 for i =4, 5, 6; the
configurations (x;) € Cf“,- (4 <i < 6) must be such that the point x; e R! (1 <1 <4)
is near #;. By the second observation, the “free point” xs must be near p; or p.
But then wr, =0, since at least one Gauss map ¢;s has its image outside the support
of volg> (see Assumption 1). Thus limj,_,¢ P;(f) = 0.

Finally consider the P;(f), fori =1, 2, 3. For i =1 we have wr, =0 over Cll". R
since the Gauss map corresponding to the edge 12 has its image outside of the
support of vols2. The same reasoning, using the loop edge 11, shows that wr, =0
over C/rg- Only P,(f) survives, since the configurations with x; near #;, x, near
12, x3 and x4 near f3, and x5 near t4, contribute nontrivially to the integral [Sakai
2008, Lemma 4.6]. O

Lemma 3.5. If (p1, p2) respects .~ _or _/~\ _, then D*V(f) =0.

Proof. Fori =4,...,9, we see in the same way as in Lemma 3.4 that P;(f)
approaches 0 as &7 — 0. That limy,_,¢ P;(f) for i =2, 3 and the _ /—~\ _-case for
i =1 is proved by the first observation in the proof of Lemma 3.4.

In the _—~ ~ ,-case for P;(f) over C 1/“] only the configurations with x; near ;,
with j =1, 2, 3, and x5 near #4 may essentially contribute to P;(f); in this case the
edges 12 and 35 join the over/under arcs of p; and p, respectively. However, the
Gauss map ¢4 cannot have its image in the support of volg2, so wr, vanishes. [
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Proof of Theorem 3.1. For three crossings (p1, p2, p3) of f € H3, consider the
third difference

DV(f):= Y e18283V (fey.0.65) = D*V(g11) — D*V(g-1),
8j=:|:1

where g11 := fy1 41,41 and D2V(gi1) are taken with respect to (py, p2). Since
the pair (p1, p2) of g41 respects the same diagram as (p;, pa) of g_1, we have
D2V (g.1)=D?V(g_;) by the above Lemmas 3.4, 3.5. Thus D3V =0 and hence V
is finite type of order two. Moreover V (1) = 0 for the trivial long knot ¢ since K3 (1)
is contractible [Hatcher 1983]; therefore G, ~0, and V(31) = 1 by Lemma 3.4 and
V(1) = 0. These properties uniquely characterize Casson’s knot invariant v,. [

The Browder operations. We denote a framed long knot corresponding to (f, k)
under the equivalence 3 ~ %3 x Z by f* € H3 (unique up to homotopy). As
mentioned above, the Gramain cycle can be written as [G ¢] = [r«A(f koD k may
be arbitrary). Below we will evaluate / (I") on more general cycles roA(f k. gl ) of
J{3 for any nontrivial f, g € X3 and k, [ € Z. This generalizes Theorem 3.1.

Theorem 3.6. We have (I (T"), r*k(fk, gl)) =1va(f) + kvy(g) for any f, g € H3
and k,l € 7.

Corollary 3.7. If at least one of v2(f) and v2(g) is not zero, then

[1(T) |5ty r20)] € Hpyp(H3(fg)) #0,

where t stands for the connected sum.

Proof. This is because . A(f*, g') is a one-cycle of #3( ftig) for any k, [ € Z. Since
v2(f) or v2(g) is not zero, there exist some k, [ such that lvy(f) + kva(g) # 0, so
(I(T), ruA(fX, g")) # 0 by Theorem 3.6. O

Remark 3.8. If v,(f) = —va2(g), then vo(ftig) = 0 since it is known that v; is
additive under g. Hence we cannot deduce [1 (I') |3, (fzg)] # O from Corollary 3.2.
Moreover if v2(f) = —v2(g) # 0, then Corollary 3.7 implies [1 (") |3 (fzg)] # 0.

To prove Theorem 3.6, first we remark that ™ ~ f94/". Since A satisfies the
Leibniz rule, A(f¥, g') is homologous to

(0, €O (£, Dt + (e + A0, e el
Since by definition 7 A(f*, ") ~mG ¢ (k,m € Z) and G, ~ 0,
(3-2) rd(f*, 81 ~ r(f0, ") +1G g + kf1G,.
Notice that § makes {3 an H-space and induces a coproduct A on H},,(H3).

Lemma39. A[IMD=1Q@UI)]+[I )1 e Hjp(H3)®2.
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Figure 3. Graph cocycles I'" and I'”.

Proof. 9 also admits A defined as a “separation” of the graphs by removing a point
from the specified oriented line [Cattaneo et al. 2005, Section 3.2]. Theorem 6.3
of [Cattaneo et al. 2005] shows, without using n > 3, that (/ ® I)A(X) = AI(X)
if X satisfies dI (X)) =1(6X).

As for our graphs in Figure 1, Al =1QI +1® 1 (i #3,4) and

A3 —Ty)=10T3—-TH)+T3-THR1+T"'QI"+T"QTI",
where IV and ' are as shown in Figure 3. Thus
AID)=1QIM)+IM1+IT)QIT")+IT")@II).

But in fact IV = 6T"g where I'g = __ /™ _, and I(I"") = dI(I'p) since there is no
hidden face in the boundary of the fiber of 7r,. d

By (3-2), Lemma 3.9 and Theorem 3.1,

(D), rd(f, €D) = (T@), rd(f0, g9) +1v2(f) +kva(e).,
Thus it suffices to prove Theorem 3.6 in the case k =1 =0.

Proof of Theorem 3.6. Fix g and regard (I ("), r.A(f°, g°)) as an invariant V,(f)
of f. We choose two crossings p; and p; from the diagram of f in xy-plane, and
compute D>V (f) :=", ,, e1&2(I(T), (£ ,,. g°)) in the limit 21 — 0 as on
page 414. If this is zero for any (p1, p2), then the arguments similar to that in the
proof of Theorem 3.1 show that Vj is of order two and takes the value zero for the
trefoil knot, thus identically V, = 0 for any g. This will complete the proof.

We will compute each P/ := Y ey (1), r*)»(fgol,sz, g") (1 <i <9)in the
limit &~ — 0. The two observations appearing in the proof of Lemma 3.4 allow us
to conclude Pl.’ — 0 for 4 <i <9 in the same way as before, so we compute Plf
fori =1, 2,3 below. We may concentrate on the integration over C l/“i by the first
observation. Recall Cf, C S' x Conf (R', s) x Conf (R?, ) by definition. We take
the S'-parameter o € S' = R!/277Z so that g goes through f during 0 < o < 7,
and f goes through g during 7 < @ < 2.

First consider the integration over 0 <« <7. We may shrink g sufficiently small.
Then the sliding of g through f does not affect the integration, so almost all the
integrations converge to zero for the same reasons as in Lemmas 3.4 and 3.5. Only
the configurations (x;) € C }] with x; and x, near p; may essentially contribute
to P/ when g comes around pi; the form ¢},volg> may detect the knotting of g.
However, the two terms for £; = %1 cancel each other.
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Figure 4. When f comes near an under-arc of g.

Next consider the integration over # < o < 2mw. There may be two types of
contributions to P/. One type comes from the configurations in which all the points
on the knot concentrate in a neighborhood of f. Such a contribution depends only
on the framing number fr g of g, not on the global knotting of g. Since frg® =0
here, such configurations do not essentially contribute to P;.

The other possible contributions arise when f comes near the crossings of g.
For example, consider the case that (p;, p») respects _ /7~ .. When f comes
near a crossing of g, a configuration (xy, ..., x5) € Cr, as in Figure 4 is certainly
in Cp, so it may contribute to P.

However, such contributions converge to zero in the limit # — 0, because x|
cannot be near p; (see the second observation in the proof of Lemma 3.4). For I's,
we should take the configuration (xi, ..., xs) with x; (2 < j < 5) near ¢;_; into
account; but in this case the Gauss map ¢1; cannot have the image in the support
of volge. In such ways we can check that all such contributions of I'; (i =1, 2, 3)
can be arbitrarily small. O

References

[Altschuler and Freidel 1997] D. Altschuler and L. Freidel, “Vassiliev knot invariants and Chern—
Simons perturbation theory to all orders”, Comm. Math. Phys. 187:2 (1997), 261-287. MR 99c:
57008 Zbl 0949.57012

[Bott and Taubes 1994] R. Bott and C. Taubes, “On the self-linking of knots”, J. Math. Phys. 35:10
(1994), 5247-5287. MR 952:57008 Zbl 0863.57004

[Budney 2007] R. Budney, “Little cubes and long knots”, Topology 46:1 (2007), 1-27. MR 2008c:
55015 Zbl 1114.57003

[Budney 2010] R. Budney, “Topology of knot spaces in dimension 3, Proc. Lond. Math. Soc. (3)
101:2 (2010), 477-496. MR 2679699 Zbl 1201.57021

[Budney and Cohen 2009] R. Budney and F. Cohen, “On the homology of the space of knots”,
Geom. Topol. 13:1 (2009), 99-139. MR 2009k:55029 Zbl 1163.57027

[Budney et al. 2005] R. Budney, J. Conant, K. P. Scannell, and D. Sinha, “New perspectives on
self-linking”, Adv. Math. 191:1 (2005), 78-113. MR 2005h:57013 Zbl 1078.57011

[Cattaneo et al. 2002] A. S. Cattaneo, P. Cotta-Ramusino, and R. Longoni, “Configuration spaces
and Vassiliev classes in any dimension”, Algebr. Geom. Topol. 2 (2002), 949-1000. MR 2004a:
57014 Zbl 1029.57009



AN INTEGRAL EXPRESSION OF THE FIRST ONE-COCYCLE OF %3 419

[Cattaneo et al. 2005] A. S. Cattaneo, P. Cotta-Ramusino, and R. Longoni, “Algebraic structures
on graph cohomology”, J. Knot Theory Ramifications 14:5 (2005), 627-640. MR 2006g:58021
Zbl 1091.57008

[Gramain 1977] A. Gramain, “Sur le groupe fundamental de I’espace des noeuds”, Ann. Inst. Fourier
(Grenoble) 27:3 (1977), 29-44. MR 57 #1552

[Hatcher 1983] A. E. Hatcher, “A proof of the Smale conjecture, Diff(S3) ~ 04)”, Ann. of Math.
(2) 117:3 (1983), 553-607. MR 85¢:57008 Zbl 0531.57028

[Kohno 1994] T. Kohno, “Vassiliev invariants and de Rham complex on the space of knots”, pp.
123-138 in Symplectic geometry and quantization (Sanda and Yokohama, 1993), edited by Y.
Maeda et al., Contemp. Math. 179, Amer. Math. Soc., Providence, RI, 1994. MR 96g:57010
Zbl 0876.57009

[Longoni 2004] R. Longoni, “Nontrivial classes in H*(Imb(S 1 R™)) from nontrivalent graph cocy-
cles”, Int. J. Geom. Methods Mod. Phys. 1:5 (2004), 639-650. MR 2005k:57026 Zbl 1069.81037

[Sakai 2008] K. Sakai, “Nontrivalent graph cocycle and cohomology of the long knot space”, Algebr.
Geom. Topol. 8:3 (2008), 1499-1522. MR 2009h:58023 Zbl 1151.57012

[Turchin 2006] V. Turchin, “Calculating the first nontrivial 1-cocycle in the space of long knots”,
Mathematical Notes 80 (2006), 101-108. Zbl 1143.57007

[Vassiliev 1992] V. A. Vassiliev, Complements of discriminants of smooth maps: topology and ap-
plications, Transl. Math. Monographs 98, Amer. Math. Soc., Providence, RI, 1992. MR 94i:57020

[Vassiliev 2001] V. A. Vassiliev, “Combinatorial formulas for cohomology of knot spaces”, Mosc.
Math. J. 1:1 (2001), 91-123. MR 2002g:55028 Zbl 1015.57003

[Voli¢ 2007] 1. Volié, “A survey of Bott—Taubes integration”, J. Knot Theory Ramifications 16:1
(2007), 1-42. MR 2008f:57022 Zbl 1128.57013

Received April 29, 2010.

KEIICHI SAKAI

DEPARTMENT OF MATHEMATICAL SCIENCES
SHINSHU UNIVERSITY

3-1-1 ASAHI, MATSUMOTO 390-8621

JAPAN

ksakai @math.shinshu-u.ac.jp
http://math.shinshu-u.ac.jp/~ksakai/index.html






PACIFIC JOURNAL OF MATHEMATICS
Vol. 250, No. 2, 2011

BURGHELEA-HALLER ANALYTIC TORSION
FOR TWISTED DE RHAM COMPLEXES

GUANGXIANG SU

We extend the Burghelea—Haller analytic torsion to the twisted de Rham
complexes, and compare it with the twisted refined analytic torsion defined
by Huang. Finally, we briefly discuss the Cappell-Miller analytic torsion.

1. Introduction

Let E be a unitary flat vector bundle on a closed Riemannian manifold M. Ray
and Singer [1971] defined an analytic torsion associated to (M, E) and proved that
it does not depend on the Riemannian metric on M. Moreover, they conjectured
that this analytic torsion coincides with the classical Reidemeister torsion defined
using a triangulation on M (see [Milnor 1966]). This conjecture was later proved
in two celebrated papers [Cheeger 1979; Miiller 1978]. Miiller [1993] generalized
this result to the case when E is a unimodular flat vector bundle on M. Inspired by
the considerations of Quillen [1985], Bismut and Zhang [1992] reformulated the
above Cheeger—Miiller theorem as an equality between the Reidemeister and Ray—
Singer metrics defined on the determinant of cohomology, and proved an extension
of it to the case of general flat vector bundle over M. The method used by Bismut
and Zhang is different from that of Cheeger and Miiller in that it makes use of
a deformation by Morse functions introduced by Witten [1982] on the de Rham
complex.

Braverman and Kappeler [2007b; 2007¢c; 2008] defined the refined analytic tor-
sion for a flat vector bundle over an odd dimensional manifold and showed that it
equals the Turaev torsion [1989] (see also [Farber and Turaev 2000]) up to multipli-
cation by a complex number of absolute value one. Burghelea and Haller [2007;
2008], following a suggestion of Miiller, defined a generalized analytic torsion
associated to a nondegenerate symmetric bilinear form on a flat vector bundle over
an arbitrary dimensional manifold and make an explicit conjecture between this
generalized analytic torsion and the Turaev torsion. This conjecture was proved
up to sign in [Burghelea and Haller 2010] and in full generality in [Su and Zhang
2008]. Cappell and Miller [2010] used non-self-adjoint Laplace operators to define

MSC2000: primary 58J52; secondary 19K56.
Keywords: analytic torsion, symmetric bilinear form, de Rham complex.
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another complex-valued analytic torsion and used the method in [Su and Zhang
2008] to prove an extension of the Cheeger—Miiller theorem.

Mathai and Wu [2008; 2010b] generalized the classical Ray—Singer analytic
torsion to the twisted de Rham complex with an odd degree closed differential
form H. In [Mathai and Wu 2010a], they defined and studied analytic torsion of Z5-
graded elliptic complexes. Huang [2010a] generalized Braverman and Kappeler’s
refined analytic torsion to the twisted de Rham complex, proved a duality theorem
and compared it with the twisted Ray—Singer metric.

In this paper, supposing there exists a nondegenerate symmetric bilinear form
on the flat vector bundle E, we generalize the Burghelea—Haller analytic torsion to
the twisted de Rham complex. For the odd dimensional manifold, we also compare
it with the twisted refined analytic torsion and the twisted Ray—Singer metric.

The rest of this paper is organized as follows. In Section 2, supposing there
exists a Zp-graded nondegenerate symmetric bilinear form on a Z;-graded finite
dimensional complex, we define a symmetric bilinear torsion on it. In Section 3, we
generalize the Burghelea—Haller analytic torsion to the twisted de Rham complex.
In Section 4, when the dimension of the manifold is odd, we show that the twisted
Burghelea—Haller analytic torsion is independent of the Riemannian metric g, the
symmetric bilinear form b and the representative H in the cohomology class [H].
In Section 5, we compare this new torsion with the twisted refined analytic torsion.
In Section 6, we briefly discuss the Cappell-Miller analytic torsion on the twisted
de Rham complex of an odd dimensional manifold.

2. Symmetric bilinear torsion on a finite dimensional Z,-graded complex
Consider a cochain complex

dO di dy—1

0— C° c! C"—0
of finite dimensional complex vector space. Set
ct= @ ¢ k=01
i =k mod 2
Let
(2-1) c*dy: - G0 b ol c0 D

be a Z,-graded cochain complex. Denote its cohomology by H k. k=0, 1. Set
det(C*,d) = det C°® (det C')™", det(H*,d) = det H' @ (det H))™".
Then we have a canonical isomorphism between the determinant lines

(2-2) ¢ :det(C®,d) — det(H®, d).
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Suppose that there is a nondegenerate symmetric bilinear form on C*, k = 0, 1.
Then it induces a nondegenerate symmetric bilinear form bge( g7+(c+,4) on the de-
terminant line det(H*®, d) via the isomorphism (2-2). Let d;; be the adjoint of dj
with respect to the nondegenerate symmetric bilinear form and define

gt #

Let A be the generalized eigenvalue of A, ; and let Cl’f (1) be the generalized A-
eigenspace of A, ;. Then we have a b-orthogonal decomposition

(2-3) ck=Pctm
A

and the inclusion C}’f 0) — C* induces an isomorphism in cohomology. Particu-
larly, we obtain a canonical isomorphism

2-4) det H*(C;(0)) =det H*(C®).
Proposition 2.1. The following identity holds:

(2-5)  bdetHe(C*,a)

. -1 4.0
= baet He(C3(0).4) - det(dydg | o0+ 0)nim dg) -det(d{d;| i+ o)nim d;*)’

where CfH(0) = @, 4o CE (), k=0, 1.

Proof. Same as [Burghelea and Haller 2007, Lemma 3.3]. Suppose (C7, by)
and (C3, by) are finite-dimensional Z;-graded complexes equipped with Z,-graded
nondegenerate symmetric bilinear forms. Clearly, H*(C} @ C3) = H*(C}) @
H*(C3) and we obtain a canonical isomorphism of determinant lines

det H*(C} @ C3) =det H*(C}) ® det H*(C3).
Then we have
baet He(Croc3) = bdet e (cp) ® Det He(C3)-
In view of the b-orthogonal decomposition (2-3) we may therefore without loss of
generality assume ker A, ; =0, k=0, 1. Then by the lemma just cited we have

C* =imdi; ®imd}.

This decomposition is b-orthogonal and invariant under A,. Thus we have the
exact complexes

0~- o Y T~

0—C ﬂlmd6 ——> C Nimd; — 0,
Ty g 4 0 s

0—C ﬂlmdI — C'Nimd; — 0.

Then from [Burghelea and Haller 2007, Example 3.2], we get the proposition. [l
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3. Symmetric bilinear torsion on the twisted de Rham complexes

In this section, we suppose that there is a fiberwise nondegenerate symmetric bi-
linear form on E. Then we define a symmetric bilinear torsion on the determinant
line of the twisted de Rham complex.

Twisted de Rham complexes. In this section, we review the twisted de Rham com-
plexes from [Mathai and Wu 2008].

Let M be a closed Riemannian manifold and E — M be a complex flat vector
bundle with flat connection V. Let H be an odd-degree closed differential form
on M. We set Q¥ = Q"(M, E), Q' = QU(M, E) and VH =V + HA. We
define the twisted de Rham cohomology groups as

ker(VH : Q¥(M, E) — Q1 (M, E))

HYM,E, H) = - _ , k=0,1.
im(VH : Q1(M, E) - QX(M, E))

Suppose H is replaced by H' = H — dB for some B € Q()(M), then there is an
isomorphism eg =8 A - : Q*(M, E) — Q*(M, E) satisfying

ep oV = v oEp.
Therefore ep induces an isomorphism
ep :H*(M,E,H)— H*(M,E, H)
on the twisted de Rham cohomology.

The construction of the symmetric bilinear torsion. Suppose that there exists a
nondegenerate symmetric bilinear form on E. To simplify notation, let ck =
QK(X, E) and let d; = d,f H be the operator V acting on C*¥ (k = 0, 1). Then
dydy = dyd; = 0 and we have a complex

(3-1) R e R T B P (R

The metric g™ and the symmetric bilinear form b determine together a symmetric
bilinear form on Q°*(M, E) such that if u = af, v = g € Q*(M, E) such that
o, f € QX (M), f, g € T'(E), then

(3-2) Bon (i, v) = /M (@A BIB(S. 8).

where * is the Hodge star operator. Denote by d]? the adjoint of d; with respect to
the nondegenerate symmetric bilinear form (3-2). Then we define the Laplacians

# # —
=dtd +ddf . k=01
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If A is in the spectrum of A, ;, then the image of the associated spectral projection
is finite dimensional and contains smooth forms only. Referring to this image as
the (generalized) A-eigenspace of A bk and denoting it by Q’{‘/\}(M , E), there exists
N, € N such that
(Api— )N*lszi y,£) = 0.
Therefore for different generalized eigenvalues X, u, the spaces Qk (M, E) and
}(M E) are B, p-orthogonal.
For any a > 0, set

Qf) (M, E) = @ Qp, (M, E).
0<|A|<a

Then QI[EO (M, E) is finite dimensional and one gets a nondegenerate symmetric
bilinear form

bdet H.(Q[.O o’ d)  on det H.(Q[.O al’ d)

Let Qk +oo)(M E) denote the B, ,-orthogonal complement to Q[o a](M E).
For the subcomplexes (Qk+ +OO)(M E), d), since the operators dkd and A bl

are equal and invertible on 1m(dk) N Q'(‘;L ) (M, E), we have

(3-3) Pri=di(did!) dp = di (A ) T g
is a pseudodifferential operator of order 0 and satisfies
2
P =P
By definition we have

(3-4) g(s, dkdkllmd nel, .5 =Tr(A S Prlak | m,E))

= Tr(P,; A;SE | Qfaﬁ_m) (M,E) ).

Then ¢ (s, d;gd;;hm ﬁmfa,ﬂo)(Ms £)) has a meromorphic extension to the whole com-
plex plane and, by [Wodzicki 1984, Section 7], it is regular at 0. So by [Wodzicki
1984; Grubb and Seeley 1995], we have the following analogue of [Mathai and
Wu 2008, Theorem 2.1].

Theorem 3.1. Fork=0, 1, ¢ (s, d/?dlzlim dany, +oo)(MsE)) is holomorphic in the half
plane for Re(s) > n/2 and extends meromorphically to C with possible poles at
{(n—-0/2,1=0,1,2,...}only, and is holomorphic at s = 0.

Then for k =0, 1 and any a > 0, the regularized zeta determinant
(3-5) det' (dfd;|of, . m.E)) = exp(=¢'(0, dgd,;|imdfﬁﬂfa_+m)(M,E)))-

is well defined.
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Proposition 3.2. The symmetric bilinear formondet H*(Q*(M, E,H),d) given by

(3-6)  baet e, (M. By - det (ddglod o p) ! (det' (didslal, om k)
is independent of the choice of a > 0.

Proof. Let 0 <a < ¢ < 0o. We have

(3-7) (k. (M, E), dp) = (8 (M, E), dp) & (2, (M, E), dp),

(3-8) (@, oM, E),dp) = (@, (M, E), dp) ® (2, o) (M, E), dp).

By the definition of the determinant,

(3-9)  det'(dfdilot, ;) =del(did; ok (m k) - det (did ]k | m.E))-

(a,+0o0) (¢c,+00)

Applying Proposition 2.1 to (3-7),

#10 -1 #og
baetre @z, ) = baene(, ) - det' (didglad  m.e) ™ (det'(dd |an1(,]<M,E)))-

Then we get the proposition. ([

Definition 3.3. The symmetric bilinear form defined by (3-6) is called the Ray—
Singer symmetric bilinear torsion on det H*(Q2*(M, E, H), d) and is denoted by

T»,V,H-

4. Symmetric bilinear torsion under metric and flux deformations

In this section, we will use the methods in [Mathai and Wu 2008] to study the
dependence of the torsion on the metric g, the symmetric bilinear form b and the
flux H.

Variation of the torsion with respect to the metric and symmetric bilinear form.
We assume that M is a closed compact oriented manifold of odd dimension. Sup-
pose the pair (g,, b,) is deformed smoothly along a one-parameter family with pa-
rameter u € R. Let Oy be the spectral projection onto Q][(O,a] (M, E)yand IT; =1-Q¢
be the spectral projection onto Q’(‘a’ +oo) (M, E). Let

d% db
a=sx! au” +b,! au”.

Lemma 4.1. Under the assumptions above,

) ) _ _
“n o log(det (@fdglof, )" (det'@Pdlal, o r))

=— Y (-1 Tr@Qp).

k=0,1
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Proof. While dj, is independent of u, we have
a*
k #
— = —[a, d]].
™ le, d}]
Using P,d¥ = d¥, d;P; = dj and P} = P, we getd'd P, = P.d*d. = d*d_and
Kk k> TkT kT Tk k% "k Tk
aPk

Following the Z-graded case, we set

42 fem=Y D / PTHE P ot ) dt

(a,+00)
k=0,1
=T(s) Y (=Dfe(s. didlor ).
k=0,1

Using the above identities on Pf, the trace property and by an application of
Duhamel’s principal, we get

> 0 P;
(4-3) f =Y (-1t / 5_1Tr(t[oz,df]dke_’dzfdkl'[k—i—e_’dfdk 8ukPka)df

k=0,1

AP
= Z( Dk / A lTr(ta[d#,dke AT 4 Pre "4 % » —km; )dt

k=0,1
k oos—l —td*d; # —tdyd? 5 #
Z( 1) Tr| ta(e "% kd]zd,;—e kkdlEd/E)nlE
k=0,1
—’dﬁdféP—ﬁHf dt
te T u *
+o00o
Z( l)k/ t* Tr(ce ™20k A, (TT;) di
k=0,1
+o00 9
=— Z( l)k/ tsa Tr(oz(e_’Abe,;)) dt
k=0,1

Integrating by parts, we have

(4-4) a——sZ( 1)/ 0 Tr(a(e™ M4 TT)) dt

k=0,1
—sZ( 1)"(/ / ) T (e M0k (1 — Qp)) dt

Since « is a smooth tensor and n is odd, the asymptotic expanswn as t | O for
Tr(ae"%»%) does not contain a constant term. Therefore fo 57 Tr(ae ™" 20k) dt
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does not have a pole at s = 0. On the other hand, because of the exponential decay
of Tr(ae "A»iTI) for large ¢,

+o00
fl 57 Tr(ae ™ 201 ITp)

is an entire function in s. So

af b
“-5) - = > (—1)"f0 £ Tr@Qp) dt|_y=— Y (=) Tr(@Qp)
A k=0,1 k=0,1
and hence
d )
(4-6) oo > (SO, didlek,  n.my) =0.

k=0,1
Finally, from (4-5), (4-6), we have
4-7) det(didgled . m.p) " - (det' (did;lol . E))
. 1 k 4o
= eXP(}E)I(l)(f(S, u) — B > (=D (o, dkdk|Q’(‘a1+oo)(M,E)))>a
k=0,1
and the result follows. [l

Lemma 4.2. Under the same assumptions, along any one-parameter deformation
Of (gu’ by,), we have

9 (bw,detH'(QfO ](M,E),d)> ‘
s = (-1 TI‘(O(Q];).
u 2

(4-8) —
bu,det He(@}, (M. E).d) k=0,1

ow
Proof. For sufficiently small w — u, the restriction of the spectral projection

Qclat o m.E) *  f0.a(M, E) = Q1o 4(M, E)

is an isomorphism of complexes. Then for sufficiently small w — u, we have

bu,det He (2, (M. E).d)

4-9)
by det He (@2 (M. E).d)
= det((Bg, .6, Iszg_m_u](M,E))_1 (Qglad . m.E))”
“(Beubu |90, 5 . E))) - det((Bg, b, IQ;[OJI](M,E))_] (Qila . m.E))"
] -1
“(Bgubul@l o M.E)) -
Then similarly to [Burghelea and Haller 2007], we get (4-8). O

Combining Lemma 4.1 and Lemma 4.2, we have:
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Theorem 4.3. Let M be a closed, compact manifold of odd dimension, E be a flat
vector bundle over M, and H be a closed differential form on M of odd degree.
Then the symmetric bilinear torsion tp v g on the twisted de Rham complex does
not depend on the choices of the Riemannian metric on M and the symmetric bilin-
ear form b in a same homotopy class of nondegenerate symmetric bilinear forms
on E.

Variation of analytic torsion with respect to the flux in a cohomology class. We
continue to assume that dim M is odd and use the same notation as above. Suppose
the (real) flux form H is deformed smoothly along a one-parameter family with
parameter v € R in such a way that the cohomology class [H] € H' (M, R) is fixed.
Then 0 H/dv = —d B for some form B € QO (M) that depends smoothly on v; let

B=BA-.

Lemma 4.4. Under the above assumptions,

0 _ _ B
(@10) - log(det'(@fd;of, on.e) ™" - (det'(@idlal, _on.e0))

=2 (=D Tr(BQp).

k=0,1

Proof. As in the proof of Lemma 4.1, we set

“+00
o _td*d .
fev =Y (-1 / T Tre N Pl ) dr.
k=0.1 0 '
We note that B, hence § is real. Using
ddy ad} # g# 2 # 3Py
%:[ﬁ’d[;]v Fj:_[ﬂ’d];]’ PIE:PIE:PIE’ P/}WP/EZO
and Duhamel’s principle, similarly to [Mathai and Wu 2008, Lemma 3.5], we get
af [T, 0 AL
4-11 —=-2 —1 1 — Tr(Be ' M0 Tl;) dt.
@-11) =2y /0 = Tr(pe STy
k=0,1
The rest is similar to the proof of Lemma 4.1. (I

Lemma 4.5. Under the same assumptions, along any one-parameter deformation
of H that fixes the cohomology class [H], we have

a

(4-12) ™

bet He (928, (M. E,H"),d)
( fa ) =2 Y (=D T8O,
v

baet He(Qy, (M. E.H").d) k=01

where we identify det H*(M, E, H) along the deformation.
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Proof. For sufficiently small w — v, we have
Qiep : (M, E, H) > Qfy (M, E, H")

is an isomorphism of complexes and the induced symmetric bilinear form on the
determinant line det H'(Q['O’a](M, E,HY),d)is

(4-13) ((det(leB)*bdetH'(Q['O_HJ(M,E,HW),d)))( )

= bdet e, ,,(M.E,HY).d) (det(Qzep) -, det(Qrep) - ),
where

det(Qzep) :det H® (2 (M, E, H')) — det H* ([ ,((M, E, H))

is the induced isomorphism on the determinant lines. Then we can compare it with
bget H (R o (M. E.HY),d)s and similarly to [Mathai and Wu 2008, Lemma 3.7], we
get (4-12). (]

Combining Lemma 4.4 and Lemma 4.5, we have:

Theorem 4.6. Let M be a closed, compact manifold of odd dimension, E be a flat
vector bundle over M. Suppose H and H' are closed differential forms on M of
odd degrees representing the same de Rham cohomology class, and let B be an
even form so that H = H — dB. Then the symmetric bilinear torsion satisfies
(detep)*tp, v, 5" = Tp,v,H-

5. Compare with the refined analytic torsion

In this section, we will compare the symmetric bilinear torsion 7, v, gz with the
refined analytic torsion Pan(VH) defined in [Huang 2010a]. The main theorem of
this section is the following.

Theorem 5.1. Let M be a closed odd dimensional manifold, E be a complex vector
bundle over M with connection V, H be a closed odd-degree differential form
on M. Suppose there exists a nondegenerate symmetric bilinear form on E. Then

(5_1) Tp,V,H (pan(vH)) = :l:eizﬂi(n(VH)frankE"hrivial) .
(Here n(V#) and nyiial are defined in [Huang 2010a].)

We will use the method in [Braverman and Kappeler 2007a] to prove the theorem
and the proof will be given later.

Let & be a Hermitian metric on E. One can construct the Ray—Singer analytic
torsion as an inner product on det H*(M, E, H), or equivalently as a metric on the
determinant line; see [Huang 2010a, (6.13)]. We denote the resulting inner product
by 7.v.n. Then by our Theorem 5.1 and Theorem 6.2 of the same reference,
we get:
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AN -1

Corollary 5.2. If dim M is odd,

Th,V,H

The dual connection. Let M be an odd dimensional closed manifold and E be
a flat vector bundle over M, with flat connection V. Assume that there exists a
nondegenerate symmetric bilinear form b on E. The dual connection V' to V on E
with respect to the form b is defined by the formula

db(u,v) =b(Vu,v)+bu,V'v), u,vel(M,E).
We denote by E’ the flat vector bundle (E, V).

Choices of the metric and the spectral cut. Until the end of this section we fix a
Riemannian metric g on M and set B = B(VH, g) =T'VH? + VHT and @'t =
R (VH g) =TV'H £ VHTD, where T' : Q*(M, E) — Q*(M, E) is the chirality
operator defined by

Fw=i"D24(—1)24*tD2, e QI(M,E).

We also fix 8 € (—mr /2, 0) such that both 6 and 6 + 7 are Agmon angles for the
odd signature operator B . One easily checks that

(5-2) v =1rvHr, (v =rVvHr, and @B =",
As B and (BH)* have the same spectrum it then follows that
(5-3) By =n®B7) and Dety o(B") = Dety o (B7).

Proof of Theorem 5.1. The symmetric bilinear form B, ;, induces a nondegenerate
symmetric bilinear form

H/ (M,ENY®H"/(M,E)—>C, j=0,...,n,

and, hence, identifies H/(M, E’) with the dual space of H"~/(M, E). Using the
construction of [Huang 2010a, Section 5.1] (with t : C — C be the identity map)
we obtain a linear isomorphism

(5-4) a:detH*(M,E, H) — det H*(M, E', H).

Lemma 5.3. Let E — M be a complex vector bundle over a closed oriented odd
dimensional manifold M endowed with a nondegenerate bilinear form b and let V
be a flat connection on E. Let V' denote the connection dual to V with respect
to b. Let H be a closed odd-degree differential form on M. Then

(5-5) @ (pan (V7)) = pan(V'7).
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The proof is that of [Huang 2010a, Theorem 5.3] and will be omitted. (Actually,
it is simpler, since B and %B'" have the same spectrum, so there is no complex
conjugation involved.)

For simplicity, we set

TV, H(a+o0) = deU(didslad | .p) " - (det (ddslol, . ))-
Setting A’ = (V/H)#v'H 1 v'H (v'H)# e then have
AP =TAHT,

Lemma 5.4. Tb,V,H,(a,+00) = Th,V',H,(a,+00)-

Proof. Applying (5-2) and using the fact that

v/H .k

b ooy (M E H)Nim(VE) — @EFL (M, E, H) Nim V'

is an isomorphism, we get

H\#w H (=1
(5_6) tb’V’H’(a’+OO): 1_[ det/((v ) V |Q]Ea,+oo)(M,E,H))

k=0,1
= [ det' (rv"# (V"' o
(a,+00)
k=0,1
— 1_[ det/(v/H(v/H)#|
k=0,1

= 1_[ det/((V/H)#V/Hb'? M.E.H
k=0,1 (oo (M E:11)

(_1)/<+|
(M,E,H))

) )(—1)k
Q4 o0)(M.EH)

(_1)k+l
) =T,V ,H>

which completes the proof. ([

Then for any h € det H*(M, E, H), we have

(5-7 w,v,1(h) =1, v 1 (2(h)).
Hence, by (5-5) and (5-7),

(5-8) w.v.1 (Pan (V")) = 9.1 (Pan V')
Let

- vV o ~ g v 0
v_(0 V/>’ v _<0 v”’)'

Tp, ¥, H,(a,+00) — Tb.V.H.(a,400) " Tb,V'.H (a,400)
o H H H
V. H (,Oan(V )) = Tb,V,H(pan(v )) “Th,V'.H (pan(v/ ))

Then, for any a > 0,
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Combining the latter equality with (5-8) shows that

= 2
051 (P (V) = 1 v 1 (0 (V).
Hence, (5-1) is equivalent to the equality
(5_9) Tb 6 H (pdn(ﬁH)) = €—4ni(n(VH)—rankE . T]trivii\]) .

By a slight modification of the deformation argument in [Braverman and Kappeler
2007a, Section 4.7] where the untwisted case was treated, we obtain (5-9). This
concludes the proof of Theorem 5.1. ]

6. On the Cappell-Miller analytic torsion

In this section, we briefly discuss the extension of the Cappell-Miller analytic
torsion to the twisted de Rham complexes. Let dim M be odd.

In the notation above, we have the twisted de Rham complex vH . Qk (M, E)—
QK1(M, E) and the chirality operator T : QKM , E) — Q¥ (M, E), k=0, 1.
Define

d) =TdiT : QM. E) — Q"' (M. E).

Then consider the non-self-adjoint Laplacian
= (dy+4d})’ - QFM, E) > @M, E).

For any a > 0, let Q[o a](M E) (Q(a +OO)(M E)) denote the span in Q’E(M E) of
the generalized eigensolutions of Ab with generalized eigenvalues with absolute
value in [0, a] ((a, +00)). Then we have the decomposition of the complex

(Q(M, E), d) = (%) (M, E). d) ® (2, 00)(M, E), d).

The subcomplex (Qkfo'a](M E),d) is a Z,- graded finite dimensional complex.
Then we can define the torsion element 101“[0 u ®Pr oa € det H°(Q[O ] (M, E),d)?*=
det H*(M, E, H)?, where Pr deﬁned by [Huang 2010a, (2.22)]. On the other
hand, for the subcomplex (£ a +oo)(M , E), d), the following zeta-regularized de-
terminant is well defined (see (3-5)):

(6-1) det' (dYdp|of, . om.p) = exp(=2' (0, d}d;limanaif, v, )))-

Considering the square of the graded determinant defined in [Huang 2010a, (2.38)],
for the Z;-graded finite dimensional complex Q( p C](M ,E), 0 <a <c¢ < oo, we
find that

det’ (d dglaid (m.E)) - - det’ (d dilay rJ(M,E)) (Detgr(% e CJ(M,E)))2~

Then by [Huang 2010a, Proposition 2.7], we easily get:
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Proposition 6.1. The torsion element defined by

_ (=Dk .
(6-2) PPy, ®Phgy - | | (el @dlar, m.e)) " €det H*(M, E, H)?
k=0,1

is independent of the choice of a > 0.

Definition 6.2. The torsion element in det H*(M, E, H)? defined by (6-2) is called
the twisted Cappell-Miller analytic torsion for the twisted de Rham complex and
is denoted by v g .

Next we study the torsion ty, g under metric and flux deformations. Since the
methods are the same as the cases in the twisted refined analytic torsion [Huang
2010a] and the twisted Burghelea—Haller analytic torsion above, we only briefly
outline the results.

Theorem 6.3 (Metric independence). Let M be a closed odd dimensional mani-
fold, E be a complex vector bundle over M with flat connection V and H be a
closed odd-degree differential form on M. Then the torsion tv_ p is independent of
the choice of the Riemannian metric g.

Proof. By the definition of ty y and the observation on the determinants, this
theorem follows easily from Proposition 2.4 and Equations (3.18) and (4.14) of
[Huang 2010a]. O

Theorem 6.4 (Flux representative independence). Let M be a closed odd dimen-
sional manifold and E be a complex vector bundle over M with flat connection V.
Suppose H and H' are closed differential forms on M of odd degrees represent-
ing the same de Rham cohomology class, and let B be an even form so that
H' = H — dB. Then we have ty_p = det(¢g)tv u.

Proof. From the above observation, this follows easily from Lemmas 4.6 and 4.7
of [Huang 2010a]. O

From the definition in (6-2), we see that the twisted Cappell-Miller analytic
torsion is closely related to the twisted refined analytic torsion pa, (V). Explicitly:

Theorem 6.5 (compare [Huang 2010b, Theorem 4.5]). Indet H*(M, E, H )2,
(6-3) Pan(V) ® pan(VH) = 1y e 2 (1) mrank £ i),
Proof. The twisted refined analytic torsion [Huang 2010a, (4.15)] is defined by

in (rank E) Ntrivial

pan(VH) = Detyro (B, )= prip, -e
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By [Huang 2010a, (5.31)], we have
(6-4)  pan(VT) @ pun(V)
= Prip ® Pry,, - eXpE(V, g™, 0))

. exp<—2inn,\(vH) —im Z (—1)kd]€)\ + 2im (rank E)mrivial>,
k=0,1

where 0, (VH), £ (VH, gM ), and d_ are defined in equations (3.17), (3.18),
and (3.19) of [Huang 2010a]. By (6-2) and (6-4), we find that

(6-5)  pan(V) ® pun(V)
= 1y, exp(=2imm(VH) —im » (=D*dy, +2in (rank E)iviar)-

From [Huang 2010a, (5.28)], we get (=0l
(6-6) (V) + D (=D, =29(VH) mod 22.
k=0,1 ’
Then (6-5) and (6-6) imply (6-3). U

Theorem 5.1 and Theorem 6.5 give the relation between the twisted Burghelea—
Haller analytic torsion 75 v, g and the twisted Cappell-Miller analytic torsion ty g
if there is a nondegenerate symmetric bilinear form the bundle E.

Corollary 6.6. If there is a nondegenerate symmetric bilinear form on E and
dim M is odd, we have

v, H(Tv,n) = 1.
Remark 6.7. Almost at the same time of the preprint [Su 2010] of this paper,

Huang [2010b] defined and studied the twisted Cappell-Miller torsion both for
holomorphic and analytic cases.
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K (n)-LOCALIZATION OF THE K (n +1)-LOCAL
E, +1-ADAMS SPECTRAL SEQUENCES

TAKESHI TORIL

We construct a spectral sequence converging to the homotopy set of maps
from a spectrum to the K (n)-localization of the K (n + 1)-local sphere. We
also construct a map of spectral sequences from the K (n)-local E,-Adams
spectral sequence to the preceding one. Then we compare the map on
E>-terms with a map induced by the inflation maps of continuous coho-
mology groups for Morava stabilizer groups. As an application we show
that ¢, in T_; (L K(,,)SO) represented by the reduced norm map in the K (n)-
local E,-Adams spectral sequence has a nontrivial image under the map
Tu(LgyS®) = (L) Lk (n41)S®).

1. Introduction

The motivation of this note is toward understanding the relationship between the
K (n)-local category and the K (n + 1)-local category. For each prime number p,
the stable homotopy category of p-local spectra has a filtration of full subcate-
gories corresponding to the height filtration of the moduli space of formal groups
[Morava 1985]. The n-th associated graded part of the filtration is equivalent to
the K (n)-local category, that is, the Bousfield localization of the stable homotopy
category with respect to the n-th Morava K-theory spectrum K (n) [Hovey and
Strickland 1999]. So it can be considered that the stable homotopy category of
p-local spectra is built up from the K (n)-local categories for various n. In fact, the
chromatic convergence theorem [Ravenel 1992] says that a p-local finite spectrum
X is homotopy equivalent to the homotopy inverse limit of the chromatic tower

-—> Ly X - L, X — --- — LoX, where L, is the Bousfield localization
functor with respect to the wedge of Morava K -theories K (0)vVK(1)V---V K (n).
This means that a p-local finite spectrum X can be recovered from {L,X},>0
through the chromatic tower. Furthermore, if the chromatic splitting conjecture
is true, then it implies that the p-completion of a finite spectrum X is a direct
summand of the product [ [, Lx»)X [Hovey 1995]. This means that it is not nec-
essary to reconstruct the tower but it is sufficient to know all Lk )X to obtain

MSC2000: primary 55T25, 55P42; secondary 55Q51, 55N22, 55N20.
Keywords: Adams spectral sequence, K (n)-localization, Morava E-theory.
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some information of X. Since the chromatic splitting conjecture is concerned with
the relationship among various chromatic pieces, it is important to understand the
relationship between the K (n)-local category and the K (n + 1)-local category.
Let E,, be the n-th Morava E-theory spectrum. The K (n)-local E,-Adams spec-
tral sequence L g, ES'(W) is a natural spectral sequence for any spectrum W,

LxwEy' (W) = HS(Gy; EL(W)) = [W, Lgy ST,

which converges to [W, L K(n)SO]* strongly and conditionally; see [Devinatz and
Hopkins 2004, Appendix A]. On the E)-term, G, is the n-th extended Morava
stabilizer group, and H'(G,; E!(W)) is a continuous cohomology group for the
profinite group G, with coefficients in the profinite module E! (W).

We construct a natural spectral sequence converging to [W, Lk )L K(nH)SO]*
by applying the K (n)-localization functor to the K (n+1)-local E,,;-Adams reso-
lution of LK(,,+1)SO. Let A= Lk ) E,+1 be the K (n)-localization of the (n 4 1)-st
Morava E-theory E,;. We identify the E,-term as a cohomology group based
on the continuous cochain complex for G,4; with coefficients in the topologi-
cal module A*(W). We call this spectral sequence the K (n)-localization of the
K (n + 1)-local E,;-Adams spectral sequence for W.

Theorem 4.7. For any spectrum W, there is a natural spectral sequence
LxkmLkmsES' (W) = HY (Gpyr; A (W) = [W, Lk LkmsnS'T™,
which converges strongly and conditionally.
By the K (n)-localization of the K (n + 1)-localization map S° — Lg(;+1)S°,
we obtain a map L (,)S° — L)Lk u+1)S°, which induces a map

[W, Ly ST — [W, Lk Lk@+1S°T*

for any spectrum W. We construct in Theorem 6.2 a natural map of spectral se-
quences
@r(W): Lk E}" (W) —> LgwyLk @i E)' (W),

which converges to the map [W, Lg ) ST — [W, Lg ) Lxns1)S°1 . Further-
more, we give an interpretation of the map on E,-terms. We construct a natural
homomorphism

OW) : HX (Gp; E;(W)) —> H:(Gpy1; AY(W)),
which is obtained from some kind of inflation maps (see (7-1)).

Theorem 7.6. The map ¢2(W) coincides with 6 (W) for any spectrum W.

By the Hopkins—Miller theorem [Devinatz and Hopkins 2004, Theorem 6], we
know that there is a nontrivial element ¢, € w_ (L K(n)SO) which is represented by
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the reduced norm map of G, in the E,-term of the K (n)-local E,-Adams spectral
sequence. Let w, be the image of ¢, under the map

74 (LS = Tu(Lkn Lk s SO)-
As an application of our results, we show the following theorem.
Theorem 8.1. The image w, is nontrivial.

The organization of the remaining sections is as follows: In Section 2 we re-
view the results in [Torii 2010a]. We recall the construction of a commutative
ring spectrum B which is an extension of both of E, and E,;;, and the action
of the group G = G, xr G,41 on B. In Section 3 we introduce a topology
for A*-modules of certain type, and study modules of continuous maps from a
topological space to such a topological A*-module. In particular, we show that
the functor Map (7, A*(—)) is a generalized cohomology theory for any compact
space T. In Section 4 we construct the K (n)-localization of the K (n 4 1)-local
E,+1-Adams spectral sequence by applying the K (n)-localization functor to the
K (n+ 1)-local E,;-Adams resolution of L K(,,+1)SO, and prove Theorem 4.7. In
Section 5 we define a cohomology of G with coefficients in B*(W) for the purpose
of connecting the cohomology of G, and that of G,4;. Then we show that the
inflation map from the cohomology of G,4; with coefficients in A*(W) to the
cohomology of G with coefficients in B*(W) is an isomorphism for any spectrum
W. In Section 6 we construct a map of spectral sequences from the K (n)-local
E,-Adams spectral sequence to the K (n)-localization of the K (n 4 1)-local E, 4 -
Adams spectral sequence. In Section 7 we construct a homomorphism 6 (W) from
the cohomology group of G, with coefficients in E; (W) to the cohomology group
of G, 41 with coefficients in A*(W) by using the cohomology of G with coefficients
in B*(W) constructed in Section 5. Then we identify this homomorphism with the
map of spectral sequences on E;-terms, and prove Theorem 7.6. In Section 8 we
prove Theorem 8.1 as an application of the results obtained earlier.

2. The ring spectrum B

In this section we review the results in [Torii 2010a]. We recall the construction of
a commutative ring spectrum B and two ring spectrum maps ® : E, ;| — B and
I : E, — B. Furthermore, we recall that the action of a profinite group G on B and
the equivariance of ® and I under the actions of G.

Let p be a prime number, and let n be a positive integer. We fix a finite field F
which contains the finite fields F,» and [.+1. Note that the minimal field satisfying
the condition is Fpn @ Fn1 = I]:pnz +n- We denote by W the ring of Witt vectors with
coefficients in F'. We define variants of the n-th Morava E-theory spectrum E,,
and the (n + 1)-st Morava E-theory spectrum E,;; such that the coefficient rings
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are given by
Ef=Wlwy,...,wa Mw*'l,  Ef = Wlup, ..., upllu™'].

There is an associated degree 0 formal group law F}, over E 2 since E, is complex
oriented and even-periodic. The formal group law F;, is a universal deformation of
the Honda formal group law H, of height n over F. Note that we can take F;, as
a p-typical formal group law. The Morava stabilizer group S, is defined to be the
group of automorphisms of H, over F. Then the extended Morava stabilizer group
G, is defined to be the semi-direct product G, =T" x S, where I' = Gal(F /[, is
the Galois group of F over the prime field F,. We can identify G,, with the group
of automorphisms of the ring spectrum E, in the stable homotopy category. Then
g=(y,s) eI'x S, =G, induces a ring homomorphism g*: E¥ — E. We denote
by F¥ the formal group law obtained from F, by the coefficient change along g*.
Then there is a unique isomorphism ¢(g) : F, — F; of formal group laws which
is a lifting of the isomorphism s : H, — H) = H,,. There are projections G, — I'
and G, — I'. We define a profinite group G to be the fiber product of G, and
G4 over I

G =G, xr Guq1.

Let K (n) be the n-th Morava K-theory spectrum at p. We denote by A the
commutative ring spectrum Lk ) E,+1, the Bousfield localization of E,;; with
respect to K (n). The coefficient ring of A is given by the following Lemma.

Lemma 2.1. The coefficient ring A* is isomorphic to (E, [u‘l]) the comple-
tion of the localization E*Jrl [u, 1 at the ideal I, = =(p,Ut,..., un,l). Hence A*
is a graded complete Noetherian regular local ring isomorphic to

QAN TR |75
with residue field F ((u,))[u™'].

Proof. There is a tower {M(J)}; of generalized Moore spectra of height n as

in [Hovey and Strickland 1999, Proposition 42]. If J = (p%, vi”,_. o “” 1)
then (E,1 A M(J)* = EX_/(p®, uf', ..., uy")) since v; = uju? ™! forz =
1,...,n—1. We set X,An = hol@ X /\ M (J) for a spectrum X. Since E, ] is

Landweber exact of height (n + 1), it satisfies the telescope conjecture at n in the
sense of [Hovey 1997, Definition 1.5.2]. Then Lx ) Eyy1 = (En+1[v_1])fn by
[Hovey 1997, Theorem 1.5.4], where v is a generalized v,-element in E 41 in the
sense of [Hovey 1997, Definition 1.2.2]. We can take v, = uul' e Topn—2En11
as a generalized v,-element. Since the sequence p?, u?l, R u;’"_‘ ]' is regular in
E; v, "= Epplu w1, (Entlv, NIAM ) * = Epy lu, 1/ (0%, ' "))
if J = (p?, v el “" 1) Then we see that A* = (L g (4) En41)" is the completlon

of EX, [u, ]atthe ideal 1, = (p w1, ... 1) A* = (EX, [u;'])] . Since the
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sequence p, uy, ..., U, isregularin E 41 [u,fl], and it generates a maximal ideal,
A* is a graded regular local ring with maximal ideal generated by p, u1, ..., u,—|
and residue field F (u,,))[u™!].

The obvious ring homomorphism W{u,]] — A* extends to (W((un)))g — A*,
since u, is a unit in A*, and A* is p-complete. Furthermore, since A* is I,-adically
complete, the obvious ring homomorphism (W((u,,)))g[ul, e U et = A*
extends to (W ((u,))l[u, ..., up—1I[u*t'] — A*. The ring

QAN 7T | 75

is a graded complete regular local ring with maximal ideal generated by p, uy, ...,
u,_; and residue field F((u,))[u*"]. Since the ring homomorphism

W (@) lurs s ug i ™' — A*

is continuous, and it induces an isomorphism on the associated graded rings, we
obtain an isomorphism between A* and (W((un)))?,l[u], oy g ™. O

Since a complete local ring is Henselian, A* is a Henselian ring by Lemma 2.1.

Lemma 2.2 [Milne 1980, Proposition 1.4.4]. Let R be a Henselian ring with residue
field k. Then the functor S +— S Qg k induces an equivalence between the category
of finite étale R-algebras and the category of finite étale k-algebras.

Let F,y; be the formal group law over F((u,)) obtained from F,,| by the
reduction E,? +1 —> F((un)). Then the height of F n+1 18 n. Since the isomorphism
classes of formal group laws over a separably closed field are classified by their
height, there is an isomorphism between F n+1 and the height » Honda formal
group law H, over the separable closure F ((i,))%P. In [Torii 2003, §2.3] we have
constructed an extension field L of F ((u,)), where L is the minimal extension such
that there is an isomorphism between F n+1 and H,. The extension L is Galois over
F ((4,)) with Galois group isomorphic to S,. There is a sequence of finite Galois
extensions of F ((u,))

(2-1) F((u,)=L(—-1)—> L0O)—>L{A)— ---

such that L =, L(i). We denote by S, (i) the Galois group for F((u,)) = L(i).
Then S, (i) is a finite quotient group of S, of order (p" — 1)p™,and S, = li(gl. S, ().
The action of G, on ES 41 induces an action on the residue field F((u,)) of A°.
By [Torii 2003, §2.4], there is an action of G on L, which is an extension of the
action of G4+ on F((u,)) and the action of S, on L as Galois group. Note that
L (i) is stable under the action of G for all i.
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By Lemma 2.2, the sequence of Galois extensions (2-1) induces a sequence of
graded commutative rings

A*=B(-1)* - BO)* - B(1)* — ---.

The ring B(i)* is an even-periodic graded complete Noetherian regular local ring
with residue field L(i)[u™']. Furthermore, A* — B(i)* is a Galois extension of
graded commutative rings with Galois group S, (i) in the sense of [Chase et al.
1965; Greither 1992]. Let B(oco)* be the direct limit of the sequence: B(oco)* =
colim . B(/)*. Then we define a graded commutative ring B* to be the completion
of B(co)* at the ideal I, = (p, uy, ..., uy—1)

B* = (B(00)*)} -

By Lemma 2.2, there is a unique lifting of the action of G on B* and B(i)* for
0 <i < oo compatible with canonical inclusions.

By the A*-algebra structures, we can regard B* and B(i)* for 0 < i < oo as
Landweber exact even-periodic graded commutative rings. We denote the corre-
sponding commutative ring spectra by B and B(i) for 0 < i < oo, respectively.
Hence we obtain a sequence of commutative ring spectra

A=B(—1)— BO) = B(1) = --- .

Then we have B(oco) = hocoliﬂl)i[E’E(i) and B = Lkg)B(oco). We define a ring
spectrum map ® : E,; — B to be the composition

®: E,H_] —> LK(n)En—H =A— B.

By [Torii 2003, §2.3], the formal group law induced by the ring homomorphism
E,? — F < L is isomorphic to the formal group law induced by the ring ho-
momorphism Eg +1 = F((un)) — L. By the universality of the formal group
law F, associated with E,, there exists a ring homomorphism E} — B* and an
isomorphism ® between the formal group laws F,, and F, | over B’

D Fppy —> F,.

Note that B is the minimal extension ring of both of E? and E? 41 such that there
exists an isomorphism between F, and F, ;. Since E, and B are even-periodic
Landweber exact commutative ring spectra, the ring homomorphism E; — B*
extends to a ring spectrum map

1. E,— B.

By the projection G — G,, we can consider that G acts on E, as automor-
phisms of commutative ring spectrum in the stable homotopy category. Also, by
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the projection G — G4, we can consider that G acts on E, 1| as automorphisms
of commutative ring spectrum.

Proposition 2.3 [Torii 2010a, §4]. The profinite group G acts on the commutative
ring spectrum B in the stable homotopy category. The ring spectrum maps I :
E, — Band ®: E, .1 — B are equivariant with respect to the actions of G.

Remark 2.4 [Torii 2010b]. The ring spectrum B supports a commutative S-algebra
structure and the group G acts on B in the category of commutative S-algebras.
Let T = Lg)S° ®z , W be the commutative S-algebra obtained from LS by
adjoining a primitive (p" — 1)-st root of unity, where m is the dimension of F over
[,. Then there is an equivalence B >~ L g ) (E, A A) of commutative S-algebras.
In particular, when F = [Fan +n» there is an equivalence B >~ Lk, (E, A E ;l +1) of
commutative S-algebras, where E; and E,_  are the standard Morava E-theory
spectra so that woE, /I, = Fpn and o E;, /1141 = Fpnsr. In this case

Gal(F /F,) = Gal(Fpn /F,) x Gal(Fpu1 /F,) and G =Gl x Gl

where G, = Gal(F,:/F,) x S, and G;Z+1 = Gal(Fn+1/F,) X Sy41 are the standard
extended Morava stabilizer groups.

3. Mapping space Map (T, A*(W))

To interpret the E,-term of the K (n)-localization of the K (n + 1)-local E, -
Adams spectral sequence which will be constructed in Section 4 below as a coho-
mology group of G,11, we need to give an appropriate topology for A*-cohomol-
ogy groups. In this section we introduce a topology for A*-modules of certain
type, and study modules of continuous maps from a topological space to such an
A*-module.

For a topological space T, and a topological module M, denote by Map (T, M)
the module of continuous maps from 7 to M. Recall the fact that a surjection
between profinite groups has a continuous section of topological spaces [Serre
1994, Proposition 1.1.2.1]. This implies that Map,.(7, —) gives an exact functor
from the category of profinite modules to that of abelian groups. The coefficient
ring E;_ | is a graded complete Noetherian local ring with maximal ideal /,,11 =
(p,u1,...,uy). Since E; /17, is a graded finite ring for each r, E;_ | is a graded
profinite ring. Let N be a finitely generated E) -module. Then N is a graded
profinite abelian group. In this case there is an easy description for Map,.(T, N) as
follows.

Lemma 3.1. If N is a finitely generated E;_-module, there is a natural isomor-
phism
Map (T, N) =Map (T, E, ) ®p:,, N.
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Proof. Since N is finitely generated, there is an exact sequence of profinite modules
N' - N - N — 0, where N’ is ﬁnitely generated free for i = 0, 1. This
induces two exact sequences Map,.(7, N — Map, (T, N 0y Map (T, N) - 0
and Map,.(7, EH]) QN!' > Map (T, En+1) QN — Map (T, En+1) QN — 0.
Since N' is finitely generated free, we have Map, (T, N') = Map,(T, Er )®N'
fori =0, 1. Hence we obtain that Map (T, N) = Map,(T, E*H) R N. O

Corollary 3.2. For an ideal I of E, | and a finitely generated E;  -module N,
there is a natural isomorphism

Map, (T, N/IN) = Map,(T, N)/IMap.(T, N).

By Lemma 3.1, it is fundamental to understand Map (T, E* 1) Recall that a
module over a (graded) regular local ring is called profree if it is isomorphic to the
completion at the maximal ideal of some free module (see [Hovey and Strickland
1999, Theorem A.9] for equivalent conditions of profree modules).

Proposition 3.3. For a topological space T, Map (T, E
module.

Proof. Put P = Map (T, E;; ). We have P =lim Map (T, E; /I ), since
E,  =lim E /I . Then P =lim P/I P by Corollary 3.2. This shows
that P is L-complete by [Hovey and Strickland 1999, Theorem A.6(a)]. Since
p, Ui, ..., u, is a regular sequence on E*

ni1) is a profree E

n+1°
0— E:-i—l/lk ﬂ() E;1k+1/[k — E:+1/Ik+1 -0

is an exact sequence of profinite modules for k = 0, 1, ..., n. By applying the
functor Map,.(T', —), we obtain an exact sequence

0—> P/ILPS P/LP— P/, P—0

fork=0,1,...,n by Corollary 3.2. Hence p, uy, ..., u, is a regular sequence on
P, and P is profree by [Hovey and Strickland 1999, Theorem A.9]. (]
Recall that A = Lg () Enq1 and A* = E¥([u,']) = lim E¥, /I7[u;'] by

Lemma 2.1. We denote by J, the ideal of A* generated by p,ui,...,U,—1, that
is, J, = I[,A* C A*. Then we have A*/J) = E;';H/I,f[u;l]. Note that A*/J) s
a graded ring of formal Laurent series over an Artinian local ring. To introduce a
topology for A*-modules of certain type, we first consider the case of such a ring.

Definition 3.4. Let R be a (graded) Artinian local ring. Then the ring R[[a] of
formal power series is a Noetherian local ring. Note that the topology of R[a]l
coincides with the (a)-adic topology since the maximal ideal of R is nilpotent. We
give the ring R((a)) = R[[all[a—'] of formal Laurent series a R[[a]-linear topology
such that R[[a] is an open submodule. Then R((a)) is a union of open submodules
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a"Rlla]l for r € Z: R((a)) = |,z @ Rlall. For an R[[a]-module N, we give
the (a)-adic topology on N. The localization N[a~'] is an R((a))-module. Let
N’ be the image of the localization map N — N[a~!]. Then N’ is an R[a]-
submodule of N[a~!]. We give an R[[a]-linear topology on N[a~'] such that N’
is an open submodule. Then N[a~'] is a union of open submodules a” N’ for r € Z:
Nla '1=U,ya" N

For an R[a]l-module N, the localization map N — N[a~!] induces a map
Map (T, N)a"'1— Map (T, N[a~']) of R((a))-modules. The following lemma
gives a sufficient condition that this map is an isomorphism.

Lemma 3.5. Let R be a (graded) Artinian local ring with finite residue field, and
let T be a compact space. For an R[a]l-module N, there is a natural isomorphism

Map (T, N[a~']) = Map (T, N)[a~ "],

where N' is the image of the localization map N — N[a~']. Furthermore, if N is
(a)-torsion free or finitely generated, then there is a natural isomorphism

Map_ (T, N[a~']) = Map_ (T, N)[a"'].

Proof. Since N[a~']is a union of open submodules a” N’ for r € Z, any continuous
map from 7 to N[a~'] factors through a” N’ for some r. Hence

Map, (T, N')[a~'1 > Map, (T, N[a~"1).

If N is (a)-torsion free, then N’ = N. Assume that N is finitely generated. Let K
be the kernel of the surjection N — N’. Since N[a~'1 = N'[a~ '], K[a"'] = 0.
Since K is finitely generated, there is a positive integer m such that a™ K = 0.
Since R[[a]l is profinite, Map.(T', —) is an exact functor on the category of finitely
generated R[[a]l-modules. Then the exact sequence 0 - K —- N — N’ — 0
induces an exact sequence 0 — Map (T, K) — Map_.(T, N) — Map (T, N') — 0.
The fact that ™ K = 0 implies a”Map,.(T', K) = 0. Hence Map (T, K)a~'1=0.
So we obtain that Map (T, N)[a~']1 = Map(T, N)[a~']. a

We define a topology for A*-modules of the form lim N/Ij[u, 1 for some
E} -module N.

Definition 3.6. For an A*/J’-module M, since A*/J; is a graded ring of for-
mal Laurent series over an Artinian local ring, we give a topology on M as in
Definition 3.4. For an E__-module N, we define an A*-module A*N by

A*N = N[u, '} =lim N/I;N[u,"].

Then N/I![u; ']is an A*/J’-module. We give A*N = lim N/I"Nu, '] a topol-
ogy by using the inverse limit topology.
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* ~

Note that there is an isomorphism A*E} | = A*. If N is a finitely gener-
ated E; H—module, then N [u;l] is finitely generated over the Noetherian ring
E» H[u;l]. Then the completion of N[u, 11 at the ideal I, is given by the tensor
product with A*. Hence there is a natural isomorphism A*N = A*® e N for any
finitely generated E;;, ;-module N, and the functor A*(—) is exact on the category
of finitely generated E;; -modules.

In the rest of this section we study the functor Map (7', A*(—)) with T compact.

Lemma 3.7. If T is a compact space and N is a finitely generated E _-module,
then there is a natural isomorphism of A*-modules
Map (T, A*N) = A*Map.(T, N).
Proof. Since A*N =1lim N /I; N[u, '], we have
Map, (T, A*N) = lim Map (T, N/I;Nlu;,']).
By Lemma 3.5 and Corollary 3.2,
Map, (T, N/I; Nu,'1) = Map (T, N)/I;Map (T, N)[u,'].

Hence Map,.(T, A*N) is isomorphic to lim Map,(T, N)/I,Map (T, N)[u, '] =
A*Map, (T, N). O

The basic case is when N = E;
Proposition 3.8. For any compact space T, Map (T, A*) is a profree A*-module.

*

Proof. By Proposition 3.3, Map(T, E}; ) is profree over E, ,, and is thus a

direct summand of some product [ |, E | by [Hovey and Strickland 1999, Propo-

sition A.13]. Hence it is sufficient to show that A*([ ], EX 41) is profree over A*.
Fork=0,1,...,n—1, we put M = E:H/Ik and N = E:+1/Ik+1. Let K, be

the kernel of the map M /I;M X m /I'M, and let L, be the kernel of the map
M/I;M — N/I;N. Then there are exact sequences 0— K, — M /I M — L, — 0
and0— L, > M/I;M — N/I;N — 0. Since E}_| is regular, the canonical map
K,+1 — K, is 0. Then

lim (T K»)luy, ') =1lim, (TTK)luy, ') =0.
Hence we obtain li(gr((]_[a M/IM)[u; ') il li(gr((]_[a L)[u; '), and
0=1lim! ([TM/I; M)[u,']) =lim! ([TL)u,'D.
This implies that the sequence

0 — lim (([TM/I)[u; ']
T tim (MY ML) — Tim ([TN/IN)[; ') — 0
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is exact. This shows that p, uj, ..., u,— is a regular sequence on A*([ [, E* nal):
Therefore A*([], E;r,) is profree A*-module by [Hovey and Strickland 1999,
Theorem A.9]. ]

The map from T to the one point space * induces a ring homomorphism A* =
Map, (¢, A*) — Map_.(T, A*). Then the composition with the commutative M U*-
algebra structure map M U* — A* gives Map,.(T, A*) acommutative M U *-algebra
structure. Since a profree module over A* is Landweber exact, we obtain the
following corollary

Corollary 3.9. If T is a compact space, then Map.(T, A*) is Landweber exact.

We have a similar description for Map,.(7, A*N) as in Lemma 3.1 when T is a
compact space and N is a finitely generated £} -module as follows.

Proposition 3.10. If T is a compact space and N is a finitely generated E; -
module, then there is a natural isomorphism of A*-modules

Map,(T, A*N) = Map (T, A*) @ A*N

For the proof of Proposition 3.10, we prepare the following (well-known) lem-
mas.

Lemma 3.11 ([Lam 1999, Proposition 4.4]). Let R be a (graded) ring. If M is a
finitely presented module over R, then ([[, R)®r M =[], M.

Proof. Since M is finitely presented, there is an exact sequence M! — M? —
M — 0, where M' is finitely generated free for i = 0, 1. Then there are two exact
sequences ([, ) @ M' - [, RY®M° - ([[,RA)®M — 0 and [[, M' —
[1, M°— [1, M — 0. Since M' is finitely generated free, ([], R)Y@M' =[], M’
for i =0, 1. Hence we obtain ([[, R)®@ M =[], M. O

Lemma 3.12. If F is a profree A*-module and M is a finitely generated A*-
module, then F Q@n+ M is J,-adically complete.

Proof. Since F is profree, it is a direct summand of some product [ [, A* by [Hovey
and Strickland 1999, Proposition A.13]. Since a direct summand of complete
module is complete, it is sufficient to show that ([[, A*) ® M is complete. By
Lemma 3.11, ([, A*) @ M =[], M, and [ ], M is complete. O

Proof of Proposition 3.10. By Lemma 3.1, Map (T, N) =Map, (T, E*+1)®E*
Then we see that A*Map, (T, N) is the completion of A*Map, (T, En+1) Rpax A N
at the ideal J,. By Lemma 3.12, we see that A*Map (7, E*H) Rar A*N is J,-
adically complete. Hence we obtain

A*Map, (T, N) = A*Map, (T, E}', ) ®a- A*N. O
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Let & be the stable homotopy category, and let J{ be the K (n)-local stable ho-
motopy category. For a K (n)-local spectrum X € ¥, we define A”(X) to be the
full subcategory of the comma category (¥ |, X), whose objects are maps X" — X
from finite spectra X” of type at least n. Then A”(X) is an essentially small filtered
category (see [Hovey and Strickland 1999, §9] and [Hovey et al. 1997, §2.3]). For
a spectrum W € &, we set A(W) = A”(Lg»)W). The following lemma gives a
sufficient condition that we can describe a generalized cohomology group of W in
terms of cohomology groups of W, for A € A(W).

Lemma 3.13. Let R be a K(n)-local commutative ring spectrum. Suppose that
the coefficient ring R* is even-periodic and R° is a linearly compact Noetherian
ring. Then there is a natural isomorphism

R*(W) 2 Tim, R*(W;)
forany W € &, where the inverse limit is taken over A € A(W).

Proof. For W e &, we set F*(W)= li(gA R*(W,). Note that R*(W)=R*(Lg )W)
for any W € & since R is K (n)-local. Then it is sufficient to show that R*(X) =
F*(X) for any X € J. By the assumption of the coefficient ring R*, the functor
R*(—) on the category of finite spectra takes values in the category of linearly
compact R*-modules and continuous maps. Then F*(—) is a cohomology theory
on & by [Hovey et al. 1997, Proposition 2.3.16] and [Hovey and Strickland 1999,
Proposition 9.2]. There is a natural transformation R*(—) — F*(—) of cohomol-
ogy theories, which induces an isomorphism

R*(x//) E) F*(X//)

for any finite spectrum X" of type at least n. Since L, F(n) is a graded weak
generator of J{ for any finite spectrum F (n) of type n ([Hovey and Strickland 1999,
Theorem 7.3]), we obtain that R*(X) — F*(X) for any X € . O

Definition 3.14. For a finite spectrum X of type at least n, E; ,(X) is annihi-
lated by a power of [,,, and A*(X) = E:H(X)[u;l] is a module over A*/J! =
E:H/I,f[u;l] for some r. We give a topology on A*(X) as in Definition 3.6. For
a spectrum W, A*(W) = 1i<m AA*(W)\) by Lemma 3.13, where W, are finite spectra
of type at least n. We give a topology on A*(W) by the inverse limit topology.

For a compact space T and a finite spectrum X of type at least n,
Map, (T, A*(X)) = Map, (T, A*) @+ A*(X)

by Proposition 3.10, and Map,.(T', A*) is profree by Proposition 3.8. To study
the functor Map_.(7', A*(—)) on the stable homotopy category &, we consider the
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following functor. Let F be a profree A*-module. We define a functor Hp(—)
from the stable homotopy category & to the category of A*-modules by

Hp(W) = lim, F ®a A*(W,),
where the inverse limit is taken over A € A(W).

Lemma 3.15. The functor Hp(—) is a cohomology theory on ¥.

Proof. Since F is a direct summand of some product [[, A* by [Hovey and
Strickland 1999, Proposition A.13], it is sufficient to show that the functor Z +—
lim A(Ha A*) @a+ A*(W,) is a cohomology theory. Since A*(W,) is finitely pre-
sented, ([ [, A*) @ax A*(Wy) =[], A*(W,) by Lemma 3.11. Hence

lim ,([TA") ®@a+ A*(W;) = [TA*(W),
o o
and [ [, A*(W) is a cohomology theory. This completes the proof. ]

The following theorem will be used to identify the E,-term of the K (n)-local-
ization of the K (n 4 1)-local E,;|-Adams spectral sequence to the continuous
cohomology group of G, in Section 4 below.

Theorem 3.16. For any compact space T, the functor Map, (T, A*(—)) is a coho-
mology theory.

Proof. By Proposition 3.10, there is a natural isomorphism
Map, (T, A*(W)) = lim , Map, (T, A*) & A*(W,,).

But Map,_(T, A*) is profree by Proposition 3.8. Therefore the theorem follows
from Lemma 3.15. O

4. Construction of the spectral sequence

WesetS=L K Lrk@m+)S 0. In this section we construct a spectral sequence which
converges strongly and conditionally to [W, §]* for any spectrum W by applying
the K (n)-localization functor to the K(n + 1)-local E,;-Adams resolution of
L K(,,+1)S°. Then we describe the E-term in terms of the continuous cohomology
group of G, with coefficients in A*(W).

Let E; be the K (n)-localization of the smash product of s-copies of E,

N

AS o
En =LK(n)(En/\"‘/\En)-

The commutative ring spectrum structure on E, gives E/*T! = (E/NHy g a
cosimplicial K (n)-local commutative ring spectrum structure with augmentation
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L mS° 5 E**!. Then the associated cochain complex

(4-1) %= LgoS® — E, % EM? 4 g3 4,

is a K(n)-local E,-Adams resolution of L K(,,)SO in the sense of [Miller 1981;
Devinatz and Hopkins 2004]. We denote the sequence (4-1) by Res(E,,; L K(,,)SO).
There is an associated diagram of exact triangles

i

LgwS®=Y°

VANV

lE/\2 ZE/\g

in the K (n)-local stable homotopy category, where k has degree —1 and jk =d.
We denote by Ad(E,; L K(,,)SO) the diagram of exact triangles (4-2).

For any spectrum W, by applying the functor [W, —]* to Ad(E,; LK(n)SO) we
obtain a K (n)-local E,-Adams spectral sequence

Lk ES' (W) = [W, Lg@u)SUI

with L K(n)E;” (W)= H:(G,; EL(W)). This spectral sequence converges strongly
and conditionally. Furthermore, since L K(n)SO is K (n)-local E,-nilpotent [Dev-
inatz and Hopkins 2004, Proposition A.3], the filtration (4-2) has the following
property: There exists N > 0 such that Y**V — Y is null for all s > 0. This prop-
erty implies that there exist positive integers »(n) and s(n), which do not depend
on W, such that LK(,,)Efi:)(W) =0 for s > s(n).

By applying the K (n)-localization functor to Ad(E,+1; L+ 1)50), we obtain
the following diagram L g (,)Ad(E, 41, L K(n+1)SO) of exact triangles

§ =20 l z! ’ 72 l 73
@ \ / \ / \ /

LgmEn+1 X7 LK(n)En+1 2 2LgwED}

n+1

For any spectrum W, applying the functor [W, —]* to Lk (»)Ad(E,+1, LK(HH)SO),
we obtain a spectral sequence

LimLkmsnEX' (W) = [W,S]"*.

We call this spectral sequence the K (n)-localization of the K (n + 1)-local E, 1 1-
Adams spectral sequence.
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Lemma 4.1. The spectral sequence Lk Lxu+nEX' (W) = [W, §]s+’ con-
verges conditionally and strongly for any spectrum W.

Proof. There exists N > 0 such that Y**¥ — Y% is null for all s > 0. Apply-
ing the K (n)-localization functor, we see that Z**N — Z% is also null for all
s > 0. This implies that the filtration of [W, §]* is finite. Hence the spectral
sequence converges strongly by [Boardman 1999, Definition 5.2]. Also, we obtain
that li(g n[W, Z"* = lir(n_1 n[W, Z"]* = 0. Hence the spectral sequence converges
conditionally by [Boardman 1999, Definition 5.10]. ]

Remark 4.2. Note that there exist positive integers rg and sg, which do not depend
on W, such that LK(n)LK(n_;_l)E;V(;*(W) =0 for s > s0.

In the rest of this section we identify the E,-term of the K (n)-localization of
the K (n+ 1)-local E,;-Adams spectral sequence Lk (1)L k (n+1)ES" (W) with the
continuous cohomology group of G, with coefficients in A*(W). Let C(s) =
E,fj:] The E|-term of the spectral sequence is given by Ei"t =[W, LgmC(s)].
There is an isomorphism C(s)* =Map (G, ., E, ;) (see [Devinatz and Hopkins
2004, §2]). Then we see that C(s)* is profree over E, | by Proposition 3.3. The
following lemma gives a similar description for L g ,)C(s)*.

Lemma 4.3. Fors >0, we have L) C(s)* = MapC(Gle, A*).

Proof. There is a tower {M(J)}; of generalized Moore spectra of type n as in
[Hovey and Strickland 1999, Proposition 4.2] such that L g, W >~ holi(g ; L, WA
M (J) for any spectrum W [Hovey and Strickland 1999, Proposition 7.10(e)]. Since
C(s) is Landweber exact of height (n + 1), we obtain that L g,)C(s)* =A*C(s)*.
Then A*C(s)* = Map (G, ,, A*) by Lemma 3.7, since

C(s)" =Map (G, E, 1) 0
Corollary 4.4. Fors >0, Lk ) C(s)* is Landweber exact and profree over A*.
Proof. This follows from Proposition 3.8 and Corollary 3.9. (Il

Then we obtain a description for the Ej-term [W, Lg,)C(s)]* as a module of
continuous maps from G, 4 to A*(W).

Proposition 4.5. For any spectrum W, there is a natural isomorphism
[W, Lk C(s)]" =Map (G, ;. A" (W)).

Proof. By Lemma 4.3 and Corollary 4.4, Lk (,)C(s)* = Map,(G,,_ ;, A¥) is Land-
weber exact. Then there is a natural isomorphism

[W, Lgn)C ()" =Map(G,_ |, A") @a+ A" (W)

for any finite spectrum W. By Proposition 3.10, the right hand side is isomorphic

to MapC(Gle, A*(W)). Since Mapc(Gle, A*) is even concentrated, there is a
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unique extension to a cohomology theory for any spectra by [Hovey and Strickland
1999, Theorem 2.8]. Obviously, [—, Lg)C(s)]* is such an extension. On the

other hand, Map,.(G;, e A*(—)) is also an extension by Theorem 3.16. Therefore

[W, Lkm)C(s)]* = Map (G, |, A*(W)) for any spectrum W. O

For a topological group G and a topological G-module M, denote by C*(G; M)
the continuous cochain complex of G with coefficients in M. Define H*(G; M)
to be the cohomology group of CX(G; M), and call it the continuous cohomol-
ogy of G with coefficients in M. Let [W, C(x)]" be the cochain complex asso-
ciated with the cosimplicial abelian group [W, C(e)]’. Then there is a natural
isomorphism [W, C(x)]' = C*(Gp41, E;H(W)) of cochain complexes [Devinatz
and Hopkins 2004, §4]. By Proposition 4.5, this implies a natural isomorphism
[W, Lk@)C(x)]' = C(Gpy1, A'(W)) of cochain complexes. Hence we obtain the
following corollary.

Corollary 4.6. For any spectrum W, there is a natural isomorphism
HY([W, Lk C(0)]) = H (Gpp1; AT(W)).
As a summary we obtain the following theorem.
Theorem 4.7. For any spectrum W, there is a natural spectral sequence
LxmLxw+nES' (W)
which converges strongly and conditionally to [W, §]*;
L LieinEy (W) = [W, S,
The E)-term is given by
Lo Lia+nES' (W) = HI(Guy1 AT(W)).
Furthermore, there exist positive integers ro and so such that
LgwLkm+nER (W) =0

for s > so, where roy and sy do not depend on W.

5. The cohomology group H}(G; B*(W))

In this section we introduce a cohomology group H* (G; B*(W)) of G with coeffi-
cients in B*(W) for a spectrum W. Then we show that H*(G; B*(W)) is naturally
isomorphic to the continuous cohomology group H}(G41; A*(W)) of G4 with
coefficients in A*(W). The cohomology group H}(G; B*(W)) will be used to
connect the E,-term of the K (n)-local E,-Adams spectral sequence for W and



K (n)-LOCALIZATION OF K (n+1)-LOCAL E, ;-ADAMS SPECTRAL SEQUENCES 455

the E,-term of the K (n)-localization of the K (n 4+ 1)-local E,;-Adams spectral
sequence for W in Section 7 below.

First we introduce a topology for modules of continuous maps from a profinite
group to an A*-module of certain type. Then we study a continuous cohomol-
ogy group of a profinite group with coefficients in such a topological module of
mappings.

Definition 5.1. Let G be a profinite group. Suppose that M = 1lim , A*N, with the

inverse limit topology, where {N, },ca is a cofiltered system of finitely generated

E;_ -modules. By Lemma 3.7, there is an isomorphism
Map, (G, M) =lim , A*Map..(G, N).

We give a topology on A*Map,.(G, N,) as in Definition 3.6. Then we give a
topology on Map,.(G, M) by the inverse limit topology. For any spectrum W,
A*(W) =lim, A*E; | (W;) by Lemma 3.13, where W, are finite spectra of type

at least n. We give a topology on Map,.(G, A*(W)) as above.

The following lemma shows that the mapping spaces have an expected adjunc-
tion property.

Lemma 5.2. Let G and H be profinite groups. Suppose that M = lim , A* N, with
the inverse limit topology, where {N, },.ca is a cofiltered system of finitely generated

E} -modules. Then there is an isomorphism

Map, (G, Map,.(H, M)) =Map.(G x H, M).
Proof. We have

Map (G, Map,(H, M) = lim , Map (G, Map..(H, A*N;),
Map,.(G x H, M) = lim, Map (G x H, A*N,).

Hence it is sufficient to show that the lemma holds when M = A*N with finitely
generated N. Suppose that N is a finitely generated £ -module. Let N, be the
image of the localization map N /I) N — N/I;N[u,jl], and let L, =Map,.(H, N,).
Note that N, and L, are (u,)-torsion free. By Lemma 3.5, Map.(H, A*N) =
lim L,[u;']. Then Map,.(G, Map,(H, A*N)) = lim _Map, (G, L[u,']). Again
by Lemma 3.5, we have Map_ (G, Lr[urjl]) = Map,.(G, L,)[u;l]. The fact that
N, is a profinite module implies that Map_.(G, L,) = Map.(G x H, N;). By
Lemma 3.5, we obtain IQFMapC(G x H, N,)[u;l] =Map.(G x H,A*N). U

Corollary 5.3. Let G and H be profinite groups. For any spectrum W, there is a
natural isomorphism

Map,_.(G, Map.(H, A*(W)))) = Map,.(G x H, A*(W)).
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Suppose that a profinite group G continuously acts on a topological module M
from the right. For g > 0, we define a right G-action on Map_.(G, M) by

@8(hi, ... hy) =@hig™", ... heg )8,

where ¢ € Map,.(G?, M) and g, hy, ..., h,; € G. Then Map.(G?, M) is a topo-
logical G-module. The following proposition shows that the coinduced module
Map,.(G?, M) is acyclic with respect to H*(G; —).

Proposition 5.4. Let G be a profinite group. Suppose that M =1im , A* N, with the
inverse limit topology, where {N, },cp is a cofiltered system of finitely generated
E} -modules. Furthermore, suppose that G continuously acts on M. For p >0
and q > 0, we have H!(G;Map.(G4, M)) = 0, and HCO(G; Map .(G9, M)) =
Map_(G?, M)°.

Proof. Set
C.(G; Map(GY, M)) =Map,(G?, M)®, CP? =CP(G;Map.(GY, M)).
Then CP4 = Map.(GY x GP*!, M)® by Lemma 5.2. The boundary map d” :

CP4 — CP*14 is given by

dpf(hla ---ahq; 80, ---’gp—H)
p+1

= Z (_1)lf(h1’ ceey hq7 805 -5 8i—158i+1s--+5 gp+1)-
i=0

We define s” : CP4 — CP~14 by

sPf(hy, ... hg; 80y -y 8p—1) = f(h1, ..., hgs hy, 8oy .., 8p—1)-

Then we can verify that s?T1d?(f) 4+ dP~'sP(f) = f for any f € CP4. U
Corollary 5.5. Let p > 0 and g > 0. Then HY (G ,11; Mapc(GZH, A*(W)) =0

and HY(Gpy1; Map, (G2, |, A*(W))) = Map.(G!_,, A*(W))“"+! for any spec-
trum W.

Next we define a cohomology group H}(G; B*(W)). For this purpose, we in-
troduce a topology on B(i)*(W).

Definition 5.6. For a spectrum W, B(i)*(W) is a product of finite many copies
of A*(W) since B(i)* is finitely generated free over A*. We give a topology on
B(@)*(W) by the product topology.

Recall that the group G = G, +1 Xr G, acts on the cohomology theory B*(—)
as multiplicative cohomology operations by Proposition 2.3. For i > —1, we set
G@) = Gyy1 xr G, (i), where G, (i) =T x S,(i). Then G(i) acts on B(i)*(W)
naturally and continuously. Note that we can write B(i)*(W) = lim, A*N, with
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finitely generated E; ,-modules N, since B(i)* is finitely generated free over
A*. Then MapC(G(i)p“, B@)*(W)) is a topological module for any p > 0 as
in Definition 5.1.

Definition 5.7. For a spectrum W, we define a cochain complex C}(G; B*(W))
by

C.(G; B*(W)) =lim, lim, CX(G(@); BGH)*(W,)),
where the inverse limit is taken over A € A(W). Then we define a cohomology

group H} (G; B*(W)) of G with coefficients in B*(W) to be the cohomology group
of CX(G; B*(W))

H;(G; B*(W)) = H*(C(G; B*(W))).

Note that both of C}(G; B*(W)) and H}(G; B*(W)) are not functors of B*(W) in
spite of their notation.

For a continuous cochain complex C(G41; A*(W)) of G, with coefficients
in A*(W), there is an isomorphism

Ci(Guyr; A (W) =1im, CH(Gupr; A*(W2)).

The canonical maps A*(W;) — B(i)* (W, ) and the projections G(i) — G, define
a cochain map

Co(Gps1; AY(W)) —> CZ(G; BY(W)).

We call the induced map on cohomology groups an inflation map
(5-1) H (Gpy1; AY(W)) — HZ(G; B*(W)).
In the rest of this section we prove the following theorem.

Theorem 5.8. The inflation map H}(G,41; A*(W)) — H}(G; B*(W)) is an iso-
morphism for any spectrum W.

By definition, H(G; B*(W)) is the cohomology group of the inverse limit of
the cochain complexes lim ; CX(G(i); B(i)*(Wy)). For the cohomology group of
the inverse limit of cochain complexes {C}} ca, We have a spectral sequence to
describe it in terms of the cohomology groups of C} under suitable circumstances.

Lemma 5.9. Let {C},en be a system of cochain complexes indexed by a small
category A. We assume that lim ;\j C; =0 for j > 0. Then there is a spectral
sequence

By = lim,? H'(C)) = H**(lim, C)).
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Proof. Let [|* C5 be the double complex associated to the cosimplicial replacement
[Bousfield and Kan 1972, XIL.5] of {C;}. Then we have two spectral sequences

lim H'(CP) = H™(T'C)).

Hs(lim; Ccy) = HY (" ChH.

By the assumption, the second spectral sequence collapses to give H*(lim , C) =
H*([T"C}). Hence the first spectral sequence gives the desired one. ([

The next lemma gives a sufficient condition for all the higher inverse limits to
vanish.
Lemma 5.10. Let F be a profree A*-module. Then lgi F @a« A*(W,) =0 for
j>0.
Proof. Since F is a direct summand of some product of (suspensions of) A* by
[Hovey and Strickland 1999, Proposition A.13], we may assume that F' =[], A*.
For a finite spectrum W, F @ A*(W,) = [], A*(W,) since A*(W),) is a finitely
presented A*-module. Then we have lim i [ A*(Wy) =[], lim i A*(W3). The
lemma follows from the fact that lim i A*(W,) =0 for j > 0 since A*(W,) is a

linearly compact A*-module for all A. U
By Proposition 3.8, MapC(GZﬂ; A*) and Map, (G@)9+!, B(i)*) are profree A*-

modules. Then the completion of 1iLn> l.Cj(G(i); B()*) at I, is also a profree
A*-module. By Lemma 5.10, we obtain that lﬁi CH(Gpy1; A*(Wy)) = 0 and
l@i lir_n>iCj(G(i); B@)*(W,)) =0 for j > 0. Hence, by Lemma 5.9, we obtain
two spectral sequences

1E3" = 1im} HI(Gpy1: A (W))) = H(Gpy1; A*(W)),
nEy" = lim? lim H{(G(i); B()*(W,)) = H}(G; B*(W)).
The system of cochain maps
{C(Gnr1; AT(Wi) b — {lim  CX(G(); BO) " (Wi}
induces a morphism of spectral sequences

(5-2) fr . ]E;k’* —> [IEj’*

which converges to the inflation map (5-1).

We show that this morphism of spectral sequences is an isomorphism from the
E>-terms onward. For this purpose, it is sufficient to show that the inflation map
H} (Gpy1; A*(W)) — HX(G(@); B@@)*(W)) is an isomorphism for i > 0. We shall
construct two acyclic resolutions /*(W) and J*(i,W) of A*(W) with respect to
H}(Gp41; —) so that

(W)t = CH(Gyr; A" (W) and ¥, W) = CHG(); BG) (W),
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We shall enlarge the complexes CX(G,41; A*(W)) and C}(G(i); B(i)*(W)) to

double complexes C}(Gp+1; I*(W)) and C}(Gp1; J(i,W)). We shall construct a

map of double complexes C(G1; I*(W)) = CX(G41; J (i, W)), which induces

the inflation map H}(G,41; A*(W)) — HX(G(i); B(i)*(W)). Then we shall show

that the map of double complexes induces an isomorphism on cohomology groups.
First, we construct an acyclic resolution 7*(W) of A*(W). We set

19(W) = Map,(GZ1], A*(W))

the topological A*-module of all continuous maps from GZI} to A*(W). Define a
map d9 : [1(W) — 971 (W) by

q+l1 .
dq(f)(go’ ey gt]-‘r]) = Z(_l)]f(g()’ e 8158415 -0 gt]-‘rl)-
=0

Then I'*(W) = {I4(W), d?},>_1 forms an augmented cochain complex satisfying
I~'(W) = A*(W). The group G, acts on the cochain complex I*(W) and

I (W) = CH(Gpr; AT (W)).
Lemma 5.11. For p > 0 and g > 0, we have

H (Gpy1; 19(W)) =0 and HCO(G,hLl; I9(W)) = C1(Gpq1; AT (W)).

-1 1 2
The sequence 0 — A*(W) d—) I1°(W) i) 1Y (W) i) --- is a split exact sequence
of topological A*-modules. Hence I*(W) is an acyclic resolution of A*(W) with
respect to HX (G415 —).

Proof. Since 11(W) = MapC(Gqul A*(W)), the first assertion is a consequence

n+1°
of Corollary 5.5. We define s7 : 19(W) — 1971 (W) by s9(f)(gos - 8g—1) =
f(e, go, ..., gg—1). Then we can verify that {s7},>0 gives a desired splitting. [J

Next we construct another acyclic resolution J*(i, W) of A*(W). We set
J9i, W) =Map (G, B(i)* (W))S®.

the topological A*-module of all S, (i)-equivariant continuous maps from G(i)4+!
to B(i)*(W). Define a map d? : J4(i,W) — J9+t1(i,W) by

p+1 .
d?f(go,....&p+1) = > (=D’ f(go, - > 8j—1>8j» s &p+1)-
j=0

Then J*(i,W) = {J9(i,W),d?},>_; forms an augmented cochain complex with
J~1i,W) = A*(W). The group G, acts on J*(i,W) and

J* (i, W) G = CXHGG); BG)*(W)).
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We compare J*(i, W) with I*(W). Let D* = C*(S,,(i); B(i)*) be the cochain
complex of S, (i) with coefficients in B(i)*. Since A* — B(i)* is a Galois extension
with Galois group S, (i), there is an isomorphism DY = B(i)*®@*D_ Then the
differential 47 : DY — D9 corresponds to d9 : B(i)*“+D — B(i)*“*? given by

q
di(by® - ®by) = Z(—l)fbo@»- Qb1 ®1b;®---®b,
j=0
for by, ..., by € B(i)*. Since G(i) = G,41 x S, (i) as an S, (i)-space, and D? is a
finitely generated free A*-module, we see that J4(i, W) = [1(W) ® D4. Then the
differential 49 : J4(i,W) — J9+1(i,W) corresponds to

d9: 193, W) @ BGi)*®T) - [9H W) @ B(i) @2
given by

dq(f®b0® e ®bq)(g0’ ) Qq-i-l)
q+1

= (_I)Jf(g(% .. 9gj—ls gj+15 LI ] gq+1)®b0®' ° ®b/—1®1®b/® * '®bq-
j=0

Proposition 5.12. For p > 0 and g > 0, we have
HY (Guyt; JIGW) =0 and  HX(Gpar: J1GW)) = CL(Gryrs A*(W)).

-1 0 2
The sequence 0 — A*(W) d—> JO, W) i) JYG, W) i) -+ is a split exact sequence
of topological A*-modules. Hence J*(i,W) is an acyclic resolution of A*(W) with
respect to HX (G415 —).

Proof. Let M = Map(S, ()7, B(i)*(W)). We have an isomorphism J9(i,W) =
MapC(GZﬂ, M) of topological G4 1-modules. Since M is a product of finite many
copies of A*(W), we can write M = lim AA*NA with finitely generated N,. Then
the first assertion follows from Proposition 5.4. There is a continuous map ¢ :
B*(i) — A* of topological A*-modules such that e o = 1, where n : A* — B*(i)
is the unit. Define a map s7 : I9(i, W) ® B(G)*®4t) - 1971, W) @ B(i)*®? by

sUfRbo®---®by)(go .-+ 89-1) = f(e, 80, -+, 84-1) ®e(bo)b1 ®---®by.

Then we can verify that {s7},>( gives a desired splitting. U

We consider the double complexes CX(G,1; I*(W)) and C} (G415 J*(i,W)).
The canonical inclusion A*(W) — B(@)*(W) and the projection G(i) — G4
induce a cochain map I*(W) — J*(i,W), which is equivariant under the actions
of G,+1. Hence we obtain a map of double complexes

(5-3) Co(Gpir; I"(W)) —> C(Gugr; J*(1,W)).
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We denote by Tot*C** the total cochain complex of a double complex C**,

Lemma 5.13. The cochain map
Tot* C(Gui1; I*(W)) = Tot*C2(Grr: J*(, W)
is a quasi-isomorphism.

Proof. This follows from the fact that the map (5-3) induces an isomorphism on
cohomology groups on the second index by Lemma 5.11 and Proposition 5.12. [J

Since the invariant subcomplex 7*(W)%»+! is isomorphic to CH(Gpy1; A*(W)),
there is a cochain map

Ci(Gpt1; AY(W)) —> Tot" CZ(G 15 I (W)).

Since the invariant subcomplex J* (i, W)%+! is isomorphic to Cx(G@); BG)*(W)),
there is a cochain map

C(G(0); BG@)*(W)) —> Tot"C(Guyr; J* (A, W)).
Then we obtain the commutative diagram of cochain complexes
Ci(Gny; A*(W))  ———  CA(G(G); BE)*(W))
(5-4)
Tot* C2(Gpy1: [*(W)) ———> Tot*C(Gos1s J* (L. W)),

where the top horizontal arrow induces the inflation map

HZ (Gpi1; AY(W)) — HZ(G(0); BG)™(W)).
Lemma 5.14. The vertical arrows in the diagram (5-4) are quasi-isomorphisms.

Proof. By Lemma 5.11, the cohomology group of CX(G,41; I*(W)) on the first
index is isomorphic to C}(G,1; A*(W)). Hence the left vertical arrow is a quasi-
isomorphism. By Proposition 5.12, the cohomology group of C}(G,1; J*(i,W))
on the first index is isomorphic to C}(G(i); B(i)*(W)). Hence the right vertical
arrow is a quasi-isomorphism. O

Corollary 5.15. The inflation map H}(G,41; A*(W)) — HX(G(@); B@{@)*(W))
is an isomorphism for any spectrum W and any i > 0.

Proof of Theorem 5.8. Corollary 5.15 implies that the morphism (5-2) of spec-
tral sequences is an isomorphism from the E,-terms onward. Hence the inflation
map (5-1) is an isomorphism. U
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Remark 5.16. Let A be an essentially small cofiltered category. For a system
{N3}ren of finitely generated twisted E 117Gt 1-modules, we set M = lim AA*N 3
and B*M = 1@ . B* ®a+ A*N,. By the same method as above, we can define
H(G; B*M) and show that there is an isomorphism

H*(Gps1; M) S HY(G; B*M).

6. Morphism of spectral sequences

In this section we construct a natural morphism of spectral sequences from the
K (n)-local E,-Adams spectral sequence to the K (n)-localization of the K (n+ 1)-
local E,;-Adams spectral sequence.

Let BP be the Brown—Peterson spectrum at p. We denote by BP”* the smash
product of s copies of BP:

—N—
BP™ =BPA---ABP.

The commutative ring spectrum structure on BP makes BP"*+! = {BP"*1} .
a cosimplicial object in the p-local stable homotopy category with augmentation
S?p) 5 BP"**!. Then the associated cochain complex

(6-1) x— 80 > BP A, ppr2 4, pp3 94,

is a p-local BP-Adams resolution of S?p) in the sense of [Miller 1981; Dev-
inatz and Hopkins 2004]. We denote by Res(BP; S? )) the sequence (6-1). Then
Res(BP; S ) gives us a diagram of exact triangles

S

w NN N

lBP/\Z ZBP/\3

where k has degree —1 and jk = d. We denote by Ad(BP; S( p)) the diagram of
exact triangles (6-2).

By applying the K (n)-localization functor to the augmented cosimplicial com-
mutative ring spectrum S(Op) 5 BP”**! we obtain an augmented cosimplicial
K (n)-local commutative ring spectrum L g () S° 5L KmBP"**1, and the associ-
ated augmented cochain complex

(6’3) * = LK(n)S0 _8> LK(n)BP —d> L[((n)BPAZ —d> LK(n)BP/\3 —d> s
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We denote by Lg,)Res(BP; S?p)) the sequence (6-3).

Proposition 6.1. The sequence L Res(BP; S?p)) is a K(n)-local E,-Adams

resolution of L g (n)S°.

Proof. To prove the proposition, it suffices to show that L ,) BP"* is E,-injective
for s > 0 and the sequence (6-3) is E,-exact. By [Hovey and Sadofsky 1999, Theo-
rem B], Lk ) BP is a coproduct of (suspensions of) L) E(n)’s in the K (n)-local
category. Since Lk ) E(n) is a direct summand of E,,, Lx ) BP is E,-injective.
Hence Lg,)BP"* is E,-injective for s > 0. To prove that the sequence (6-3) is
E,-exact, it is sufficient to show that the sequence (6-3) smashing with E,, is a split
exact sequence. There is a canonical ring spectrum map 71 : Lx ) BP — E,. Then
the following map

§ 1 1/\)v NS
L uy(Ex ABPS Y 2200 1 o (Ea AE,ABP™) —"20 5 L (E4 ABP™)
for s > 0 gives a splitting, where m is the multiplication of E,,. ]

The K (n)-localization functor gives a map of cosimplicial objects BP**! —
E**! covering the map S?p) — LS. This induces a map

LgRes(BP; S)) — Res(Ey; LxS”)

of cochain complexes and a map L g, Ad(BP; 5% — Ad(E,; LK(,Z)SO) of dia-
grams of exact triangles. By Proposition 6.1, the map

L xmRes(BP; S?p)) — Res(E,; LK(,,)SO)

is a cochain homotopy equivalence. Hence L g (,)Ad(BP; % — Ad(E,; L K(n) 59)
is an equivalence of diagram of exact triangles in an appropriate sense.

The canonical ring spectrum map BP — E, ;| induces a map of diagrams of
exact triangles

Ad(BP; 8(,)) — Li(anAd(BP; 8{,) —> Ad(Ept15 L) S)-

By applying the K (n)-localization functor to this map, we obtain a map of diagrams
of exact triangles

Lk unAd(BP; Sg,)) —> LgmyAd(Eyt1; Lr a1 SO).

Then this map of exact triangles implies the following theorem.

Theorem 6.2. For any spectrum W, there is a natural morphism of spectral se-
quences
or(W) : Ly E}" (W) — L)L E}' (W),

which converges to [W, LK(n)SO]* — [W, §]*_
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7. The inflation map

In Section 6 we constructed a natural morphism
©r(W): Ly ES " (W) = Lgwy Lkt E}* (W)

of spectral sequences for any spectrum W. In this section we construct a natu-
ral map (W) : HX(G,; E;(W)) — HX(Gp41; A*(W)) by using the cohomol-
ogy group H(G; B*(W)) in Section 5. Then we show that (W) coincides with
2 (W).

For a spectrum W, define cochain complexes Cxp (W) and Lk (,)Cyp(W) by

Cun(W) = [W, BP/HI*,
LxwyCyp(W) = [W, Lg@u (BPNMTH]*,

The ring spectrum maps BP — Lk, BP — E, induce cochain maps
Crp(W) = LgmCrp(W) = CX(Gy; Ef(W)).

We shall describe the cochain map Czp(W) — CX(G,; EF(W)) in terms of for-
mal group laws. The universal deformation F, over EY induces a graded ring
homomorphism BP, — E,.. Recall that, for g = (y,s) € I' x §;, = G,,, there is a
unique isomorphism #(g) : F,, — F over EV, which is a lifting of the isomorphism
s:H,— H) = H, over F. For g, heG,,wesett(g,h) =z‘(h)ot(g)_1 ) F,f’.
For a sequence g = (go, &1, - .-, &s) of elements in G,, we define a graded ring
homomorphism

1(g): BP.(BP)*CT) — E,,

to be the map representing the following string of isomorphisms of formal group
laws

£(8o) 1(80,81)

1(81,82) t(8s—1,8s
F, Ffo -

) F.

81
Fn

For a spectrum W, we denote by ev(g) : C3(Gp; E;;(W))— E (W) the evaluation
map at g = (go, &1, ---,&s). If W is a finite spectrum, we denote its S-dual by
DW . Then there are natural isomorphisms BP~*(W) = BP,(DW) and E, *(W) =
E,.(DW) = BP,(DW) ®pp, Eux. In particular, we have

Cyp (W)= BP.(DW) Qpp, BP.(BP)®".

Lemma 7.1. Let W be a finite spectrum. For a sequence g = (go, &1, - .-, 8s) of

elements in G, the composition C;;*(W) — CX(G,; E;F(W)) ig)) E;*(W)
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is given by

1//®1®s

BP.(DW) ®pp, BP.(BP)®* BP.(DW) ®gpp, BP,(BP)®+D

1
518 . BP.(DW)®sp, Ens.

where \ is the BP,(BP)-comodule structure map of BP,(DW).

Proof. For g € G, the ring spectrum map g : E, — E, induces a map g—* :
E *(W)— E_*(W). This map g~* is given by the composition

¥l
BP.(DW) ®pp, Enx ——— BP.(DW) ®pp, BP.(BP) ®pp, En«

1t (8)®gx
S, BP.(DW) ®gp, Enx.

Next we consider the map go A - A g5 : EMT! — E/+1 This induces a map
(oA -+ Ag)F it (EMTH™*(W) — (EMTH™(W). Note that there is a nat-
ural isomorphism (E)+t1)™*(W) = BP.(DW) ®pp, mET! since m ENT! is
Landweber exact. Then (gg A - - - A gg)~* is given by

1
BP.(DW) ®gp, w. Ep+1 2%,

1®1(g0)®4(g0A " Ags)

BP.(DW) ®pp, BP.(BP) Qpp, m, E; !

BP.(DW) ®pp, En« QF,, ”*EQSH
= BP.(DW)®gp, JT*EHAH'I.
The lemma follows from the fact that the composition

™ (W) —> C(Gs By (W) 2 (W)

.. A Ags .
is induced by the map BP/+! — s+l 22008 pastl M B \where m is the
multiplication map of the ring spectrum E,,. ]

Next we construct a cochain map C}(G,; E;(W)) — C}(G; B*(W)), which
induces a map H}(Gp; E;(W)) — H}(G; B*(W)).

Lemma 7.2. The ring spectrum map 1 : E, — B and the projection G — G,
induce a cochain map CX(G,; E;(W)) — CX(G; B*(W)) for any spectrum W.

Proof. There are isomorphisms
CH(Gps EX(W)) = 1im, lim, CX(G(i), E}(W3)),
Ci(G; B*(W)) = lim, lim  CH(G@), B@)*(W))).

Then the canonical maps E'(W,) — B(i)*(W,) and the projections G(i) — G, (i)
induce the desired cochain map. U
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Remark 7.3. Let A be an essentially small cofiltered category. For a system
{N)}ren of finitely generated twisted E-G,-modules annihilated by a power of
the ideal /,, we set N =1lim, N, and B*N = lim B* @+ N. By the same method
as above, we can obtain a cochain map C}(G,; N) — CX(G; B*N).

Recall that in Section 5 we defined a cochain map C}(G,41; A*(W)) —
C>(G; B*(W)), which induces an isomorphism of cohomology groups
HE (Gyy13 AY(W)) S HZ (G B (W)
by Theorem 5.8. We define a map
(7-1) O(W): HX(Gy; E;(W)) —> HI(Gpp1; A*(W))

by the composition
H(Gy; E;(W)) — H[(G; B*(W)) = H (Gpi1; A (W),

where the first map is induced by the cochain map in Lemma 7.2.
In the rest of this section we compare 0 (W) to ¢o(W). The ring spectrum maps
BP — LguBP — LkuEn+1 = A induce cochain maps

Cgp(W) = Lk Cgp (W) = CH(Gpyr; A*(W)).
We consider the following diagram of cochain complexes
Cyp (W) —> CX(Gpy1; A (W)
(7-2)
Ci(Gns E5(W)) —  CX(G; B*(W)).

This diagram is not commutative but we shall show that it is cochain homotopy
commutative for finite spectra W by constructing a natural cochain homotopy.

Lemma 7.4. If W is a finite spectrum, then the diagram (7-2) is cochain homotopy
commutative.

Proof. Let m : G — G, be the projection. For g, h € G, we have an isomor-
phism of formal group laws (7 (g), (k) : Ff ® — Fy™ over E9. If we regard
t(mw(g), m(h)) as a power series over BO, then we obtain an isomorphism of formal
group laws 7(g, h) : F§ — F,f’ over BY. In the same way we obtain an isomor-
phism of formal group laws u(g, h) : F, If > F ,f’ 1 over BY. Recall that there is
an isomorphism of formal group laws ® : F,,; — F, over B’. For a sequence
g = (go, g1, ..., &) of elements in G, consider the following diagram of formal
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groups laws and isomorphisms over B°

u(go) u(go,81)

80 81 8i
Fui Fn+1 Fn+1 U Fn+1
qu;.gi
o 1(8i,8i+1) g ‘
F;lgt i85+ F;lgz+1 . ana .

This diagram induces a graded ring homomorphism 7;(g) : BP,(BP)®¢1t2 5 B,.
We fix an isomorphism between B~ (W) and BP.(DW) ®pp, B, where B, is a
BP.-module through the graded ring homomorphism BP, — B, classifying the
p-typical formal group law F, ;. We define a map C;J;I’_*(W) — B™*(W) by

lp®1®(s+1)
_—

BP,(DW) ®gp, BP,(BP)®¢+) BP.(DW) @gp, BP,(BP)®6+2

1®T;(g)
=, BP.(DW)®szp, B,.

This map extends to a map
S; : Cyp* (W) —> lim Map,(G()* ™', B(i)* (W)@ = CX(G; B*(W)).

We shall verify that Y ;_,(—1)'S; is a desired cochain homotopy. First note that
the map E, *(W) - B~ (W) = BP.(DW) ®pp, B, is given by

Y1
BP.(DW) ®pgp, Eny ——— BP.(DW) ®pp, BP.(BP) ®pp, Ey«

% BP*(DW) ®BP* B*,

where ®: BP,(BP) — B, is the graded ring homomorphism classifying the isomor-
phism @ : F,,;| — F,, and [, : E,, — B, is the induced map by the ring spectrum
map I. Let a* be the cochain map Czp (W) — C*(G,; EF(W)) — CX(G; B*(W))
and let b* be the cochain map Cyp (W) — C3(Gpi1: Ef (W) = CX(G: B*(W)).
We see that ev(g) oa’ is given by

¢®1®x
e

BP,(DW) ®pp, BP,(BP)®* BP,(DW) ®gp, BP(BP)®¢TD

1U(g)
—& BP.(DW) ®zp, B,

where U(g) is the graded ring homomorphism classifying the following string of
isomorphisms of formal group laws

1(g0)o®

1(80,81)
Fo ano

1(81,82) 1(gs—1,8s

F® ) e
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In the cosimplicial module Cy,(W), the map d; : Czp (W) — Cglgl’_*(W) is
given by

V19 ifi =0,
di={1Q1%0- D AR 1®6=) if]<i<y,
11% e ifi=s+1,

where A : BP,(BP) — BP,(BP)®? is the comultiplication, and ny : BP, —
BP,(BP) is the left unit. Then we see that
Soody=d’,
Siodj=djoS;—y forO0<j<i<s,
Si_10d; = S; od; forO<i <s,
Siodj=dj_108; forO0<i<j—1Zs,

Ssodsi1 =Db".
This implies that
S s+1 s s—1
D D0y (=1 dj+ ) (=Didjo Y (=1)'Si=a' - b’
i=0 Jj=0 Jj=0 i=0
This completes the proof. (]

For a spectrum W, we have a similar diagram of cochain complexes
LgwCrp(W) —> CH(Guirs A(W))
(7-3)
Ci(Gn; E;(W)) —  CZ(G; B*(W)).
When W is a finite spectrum, we let S(W) : Czp(W) — C*1(G; B*(W)) be the
cochain homotopy constructed in the proof of Lemma 7.4. Then S(W) extends

to a cochain homotopy Lk ) S(W) : LK(,Z)CZ’;(W) — Cj_l(G; B*(W)), which
makes the diagram (7-3) homotopy commutative.

Proposition 7.5. For any spectrum W, the diagram (7-3) is cochain homotopy
commutative.

Proof. Since the cochain homotopy Lk ) S(W) is natural for finite spectra W, we
obtain a cochain homotopy

1i<E)LLK(n)S(W)L) .
lim, L Cyp(Wa) —> lim, C:~'(G; B*(W;) = €~ (G; B* (W),
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where the inverse limits are taken over A € A(W). Then the composition with
the cochain map L (1) Czp (W) —> lim NI Cp (W) makes the diagram (7-3)
cochain homotopy commutative. (Il

Theorem 7.6. The map
O(W): HX(Gy; E;(W)) — HI(Guy1; E; (W)
coincides with the map @,(W) for any spectrum W.

Proof. In the diagram (7-3) the left vertical arrow is a quasi-isomorphism by
Proposition 6.1. So is the right vertical arrow, by Theorem 5.8. The theorem
follows because the top horizontal arrow induces the map ¢,(W) and the bottom
horizontal arrow induces the map 6(W). Ol

8. Nontriviality of the image of ¢,

In this section we prove Theorem 8.1 as an application of the results in this note. By
the Hopkins—Miller theorem [Devinatz and Hopkins 2004, Theorem 6], we know
that there exists a nontrivial element ¢, € m_(L K(n)SO), which is represented by
the reduced norm map of G, in the E,-term of the K (n)-local E,-Adams spectral
sequence. The K (n)-localization of the K (n+1)-localization map SO L K(n+1) 50
induces a map L K(H)SO — LgwL K(n+1)SO. In this section we show that the im-
age of ¢, under the map ﬂ*(LK(n)SO) — n*(LK(n)LK(,,+1)SO) is nontrivial as an
application of Theorems 4.7 and 5.8.
By Theorem 6.2, we have a morphism of spectral sequences

or =0 (S Ly EF*(S%) —> Ly LrmsnEF*(SY),

which converges to n*(LK(,,)SO) — n*(LK(n)LK(n+1)SO). Then ¢, is identified
with the inflation map

0 =0(5°): H*(Gp; Ef) —> H(Gpy1; A¥)

by Theorem 5.8. The reduced norm map of G,, defines an element z,, € H Cl (G, E 2 )
which represents ¢, € m_ (LK(n)SO). We set w, = 6(z,) € Hc1 (Gpy1; A%, and
denote by w, the image of ¢, under the map (LK(,,)SO) — JT*(LK(,Z)LK("+1)SO).
Then w, is a permanent cycle and it represents w,,.

Theorem 8.1. w, € n_l(LK(n)LK(nH)SO) is nontrivial.
Proof. In [Torii 2003] we constructed a map

0" : H*(Gp; Flw™']) — H*(Gpy1; F(un)[u™']).
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Then there exists a commutative diagram

H*Gu EY) ———s HY (G AY)

H} (G, Flw™']) — HZ (Gpy1; F(un)[u™']),

where the vertical arrows 7 are canonical reduction maps. In [Torii 2005] we
calculated the image of 0" : H!(G,; F[w®']) = H!(G,11; F(u,)[ut']), and we
showed that 6'(7(z,)) is nontrivial. This implies that 6(z,) € H!(G,+1; A?) is
nontrivial. Since 6(z,) is a permanent cycle and lies in the 1-line of the spectral
sequence, it represents a nontrivial element in w_1 (L g )L K(,1+1)SO). O
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THOMPSON’S GROUP IS DISTORTED
IN THE THOMPSON-STEIN GROUPS

CLAIRE WLADIS

We show that the inclusion map of the generalized Thompson groups F(n;)
is exponentially distorted in the Thompson-Stein groups F(nq, ..., n;) for
k > 1. One consequence is that F is exponentially distorted in F (nq, ..., ny)
for k > 1 whenever n; =2™ for some m (whenever no i, m exist such that n; =
2™, there is no obviously ‘“natural” inclusion map of F into F(ny, ..., ng)).
This is the first known example in which the natural embedding of one of
the Thompson-type groups into another is not quasi-isometric.

1. Introduction

In this paper, we use some of the motivating ideas behind the proofs of the metric
properties developed in [Wladis 2009] to show that the inclusion map of the gen-
eralized Thompson groups F'(n;) into F(ny, ..., ny) is exponentially distorted for
k > 1. A quasi-isometric embedding of a subgroup into a larger group induces a
metric on the subgroup that is equivalent to subgroup metric. In contrast, when an
embedding is not quasi-isometric, the subgroup distortion measures the extent to
which this metric is distorted by the embedding map (for formal definitions, see
Section 4).

We give here the first known example of the natural embedding of one Thompson-
type group being distorted inside another. Burillo, Cleary and Stein [Burillo et al.
2001] showed that F'(n) is quasi-isometrically embedded into F(m) for all n, m €
N— {1}, and along with Taback, that F' is quasi-isometrically embedded in Thomp-
son’s group 7' [Burillo et al. 2009]. Different methods have been used to show that
F" x 7™ is quasi-isometrically embedded in F for all m,n € N [Burillo 1999;
Cleary and Taback 2003; Guba and Sapir 1999; Guba and Sapir 1997]. Since the
development of the main theorem of this paper, Burillo and Cleary [2010] have
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used similar methods as those described here to prove that the canonical embed-
dings of Thompson’s groups F' and V are also distorted in the higher dimensional
Thompson’s group nV.

Robert Thompson introduced the three groups named after him in the early
1960s (see [McKenzie and Thompson 1973]). Denoted by FF C T C V, they have
provided many interesting group-theoretic counterexamples: 7 and V were the
first known infinite, simple, finitely presented groups, and F was the first known
example of a torsion-free infinite-dimensional F Py, group. For more information
see [Cannon et al. 1996].

The groups F(ny,...,ng), generalizing F, were first explored in depth by
Melanie Stein [1992]. Related explorations of general classes in this family of
groups, each of which can be considered to be a generalization of the Thompson
groups, include [Higman 1974; Brown and Geoghegan 1984; Brown 1987; Brin
and Guzmén 1998; Brin and Squier 2001; Bieri and Strebel 1985].

Definition 1.1. The Thompson—Stein group F(ny, ..., n;), where k € N and n,
...,np€{2,3,4, ...} are pairwise relatively prime, is the group of piecewise linear
orientation-preserving homeomorphisms of the closed unit interval with finitely
many breakpoints in Z[nl“‘nk] and slopes in the group (ni, ns, ..., n) in each
linear piece. We abbreviate F(2) by F.

Stein [1992] explored the homological and simplicity properties of F(n1, ..., ng)
and showed that they are of type F P and finitely presented, and gave a technique
for computing infinite and finite presentations. In [Wladis 2009], using Stein’s
presentations, we developed the theory of tree-pair diagram representation for el-
ements of F(ny, ..., n), gave a unique normal form, and calculated sharp upper
and lower bounds on the metric in terms of the number of leaves in the minimal
tree-pair diagram representative. The proofs in this paper use the normal form
results and some of the same motivating ideas behind the metric approximations
used in our 2009 paper.

The results of this article hold for all groups of the form F(ny, ..., ny) that
satisfy the condition n1—1|n;—1 for all j € {1, ..., k}; throughout this paper,
when we refer to the group F(ny, ..., ng), this divisibility criterion will be im-
plied. Groups not satisfying this criterion will have a significantly different group
presentation, and therefore require alternate normal form and metric techniques
than those presented here or in [Wladis 2009]. Much of the introductory material
in this paper is summarized from that paper, where more detail can be found.

2. Representing elements using tree-pair diagrams

The proofs in this paper depend heavily on the representation of elements of F (m)
and F(ny, ..., ng) by tree-pair diagrams; see [Wladis 2007; 2009] for more details.
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Definition 2.1. An n-ary caret, or caret of type n, is a graph which has n + 1
vertices joined by n edges: one vertex has degree n (the parent) and the rest have
degree 1 (the children).

An (ny, ..., ng)-ary tree is a graph formed by joining a finite number of carets
by identifying the child vertex of one caret with the parent vertex of another so

that every caret in the tree has a type in {ny, ..., ng}. An (ny, ..., ng)-ary tree-
pair diagram is an ordered pair of (ny, ..., ng)-ary trees with the same number of
leaves.

If a vertex in a tree has degree 1, it is referred to as a leaf.

An (ny,...,ng)-ary tree represents a subdivision of [0, 1] using the following
recursive process, which assigns a subinterval of [0, 1] to each leaf in the tree: the
root vertex represents the interval [0, 1]; for a given n-ary caret in the tree with
parent vertex representing [a, b], the n child vertices represent the subintervals
[a, a-+ %] , [a + ,ll a—+ %] e [b — % b] respectively.

Every element of F(ny, ..., n;) can be represented by an (ny, ..., ng)-ary tree-
pair diagram and vice versa. We number the leaves in a tree beginning with zero,
in increasing order from left to right; a leaf’s placement in this order is determined
by the relative position of the subinterval within [0, 1] which it represents. Once
the leaves of each tree in a tree-pair diagram are numbered, then the element of
F(ny, ..., n;) which it represents is the map which takes the subinterval of [0, 1]
represented by the ith leaf in the domain tree to the subinterval of [0, 1] repre-
sented by the ith leaf in the range tree. Because every element of F(ny, ..., ng)
is a piecewise linear map with fixed endpoints, it can be determined solely by the
ordered subintervals in the domain and range. For example, the element given in

Figure 1 is just the map {[0. 3]. [1. 3], [3. 1]} = {[0. 1]. [3. 3]. [3. 1]}

012
1 2

Figure 1. An example element of F (2, 3).

Equivalence and minimality of tree-pair diagrams. We will analyze properties of
F(m) and F(ny,...,n) by identifying each group element with an equivalence
class of tree-pair diagrams, so we must have criteria for equivalence. And because
our metric is based on using a minimal tree-pair diagram representative for an
element, we also give minimality criteria.

Definition 2.2. Two trees are equivalent if they represent the same subdivision of
the unit interval; two tree-pair diagrams are equivalent if they represent the same
element of F(ny, ..., ng).
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An exposed caret pair in a tree-pair diagram is a pair of carets of the same type,
one in each tree, such that all the child vertices of each caret are leaves, and both sets
of leaves have identical leaf index numbers. Exposed caret pairs can be canceled in
a tree-pair diagram to produce an equivalent tree-pair diagram with fewer leaves.
Analogously, we can add a pair of identical carets to a tree-pair diagram to the
leaves with the same index number in each tree and obtain an equivalent tree-pair
diagram.

Definition 2.3. An (n1, ..., ng)-ary tree-pair diagram is minimal if it has the small-
est number of leaves of any tree-pair diagram in the equivalence class representing
a given element of F(ny, ..., ng). In F(m), a tree-pair diagram is minimal if and
only if it contains no exposed caret pairs.

Definition 2.4. For any given j € {1, ..., k}, the nj-valence of aleaf | € T is the
number of n;-ary carets which have an edge on the path from the root vertex to /;
it is denoted by vy, (1). If we refer to just the valence of /, or v(/), this refers to the
vector (v, (1), ..., vy (1)).

Theorem 2.5 [Wladis 2009]. The (n1, ..., ng)-ary trees T and S are equivalent if
and only if L(T) = L(S) and v(l;) = v(k;) for all leaves l; € T, k; € S.

Tree-pair diagram composition. To find ba forb,ae€ F(ny,...,ny),b=(T_, Ty)
and a = (S_, S4+), we need to make Sy equivalent to 7_. This is accomplished by
adding carets to 7_ and S; (and by extension to the leaves with the same index
numbers in 7 and S_ respectively) until the valence of all leaves of both 7_ and
S are the same. If we let T*, Tf, S* S denote T_, Ty, S_, S, respectively, after
this addition of carets; then the (possibly nonminimal) product is (S*, T') (see
Figure 2). The process of tree-pair diagram composition always terminates; see
[Wladis 2009].

Figure 2. Composition of two elements of F(2,3). Solid lines
indicate the carets present in the original elements a and b, and
dotted lines indicate carets that must be added during composi-
tion. The tree-pair diagram representative of ba is the pair which
contains the domain tree of a and the range tree of b, with both
hatched and solid line carets included.
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3. The metricin F(n) and F(ny, ..., ny)

Standard presentations. Stein [1992] gave a method for finding the finite presen-
tations for the groups F(ni,...,ng); in [Wladis 2009] we computed the exact
finite presentations explicitly. For the sake of simplicity, we give the presentation
for F(2,3) only here. For presentations for F(ny, ..., n;) more generally, see
[Wladis 2009].

Theorem 3.1 [Stein 1992; Wladis 2009]. Thompson’s group F (2, 3) admits the
infinite presentation with generators xo, Yo, 20, X1, Y1, 21, - - . and relators
YjXi =XiVj+1 and YjZi = ZiVj+2 wheni < j fory =x,y,z;

Vit1Zi = YiXip1X; and X;Zj112; = ZiXi42Xi+1X; forall i.

A AN AN ANRVANVAN

\ yl \ |
INAS I D A0 D)
il 2 i3 /l\ i+3
i i+l i+2
Figure 3. Infinite generators for F (2, 3).
Theorem 3.2 [Stein 1992; Wladis 2009]. F (2, 3) admits the finite presentation
with generators {xg, X1, Yo, y1} and relators
X2X0 = X0X3, Y2X0 = X0Y3, X120 = Z20X3, Y120 =Z20)3,
X3X1 = X1X4, Y3X] =X1Y4, X221 =Z1X4, Y221 = Z1)4,
X0Z120 = Z0X2X1X0, X12221 = Z21X3X2X1,
where
x3=xp ' wxr, y3=x7yax, z0=y; yoxixo,
Xe=2xy'x3%0, ya=2x)'yixa, z1=yy yixaxi, z2=Y; yaxsxo.
The standard presentations for F (see [Brown 1987]) are:
Infinite: {xo, x1, x2, - -+ | xjx; = x;xj41 fori < j}
Finite: {xq, x1 | [xoxl_l, xo_lxlxo], [xoxl_l, x()_lexg]}
The metric. Itis well known that the metric in F' and F (n) is quasi-isometric to the
number of carets (or equivalently to the number of leaves) in the minimal tree-pair
diagram representative of a given group element. However, this does not hold for

F(ny,...,n;) when k > 1; it is this fact which will be exploited to show that F is
distorted in F(ny, ..., ng).
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Notation 3.3. The notation |x| Fn) and |x| Fluyonp) will be used to represent the
length of the element x in F(n) and F(ny, ..., ny) respectively, with respect to the
standard finite generating set.

Notation 3.4. The notation L(T), L(T_, Ty), and L(x) denotes the number of
leaves in the tree T, in either tree of the tree-pair diagram (7, 7.), and in either
tree of the minimal tree-pair diagram for x respectively.

We note that both trees in a tree-pair diagram have the same number of leaves.

Theorem 3.5 [Fordham and Cleary 2009; Burillo et al. 2001]. For x € F(n),
|x| Fn) is quasi-isometric to L(x) (see Definition 4.1 for formal definition).

Theorem 3.6 [Wladis 2009]. There exist fixed B, C € N such that
logg L(x) < Wl Egy .y = CL(w) forallx € F(ny,...,ng).
These bounds are sharp.

Normal form. A unique normal form exists for F(ny, ..., ng) with respect to the
standard infinite presentations. This normal form essentially provides an algorithm
for converting a tree-pair diagram into an algebraic expression in the normal form
and vice versa. For the main proofs of this paper, we will introduce several elements
for which we will give both an algebraic expression in the normal form and a tree-
pair diagram representative. To understand the proofs that follow, one need only
consider the tree-pair diagrams, and one need not see explicitly how the algebraic
expression comes from the tree-pair diagram representative, so for the sake of space
and simplicity of presentation, we have omitted a full explanation of how to write
out the normal form for a given element in F(n1, ..., ng); however, full details on
this algorithm can be found in [Wladis 2009].

4. Quasi-isometry and subgroup distortion

A quasi-isometrically embedded subgroup has a metric that is equivalent to the
induced metric within the larger group. In contrast, an embedding which is not
quasi-isometric can be said to be distorted, and the type of this distortion measures
the extent to which the metric is distorted by the embedding map.

Definition 4.1. The groups X and Y are quasi-isometric if there exist fixed ¢y, ¢; >
0 and an embedding f : X — Y such that

1
a|x|X_C2 < |f@)y Zcilxly +c2,

where |x|y and |x|, are the lengths of x € X and x € Y respectively, with respect
to a fixed finite generating set. When X C Y, the embedding f will be assumed to
be the inclusion map, so we often omit explicit mention of the embedding itself.
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Let x € X C Y. The distortion function is defined by
1
D(r) =~ max x|y, lxly | Ix]y <r}.

For finitely generated groups, the distortion function is bounded if and only if
the inclusion map of X into Y is a quasi-isometric embedding. When D(r) is a
function that grows without bound as r — oo, then we say that X is distorted in Y
the function type of D(r) determines the type of the distortion (i.e. we say that a
subgroup with exponential D(r) is exponentially distorted). We use the notation ~
to denote quasi-isometry. The property of quasi-isometry is transitive: whenever
X~YandY ~Z, X~ Z.

F is exponentially distorted in F (ny, . .., ny). We begin by proving that the in-
clusion map of F(n;) is exponentially distorted in F(ny, ..., ny) whenever there
exists j € {1, ..., k} such that n;—1|n;—1 by constructing a distorted element in
F (n;) explicitly. In the next section, we generalize this result to all i € {1, ..., [}.

Definition 4.2. We say that a tree is balanced if v(l;) =v(l;) for all leaves /;, [; € T

Theorem 4.3. F (n;) is exponentially distorted in F(ny, ...,ny) for k > 1 when-
ever there exists nj such that j € {1, ..., k},i # j,andn;—1|n;—1.

Proof. For the sake of readability, we will restrict all the explicit details of this
proof to the canonical embedding of F into F(2, 3) since this is the simplest
case. However, this proof holds for all F(n;) that meet the stated conditions of
the theorem; at key points in this proof, we will indicate what adjustments need to
be made to generalize the results to the general case.

We will show that w = y,"xoyg is such that |w|, > %3" for some A € N by
showing that L(w) > %3”. We consider the product of the representative tree-pair
diagrams given in Figure 4.

ST, 2N M\ 7T\ 8, /NS

Figure 4. The product w = y, " x0y(

In order to perform this composition, a binary caret must be added to every leaf
in §* and S, to produce (S")! and (S:’L)1 respectively. Then a second binary
caret must be added to the leaves with index numbers 3", ...,2-3" — 1 in both
(S™)! and (Sfﬁ)1 to produce (S")? and (Sfﬁ)2 respectively. Then a balanced n-level
ternary tree (identical to S’} ) must be added to each leaf of 7_ and 7',. And finally,
a binary caret must be added to each leaf in S~" and S " to produce (S—"! and
(SJ:”)1 respectively, and then another binary caret must be added to the leaves
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with index numbers 0, ...,3" — 1 in (S-")! and (SJ:”)1 to produce (S_")? and
(S;”)2 respectively. It is clear then that ((Sﬁ)z, (S;”)2) is a tree-pair diagram
for w whose number of leaves is 23" — 1. However, ((S")?, (S;")?) may not be
minimal. In fact, there exist exposed caret pairs in ((Sﬁ )2, (S;”)z), but not enough
to significantly reduce the number of leaves in the tree-pair diagram; to see this,
we list the leftmost leaf index number of every exposed caret in ((Sﬁ )2, (S" )2):

(8")%:0,2,4,...,3" =3, (even)
3",3"42,3"+4,...,2-3"-1,2-3" +1,2-3"+3,...,3-3" — 2 (odd)
(87)%:0,2,4,...,3"=3,3"-1,3"+1,3"+3,...,2-3"-2, (even)
2:3"+1,2:3"+3,2:3"+5,...,3-3" =2 (0dd)

It is clear that all exposed carets with leftmost leaf number in bold cannot cancel,
because these leaves in the domain tree have odd index numbers and these leaves
in the range tree have even index numbers. So

Lw)y>2-3"-2)—-3"-1)=3"+1,

and because the metric in F is quasi-isometric to the number of leaves in the
minimal tree-pair diagram representative of an element, there exists A € N such
that |w|, > +3". However, clearly [Wlpoa <2n+1. /\

To generalize this proof for F(n;) in F(ny, ..., ng), we begin
by defining the element Y; ; as the element with tree-pair diagram
of the form given on the right. (In the case i = 1, we simply have /\
Yi i =)o)

We define Z; as the element with the tree-pair diagram given in Figure 5. We
consider the product

YiJ
\

\

__y—ng yn
Wi jn = Yl.’j Z; Yi’j

given in that figure the same way that we considered yjxoy, " for F in F(2, 3) in
Figure 4. After adding all carets to each tree-pair diagram in Figure 5, as necessary
in order for composition to take place, the resulting diagram ((Sﬁ)z, (S;”)z) for
w;, j,» Will have exposed carets whose leftmost leaf index numbers are as follows,

Yi, ..
Figure 5. The product Yi_j" zZ;y" Iz Solid carets are n;-ary and
dotted carets are nj-ary (also in inset above).



THOMPSON’S GROUP IS DISTORTED IN THE THOMPSON-STEIN GROUPS 481

where ¢ = Ln;? /n;] and * denotes “not divisible by n;”:

(S")2: 0,n;,2n;, 3ni, . .., (c—Dnj, (divisible by 7;)
(ni—Dnj, (n;=)nj+n;, (n;—Dnj+2n;, .. ., (%)
(Zn,-—l)n;-'—(c—l—Z)ni, 2(ni—Dnf—(c+Dn;, ..., @ni—Dnj—n; (%)

(S1)%: 0,n;, 20, 3n;, ..., (c—Dni, eny, ..., @f—Dn;,  (divisible by n;)
2(n,-—1)n}1—(c—|—l)n,-, 2(n,~—l)n§l—cni, R (2n,~—1)n;~’—n,- (%)

Because n; and n; are relatively prime, the carets with leftmost leaf numbers in
bold will not cancel. Thus

L(wi,jn) = [2n; — D} — (¢ +2)n;] — [en;]
= (2n; — l)n;' — (2¢c —2)n;
> (2n; — 3)n;' —2n;

> n;-l —2n;,

the last inequality being a consequence of cn; < n}’ and n; > 2. However, if we let

A=Y; 0 and B = |Z; we have

le(m ..... |F(n1 ,,,,, 1)’

..... ng) + |Yir,lj|F(n1,...,nk)
<An+ B+ An=2An+ B. |

F (n;) is exponentially distorted in F (ny, ...,n;). We now extend the results
of the last two pages to all n; such that i € {1,...,k}. We will again do this
by explicitly constructing a product in F(n1, ..., ng) that produces an element in
F (n;) so that the number of leaves in the product is logarithmic with respect to the
number of factors in F(ny, ..., ni). Without the added condition that n; —1|n;—1
for some j € {1, ..., k}, this product will have to be more complex than the one
constructed in the last section; however, the underlying structure will be similar.
We begin by defining elements of F(ny, ..., ny) which will occur in our product.
As in the previous section, for the sake of clarity we give our detailed proof for the
embedding of F(3) into F (2, 3), including notes indicating how this can be gener-
alized for any F(n;) into F(ny, ..., n) that meet the conditions of Theorem 4.5.

Notation 4.4. For a fixedi € {1, ..., k} we define A;, Z;, A; as follows:

i=2 arbitrary i

Az = X0y, ! (see Figure 9) | A; has the form seen in Figure 7, left
Zy= ylzlygl yl_1 (see Figure 9) | Z; has the form seen in Figure 7, middle
Ay =X yl_1 (see Figure 6) | A; has the form seen in Figure 7, right
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RN

Figure 6. The elements A and A in F(2,3). Level i from the
top in S” has 2!~2 ternary carets.

\
\
\

A AA i

For readability, the theorem and proof that follow are restricted to the case
F (2, 3), which is illustrated in Figure 6. However, the proof can be extended to all
cases by using the generalized elements given in Figure 7. Particular examples of
more complicated A; can be seen in Figure 8.

NN N
-\ N\ A

£

Figure 7. The elements A;, Z;, and A; in F(ny,...,nt). Solid
carets are nj-ary and dotted carets are n;-ary. On the right, § is
a balanced nj-ary tree where L(S) < n;, while Ty, ..., T, _; are
(possibly empty) n-ary subtrees of D(S) levels or less, chosen as
needed in order to make L(S_) = L(S5). For simplicity, we fill in
the subtrees 71, ..., T,,—1 from left to right, but this is not strictly
necessary. For specific examples, see Figure 8.

Theorem 4.5. The canonical embedding of F(n;) is exponentially distorted in
Fny,...,ng) foralli e{l,...,k}.

Proof. We will establish this by showing that the product W5 ,, = (AgAg)_l 722(A5A2)
is an element of F(3), and that it has a minimal tree-pair diagram representative
whose number of leaves is of the order B” for some fixed B > 1. All of the
following steps generalize in a straightforward way to show the same result for
F(n;)in F(ny, ..., n;) by simply replacing all the elements A,, Ap, Z, with their
general formulations.

It is clear that [W; , |F(2’3) <4n+8 while |W, |F(3) ~ L(W, ). Straightforward
computation of the product W, ,, illustrated in Figure 9, shows that we must do
the following:

(i) Add n levels of binary carets to each leaf in the trees 7_ and T of Z,.
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Figure 8. More complex examples of A; € F(ny,...,n;). Left
column: The element A, in £ (3,5), F(3,7) and F(3, 11). Right:
the element AS in F'(3,5); level i from the top in S” has 3i—2
quinary (5-ary) carets, and 7', T are ternary subtrees.

(i) Add a ternary caret to the 2" rightmost leaves of S’ and S_" (and by extension
to the 2" rightmost leaves of S” and S "), and then add a ternary caret to the
rightmost 2" leaves of these added ternary carets in S’} (and S” respectively)
and to the leftmost 2" leaves of these added ternary carets in S_" (and S"
respectively).

We can then see that the (not necessarily minimal) tree-pair diagram of the
resulting product A5" ZoA% has 3 - 2"*1 Jeaves, and the only nonternary carets in
each tree are the root carets. Conjugating this product by A; then produces a tree-
pair diagram for W, , with (3-2"T! 4 1) leaves consisting entirely of ternary carets
(so clearly W5, € F(3)).

’
’
/

Figure 9. The product (A3 A2)~'Z> (A5 A2).
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Now we need only show that a significant number of these leaves will not cancel.
Using a similar argument to that in the proof of Theorem 4.3 where we tracked the
leaf numbers and their divisors, it is easy to show that less than 2"+! leaves will
cancel, so we can conclude that L(W, ) > ontl, O
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PARABOLIC MEROMORPHIC FUNCTIONS

ZHENG JIAN-HUA

Following the definition of parabolic rational functions and in view of the
behavior of transcendental meromorphic functions, we give the definition of
parabolic transcendental meromorphic functions. We discuss their dynam-
ical behavior and prove the existence of conformal measures and invari-
ant measures over their Julia sets, thus extending Denker and Urbanski’s
work on parabolic rational functions. However, our method for proving
the existence of the conformal measures differs in that we use the Perron—
Frobenius—Ruelle operator.

1. Introduction and notations

Let f(z) be a meromorphic function that is transcendental or rational with degree
at least two. Let f”(z) be the n-th iterate of f(z), let %(f) be the Fatou set of f(z),
and let (@( = @\@( f), which is the Julia set of f(z). If f is transcendental, then
00 € §(f). and set $(f) = F(f)\ {00} and Joo(f) = U2y £ (00). If Foo(f)
contains at least three points, then $(f) = $o0(f) and so f is analytic on F(f).
%(f) is open and consists of at most a countable number of components, which are
called Fatou components. Since &( f) is completely invariant, the image of every
Fatou component under f is contained in a Fatou component. A Fatou component
U is called periodic if f™(U) C U for some m > 1 and the least such m is called
its period; U is preperiodic if f™(U) is periodic for some m > 1 but U is not
periodic; U is wandering if f"(U) N f™(U) = @ for m # n. The periodic Fatou
components are classified into five types: attracting domain, parabolic domain,
Siegel disk, Herman ring and Baker domain. The Baker domain and wandering
domain are possible only for transcendental meromorphic functions.

By sing(f~!') we mean the closure of the set of all finite critical and asymp-
totic values of f(z) in the complex plane C and by s’iﬁ\g( £~ the closure of the
set of all critical and asymptotic values of f(z) in the extended complex plane
C=Cu {oo}. Hence if f(z) has multiple poles, then oo is a critical value of f(z)
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functions, Poincaré exponents.

487



488 ZHENG JIAN-HUA

and oo € s,/i-n\g(f_l). If oo is an asymptotic value of f(z), then oo € s/in\g(f_l),
but in any case, oo ¢ sing(f~!). Then oo ¢ sTr;g(f*I) if and only if f(z) has no
multiple poles and no co as an asymptotic value and oo is not a limit point of finite
singular values of f(z). We denote by % ( f) the postsingular set defined to be the
closure in € of

00 n—1
U £ (sine(r~H\ U /7 (o0))
n=0 j=0

and set P(f) = P(f) Using(f ).

In [Zheng 2008] we proved that for a hyperbolic meromorphic function on the
complex plane, the Hausdorff dimension of the radial Julia set $,(f) is equal to
the Poincaré exponent s(f) of f over $(f). Actually, the proof showed that

dim, $(f) =dimy $.(f) =s(f),

where dimy, $(f) is the hyperbolic dimension of $(f). The first equality above
was proved in [Rempe 2009] for the general case. For a hyperbolic meromorphic
function on the Riemann sphere, the author proved that

dimy, $(f) = dimg $(f) =1(f) =s(f),

where A(f) is the exponent of conformal measure of f over $(f), and there ex-
ists the invariant Gibbs measure that is equivalent to the A( f)-conformal measure
which extends the results in [Kotus and Urbainiski 2002]. Here, we say a probability
measure p over $(f) is a s-conformal measure for f if f*(z)* is the Jacobian of
f over $(f) with respect to u, that is, for any Borel subset A of $(f) such that f
is injective on A, we have

L (A)) = /A £ dn.

In this paper, we investigate parabolic meromorphic functions. The papers
[Denker and Urbanski 1991a; 1991b; Aaronson et al. 1993] are careful inves-
tigations of the Hausdorff dimension, conformal measure and invariant measure
of parabolic rational functions. The definition of a parabolic rational function is
clear: we know that a rational function f with degree at least two is called parabolic
if j( Hn si’n\g( f~1) =@ and f has at least one rational indifferent periodic point.
However, the transcendental case is more complicated.

Definition 1.1. Let f be a transcendental meromorphic function in C. We say that
f is parabolic on the complex plane if P(f) N $(f) is finite and nonempty, each
point in P(f) N $(f) is a rational indifferent periodic point of f, and sing( f s
contained in F( f). We say f is parabolic on the Riemann sphere (or with respect
to the spherical metric) if f is parabolic on the complex plane and oo ¢ 9?)( ).
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We denote by #(C) and QP(@) the set of all parabolic transcendental meromor-
phic functions on C and C, respectively. A rational function has only a finite
number of rational indifferent periodic points, while a transcendental meromorphic
function may have infinitely many rational indifferent periodic points. Since every
rational indifferent periodic point must be in P ( f)N$( f), a parabolic meromorphic
function on the complex plane has only finitely many rational indifferent periodic
points. In Definition 1.1, we need to stress the condition that sing( f 1 cF(f):
although a rational indifferent periodic point cannot be a critical point, it may be a
critical value, and for transcendental case it may be an asymptotic value. This can
be explained by considering the functions z(z—1)? and ze?. The point 0 is a rational
indifferent fixed point of z(z — 1)2, which is also a critical value, and of ze*, which
is also an asymptotic value. The functions z(z — 1)? and ze® satisfy the conditions
for parabolicity on the complex plane (Definition 1.1) except for the requirement
that sing(f~') C %(f). Hence they are not parabolic on the complex plane. If
oo & P( f), then f is of bounded type, that is, in class 9. Clearly, a parabolic
meromorphic function on the Riemann sphere is in class &, that is, 9‘(@) C %.

Let f be a transcendental meromorphic function in class &, so that sing(f ')
is finite. If sing(f~') C F(f) (resp. sing(f~1) C F(f)), then f is hyperbolic
whenever it has no rational indifferent periodic points; otherwise it is parabolic
on the complex plane (resp. on the Riemann sphere). This is because f has only
attracting domains and/or parabolic domains. For a general case, see Theorem 3.1
and Theorem 3.2 below. A simple calculation yields that tan z is in @’(@).

In the papers cited above, Denker, Urbanski, and Aaronson obtained the ex-
istence of a conformal measure and an invariant measure, and showed they are
equivalent for parabolic rational functions. Using the results attained in [Zheng
2009] by developing Walters’ theory, we extend some of the Denker and Urbanski’s
results to the parabolic transcendental meromorphic function, and establish:

Theorem 1.2. Let f(z) be a parabolic meromorphic function on the Riemann
sphere. Then f(z) has a s-conformal measure g and P(f,s) =0.

Here P(f,t) is the pressure of f at ¢, whose definition is given in Lemma 3.8.
Applying a result from [Martens 1992] we determine conditions about the existence
of us-equivalent, f-invariant measure:

Theorem 1.3. Let f(z) be a parabolic meromorphic function on the Riemann
sphere. Assume that s-conformal measure g is atomless. Then f(z) has a |is-
equivalent, f-invariant measure if for some a € $(f) \ Urey f (), where
QL=P(f)NF(f), we have

> # @) (a) = oo.

n=0
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Here we say a measure m is f-invariant if m(f~'(A)) = m(A) for any Borel
subset A of $(f). Actually, 2 is the set of all rational indifferent periodic points
of f(z) and £;(1) = £_;1og px (1) is the Perron-Frobenius—Ruelle operator for
—slog f*(z) over $(f) and please see the statements before Lemma 3.8 for its
definition.

Question 1.4. For f € ?P(@), is dimg $(f) always equal to s?

We conjecture the answer is affirmative.

2. Conformal measures and expansiveness of covering maps

To discuss the existence of conformal measures of parabolic meromorphic func-
tions, we need some results from [Zheng 2009] on the existence of conformal
measures for covering maps. Let (X,d) be a compact metric space and X be an
open and dense subset of X and Xg an open and dense subset of X. For a point
xeX , B(x, d) is the ball centered at x with radius §. €(A) will denote the set
of all real-valued continuous functions on A = X ,XorXg. LetT : Xo — X be
continuous and ¢ € 6(X).

Definition 2.1. An ordered pair (7, ¢) is called admissible if:

(la) For each x € X, the set T~ !(x) is at most countable.

(1b) T has the uniform covering property: there exists a § > 0 such that for each
x € X, T"'(Bx(x, 8)) can be written uniquely as a disjoint union of a finite
or countable number of open subsets A;(x) (1 <i < N < o0) of X and for
each i, T is a homeomorphism of A;(x) onto By (x, §), where Bx(x,8) =
B(x,8) N X. For simplicity, we will call A;(x) the injective component of
T~! over Bx(x, §) and § the injectivity radius.

(1c) The inverse of T is locally uniformly continuous: Ve > 0, 369 with 0 < &g < 8
such that for each x € X and each y € X, with T(y) = x, once d(x, x") < &
for x’ € X, we have d(Ty_l(x), Ty_l(x/)) < &, where Ty_1 is the branch of the
inverse of T which sends x to y. That is to say, every injective component of
T over Bx(x, 8p) has diameter less than .

(1d) ¢ € €(Xp) is summable on X, that is to say,

sup{ Z expe(y) :x € X} < 4o00.
T(y)=x

(1e) For all ¢ > 0, there exists a 0 < §; < § such that for any pair x, x’ € X, once
d(x,x’") < 8, we have

> Jexpo(T; () —expo(Ty ()| <,
T(y)=x
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thatis, Y  |exp (p(Ty_l(x))—exp (p(Ty_l(x/)) | =0 uniformly as d(x, x') goes
t00. TO=r

We now give a condition under which (1b) implies (1c¢).

Lemma 2.2 [Zheng 2009, Lemma 2.1 and following remark]. Let T satisfy (1b)
with X = X. The inverse of T is locally uniformly continuous, that is, T satisfies
(1c), if one of following statements holds:

(1) For arbitrary ¢ > 0, we have a 0 < n < ¢ such that for each x € X, 0B(x, n) C
Xo.

(2) all limit points of T_l(x)for each x € X lie in X \ X and (1) holds only for
x € X\ Xo.

We can define for a summable function ¢ on X the Perron—Frobenius—Ruelle
operator by setting

Lo(SIX) = D f(expe(y) forxeX.

T(y)=x

Obviously, £, (f)(x) is a bounded real-valued function on X when f is a bounded
real-valued function on Xy. Sometimes, we write £, 7 for £, to emphasize T'. It
is obvious that 7" is a continuous mapping of 7~"*! X to X. Set

n—1

Sup() =Y @(T'(y) foryeT "X
i=0

Noting that 7"+ X, C X, we easily deduce that
Q-1 L () =Lsor (X)) = D ) exp(Sip(y) forx e X.
T"(y)=x
(Here and throughout the paper we denote by SE” the n-th iterate of £, 7.) We
want to get the desired probablhty measure on X through the dual operator of the
¥, over JI/L(X ), here JI/L(X ) denotes the set of all probability measures over X.
Theorem 2.3. Let (T, ¢) be admissible.
(1) For each fixed positive integer N, (TN, Sy) is admissible.
(2) &£, can be extended to a linear operator of (G(JA( ) to itself, which is still de-
noted by £,,.
(3) There exists a . € A/L()A() such that S.B:;(,u) =\, A= LP:;(,u)(l) > 0, where
&£y, is the dual operator of £, and the following statements hold:

(3a) Aexp(—g) is the Jacobian of T with respect to |L.
(3b) w is positively nonsingular and nonsingular for T, that is, poT < pu and
o T« .
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With the exception of part (1), this theorem is a modification of the main result
from [Walters 1978] (in which the expanding property is stressed; compare [Zheng
2009, Theorem 2.1 and following remark]). Obviously, the A in Theorem 2.3 sat-
isfies

A= F () (D) = p (L (D)
and therefore

2-2) inf {7(1) (x)} < A" < sup{L (1) ()}

xeX xeX
Lemma 2.4. Let T, ¢, A and |1 be as in Theorem 2.3. Assume that there exist a
sequence of positive number {K,} such that, for any x, x' € X,

(2-3) e Kngn (1) () < LW (x) < Kr () ()
and K,,/n — 0 as n — oo. Then
logh = lim 1 log 55; @) (x)
n—-oon

and the limit exists uniformly on X.

Indeed, the inequality (2-3) holds if

[Snp(y) — Sn(/)(y/)l <K,

whenever y and y’ are in a component of 7" (Bx(x, §)), for any x € X. This is
proved by noting that X is compact and a finite number of such disks Bx(x, 8)
cover X.

We have pointed out that the existence of a conformal measure does not require
expansiveness; however the existence of an equivalent invariant measure seems to
depend on this property, from Walters theory. In the second part of this section, we
consider the expansiveness of a continuous map of X from X, preparing for the
discussion of a parabolic meromorphic function on its Julia set. Since a transcen-
dental meromorphic function is not a self-mapping of a compact metric space, this
forces us to analyze carefully the definition of expansiveness.

Definition 2.5. A continuous map 7 : X —> Xofa compact metric space (X,d) is
called expansive if there exists § > 0 such that we have x =y if d(T" (x), T"(y)) <48
for all n > 0.

This definition of an expansive self-mapping of a compact metric space is not
suitable to the case when T is a continuous map from Xg into X , where X is
a dense open subset of X. For example, if there exist a point w € X \ Xo and
two points x, y € Xo such that 7"(x) — w and T"(y) - w as n — oo and
T"(x) # T"(y), then d(T"(x), T"(y)) — 0 as n — oo. Thus such a continuous
map can never satisfy Definition 2.5; in particular, according to this definition,
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no transcendental meromorphic function is expansive over its Julia set, since its
escape set to infinity is nonempty.

Neither is Definition 2.5 suitable to the case when T is an infinite-to-one con-
tinuous map from Xy to X. Indeed, take a point a € X such that T~ (a) contains
a countable sequence x,, — x € X and then d (X, Xpt1) — O.

Let us analyze Definition 2.5 a bit further. Assume 7 is expansive. Given x # y,
there exist two possibilities: either 7" (x) = T (y) and T 1(x) # T 1(y), for
some m > 1; or T"(x) # T"(y) for each n. In the first case, we have

(2-4) d(T" ' (x), T" () > 8,

thatis, y ¢ T t1(B(T™ ' (x), 8)) and x ¢ Tt (B(T™~(y), 8)) with T™(x) =
T™(y). In the second case, we have d(T" (x), T™(y)) > & for a increasing se-
quence of natural numbers {n;} with n, — oo, thatis, y € T~ (B(T" (x), §)) and
x & T7"(B(T"™(y),$)). If T is not homeomorphism, then 7" (B(T"*(y), §))
may contain two disjoint components A,Jq',( (j =1, 2) such that 7"* maps Af;k onto
B(T"*(y), §), while the definition above of expansive maps does not allow x be-
ing in any component A,Jl'k. We note that the crucial point of expansiveness is in
the component A{;k(y) which contains y and that 7" : Aﬁk (y) = B(T"™(y),$§)
expands the distance. From this point of view, we can extend the above definition
of expansive maps to the case when T is a continuous map from X to X, where
Xy is a dense open subset of X. Generally, the component of the preimage of a set
B by amap T containing y will be denoted by Ty_1 (B).

Definition 2.6. A continuous map 7 : Xg — X is called precisely expansive if
there exists § > 0 such that for x % y in X, one of the following statements holds:

(1) Forsome s >0, atleast one of 7°(x) and T*(y) isin X\Xo and T (x) #T*(y);

(2) For some m > 1 with T (x) = T™(y) € X but T" ! (x) # T™(y), we have
yET"(B(T™(x),8)) and x ¢ T,7"(B(T™(y), 8));

(3) For a sequence of natural numbers {n;} with ny < ngy; — 00,
y T, "™(B(T"™(x),8)) and x ¢ Ty_”k(B(T""(y), 38)).

We call this § the expansive constant for 7. Note that item (2) in Definition 2.6
implies the uniform covering property (1b) of 7" with injectivity radius at least
8/2. Generally, we cannot require that 7”7~ !(x) and 7~ (y) have a distance with
positive infimum, but if 7~!(a) is finite for each a € X , such a positive infimum
for the distance exists; see (2-4).

Obviously, the property of precise expansiveness implies that two points x and
y will coincide if for every n, y € T, "(B(T"(x), §)) and x € Ty_”(B(T"(y), 38)).
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A continuous map T : X > Xis precisely expansive if it is expansive. (For such
an expansive map T, the set T~!(x) is finite for each x € X))

When one considers a homeomorphism 7 : X — X, there exists an equivalent
definition of expansiveness, namely, the existence of a generator. An open cover
a of X is called a one-sided generator for T if Noe —o T~ " A, contains at most one
point for any choice of {A,} from a. We set @ = {A : A € a}. We will consider a
similar result for a precisely expansive map.

If o and B are two sets of subsets of X, we denote by a V B the set of all subsets
with the form AN B, for all A € « and B € . Further, we set

diama = sup{diam A : A € «}.

Definition 2.7. A finite cover « of X is called a one-sided generator for a con-
tinuous map 7T : Xo — X, if each element of \/,-, 7 "a has at most one point.
Equivalently, the cover « is a one-sided generator for T if and only if
n .
diam \/ T7/& - 0 asn— oo.
j=0

Theorem 2.8. A continuous map T : Xo — X is precisely expansive if and only if
there exists a one-sided generator for T and T has the uniform covering property
(1b) with a fixed injectivity radius.

Proof. Suppose that T is precisely expansive with expansive constant §. The uni-
form covering property (1b) of T follows from (2) in Definition 2.6. Therefore,
we only need to prove the existence of a one-sided generator.

Take a finite cover o of X by open balls with radius 6/2. Let

E=(T,"(4n)

n=0

be an element of \/;';0 T "o, where each A, lies in o and TO_” (A,) is acomponent
of T7"(A,). Suppose that x, y € E. Then for every n, we have x, y € T, " (A,) and
T"(x), T"(y) € A, = B(xn, 8/2) for a point x,, € X. Obviously, A, C B(T"(x), 8)
and A, C B(T"(y), 6). From this it follows that y € T, "(B(T"(x), §)) and x €
Ty_” (B(T"(y),8)). Then x = y, which shows that E contains at most one point.
We have proved that « is a one-sided generator.

Now suppose that there exists a one-sided generator « for 7 and T has the
uniform covering property (1b) with injective radius §. Let 1 be a positive number
less than the Lebesgue number of o and §. Given two distinct points x, y € X, we
assume that V n, T"(x), T"(y) € Xo. Suppose that (3) in Definition 2.6 does not
hold for n and therefore, there exists a m > 1 such that for all n > m, we have y €
T, "(B(T"(x),n) and x € T, " (B(T"(y), m) and T" (y) e T" T, " (B(T"(x), 1))
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and 7" (x) € T"T,;"(B(T"(y), n)) and clearly, T"(y) € TT_m"Jm(B(T”(x), n))

and T™(x) € TTf,f‘(Jy“T (B(T"(y), n)). Since n is less than the Lebesgue number of
o, B(T"(x),n) C A,—, for some A,,_,, € @ and for n > m. Thus T"(x) and T™ (y)
are in an element of \/ZOZO T "a. It follows that 7" (x) = T™(y).

Now we can assume that 7" (x) = T"(y) € X but T (x) # T (y). It

follows from the uniform covering property (1b) of 7' that

T" N0 & Tply oy (BT (), 8)) and  T"~'(0) ¢ Ty, (BT™ (1), 8)).

Obviously, y € T, ™ (B(T™(x), 6)) and x ¢ Ty_m(B(Tm(y), 8)). Therefore, T is
precisely expansive. U

3. Dynamical properties of parabolic meromorphic functions

A meromorphic function is a map from the complex plane C into the extended
complex plane C. In this section, we consider two metrics: the euclidean metric d
on C and the spherical metric dy, on C. The metric space (C, d) is noncompact,
but the metric space (@, doo) 1s compact. And (C, d) is a subspace of (@, dso).
We are in (C, d,) and (@, d~) to consider the situation of conformal measures.
Set B(a,$) ={z:d(z,a) < 8} fora € C and By (a, ) = {z : ds(z,a) < 8} for
aeC.

We begin with basic dynamical properties of parabolic meromorphic functions.

Theorem 3.1. Let f be a parabolic meromorphic function on C and in Class B.
Then it has finitely many and at least one parabolic domain and at most finitely
many attracting domains without other types of stable domains and furthermore,

P(f) is bounded.

Proof. Clearly, f(z) has at least one but only finitely many rational indifferent
periodic points, and the number of its parabolic domains is finite and positive.
Notice that f(z) is in Class 9B and if f(z) has a Baker domain U, then {f"} in
U has a finite limit point. By Theorem 2.2 of [Zheng 2003], the limit point is
in P(f) N $(f) and so it is a rational indifferent periodic point. A contradiction
is derived as every f"(z) is analytic at it. This implies that f(z) has no Baker
domains at all. By Theorem 2.1 of the same reference, all limit points of { "}
in a wandering domain are in P(f) N $(f) and if a limit point is finite and not
prepoles, then there exist infinitely many limit points. Thus f(z) has no wandering
domains. Since the boundaries of Siegel disks and Herman rings are contained in
P(f)NP(f), f(z) therefore has no Siegel disks and Herman rings. Obviously,
f (z) may have attracting domains. Suppose that f(z) has infinitely many attracting
domains. Since every cycle of attracting domains contains at least a singular value,
we take a singular value from every cycle of attracting domains to form a sequence
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of singular values which has a finite limit point, and clearly the limit point is in
$(f). This implies that sing(f 1) N $(f) # @. A contradiction is derived.
It is obvious that ?( f) is bounded. J

Theorem 3.2. Let f be a transcendental meromorphic function satisfying the par-
abolic condition on the complex plane in Definition 1.1, except for sing(f~!) C
F(f). If P(f) is bounded, then it has finitely many and at least one parabolic
domain and at most finitely many attracting domains without other types of stable
domains.

Proof. From the proof of Theorem 3.1, it is sufficient to prove that the number
of attracting domains is finite. Suppose that f(z) has infinitely many attracting
domains. Let {a,} be the sequence of all distinct attracting periodic points of f
and let E be the set of all limit points of {a,}. It is clear that £ C $(f). Since
every a, is in the derived set of P(f), we have E C P(f), and every point in
E is a rational indifferent periodic point of f(z). Hence E is finite and we write
E ={by, by, ..., b,}. Obviously, f(E) C E. We choose a§ > 0 and a n > § such
that f(B(bj,8)) CB(f(bj),n) (j=1,...,q) and f is univalent on each B(b;, §)
and {B(b;, n)} are disjoint. For all n > N, we have a, € U?:] B(b;,§). We can
take a cycle of attracting periodic points {a, f(a), ..., f7~" (@)} in Uj_, B(b;, ).
Assume that a € B(by, §) and f(a) € B(f(b1),n) so that f(a) € B(f(by1),d).
Thus {a, f(a), ..., fP"Ya)} C U’j;(} B(f7(by), §), where m is the period of by,
and p = km for a positive integer k. This implies that in B(by, 8), f*"(a) = a.
However, it is impossible for sufficiently small § in view of the expansiveness in a
neighborhood of rational indifferent periodic cycles. U

The following describes equivalently the function in QP(@).

Theorem 3.3. A meromorphic function is parabolic on the Riemann sphere if and
only if it has finitely many and at least one parabolic domain and at most finitely
many attracting domains without other types of stable domains and Si/n\g( fHc
F()-

Proof. We just need to prove the “only if”. That S/irig( =Y c F(f) implies
that oo ¢ si/n\g(f_l) and sing(f_l) is bounded. Since f(z) has only finitely
many attracting and parabolic domains without other types of stable domains,
UpZy f" (sing(f~1)) C F(f) and the limit points of (2, /" (sing(f ")) on $(f)
are rational indifferent periodic points of f. Thus f is parabolic on the Riemann
sphere. O

Denker and Urbariski [1991a] investigated such properties of parabolic rational
functions as the convergent speed of backward orbits of points in a small neighbor-
hood of rational indifferent periodic points and expansive property over the Julia
set, which we attempt to extend to transcendental case. The local properties of
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rational indifferent periodic points, for example, the Fatou’s flower theorem, can
be directly transferred to transcendental case. For convenience, we collect some of
them.

Let f(z) be a parabolic meromorphic function on the Riemann sphere and let
Q2 be the set of all rational indifferent periodic points of f(z). The following result
is basic.

Lemma 3.4. For every 6 > 0 there exists 6 =38(0) > 0 such that for every a € ﬁ( N
B(2,0), we have By (a,28) NP(f) = @. In particular, all analytic branches
of the inverse of f" are well defined on B (a, 28) and B (f(a), 28) for every
n=12,....

The dynamical behavior in a neighborhood of a rational indifferent periodic
point was discussed in [Denker and Urbanski 1991a] in view of the Fatou’s Flower
Theorem. Some of their results are extracted as follows.

Lemma 3.5. Let w be a rational indifferent periodic point of a meromorphic func-
tion f(z) with period p and (fP) (w) = 1. Then there exists 0 < n < 1 such
that

(fo))' @l <1 and [f,7(2)—o| <|z—o
for every 7 € B(w, n) N $(f) \ {w}, where f, " is the branch of the inverse of fP
sending  to w. And the branch f,""" of f~"P sending w to w is well defined and
is an analytical homemophism from B(w, n) N $(f) into B(w, n) N $(f).

We stress that f,, " is not conformal on B(w, n) N $(f) (the definition of con-
formality can be found in [Zheng 2009]), as it has no bounded distortions over
there. f"” is not expanding near w.

Lemma 3.6. Let f(z) be a meromorphic function which is precisely expansive
from $(f) to }A(f). Then si/n\g(ffl) C F(f) and f" is precisely expansive from
FO\NUIZ £ 77 (00) 10 F(f).

Proof. Suppose that s/in\g( f~Hn j( f) # . From this intersecting set, take a point
a. Let é be an arbitrary small fixed positive number. If a is a critical value of f(z),
for a0 < n < § we have a component U of f~!(Bu(a, n)) with diam., U < § such
that f : U — By (a, n) has covering number at least 2. There exist two distinct
points z; and z; in U such that f(z1) = f(z2). This contradicts the precisely
expansive property of f. Assume that a is an asymptotic value and U is a tract of
f over Bso(a, n). Then there exists a sequence of points {z,} such that z, — oo
and f(z,) = b € Bx(a, n). Thus for all sufficiently large n, doo (2, Zn+1) < 8
and this contradicts the precisely expansive property of f. It is obvious that f" is
precisely expansive. 0

We remark that the condition s’in\g( =1 € F(f) may not imply that f is para-
bolic or hyperbolic, but it does when f is rational.
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Theorem 3.7. A parabolic meromorphic function f on the Riemann sphere is pre-
cisely expansive over $(f).

Proof. Take two distinct points x and y in $(f). Assume without any loss of
generality that f"(x) # oo and f"(y) # oo for every n, or f"(x) = f"(y) = oo for
some n. According to Definition 2.6, we need to treat the two cases, as follows.

() For some m, f™(x) = f™(y) =a € $(f) but f"'(x) £ f™'(y). Take a
number ® such that 0 < ® < dist(sing(ffl), S(f). Ifa & B(2, ®), then f™ is
univalent from f, " (Bx(a, §)) onto B (a, §) with § =§(0) (by Lemma 3.4), so
y¢& fi"(Bx(a,d)). If a e B(R2, ®) then f is univalent fromf 1 (x) (Boso(a, 8))
onto By (a, 8) so that "~ 1(y) ¢ ff,,, 1y (Boo(a, 8)) and furthermore ygz fmto

ffm 1) (Boo(@, 8)) = [ (Bxo(a, 8)).

(II) for each n, f"(x) # f"(y). If for a sequence of positive integers {n;} tending
to oo such that f"(x) ¢ B(S2, ©), then f; " is a single-valued function over
Boo (f™(x), 8) and therefore diam f; "*(Boo(f™(x),8)) — 0 as k — oo. This
implies that for all sufficiently large k, y & fr "“(Boo(f"(x),8). Now assume
that for all n > N, f"(x) € B(2,0) and f"(y) € B(2,®). When ©® is suffi-
ciently small, we have for some m, f"(x), f™(y) € Q. Then f™(x) and f™(y)
are distinct rational indifferent periodic points of f(z) so that B (f"(x), ) is
disjoint from Boo (f"(y), 8) for all n > m. Obviously, y & f " (B (f"(x), §)) and
x & £;7" (Boo (£ (1), 8)). 0

That a rational function is parabolic if and only if it is expansive with at least
one rational indifferent periodic point is proved in [Denker and Urbariski 1991a].
In view of Theorem 2.8, Theorem 3.7 implies that f(z) has a one-sided generator
over 55( f). Actually, we can also use the existence of a one-sided generator to
show the precisely expansive property of a parabolic meromorphic function on the
Riemann sphere, as in view of Lemma 3.5, for each n, f"(z) has the uniformly
covering property (1b) over ﬁ( f) with a fixed injectivity radius.

In what follows, let us discuss the existence of conformal measures of parabolic
meromorphic functions on the Riemann sphere. We shall use the results in Section
2 to attain our purpose. Let f(z) be a parabolic meromorphic function on the
Riemann sphere and let d, be the Riemann spherical metric. Hence ( ﬁ( f),dso) is
a compact metric space. Consider the continuous map f : $(f) — ;Aﬁ( f) under the
Riemann spherical metric. This map is not conformal, so we cannot use Theorem
3.1 of [Zheng 2009] to achieve our purpose. We take a different approach.

Define the pressure P(f, t) for a parabolic meromorphic function f over C@( )
as follows. Define ¢, : $(f) — R by ¢,(z) = —tlog f*(z), and set &, = &,

;e
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Thus, for a fixed value a € ﬁ(f) and g € €($(f)), we have

Li(g)a)= )
f@)=a
Obviously, ' (1)(a) = Y (f™)*(z)7". Set
f"(@)=a
P,(f,t) =limsup l log &/ (1) (a);

n—oo N

g(2)
@

then the pressure is

P(f.0) =sup{Pa(f, 1) :a € J(f)).

Lemma 3.8. Let f be a parabolic meromorphic function on the Riemann sphere.

() P(fin =0,

2) P,(f,t) = Py(f,t) whenevera,b € ﬁ(f) \ Q.

We write P(f,t) for P,(f,t) fora € ﬁ(f) \ Q.
Proof. (1) Take a point a € Q2 thh period p. For each n, (f"7)*(a) = 1 and
%7 (1)(a) > 1. This implies that P(f, t) > 0.

(2) Assume that P,(f, t) < oo. For arbitrarily small ¢ > 0 and for all sufficiently
large n, we have

" PalF0+e) > (1) (g)

= > U@
S (2)=a
= > YUYW R
frw)=a f"=r(x)=w
> () Y T @,
frr@=w
where w € f~?(a). Since a, b € 2, we have a § > 0 such that By (a, 28)NP(f) =0
and Boo (b, 26) NP(f) = &. We can choose a p such that f~7(a) N B (b, §) # D
and therefore by the Koebe distortion theorem for the Riemann spherical metric,
for an absolute constant K we have

PO = (fry )™ Y KT @

[P @)=b
This yields that P,(f,t) +¢& > Py(f,t) and so P,(f,t) > Py(f,t). The same
argument implies that P,(f, t) > P,(f,t). Hence Py(f,t) = P,(f, t). U

Set t(f) =inf{t = 0: P(f,t) <oo}and s(f) =inf{r = 0: P(f,t) <0}. We
call s(f) the Poincaré exponent.
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Lemma 3.9. Let f be a parabolic meromorphic function on the Riemann sphere.

M t(f) =s(f)=2

D) P(f,t) is strictly decreasing and convex int € (t(f), +00).
1D Ift =s(f), then ¢;(z) = —t log f*(z) is summable, and P(f, s)=0= ﬁ(f, 1).
Proof. (I) Take a point a € $(f) and r > 0 such that By (a, 2r) N Qi’(f) = . Let

Sf7" be the analytic branch of f™" over By (a, r) sending a to z with f"(z) = a.
Set U(z) = f, "(Bx(a,r)). By the Koebe covering theorem for the spherical

Z
metric, we have

U(z) 2 Beo(z, Kr(f, ") (a))
for an absolute constant K. Thus, noting that U(z) is disjoint for distinct z €
f"(a), we have

Z m(Kr(f7")(@)* < Z spherical area of (U (z)) < 7,
fM(z)=a fr(z)=a

and furthermore, using ()™ (a) = (f")* (z))~!, we obtain

1
D ey S KD
= @)

This implies that P(f,2) = P,(f,2) <0 and hence s(f) <?2.

(IT) Take a pointa € $(f) and a § > 0 such that By (a, §) NP (f) = @. Then there
exists an integer N such that forn > N

doo (f"(x), ["(3) = AC"doo(x, y),

with C > 1 and A > 0, whenever x and y are in an injective component of
f"(Bowo(a,d)) and (f")*(w) > AC",Yw € f"(a). This easily implies that
P(f,t)=P,(f, 1) is strictly decreasing and convex in ¢. (See the proof of Theorem
2.3 of [Zheng 2008]).

(IIT) For arbitrary ¢t > s(f), P(f,t) <O0. For afixed a € ﬁ(f) \ 2, £'1)(a) — 0
as n — oo and hence for n > m, ¥}(a) < 1. Take z;(1 < j < g) such that
ﬁ(f) C U(j’.:l By (zj,8/2), where § is chosen such that for each j, Boo(z;, 28) N
sing(f~!) = @. Take a positive integer N such that for arbitrary pair of j and i,
By (zj,8)N f~N*l(z;) # @. For a P, we have $fN(]l)(a) < 1. This implies that
§E£V(]l)(b) < 1 for some b € CSA@(f)\Q. Then b € B (zj,, §/2) for some jo. We find
M = M (jo) disks Boo(b;, n) (1 <i < M) covering the By (z},, 6/2) such that each
disk B (b;, 2n) does not intersect sing(f V). In view of the Koebe distortion
theorem, we have

PN W) (zj) < KM EN(@)(b) < KM,
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where K is an absolute constant.
Foreach j €{1,2,...,q}, fN*'(zj,) N Boo(z,, 8/2) # @, from which we take
a point w . We have

D)= D, N7 = D VYWY @

IV (2)=zj, FN-Lw)=zj, f@)=w
> (M @i Y
f@=w)

= (Yl T @) )
equivalently,
L@ @l) < (VW) EN @) ()
< (N i) KM
Set
C =max{(f" ) @HKMPD:1<j,v=<q)

For each w € (@(f) we have w € By(z;,68/2),s0 w € Boo(wj:(), 8) for some j. By
the Koebe distortion theorem,

£ (@)(w) < L'% @) w]) < L'C!

for an absolute constant L > 0. This yields that ¢, is summable. Letting ¢ approach
s(f) from above, we have

F()(w) < L°C°.

We have proved that ¢, = —s log f*(z) with s = s(f) is summable on f:ﬁ(f) SO
that P(f, s) <0. This immediately implies that P(f, s) =0.

Now we prove that f’(f, t) = 0. Fort > s(f), we know that P(f,t) < O.
Therefore, we want to calculate P,(f,t) = 0 for a € Q. It suffices to prove that
£} (1)(a) is uniformly bounded in n and ¢ for a € Q2. Assume without loss that the
period of @ is 1. We take 1 > 0 such that Boo (w, n)NP(f) =@ forw € f~(a)\{a)}
and Boo (00, n) NP(f) = . We can take finitely many w;, for 1 < j <g, such that
w; € f_1 (a)\{a} and {Bx(w;, n/2)} together with By, (00, /2) form a covering
of f~1(a)\{a). By the Koebe distortion theorem, for some ¢ with P(f, t) <c <0,
we have forn > N

L) (w) <e" forwe F~Ya) \ {a).

Set

>, W =K.

f(w)=a
w#a
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We have
G- M@= Y R
fr(@)=a
=" @+ D (@
f"(@)=a
#a

=1+ > frwreH o
fw)=a fr=l(x)=w

z#a
< 1+e(l’l—l)c Z fX(w)—t+ Z (fn—l)X(Z)—l
fw)=a "N (2)=a
w#a 7#a
S 1+Kte(n—1)c + Z (fﬂ—l))((z)—l‘
frY(2)=a,z#a
<K€ +--+e" D)+ 3 (@)
¥ @)=a
z#a
1 Ny x —t
<Kot ) M@
N @)=a
z#a

This implies that P(f, 1) = maxeeq Pa(f, 1) =0.
For the case when s = s( f), for arbitrarily small ¢ > 0 it follows from the above
implication that there exists N = N (¢) such that

ne

-1
W@ <Kt Y @

et —1
N (@)=a
z#a
This implies that P(f, s) < & and hence P(f, s) = 0. O

The next result reflects the expansiveness of a parabolic meromorphic function
over $(f). Its idea comes from [Rippon and Stallard 1999].

Lemma 3.10. Let f(z) be a parabolic meromorphic function on C and in class B.
There exists ¢ > O such that for eachn and z € $(f) \ U?;(]) £~/ (00), we have

"I+ 1

(3-2) (") @] >e¢ EES

Let My, be the set of all points 7 € $(f) \ $oo(f) for which there exists a sequence
{sx} with sy € [km, (k+1)m] and **(z) & B(2, 0) for some constant 6 > 0. There
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exist constants ¢ > 0 and A > 1 such that
2@+

lz| +1
Proof. Assume without loss of generality that {z : |z] < 1} C F(f). In view
of Theorem 3.1, take a R > 1 such that (f) C B(0, R) and | f*(0)| < R for all
n € N. In view of the result in [Rippon and Stallard 1999] (compare [Zheng 2003]),
we have

(3-3) [(f"Y (2)] > cA for z € M,.

|f"(z)|(log | f"(z)| — log R)

(3-4) I(f™) ()] > )
|z]
for z € $(f) \ $oo(f); furthermore, for z € $(f) \ Foo (f) With | f*(z)| = >R, we
have
s |/ () +1
() @] > PUEESR

We first prove (3-2) for n = 1. Since d($(f), sing(f~!)) > 0, we can take a
positive number A > 1 such that

B <z, |Z|: 1) Nsing(f~!) = @

for any z € $(f) and

1
B(O, )¢ f! (B (f(z), %))

for z € $(f)\ f~1(oc0) with | f(2)| < e2R. Then for a fixed z € SO\ fHo0),

we have |
B (f(z), lf(z%) Nsing(f~H =o

and f;l is a single-valued analytic branch on B(f(z), (| f(z)| + 1)/A) tending
f(z) to z. Let U be the component of f~'(B(f(z), (| f(z)] + 1)/A)) containing
z. Then f:U — B(f(2), (|f(z)|+1)/A) = B (say) is univalent and U is simply
connected. In view of the hyperbolic metric principle, we have

2A11(2)]
lf(@l+1

Forze $(f)\ f~'(c0) with | £ (z)] <e*R, B(0, 1) ZU. If0¢ U, then |z|Ay (z) >
%; If 0 € U, then for a with |a| <1, |z —a|ly(z) > %. Therefore, we always have
(Iz + DAy (z) > 1. These imply that

(@) =rp(f)If (@)=

1 lf@+1
8A |z]+1

This proves (3-2) for n = 1 with ¢ = 8%‘.

(3-5) If'@l=
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Suppose (3-2) is not true. Then there exist a sequence of positive integers {my}
mr—1

and a sequence of points zx € $(f) \ szo £~/ (c0) such that

_ 1™ @olzd + 1)
|(fm) (z)]+1
We can take a positive number C such that for z € $(f) \ B(L2, 6),

—0 ask— oo.

(3-6) B (z,2|Z':1>m9i>(f):@.

If f"*(zx) & B(S2, 6), a single-valued analytic branch g, of f~"* sending f™*(z)
to zx exists on B(f"*(zx), 2(] f™ (zx)| + 1)/ C). By the Koebe covering theorem,
we have

mg 1 myg 1
3-7) gk (B (fmk (2k)» |f($)> > B<Zk, |f(%lgi(fmk (Zk))|>

|zi| + 1
B\ zx,
<Z" 4Ce;
|z + 1
> B(o, T _ .
> ( 4Ce, |Zk|

Now assume that f/(zx) € B(Q,0), px < j <my and fP1(z;) & B(2, 6). By
Lemma 3.5, we have |( f™~P%)'(fPk(zx))| > 1 and so for a positive constant a,
| [ (zi) | + 1
| Pzl + 17

(™ P (fP(z))| = a
Thus

L P @D @l = 1 (20
UM™Y @)l
(e (f P (zh)|
_ U™ @ ) +
Tz +1 a
_a(fP )+
 a(zl+ 1)

and in view of (3-5), we have

_ L /P ()l +1
!/ Pk 1
=z
P @ = e T
Combining the above two inequalities implies that
e8A( S @)l +1)
a(lzil + 1)

(3-8) [P (@)l <
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Since f”k_l(zk) ¢ B(2, 0), from (3-8) we have

—1 | PNz + 1 a(lzel +1)
hk (B (fp (2k)» —c )) > B<0, 32ACe IZkI),

where &y is the analytic branch of f —P+1l which sends f Pr=1(z1) to zx. This
together with (3-7) shows the existence of a sequence of positive integers {rny}
such that

- e | M @) +1 a(lzx| +1D
I (B (f @), )) 2 B(O, 32ACe, |Zk|)-

But this gives
a(al +1)
32AC¢g
as k — 00, and a contradiction is derived. We have proved (3-2).
Now we prove (3-3). Let z € M,,,. In view of (3-4), there exists an Ry > R such
that

|z = +o00

/" ()] +1
lz| +1
where c is the constant in (3-2). Using the same argument as in the proof of (3-2),
we can also attain (3-9) forn > N > m, z € ($(f) \ U;;(l) £~ (c0)) N B(0, Ry)

with f"(z) ¢ B(£2,0).
For any 0 < p < 2N, we treat two cases. If |f2N+p(z)| > Ry, from (3-9) we
have

(3-9) 1Y @1 >2(14+¢7 forn e N, [f"(2) > Ro

|V @)+ 1
lz| +1 ’

If | f2N*P(2)| < Ro, for some N < N; < 2N + p we have either | fV1(z)| < Ry and
le () € B(2,0) or |fNl (2)| > Ro. Therefore from (3-2) and (3-9) we have

LY @1 = 1PN (M @IMY @)
JEP@IH L M @1+

V(@I +1 |z +1

|f2NHP ()] + 1
|z| +1

Forn > 2N, we write n =2gN + p with 0 < p < 2N and thus
@I+ /" @I+ 1

|z] +1 lz] +1
For 1 <n < 2N, we use (3-2). O

I(FPNHPY (2)] > 2

1
1(f™) ()] > 2 > 5(2W)n

The next result confirms the existence of a measure that becomes s-conformal.
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Lemma 3.11. Let f(z) be a parabolic meromorphic function on the Riemann
sphere. Then (f, ¢s) is admissible over $(f).

Proof. We check the conditions in Definition 2.1. Obviously, for f, (1a) and (1b)
hold, and (1d) holds by virtue of Lemma 3.9(II). In view of Lemma 2.2, (1c) is
true for f. We state (1e) for (f, ¢y) as follows: for all ¢ > 0, there exists &; € (0, §)
such that for any pair a, b € ﬁ( f), the condition du(a, b) < §; implies

> Jexpoc(f (@) —expos (£ (b)) <&
f@)=a
that is,

(3-10) Z

f@)=a

1
@ @)

<eg,

where 7/ = fz_1 (b). From Lemma 3.2 of [Zheng 2009], noting that ¢, is summable,
(3-10) follows from

[ @)?°
(3-11) ‘1 - <@y < Csdx(a,b),
whenever doo(a, b) < §. And (3-11) can be proved via the same argument used in
the proof of Lemma 3.1 of [Zheng 2008] and the inequality (3-2). O

Now we are in the position to prove Theorem 1.2, which, as we recall, states
that any f in ?(C) has a s-conformal measure with P(f, s) =0.

Proof of Theorem 1.2. In view of Lemma 3.11 and Theorem 2.3, there exists a
probability measure p with £} () = Ap, A = £¥ () (1), satisfying the conditions
in Theorem 2.3(3). We calculate A using (2-2), and obtain

A= p($1(D)) < sup{LT(D)(x) 1 x € F()).

Using the same argument as in the proof of (3-1), for arbitrarily small ¢ > 0, we
have forn > N
sup{Lr () (x) 1 x € $(f)} < Kne™,
so logA <0.
If u({a}) > O for a point a € ﬁ(f), then A" > pu({a})£?(1)(a) and so log A >
P(f,s)=0. Now assume that u is atomless and we can find a disk B (a, n) with
(B (a, n)) > 0 which does not intersect P ( f). Thus

M= (Boo(a, n)) inf(L5 (1)(x) : x € Boo(a, 1) N F(f)}
> 1(Boo(a, )KL (1)(a)

so that logA > P(f,s) = 0. Therefore, we have proved that A = 1 and u is a
s-conformal measure of f(z) over $(f). U
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In what follows, we consider the existence of a f-invariant measure equivalent
to the s-conformal measure u,. We cannot get such an invariant measure from
Walters’ result. Therefore, we will complete our discussion in light of the results
of Martens.

Lemma 3.12 [Martens 1992, Proposition 2.6]. Let i be a o -finite Borel measure
on a o-compact space X and f : X — X a measurable map. Then f has a -
equivalent, o -finite invariant measure m, if the following statements hold:

(1) There exist a countable collection of pairwise disjoint Borel sets G ={1; : j €
N} of X such that each I; is o-compact, 0 < (1) < 00, w(X \ U;’il 1;)=0
and for all pair 1; and I}, for some n >0, u(f~"(1;) N 1;) > 0.

(2) There exists a o-finite measure v having properties that for each I € G there
existsa K > 0 such that K~' <v(I) <K, sup,~o v(f " (1)) < 0o, and

L) _v(FTA) | mA)
K p(h) = v(f) = pd)
for all measurable sets A C I and all n € N.
3) Yool v(f~"(I)) = oo for some I € G.

Actually, m is a weakly convergent limit of {Q,(v)} on each I € G, where
Y00 flv

Yo fiv(D)

and for a Borel measurable map g, g.v =vog~'.

Let f(z) be a parabolic meromorphic function in %(C) and let u; be the s-
conformal measure determined in Theorem 1.2. Assume that pu, is atomless. Set
Xo=F(FINU £"(R) and X = (N, £ (). Then i, (Xo) = s (X) =
1 and we can construct a countable collection of disjoint Borel sets G ={I; : j € N}
of X such that for each j, I; C By (a;, §;) and B (aj, 28;) NP(f) = & for some
aj € I; and which satisfies (1) in Lemma 3.12. In view of the Koebe distortion
theorem for the spherical metric and the definition of s-conformal measure, we
easily prove (2) in Lemma 3.12 for f and G with respect to uy; and v = u,.
Therefore, the crucial point is in (3) in Lemma 3.12. We have

On(v) =

us(F" A= D (T U) = Y /, ) () s (w)

fr(2)=a; fr(@)=a;
> Y KT @) s () = K (1)L (1) (aj)
f"(2)=a;

and
wus(f"(U5) < K s (1) &5 (1) (a;),
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where K is the Koebe distortion constant. Thus we have

x x o0
K= ug(1)) Y L2()ay) < Y ue(f7"U)) < Ko ps (1) Y Lr (M) (ay).
n=0 n=0 n=0
In view of Lemma 3.12, f(z) has an f-invariant, o-finite measure m which is
equivalent to ju, if ) oo o L7 (1)(a) = oo for some a € F(f)\ Uney £ ().

In view of the statements above, we have actually proved Theorem 1.3.

On the other hand, assume that f(z) has an f-invariant, o-finite measure m;
which is equivalent to . Take an a € $(f) \ UZC’:O f7(2), and By (a, 25) N
P(f) = & for some § > 0. Set I = Bo(a,d) N $(f). Then u;(I) > 0, and
mgs(1) > 0 and for each n, m;(f " (1)) = ms(I). This implies that

D ms(f"D) = 0.

n=0

Then if the Radon—Nikodym derivative dmg/dug of mg with respect to u, is
bounded, we have Y 2 £ (1)(a) = .
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