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Double L-groups and doubly slice knots

PATRICK ORSON

We develop a theory of chain complex double cobordism for chain complexes
equipped with Poincaré duality. The resulting double cobordism groups are a
refinement of the classical torsion algebraic L—groups for localisations of a ring
with involution. The refinement is analogous to the difference between metabolic and
hyperbolic linking forms.

We apply the double L —groups in high-dimensional knot theory to define an invariant
for doubly slice n—knots. We prove that the “stably doubly slice implies doubly
slice” property holds (algebraically) for Blanchfield forms, Seifert forms and for the
Blanchfield complexes of n—knots for n > 1.

57Q45; 57R67, 57Q60, 5STR65

1 Introduction

In this paper we develop new algebraic methods in the study of linking forms and in
the algebraic cobordism theory of chain complexes equipped with Poincaré duality.
Taking A to be a ring with involution and S a multiplicative subset, we will use our new
methods to refine Ranicki’s torsion algebraic L—groups L"(A, S). Our refinements are
called the double L—groups DL" (A, S). Algebraically, our new methods are motivated
by Levine’s work [13] on the difference between metabolic and hyperbolic linking
forms. Our main innovation is a generalisation of this algebraic distinction to the setting
of chain complexes with Poincaré duality by means of a notion of algebraic double
cobordism.

Our topological motivation, just as Levine’s, comes from high-dimensional knot theory.
Fox [4, page 138] posed the question of which knots K: S™ <> S”T2 are the intersection
of an (n+41)—unknot and the equator S”*2 C S”*3. Such knots are called doubly
slice. In the case n = 1, this question has enjoyed a recent revival of interest in the
work of Kim [8], Meier [15] and Livingston and Meier [14]. The n—dimensional
double knot-cobordism group DC,, is the quotient of the monoid of n—knots by the
submonoid of doubly slice knots. Using a chain complex knot invariant, we will define
a homomorphism from DC,, to a certain double L—group:

(1) oPL. pC, — DL" (A, P),
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where A = Z[z,z7!,(1 —z)7!] and P is the set of Alexander polynomials. In
particular, our homomorphism uses the entire chain complex of the knot exterior to
obstruct the property of being doubly slice.

1.1 The slice and doubly slice problems

Detecting doubly slice knots is intimately related to detecting slice knots, as follows.
Working in the topologically locally flat category, an (oriented) n—knot K: §” < S"*+2
is called slice if it admits a slice disc, that is, an oriented embedding of pairs

(D, K) (Dn+1,Sn) s (Dn+3’Sn+2)‘

The monoid Knots, , of n—knots under connected sum, modulo the submonoid of slice
n—knots is the n—dimensional knot-cobordism group C,. So a doubly slice knot is
exactly a knot K which admits two complementary slice discs (D4, K), that is, discs
that glue together along K to form the (n+1)-unknot.

Most questions that can be asked about slice knots can be asked about doubly slice
knots as well, although the answer in the doubly slice case will almost always be
more difficult to come by. When n = 1, there is a still a great deal left to understand
about slice knots and the knot-cobordism group (in both the smooth and topological
categories). So new results for doubly slice knots here can only go so far without new
slice results. In contrast, for n > 1, Kervaire [7] and Levine [10] have completely solved
the (singly) slice problem in both the smooth and topological categories. They showed
that all even-dimensional knots are slice and, using algebraic results of Stoltzfus [26],
we now know that when k& > 0 we have

) Cok1 =Pz Pz/22) o P(Z/42).

So perhaps there is hope that we can obtain a substantial classification result for high-
dimensional doubly slice knots. How far does the high-dimensional (singly) slice
solution transfer over to the doubly slice question? Certainly not completely. The first
stage of the Kervaire—Levine proof requires one to do surgery on a closed knot exterior
Xk =cl(S"2\ K x D?) to reduce it to a simple knot, that is, a knot K’ ~ K € C,,
n > 2, such that 7, (Xg/) = n,(S!) for 2r < n + 2. Such knots are then entirely
classified in C, by the Witt class of the Blanchfield form (see Section 3 for definitions),
whence Equation (2). But this is where the doubly slice case differs, as one consequence
of high-dimensional Casson—Gordon invariants defined by Ruberman [24; 25] is that
this surgery process to obtain a simple knot is generally obstructed within DC,, . There
is no “double surgery below the middle dimension” and so now Blanchfield forms are
certainly insufficient.
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This suggests the approach we have taken in this paper: we work with a different
knot invariant called the Blanchfield complex (see Section 4.2), which encompasses
the entire chain complex of the knot exterior and from which the Blanchfield form
can be derived. The Blanchfield complex is a symmetric chain complex over Z[Z],
whose chain homotopy type is a knot invariant and whose class in the codomain of
Equation (1) defines the homomorphism o PL. We develop an algebraic framework
for the study of doubly slice knots via the Blanchfield complex, which encompasses
previous systems based on Witt groups. As well as being interesting in their own right,
inroads into this high-dimensional doubly slice problem may shed light on the nature
of the low-dimensional problem, revealing which features are typical to both and which
may be unique to low dimensions.

1.2 Chain complex double cobordism and double L—-groups

The new algebra we develop in Section 2 to analyse the full chain complex of the exterior
of a doubly slice knot is based on Ranicki’s algebraic theory of surgery [19; 20]. This the-
ory is an algebraic analogue to the cobordism of closed, oriented topological manifolds.
The objects (C, ¢) of the theory are chain complexes C equipped with some additional
structure ¢, capturing algebraic symmetries, such as Poincaré duality. These objects are
then considered under a notion of algebraic cobordism (see Section 2.2 for definitions).

In Section 2.3 we define the concept of an algebraic double nullcobordism. An algebraic
double nullcobordism consists of two algebraic nullcobordisms which glue together in a
complementary way, analogous to complementary slice discs for a doubly slice knot (see
Definition 2.12 for the precise definition). Double cobordism groups are then the set of
all (C, ¢) modulo the double nullcobordant (C, ¢). For a ring with involution A and
a localisation of this ring A < S~ A, we make precise the situations where algebraic
double cobordism groups of various types — which we call the symmetric double L—
groups DL™(A), torsion symmetric double L—groups DL" (A, S), and ultraquadratic
double L—groups 5Ln (A) — will be well-defined.

Of course, once you have defined a new group of algebraic invariants, it is important
to be able to work with it and to make calculations. In this direction we introduce a
new technique called algebraic surgery above and below the middle dimension (see
Section 2.4), to prove the following skew 2—fold periodicity result in some double
L—groups:

Theorem (2.21 and 2.22) For any ring with involution A having homological dimen-
sion 0, and for n > 0, there are isomorphisms

S: DL"™(A,&) => DL""2(4, —¢),
S: DL, (A, &) => DL,42(A, —¢),
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so that for k > 0 we have
DL?**1(4,6) =0, DL?*(A,¢) =~ DL°(4, (-1)¥e),
DLak41(R,8) =0, DLy(R,¢) = DLo(R. (~1)¥e).

The question of calculating double L—groups under these hypotheses is thus reduced
to the problem of calculating the groups in dimension 0, to which we turn in Section 3.

In Section 3 we work with the classical tools of linking forms and Seifert forms. As
mentioned, we are able to use these tools to make calculations of double L—groups in
terms of what we called in a previous paper double Witt groups [17]. If a form (or a
linking form or Seifert form) admits a maximally self-annihilating submodule then it is
called metabolic. If it admits two such submodules that are moreover complementary, it
is called hyperbolic. Witt groups are defined by taking forms modulo stably metabolic
forms and double Witt groups are defined by taking forms modulo stably hyperbolic
forms. We prove the following:

Proposition (3.12 and 3.18) For any ring with involution A, the O—dimensional
ultraquadratic double L—group is isomorphic to the double Witt group of Seifert forms:

DLo(A, &) = DW(A).

If there exists a central s € A such that s +5 = 1, the O—dimensional torsion double
L—group is isomorphic to the double Witt group of linking forms:

DL°(A, S,¢) = DWE(A, S).

From this, we are able to compute many double L—groups in terms of signature
invariants of Seifert forms and of linking forms (see Example 3.13), using our results
in [17]. In particular, when A is a Dedekind domain, one may apply [17, Theorem 3.26]
to see that the forgetful functor from the ultraquadratic double L—groups of A to the
ultraquadratic single L—groups of A has (countably) infinitely generated kernel. This
gives a first idea of just how big the double L—groups are.

The stably doubly slice question

In our knot-theoretical application of double L—theory, as well as describing a new
algebraic framework for working with doubly slice knots, we prove some new algebraic
results related to the stably vs unstably doubly slice question.

By definition, two knots K, K’ are equivalent in DC,, whenever there exist doubly
slice knots J, J” such that K#J ~ K’'# J’. In particular, K vanishes in DC, if and
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only if K#J is doubly slice for some doubly slice J (we say K is stably doubly slice).
Arguably the most important question for doubly slice knots is:

Question 1.1 If an n—knot K is stably doubly slice, is it necessarily doubly slice?

An answer to this question would determine whether the double knot-cobordism classes
not only obstruct but moreover characterise doubly slice knots. The algebraic versions
of this question are thus interesting for any group-valued doubly slice invariant, such

as our O'DL .

In this spirit we will prove the following set of results. Recall A = Z[z,z7 !, (1—z)71]
and P is the set of Alexander polynomials.

Theorem 4.15 Suppose for n > 1 that an n—knot K is stably doubly slice. Then the
double L—class oPL(K) € DL"t1(A, P) of the Blanchfield complex vanishes. If
n =2k + 1 then the Witt classes 0PV (K) € pwEDF (A, P) of the Blanchfield form
and the Witt class o 3, (K) € D/W(_l)k—H (Z)) of any choice of Seitert form all vanish.

As a consequence, if there were a stably doubly slice n—knot which is not doubly slice,
then this would be undetectable by any of the invariants 0 PL(K), 0P (K), opw (K).
In this paper we work with coefficients Z[Z], so we note that Theorem 4.15 does not
cover, for example, the twisted Blanchfield forms of Cochran, Orr and Teichner [2]. The
possibility of using different fundamental groups is discussed in the closing remarks of
the paper.

The result in the case of the Blanchfield form over Z[Z)] is not new, but is a reproof
of a theorem of Bayer-Fliickiger and Stoltzfus [1]. We include it because our proof is
an application of the techniques of double L—theory and as such uses very different
methods. Indeed, the “stably hyperbolic implies hyperbolic” results (Corollaries 3.14
and 3.20) which led to Theorem 4.15 were a surprising by-product of the development
of the double L—groups and the low-dimensional double Witt group isomorphisms
(Propositions 3.12 and 3.18) we obtained.

Organisation In Section 2.1 we lay out the algebraic conventions we are using. In
Section 2.2 we recall some elements of Ranicki’s algebraic theory of surgery which we
require later, and as this is not a common tool, we have tried to give the reader a useful
introduction with many references. We give particular emphasis to the e—ultraquadratic
version of the L—theory machinery as there is very little in the literature about this.

In Section 2.3 we define the ultraquadratic double L—groups over a ring with involu-
tion R, and both the projective and torsion symmetric double L—groups over a ring
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with involution A admitting a central element s such that s +5 = 1. In Section 2.4 we
investigate structure and periodicity results in double L—theory via the skew-suspension
map. We introduce our technique of algebraic surgery above and below the middle
dimension in order to prove periodicity in certain double L—groups.

In Section 3 we relate the double L—groups to the double Witt groups we introduced
in [17]. Firstly, we show how to interpret the O—dimensional double L-groups as
double Witt groups. This allows calculation of double L—groups for some rings and
also establishes “stably hyperbolic implies hyperbolic” results for Seifert forms and
linking forms. Secondly, we show (for certain rings) how to directly extract double
Witt invariants from a class in an odd-dimensional double L—group, which makes the
connection between the Blanchfield complex and Blanchfield form later.

In Section 4 we relate double L—theory to the original topological motivation: the doubly
slice problem. We recall and elaborate on the construction of Ranicki’s Blanchfield
complex knot invariant. We then prove the claimed doubly slice obstruction of (1) and
lay out the consequences of combining this with the algebraic results of Sections 2
and 3.

Acknowledgements This work follows from the author’s Ph D thesis at the University
of Edinburgh and was supported by the EPSRC. The author would like to thank his
advisor Andrew Ranicki for his patient advice and guidance in the preparation of this
work. The author would also like to thank the anonymous referee, whose detailed
reading and many excellent suggestions have improved this article greatly.

2 Double L—-theory

2.1 Algebraic conventions and localisation

In the following, A (or sometimes R) will be a ring with unit and involution. The
involution is denoted
tA—> A, awa.

Using the involution we define a way of switching between left and right modules,
which will permit an efficient way of describing sesquilinear pairings between left
A-modules later. A left A—module P may be regarded as a right A—-module P’ by
the action

P'xA— P! (x,a)— ax.

Similarly, a right A—module P may be regarded as a left A—module P’. Unless
otherwise specified, the term “ A—module” will refer to a left A—module. Given two
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A-modules P, Q, the tensor product is an abelian group denoted P! ®4 Q. We will
sometimes write simply P ® Q to ease notation, but the right A—module structure P’
is implicit, so that for example x Q ay =ax ® y.

In the following, S C A will always be a multiplicative subset, that is, a set with the
following properties:

(i) ste S forall s, €S,

(i) sa=0€ A forsomese S andaec Aonlyifa=0¢€ A4,

(iii)) se€ S forall s €S,

iv) 1€8,and

(v) forae A, se€ S thereexist b,b’ € A, t,t' € S such that at = sb and t'a ="b's.

The localisation of A away from S is S™!A, the ring with involution formed of
equivalence classes of pairs (a,s) € A x S under the relation (a, s) ~ (b, t) if and only
if there exist ¢, d € A such that ca =db and cs = dt. We say the pair (A4, S) defines a
localisation and denote the equivalence class of (a,s) by a/s € ST A. (The use of (v)
above, the “two-sided Ore condition”, ensures an isomorphism between the left and right
localisations S™1A4 and AS™L.) If P is an A—module, define S™1P:=S"14®4 P
and write the equivalence class of (a/s) ® x as ax/s. Similarly, if f: P — Q
is a morphism of A-modules then there is induced a morphism of S~ A-modules
STlf=1® f: ST'P — S71Q. Generally i: P — S~ P is injective if and only
if Tor‘l‘l(S ~14/A, P) vanishes. This happens, for instance, when P is a projective
module. If S™!P = 0 then the A—module P is called S—torsion, and more generally
define the S—torsion of P tobe TP :=ker(P — S™'P).

Torsion modules and duality

Define a category
A(A) = {finitely generated projective A—modules},

with A-module morphisms. An A-module Q has homological dimension m if it
admits a resolution of length m by finitely generated projective A-modules, that is,
there is an exact sequence

0—> Py —>Py_1—>:---— Py— 0 —0,

with P; in A(A). If this condition is satisfied by all A—-modules Q we say that A is
of homological dimension m. If (A, S) defines a localisation, define a category

H(A, S) = {finitely generated S—torsion A-modules of homological dimension 1}
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with A-module morphisms. A(A) has a good notion of duality, coming from the Hom
functor, and H (A, S) has a corresponding good notion of “torsion duality” as we now
explain.

Given A-modules P, Q, we denote the additive abelian group of A-module ho-
momorphisms f: P — Q by Homy(P, Q). The dual of an A—module P is the
A-module

P* :=Homy (P, A),

where the action of A is (a, f) — (x = f(x)a). If P isin A(A), then there is a
natural isomorphism

\—: P'® Q =>Homy(P*, Q). x®yr> (f > f(x)y).

In particular, using the natural A—-module isomorphism P = P’ ® A, there is a natural
isomorphism
PSP, x> (f > f(X)).

Using this, for any A-module Q in A(A) and f € Homy4(Q, P*) there is a dual
morphism

fTHP—=>0% x> (e f()).
To proceed similarly in the category H(A, S), recall the following well-known results
in homological algebra:
Lemma 2.1 Suppose T is a finitely generated A—module.

(i) If T has homological dimension 1 and T* = 0 then there is a natural isomor-
phism of A-modules T = Ext} (Ext} (T, A), A).

(ii) If (A, S) defines a localisation and T is S—torsion, then T* = 0 and there is a
natural isomorphism

Ext}(T, A) = Homyu(T, S™' 4/ A).

Lemma 2.1 justifies the following definitions. The forsion dual of a module T in
H(A, S) is the module
T :=Homy(T,S"14/A)

in H(A, S) with the action of A given by (a, ) — (x = f(x)a). There is a natural
isomorphism L
TST™, x> (f = f(x),

and for R, T in H(A, S) and f € Homy (R, T™) there is a torsion dual morphism

fMT—RY, x> f(1)©X).
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Chain complex conventions

We use the following conventions and notation:
¢ Given chain complexes (C,dc¢), (D,dp) of A—modules, a chain map of de-
gree n is a collection of morphisms f;: C, — D, 4, with dp fr = (—1)" fr_1dc .

e The category of chain complexes of A-modules with morphisms degree-0 chain
maps is denoted Ch(A4).

¢ A chain complex C in Ch(A) is finite if it is concentrated in finitely many
dimensions, and positive if H,(C) = 0 for r < 0. The category of finite,
positive chain complexes of objects of A(A) is denoted By (A4).

e If C isin Ch(A), let C! denote the chain complex of finitely generated projective,
right A—-modules (C?), := (C;)".

e The dual chain complex of C in Ch(A4) is C™* in Ch(A) with modules
(C™*), :=(C—;)* =: C™" and differential (—1)"dg: C™" — C"*1

e The suspension of C in Ch(A) is the chain complex X£C in Ch(A) with modules
(2C); = Cr—1 and differential dyc = dc.

o The desuspension £~1C is defined by Z(X~1C)=C.

e Morphisms f, f’: C — D are chain homotopy equivalent if there exists a
collection of A-module morphisms & = {h,: C; — D,y | r € Z} so that
f — f'=dph+ hdc, in which case the collection is called a chain homotopy
and we write h: f ~ f’.

e A morphism f: C — D is a chain homotopy equivalence if there exists a
morphism g: D — C such that fg ~1p and gf ~ 1¢.

¢ The homotopy category of B (A) is denoted hB 4 (A).

For C, D in Ch(A), there are chain complexes of Z-modules
(C'®aD)r:i= @ Cp®aDy, dx®y)=x®dp(y)+(~1)dc(x)®y,
p+q=r

(Homy(C, D))y := [] Homu(Cp.Dg), d(f)=dp(f)—(=1) fdc,
q—p=r

and the slant map is defined as
\—: C'®4 D —Homy(C™*, D), x®yr>(f— f(x)y).

In the sequel we will often write C ® D in place of C* ® 4 D in order to ease notation.
If C, D are (chain homotopy equivalent to) objects of B (A) then the slant map is a
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chain (homotopy) equivalence. When C, D are chain homotopy equivalent to objects
of B4 (A), there is an isomorphism of groups

{n—cycles in Homy4(C, D)} = {chain maps of degree n from C to D}.

Combining the above, when C, D are chain homotopy equivalent to objects of B (A4)
and ¥ € (C ® D), , we will write the associated morphisms

Yo: C" " — D,, relZ.
When ¥ is moreover a cycle, ¢ is a chain map.

A morphism f: C — D in Ch(A) is a cofibration if it is degreewise split injective
and a fibration if it degreewise split surjective. A sequence of morphisms in Ch(A) is a
(co)fibration sequence if each morphism in the sequence is a (co)fibration. The algebraic
mapping cone of f is the chain complex C(f) in Ch(A4) with C(f), = Dy & Cr—1
and

d -1 r—1
de(r) = ( OD ( c)ic f) D, ®Cr1 —> Dr1 & Crs.

There is an obvious inclusion morphism e: D — C(f) and the composite ef: C —
C(f) is easily seen to be nullhomotopic (see [3, Section 11] for more details of mapping
cones). A homotopy cofibration sequence is a sequence of morphisms in Ch(A) such
that any two successive morphisms

cLp-4E

have nullhomotopic composition and such that any choice of nullhomotopy j: gf ~0
induces a chain equivalence ®;: C(f) >~ E. A sequence of morphisms in Ch(A4)
is a homotopy fibration sequence if the dual sequence of morphisms is a homotopy
cofibration sequence. Using the obvious projection morphisms proj: C(f) — XC,
every morphism f: C — D in Ch(A) has an associated Puppe sequence

>-1 j i b))
sy iposytlen " el phen T sc o sp

which is both a homotopy fibration sequence and a homotopy cofibration sequence.
In particular, this shows that in Ch(A4), homotopy fibration sequences agree with

homotopy cofibration sequences. Given diagrams

pLcLp and DEE-E D,
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the homotopy pushout and homotopy pullback are given respectively by

DUCD’:=C((_f{):C—>DeBD’),

Dxg D' :=X"'C((g —g'): D® D' — E).
A homotopy commuting square I" in Ch(A) is a diagram

CL)D’

I

D——F

consisting of a square of morphisms f, ', g, g’ in Ch(A) together with a homotopy
h: g’ f' ~ gf. A homotopy commuting square induces the obvious maps of cones

C(g'. ) C(f)—>C(g). C(g. f):C(f)—C(g).

Taking cones again, there is not just homotopy equivalence, but an actual equality
C(C(g', f)) = C(C(g, f")). We define the iterated cone on T to be that chain
complex:

CT)=C(Cg. ) =C(C(g f).

Strictly speaking, the morphisms C(g’, /) and C(g, f’) in Ch(A), and hence the
complex C(I"), depend on the choice of /, but this is suppressed from the notation. A
homotopy pushout square is a homotopy commuting square I" such that the induced
map ®;,: D Uc D’ — E is a homotopy equivalence. A homotopy pullback square is
defined analogously using the homotopy pullback.

2.2 Structured chain complexes and algebraic cobordism

In this section we will recall for the reader’s convenience some algebraic definitions
and constructions from Ranicki’s algebraic theory of surgery [19; 20; 21], a theory
whose development was originally motivated by the challenge to provide a “chain
complex cobordism” reformulation for the quadratic surgery obstruction groups of Wall
[29]. This is very far from a complete account and the reader will sometimes be given
(detailed) references to the literature for the basics of the theory. We will be primarily
working with a version of the algebraic machinery called symmetric L—theory and
there is enough in the literature about this for us to rely on references fairly frequently.

In order to prove results about Seifert forms later, we will also need to work with a
version called ultraquadratic L—theory (originally defined in Ranicki [21, page 814]).
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There is very little written about this type of L—theory so we will give more careful
proofs and constructions here. Ultraquadratic L—theory is algebraically simpler than
the general symmetric L—theory, but is less robust as an algebraic tool. Notably, in
Proposition 2.20, we will prove the existence of obstructions to algebraic surgery in
this setting (where in the symmetric case algebraic surgery is always unobstructed).
In the ultraquadratic theory the objects are pairs (C, ¥), given by a chain complex C
in hB4 (A) equipped with an n—cycle ¢ € (C ® C),, or equivalently a chain map
Yo: C"™* — Cy«. The objects (C, V) of ultraquadratic L-theory arise from the
geometric situation of a degree-1 map of closed oriented topological manifolds

fiM—XxS!

that is covered by a stable map of topological normal bundles and such that f is
a Z[m1(X)]-homology equivalence (see Ranicki [21, page 818] for precise details
on the construction of (C, v) from this geometric setup). In particular, when X is
a disc D"t the exterior M2 of an n—knot S” < S§"*2 possesses such a map
(rel boundary), as we explain in Section 4.

Definition 2.2 A half-unit s € A is a central element such that s +5 =1 € A.

When A contains a half-unit (for instance, when 2 is invertible in A), the structured
chain complexes of general symmetric L—theory always simplify to those of ultra-
quadratic L—theory. This appears to be well-known to experts but not written down,
so we will make the proof of this clear. However, it is not the case that the resultant
L—theories are the same as a symmetric algebraic cobordism does not necessarily
improve to an ultraquadratic one.

Chain complexes with symmetric structure

From now on, take ¢ € A to be a central unit such that e =1 (¢ = £1 will be a
common choice). The cyclic group of order 2 is denoted Z /27 = {1, T}. Let C be in
Ch(A) and define the standard e—involution

T=T:Cp®4Cq—~Cqg®4Cp. x@y>e(-DPy®x,

so that C*' ® 4 C in Ch(Z) may be regarded as a chain complex of Z[Z/2Z] modules.
The standard free Z[Z /27Z]-module resolution W of Z is the following chain complex,
with W; = Z[Z/27], i > 0:

-T T -T
W ---—>W31 W2 I Wll W()—)O.
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The “homotopy fixed points” of the involution T, on C’ ® 4 C are in the form of the
complex of Z-modules

W%C =W/ C := Homg(z/27)(W, C' ®4 C).

Given a morphism f: C — D, the W% construction induces a morphism of abelian
groups
few*c —>w*D

so that W% is a functor Ch(4) — Ch(Z). It is possible to show (see Ranicki [19,
page 101]) that, given a homotopy 4: f1 >~ f>: C — D, there exists a (noncanonical)
choice of homotopy /1 %: fo% ~ fl%: W%C — W%D . Unless clarification is needed,
we suppress the “&” from the notation of 7 and W%

Definition 2.3 For n > 0, an n—dimensional e—symmetric structure on C in hB (A)
is an n—dimensional cycle ¢ € W#C,, . The pair (C, ¢) is called an n—dimensional e—
symmetric complex. See [22, Section 20.4] for definitions of morphisms and homotopy
equivalences of symmetric complexes.

For n >0, an (n+1)—dimensional e—symmetric structure on a morphism f: C — D in
hB (A) is an (n+1)—dimensional cycle (§¢,¢) € C(f#)pi1 = W*D, 1 ®W*C,
(this notation indicates ¢ is a cycle and 8¢ is a nullhomotopy of f%(¢)). The pair
(f: C —> D, (8¢, ¢)) is called an (n+1)—dimensional e-symmetric pair.

Remark We have chosen to describe symmetric chain complexes in terms of cycles
as in [22], rather than homology classes and Q—groups as in [19] or [21]. For more
detailed information on the perspective we are using, see [22, Section 20].

In order to define algebraic cobordism groups we will require an algebraic analogue
of the glueing of manifolds along a common boundary component. Given (n+1)—
dimensional e—symmetric pairs

x:=((f f)C®C" - D, (¢, 0 ®9¢")),
X =((f" f):C'eC’ > D', (8¢, ¢' ®¢")),
there is an (74 1)-dimensional e—symmetric pair
xUx":=((g g"): C®C" > DUc D'.(5¢ Uy 8'p. 6 ® "))

called the algebraic union of x and x' along (C’, ¢’). We refer the reader to Ranicki
[21, Section 1.7] or Crowley, Liick and Macko [3, Section 11.4.2] for details of algebraic
glueing.
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In order to work relative to the boundary of a knot exterior in Section 4 we will need a
notion of cobordism of pairs in the algebraic setting, which is given by triads:

Definition 2.4 For n > 0, an (n+2)—dimensional s—symmetric structure on a homo-
topy commuting square T’

/7
BEANY

N

in hB4+(A) is a quadruple (®,8¢,5'¢p,d) such that there are (n-+1)—dimensional
g—symmetric pairs

(f: C—D,(6¢.9)), (f:C—>D'(¢.¢)
and an (n+2)-dimensional e—symmetric pair
(g": DUc D' — E,(®,8¢ Uy §')),

where g” is the map induced by universality of the pushout D Uc D’. The pair
(T, (®,8¢,68'¢, ¢)) is called a (n+2)—dimensional e—symmetric triad.

The reader is referred to Ranicki [21, Sections 1.3 and 2.1] for a more complete
discussion of the algebraic theory of triads.

Chain complexes with ultraquadratic structure

In order to study the chain complex version of Seifert forms for a knot we will need
to look at the version of the L—theory machinery called ultraquadratic L—theory. To
build this version, just replace W with the truncated complex 0 — Wy — 0 in the
construction of W% This results similarly in a homotopy functor Ch(R) — Ch(Z),
now simply sending C to C ® C and

(f:C—->D) to (fRf:CR®C—-DX®D).

Recall that for C in hB4 (R), the slant map is a chain homotopy equivalence C @ C =~
Hompg(C™*, C) and sends a cycle ¢ € (C ® C), to a chain map ¥o: C"™* — C, so
in this “truncated” version all structure is governed by this single chain map.

Definition 2.5 For n > 0, an n—dimensional e—ultraquadratic structure on C in
hB4+(R) is an n—dimensional cycle ¥ € (C ® C),. The pair (C, ) is called an
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n—dimensional e—ultraquadratic complex. Two n—dimensional e—ultraquadratic com-
plexes (C,v¥), (C’,¢’) are homotopy equivalent if there exists a chain homotopy
equivalence h: C => C’ such that (h ® h)(¥) — ' is a boundary in C' ® C’.

The definitions of e—ultraquadratic pairs and e—ultraquadratic triads are made analo-
gously to the symmetric case. (In order to define triads, we note that Ranicki’s definition
of algebraic glueing is still valid in the ultraquadratic setting.)

Here is how to pass from an ultraquadratic structure to a symmetric structure:

Definition 2.6 The symmetrisation is a map of Z[Z /27Z]-module chain complexes
14T CRC —>C®C, Vi>(1+T)¥ =V + Ty =: ¢.

The symmetrisation of an n—dimensional e—ultraquadratic complex (C, ) is the n—
dimensional e—symmetric complex (C, ¢) (where we have used the inclusion Wy — W
to identify ¢ as a symmetric structure). We may similarly symmetrise pairs and triads.

What about the passage from a symmetric structure to an ultraquadratic structure?

Proposition 2.7 When A contains a half-unit s, the sets of homotopy equivalence
classes of the following objects are in natural one-to-one correspondence with one
another:

(i) n—dimensional s—symmetric complexes (C,$ € (W*C),) over hB (A);

(ii) pairs (C,¢po: C*™* — C), where ¢ is a chain map in hB4(A) such that
#o — (Te¢p)o € Homy (C™*, C) is a boundary;

(iii) n—dimensional e—ultraquadratic complexes (C, ¥ € (C ® C)y).

Proposition 2.7 seems to be well-known to experts, but there does not appear to be a
proof in the literature.

Proof When there is a half-unit, the symmetrisation map in quadratic L—theory
(defined in Ranicki [19])
1+ Te: Wo,C — W*C

is a chain homotopy equivalence by the proof of [19, Proposition 3.3]. Moreover, if an
element ¢ € (W%C), is in the image of the symmetrisation then (by definition) it is
entirely described by an element ¢ € (C ® C), . But this element is also in the image
of the natural projection W%#C — C ® C. So the projection is a chain homotopy
equivalence and the equivalence of (i) and (ii) is proved.
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Now, given a pair (C, ¢) as in (ii), there is a corresponding pair (C,¢ € (C @ C)y)
and we may define an n—dimensional e—ultraquadratic complex (C, s¢p), which has
symmetrisation (C,¢). Given n—dimensional e—ultraquadratic structures ¥, ¥’ €
(C ® C)p with (1 4+ T)(y —¢’) =~ 0, the following commuting square shows that
moreover ¥ >~ y':

1+7T¢
Wo,C — 22 woc

inclusionT ’—lemject
1+T:

C®C— CRC O

Remark Proposition 2.7 does not hold analogously for pairs or triads. As an example
of this, and using the language of Section 3, note that e—symmetric Seifert forms
determine O—dimensional e—ultraquadratic complexes and e—symmetric forms equipped
with a lagrangian determine 1-dimensional e—symmetric pairs (compare the proof
of Proposition 3.10, below). But consider that, for example, the symmetrisation of
a rational Seifert form for any knot S! < §3 is the standard hyperbolic matrix, but
not every Seifert form for such a knot admits a metaboliser (there are knots which
are not “algebraically slice”). So we see the corresponding symmetric pair has no
corresponding ultraquadratic pair.

Algebraic Thom construction

We now briefly describe Ranicki’s algebraic Thom construction [21, page 46], which
will be required in Section 4 to change perspective between complexes/pairs and
pairs/triads.

Given an (n+1)-dimensional e—symmetric pair (f: C — D, (8¢, ¢)), recall that a
choice of nullhomotopy

clup—cin
\/
jref>~0
induces a morphism ®;%: C(f %y — W%C(f). Define the (n+1)—dimensional cycle
5¢/¢ := @5 (8. 9) € W*C(fInt1-

The algebraic Thom construction for (f: C — D, (8¢, ¢)) is the (n+1)—dimensional
e—symmetric complex (C(f),8¢/¢).

Given an (n+1)-dimensional e-ultraquadratic pair (f: C — D, (§y, {)), there is a
choice of morphism ®;: C(f ® f) — C(f)® C(f). Define the (n+1)—dimensional
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cycle
§Y /= @; 8y, ) e C(/)®C(f).

The algebraic Thom construction for (f: C — D, (6, ¥)) is the (n+1)—dimensional
e—ultraquadratic complex (C(f), v/ ¥).

There is a relative version of the algebraic Thom complex. Given an (rn+2)-dimensional
e—symmetric triad (T, (®, 8¢, 8'¢, ¢)), consider the induced maps of cones

v="C(g fN): C(f) =~ €,
V'=C(g. ) C(f) = C(g).
By the universal property of the algebraic mapping cone, we obtain morphisms
CO%) < C(C(g". (/™) = C(C(gN". 7)) = C(()™).

Using the two images of the (n+2)—cycle (®, 8¢, 8'p, ¢) under these respective mor-
phisms, a triad defines two (n+2)—dimensional s—symmetric pairs

x=(v: C(f)—>C(g). (®/8¢.5¢"/9)).
X= (V1 C(f) = Clg). (9/8¢.5¢'/9)).
The relative algebraic Thom construction for (I, (®,8' ¢, 8¢, ¢)) is defined to be the

set {x,x’}.

Poincaré complexes and L—groups

There are chain complex analogues of Poincaré duality and Poincaré—Lefschetz duality
for e—symmetric and e—ultraquadratic structures. We now recall these and Ranicki’s
definition of algebraic cobordism and the algebraic L—groups.

The inclusion of chain complexes Wy < W induces a natural transformation of functors
between Homg,z/,7](W,—) and Homg,z/,7)(Wo,—). For a given complex C in
Ch(R) this induces evaluation morphisms

ev: WPC - C®C, ¢ ev(e),
and we write the image of the evaluation ev(¢) € (C ® C), under the slant map
\—: C®C — Homy(C™*,C), ¢o:=\(ev(g)): C"* = C.
If f: C — D is a morphism in Ch(A) then there is a relative evaluation morphism

ev: C(f*) = Homz[z/22)(W.C(f ® f)) > C(f & [), (8¢,¢) = ev(5¢, ),
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and the image of the evaluation ev(§¢, ¢) € C(f Q@ fIn+1=(D®D)y+1 D (CRC)y
under the slant map is written

(5¢0 0
0 ¢o

From this we derive the maps that will play the part of Poincaré—Lefschetz duality on
the chain level:

) =\(ev(dp,9)), S¢o: prti—* _ D, ¢o: C"™* 5 C.

(g0 fp0): C(f)"™'7* - D,

8¢0 . ph+1—%
(tlbof*)'D — C(f).

We refer to Crowley, Liick and Macko [3, Section 11.4.1] for the full derivation of this.

Definition 2.8 An n—dimensional e—symmetric complex (C, ¢) is Poincaré if
¢0: crx =5 C

is a chain homotopy equivalence. An (n+ 1)-dimensional e—~symmetric pair ( f: C — D,
(8¢, ¢)) is Poincaré if

~

Bpo fo): C(f)Y"TV" = Dy, rel

is a chain homotopy equivalence. Equivalently, the pair is Poincaré if there is a chain
homotopy equivalence

An (n+2)—dimensional e-symmetric triad (T, (®, 8¢, 8'p, ¢)) is Poincaré if each of
the associated pairs

(f:C—D,(6¢.¢), (f:C—D"(89,¢)), (§":DUcD —E, (P,5pUpd'9))
is Poincaré. An e—ultraquadratic complex/pair/triad is Poincaré if the symmetrisation
(Definition 2.6) is a Poincaré e—symmetric complex/pair/triad.
Definition 2.9 Two n—dimensional e—symmetric complexes (C, ¢) and (C’, ¢’) are
cobordant if there exists an (n+1)—dimensional e—symmetric Poincaré pair

(f: C®C'— D,(5¢, ¢ ®—¢)).

Cobordism is an equivalence relation on the set of e—symmetric Poincaré complexes
such that homotopy equivalent complexes are cobordant (Lemma 2.13). Moreover, the
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resultant set of cobordism classes forms a group called the n—dimensional e—symmetric
L—group of A (see Ranicki [19, Section 3.2] for the checks that this is a group):

cobordism classes of n—dimensional

L"(A4,¢):= ) . .
(4.8) e—symmetric Poincaré complexes

with addition and inverses given by
(Cv ¢) + (C/’ ¢/) = (C S C,’ ¢ S ¢/)’ _(C’ ¢) = (C’ _¢) eL” (A’ 8)'

1313

After replacing the word
definition transfers verbatim to give:

symmetric” with the word “ultraquadratic”, the previous

Definition 2.10 The n—dimensional e—ultraquadratic L—group of A is

~ cobordism classes of n—dimensional

Ln (A, 8) = . . L .
e-ultraquadratic Poincaré complexes

For the knot theory in Section 4, we will be interested in the L—theory and double L—

theory in the category H(A, S) of finitely generated S—torsion A-modules admitting a

projective resolution of length 1. For this reason we introduce the category C4 (A4, S) C

B (A) of chain complexes C that are S—acyclic. In other words, S™'H,(C) = 0 for

all r € Z.

Working now with the subcategory hC4 (A, S) C hB4+(A), we obtain the following
restricted notion of algebraic cobordism in the symmetric setting.

Definition 2.11 Two n—dimensional S—acyclic e—~symmetric complexes (C, ¢) and
(C’,¢) are (A, S)—cobordant if there exists an (n+1)—dimensional e—symmetric
Poincaré pair

(f: CGBC,_)D’(8¢7¢@_¢,))
such that f is a morphism in hC4 (A4, S).

The set of (A, S)—cobordism classes in hC1 (A, S) forms a group, called the n—
dimensional e—symmetric L—group of (A, S):

(A, S)—cobordism classes of (n+1)—dimensional

L"(A,S,¢):= ) . .
( ) S-acyclic (—&)-symmetric Poincaré complexes

Remark The choice of the convention “n+1” and “—&” in the definition of L" (A4, S, )
follows Ranicki [21, Section 3.2.2], where this unusual-looking choice is explained.
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2.3 Chain complex double cobordism and DL-groups

In this subsection, we develop our theory of chain complex double cobordism, which
results in a refinement of the classical torsion L—groups and ultraquadratic L—groups
described in the previous subsection. We will define three types of double L—group
which refine the respective types described in Section 2.2. First, we will define the
e—ultraquadratic double L—group of R

DL,(R,¢),

which is well-defined for any coefficient ring with involution.

Notation For the rest of the paper, A will be a ring with involution containing a
half-unit s € A.

Working over A, we will define the projective and torsion e—symmetric double L—
groups,
DL"(A,e) and DL"(A,S,¢),

which are only well-defined when there is a half-unit in the coefficient ring.

Ultraquadratic DL-groups

For the ultraquadratic case we work with the coefficients R.

Definition 2.12 For n > 0, two cobordisms between n—dimensional e—ultraquadratic
Poincaré complexes (C,v) and (C’, ")

x4 =(f: CO®C > D1, 6V, ¥ & —¥") € C(f£ ® fi)n+1)

(labelled by + and —) are complementary if the chain map

(ﬁj:C@ch»D+@D_

is a homotopy equivalence, in which case we say (C, V) and (C’,y') are double-
cobordant and that the set {x4, x_} is a double cobordism between them.

Lemma 2.13 Forn >0, if (C,y), (C’,y’) are homotopy equivalent n—dimensional,
e—ultraquadratic Poincaré complexes over R, then they are double-cobordant.
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Proof Let h: (C,¥) — (C’,¢’) be a given homotopy equivalence with homotopy
inverse g. Write the chain map ¢ = ¥ + T¢y, with choice of chain homotopy
inverse ¢~ !. Define a chain map e = ¥¢~!, so that e* ~ ¢~ 1T,y. Consider the
chain map

(h(l1—e) —heg): C®C' —C’

and calculate
h(1—e)y (1 —e)*h* — (heg)y'(heg)* = h(y — (ey + ye™))h*
~h(y —(ey +eTey))h*
~ 0.
Writing 61 for this nullhomotopy, we thus have well-defined cobordisms
(h D:CadC’' —C' 0.y &—y)),
(h(1—e) —heg): CAC' - C',(§y.y &—y)),

and they are complementary as there exist the following left and right chain homotopy
inverses:

eg g h 1 (1 0Y. , ,
(h(l—e)g —1) (h(l—e) —heg)_(O 1)' CoC ~Cal,

h 1 eg g\ ._(10Y. - , ) )
(h(l—é’) —heg) (h(l—e)g —1)—(0 1)' cec-cec. D

Proposition 2.14 For n > 0, double cobordism is an equivalence relation on the set of
homotopy equivalence classes of n—dimensional, e—ultraquadratic, Poincaré complexes
over R. The equivalence classes form a group DALn (R,¢), the n—dimensional, e-
ultraquadratic double L—-group of R, with addition and inverses given by

(C’ W) + (C,’ W/) = (C 2] C/v W 2] W/), _(C’ W) = (C’ _W) € lj\Ln(R9 8)'

Proof Lemma 2.13 shows in particular that double cobordism is well-defined and
reflexive. It is clearly symmetric. To show transitivity, consider two double cobordisms

ct+=((fx f1): CO®C = Dy, (6+V. ¥ &—V)),
ch=((fL /) C'®C" = Dy G2y’ ¥ @ —y")).
We intend to reglue the four cobordisms according to the schematic in Figure 1.

As c4 and ¢/, share a boundary component (likewise for ¢ and ¢ ), we form the
two algebraic unions

cxUc, =(CaC" = DL, (B+y" .y &—y")),

Algebraic € Geometric Topology, Volume 17 (2017)



294 Patrick Orson

Figure 1: Combining the double nullcobordisms to show transitivity

where D/} = D1 Uc/ D! is the mapping cone

f:{: / /
C ~1:C"—>D D, .
((7) = oweme)

To see that these two new cobordisms are complementary, first note that as our initial
two double cobordisms were complementary we have

f+ f-:- fz_ f-;-/ (CaC' cC'ec = (D D D’ D’

Butas C®C” is homotopy equivalent to the cone on the obvious inclusion i: C'®C’ —
CaC'®C’ @ C”, there is a homotopy commutative diagram with the map g defined
to make the left-hand square in the diagram

C'eC — sCceC'aeC'®C’ — 5 Cli)~CaC"
c’eC’'—~*5Dy@D_®D,dD. ——C(g)=D/]&D"

homotopy commute, and hence the induced vertical map on the cones is a homotopy
equivalence. |
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Symmetric DL-groups

For the symmetric case we work with the coefficients A, with (A4, S) defining a
localisation.

Definition 2.15 For n > 0, two cobordisms between n—dimensional e—symmetric
Poincaré complexes (C, ¢) and (C’, ¢')

xe:=(fx: COC' > Di, (61,0 & —¢') € C(f")n+1)

are complementary if the chain map

(f+) . C®C' > DydD_
f-

is a homotopy equivalence, in which case we say that (C, ¢) and (C’, ¢') are double-
cobordant and that the set {x4, x_} is a double cobordism between them.

The S-acyclic versions of these definitions are made in exactly the same way but by
restricting to the category hC (A4, S) and using (A4, S)—cobordisms.

Lemma 2.16 Forn >0, if (C,¢), (C’,¢’) are homotopy equivalent n—dimensional,
e—symmetric Poincaré complexes over A, then they are double-cobordant. If they are
S—acyclic they are (A, S)—double-cobordant.

Proof We work similarly to the proof of Lemma 2.13. Let h: (C,¢) — (C’,¢’) be a
given homotopy equivalence. Recall our half-unit s is assumed to be a central unit, so
that in particular its action by multiplication on A-module chain complexes commutes
with any chain map. The dual chain map to multiplication by s is multiplication by the
central unit 5. Calculate

hsg (hs)* —s¢'s* ~ 0.
Writing ¢ for this nullhomotopy, we thus have well-defined cobordisms
((h 1):CaC' - C'(0,¢®—9)),
(5 —s):COC' - C'.(5¢.¢ D —¢)).

These cobordisms are easily calculated to be complementary as in Lemma 2.13. O

Proposition 2.17 For n > 0, double cobordism is an equivalence relation on the set
of homotopy equivalence classes of n—dimensional, e—symmetric, Poincaré complexes
over A. With addition and inverses as in Proposition 2.14, there is a well-defined group

double cobordism classes of n—dimensional

DL"(A,¢) := . . p
(4.) e—symmetric Poincaré complexes
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Restricting to the category hC4 (A, S) and using (A, S)—cobordisms, there is similarly
a well-defined group

(A, S)—double cobordism classes of (n+ 1)-dimensional

DL"(A,S,¢):= ) .
( ) S—acyclic (—e)-symmetric Poincaré complexes

Proof Exactly as in Proposition 2.14. |

2.4 Surgery above and below the middle dimension

We now turn to the question of calculating double L—groups for various rings and
localisations. The only known programme for calculating chain complex bordism
groups begins by proving that the groups are periodic in the dimension. Such periodicity
is typically “skew 2—fold”, and hence induces 4—fold periodicity — for instance when
n > 0, Ranicki [21] shows that the following are isomorphic:

Zn(R,&‘) = £n+2(R,—8),
L"(A, &) = L""2(A, —¢),
L"(A,S,e) = L""2(4, S, —¢),

and hence each exhibits 4—fold periodicity. Skew-periodicity reduces the problem of
calculation to the low-dimensional groups (those in dimension 0, 1). These groups can
often be calculated in terms of more familiar tools such as Witt groups of forms or
“formations” on finitely generated projective or torsion modules (see [21]).

We will now investigate the extent to which this programme can be carried out for the
DL-groups. We will prove periodicity in some restricted cases by a new technique
called surgery above and below the middle dimension, and in these cases reduce high-
dimensional double L-theory to the low-dimensional case. In Section 3 we will relate
the O—dimensional double L—groups to what we called in [17] the double Witt groups
and hence use the results of [17] to calculate them for certain rings and localisations.

To begin the investigation, we will need another piece of technology from the literature,
defined by Ranicki [19]. The skew-suspension will allow comparison of structured
chain complexes in different dimensions. Given a chain complex C in hB (A), there
is a homotopy equivalence defined by

S:32(C'®4C) = (3C) ®4(2C), x@yr (—Dlxey

in Ch(Z[Z/27Z]), where it is understood that the involution on C* ® 4 C uses T, and
the involution on (X2C)’ ®4 (XC) uses T_. Applying the W% functor to this chain
equivalence we obtain the homotopy equivalence

S: 22wrc = wrsc
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in Ch(Z). There is also a relative version: given a morphism f: C — D in B4 (A)
there is a homotopy equivalence in Ch(Z)

S: 22C(f*: W)rC - WD) = C((f)*: WE(EC) — WE(ED)).

Definition 2.18 For n > 0, the skew-suspension of an n—dimensional e—symmetric
(Poincaré) complex (C, ¢) is the (n+2)—dimensional, (—&)-symmetric (Poincaré)
complex

S(C,¢)=(2C, S9).

The skew-suspension of an (n+1)—dimensional e—symmetric (f: C — D, (§¢, ¢)) is
the (n43)-dimensional, (—&)—symmetric (Poincaré) pair

S(f: C—D,$¢,¢):=(Xf: 2C — =D, S(S¢,9)).
The skew-suspension of pairs and complexes in the e-ultraquadratic setting is defined
similarly.
Proposition 2.19 For n > 0, the skew-suspension gives well-defined injective homo-
morphisms
: DLu(R.€) <> DLn12(R, —e), [(C.9)] = [S(C. ),
: DL"(A, &) < DL"*2(4, ), [(C.9)] > [S(C. o).
S: DL"(A, S,e) < DL"2(A,S,—¢), [(C.$)]— [S(C.9)].

L U

Proof We consider only the statement for the groups DL"(A,¢), the S—acyclic
statement and the ultraquadratic statement being entirely similar.

If (C, ¢) € DL™(A, &) admits complementary nullcobordisms ( f1: C — D1, (61, ¢p))
then the skew-suspensions

S(fy: C = Dy, (8+¢.¢)) = (Zfr: EC — =D, S(8¢.9))

are complementary nullcobordisms for S(C,¢) € DL"t?(A, —¢). Therefore the
homomorphism is well defined.

To show injectivity, consider the general situation of a pair x given by formal skew-
desuspension an (n+3)—dimensional (—¢&)-symmetric pair

x:=(Z71f: 270 - =710, (5) 71 (8¢, 9)).

where (S)~! is a choice of homotopy inverse for S. Such a formal skew-desuspension
is an (n+1)—dimensional s—symmetric pair if and only if the morphism 7! f is in
hB(A).
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Now, more specifically, suppose that (C, ¢) is an n—dimensional e—symmetric complex
and that there are complementary nullcobordisms ( f+: XC — D+, (®+, S¢)). Then
the condition of being complementary gives H,(XC) =~ H,(D+) & H,(D-) so that
the desuspensions X~ 1D are in B, (A) because H,(XC) =0 for r < 0. Hence
(71 fe: C - 271Dy, (S)" (P4, S¢)) are complementary nullcobordisms. The
skew-suspension morphism S: Z2W,*C = W% XC is natural, and hence we also
have that

($) 7@+, 5¢) = ($) '@, 9) € CU(ZT" 1) )nt1-
Hence (C,¢) ~0¢€ DL"(A,¢), as required. m]

We now move on to the cases in which we have been able to invert the skew-suspension
map in double L—theory using a new technique called surgery above and below the
middle dimension. Our technique relies on Ranicki’s concept of algebraic surgery [19,
Section 4]. This is the process, in the setting of chain complexes with structure, which
mimics geometric surgery on compact manifolds.

To describe algebraic surgery, begin with a possibly non-Poincaré (n+2)—dimensional
e—symmetric (resp. e—ultraquadratic) pair

x=(f:C—D,(6¢p.¢)) (resp. x =(f: C = D,(6¥.¥)))
with homotopy cofibration sequence
c-Lp-4c.

Recall we have

8¢0 . pnt+2—x* N
(i¢0f*)-D C(f)

(in the e—ultraquadratic case, we use the symmetrisation of Definition 2.6) and define

/o w1 S¢o
=y c((i%f*)),

so that there is a homotopy cofibration sequence

(s4)
7 :l: * 7
..._>C/L>D"+2—*Lf>c(f)e_>gc/_>...

with f’ the projection and ¢’ the inclusion. In the symmetric case Ranicki [19,
Section 4] showed that there is always a naturally defined (n42)-dimensional e—
symmetric pair

X/ — (f/3 C/—> Dn+2_*,(5¢/,¢/)),
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such that there is a homotopy equivalence of Thom constructions

(C(f). B¢/9)) = (C(f). (80" /"))

In the ultraquadratic case there are the following obstructions to building such a
complex.

Proposition 2.20 For an (n+2)—-dimensional e—ultraquadratic pair x = (f: C — D,
(8, ¥)), the morphism f': C' — D"T27* (defined above) forms part of an (n+2)—
dimensional e—ultraquadratic pair
x/ — (f/: C/ N Dn+2—*’ ((Sw/’w/))
satisfying (C(f), (§y/¥)) >~ (C(f"), (8¢’ /")) if and only if the morphisms
e o (§y/¥)o: C(f)"?7* = C(f) > =C',
¢ o Te(8Y/¥)o: C(/)"F7* = C(f) - =C,

are nullhomotopic.

Proof First we make a general observation. Let g: E — F be any chain map and
h: F — C(g) the corresponding map into the cone. Then as 1o g ~ 0, we have

(h®h)o(g®g)~0: EQFE — C(g)RC(g),
(1®h)o(g®eg)~0: EQE —> F®C(g),
h®1)o(g®g)~0: EQE —>C(g)R®F,

and by the universal property of the mapping cone these nullhomotopies determine

chain maps from C(g ® g) to C(g) ®C(g), F ® C(g) and C(g) ® F, respectively.
Apply this observation to the map f’ to obtain the three maps, which we call

0: C(f'® f')— C(fH®C(f),
evr: C(f'® ) = D" * @ C(f)),
evi: C(f'® f') = C(f) @ D"27*,

respectively (compare definitions in Crowley, Liick and Macko [3, page 341]). Now, by
definition of f”, we also have that C(f) ~ C(f’), and so the homotopy class of the
cycle 8v/y € C(f)® C(f) (which is determined by the algebraic Thom construction
on x) moreover determines a homotopy class of cycles in C(f’) ® C(f’). Our task
in this proof is to identify the obstruction to taking the homotopy class determined
by §v/¢ in C(f') ® C(f’) and lifting it to C(f’ ® f’) along the map 6. A choice
of cycle in the lifted homotopy class would determine the x’ in the statement of the
proposition.
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To analyse the obstruction, we claim there is a homotopy pullback square as follows:

evy

C(f'®f") L (DM C(f) @ (C(f)® DM H27¥)
% 1 l((iiﬁ(}.*)&d)ea(id ®(iiﬁ(}.*))
C(fHeC(f) L (CUHCN®CfHRC(Sf))

The derivation of this square, and proof that it is a homotopy pullback, can be found in
Crowley, Liick and Macko [3, Diagram (11.138) in the proof of Proposition 11.137],
where the existence of such a square is proved for a general chain map in 2B (R), which
we take to be f’ (the reader is also referred to [3, Diagram (11.99)] and the subsequent
discussion, from which many of the details of that proof are drawn). The cofibre of 8 is
given up to homotopy equivalence by the cone of the right-hand column of the square,
which is homotopy equivalent to (XC’ ® C(f)) & (C(f) ® XC’). Hence, following
8y /vy along the bottom row of the square, and into the cofibre of the right-hand column,
we obtain the obstructions described in the proposition. |

Using Proposition 2.20 we have been able to invert the skew-suspension map on double
L—groups in the following algebraic setting.

Theorem 2.21 (surgery above and below the middle dimension) When R has homo-
logical dimension 0 and n > 0, the skew-suspension defines isomorphisms

S: DL,(R, &) => DL, 4>(R, —¢),
S: DL™(A, &) => DL"%(A4, —¢).

Proof We will prove only the ultraquadratic case, as the proof for the symmetric case
is very similar but much simpler as there are no surgery obstructions there.

Because R has homological dimension 0, all finitely generated R-modules are objects
of the finitely generated projective R—module category A(R). So for any morphism
f: P — Q in A(R) there is a splitting P =~ im( f) dker( f). It follows that any chain
complex (Cx,d) over A(R) is split in the sense of Weibel [30, Section 1.4.1], and
hence there is a chain homotopy equivalence (Cx, d) >~ (H«(C),0). So without loss
of generality, we will assume an (n+2)-dimensional (—e&)—ultraquadratic Poincaré

complex (C, ) over R is of the form
0 0 0 0
O—>Cn+2—>Cn+1 —>—>C1—>C0—>0

Note this means the cochain complex C”~* also has all differentials 0. Consequently,

the chain homotopy equivalence ¢o: C"*2~* =» (C defines an isomorphism of
projective R—modules ¢o: C"+2~" =5 C, for each r.
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Define complexes D1 and morphisms fi: C — D4 as follows:

D_ 0 0 0 0 Co 0
B T
C 0—— Chyo — Cpy1 C » Co 0
L Ok
D4 0—— Cyya 0 0 0 0

The differential in C(f+ ® fi)x is given by

dy = (dD®D D" (fx ®f:i:)) L (D® D), & (C&C)y
0 dcec
- (D®D)r—19(CRC)r2,
and hence the elements (0, V) € C(f+ ® fi)n+3 are cycles, as
(d+(0.9))o = (=)' fYo f*) @ (dyo): D" " &C" ' - D, & C,.

which vanishes for all r by inspection. So define two (n43)—dimensional (—g)—
ultraquadratic pairs x4 = (f4: C — D4, (0,v)). We must now check by hand that
the obstructions to ultraquadratic algebraic surgery obtained in Proposition 2.20 vanish
for surgery on (C, ¥) with data x4 and x_, respectively. The two surgery obstructions
for x4 are given by the chain homotopy class of the composition

C(fy)r 3 M C(f4) ﬂ) C ((j:if(}f) : Di+3_* — C(f+)) =:XCL,

and by its transposed version (see Proposition 2.20). It may be calculated, as in [21,
page 46], that

8 _ _
By /¥)o = ((_I)Hf_"r%ﬁ 8): DI @ CMET (D4 & Croy,

so in fact the only possible nonzero map occurs where r = 1. But XC"’ is given by the
length-(n+3) complex

0

1
5C), = CnﬂﬂcnﬂeacnﬁL-.-Lcl@c"“iwoim
ZOLCn_H 0 R Cy 0 0 0 0

(where the homotopy equivalence uses that ¢ is an isomorphism). After this homotopy
equivalence, the » = 1 map has codomain O and hence the first surgery obstruction
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vanishes homotopically. For the second surgery obstruction, note that the matrix
for T(§y¥/y)o is given by transposing the matrix for (§v/v )¢ and applying the e—
involution T} to each entry. Hence the only possible nontrivial morphism occurs now
when r =n + 2. But actually, inspection of the same chain homotopy representative of
X C/, shows that this morphism also vanishes. Therefore there is no obstruction to the
X4 surgery. A very similar argument shows that the x_ surgery is also unobstructed
and we leave this check to the reader.

Both effects of surgery (C/_, V! ) are given, up to homotopy, by

C, ifl<r<n+1,
0 otherwise,

(Cl)r = {

with all differentials equal to 0 and

Vo: C"T27 - C, ifl<r<n+1,
0 otherwise.

W)o = ()0 = {

Hence there exists a homotopy equivalence h: (C”, ) = (C/., ¥/ ). Now accord-
ing to Ranicki [19, Proposition 4.1(ii)] we may write cobordisms

(g gL): C®CL— Dx. 0.y & —yL))
whose underlying morphisms are given on the level of homology by

(1 1): H(C)® Hy(C) > H,(C) ifl<r<n+1,

(g+ gii-)* =41 H:(C) > H,(C) ifr =0,

0 otherwise,

(I D: H(C)® H(C)— H (C) ifl=r=n+]l,
(g- gl)x=11: H(C) > H,(C) ifr=n+2,

0 otherwise.

We must modify these to be complementary cobordisms. As in the proof of Lemma 2.13,
and as shown below, we may modify one of the cobordisms using e := Y@, U and
one using the homotopy /. Modifying the morphisms by e may result in the element
(0, ¥, ® — ) no longer being a cycle. But as in the proof of Lemma 2.13, the chain
map (1 —e)g_vg*(1—e)* —eg’ v’ (g’ )*e* is calculated to be nullhomotopic, and
we denote a choice of nullhomotopy by W. Define

((g+ g4h): C®C. - Dy, (0.9 &—Y))).
(1—e)g— —egl): COC. — D_,(V,y &—y)).
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Working exactly as in Lemma 2.13, the morphism

8+ g h . ’ at ~
((1 e _;Lg,_) CoC. D@D
is seen to be an isomorphism on the level of homology, which is sufficient to show
chain equivalence as we are working with bounded complexes. Hence we have shown
that (C, ) is double-cobordant to the skew-suspension of the n—dimensional e—
ultraquadratic Poincaré complex given by (X~!C”,S~1y’). In other words, the
skew suspension map S 5Ln (R,e) —> DAL,,+2(R, —e¢) is surjective and therefore an
isomorphism, as was required to be shown. |

Corollary 2.22 Under the hypotheses of Theorem 2.21 and for k > 0, we have
DLoj41(R.8) =0, DLak(R.€) = DLo(R. (—1)*e),
DL**1(4,6) =0, DL*(A,¢) = DL°(A, (~1)*s).

Proof In each case, apply the isomorphism of Theorem 2.21 k times to obtain an
isomorphism to either a 1-dimensional or O—dimensional double L—group. For the
even-dimensional case, we are now done.

For any 1-dimensional (—1)¥¢—ultraquadratic Poincaré complex (C, ), the pairs
(fx: C — D4, (0,v)) defined in the proof of Theorem 2.21 are complementary null-
cobordisms, proving that DL'(R, (—1)¥¢) =0. The 1-dimensional (—1)¥ e—symmetric
case is entirely similar. a

3 Double Witt groups and double L—groups

In this section we use hyperbolic versions of the classical torsion Witt groups of
algebraic number theory to cast the low-dimensional double L—groups in a form more
amenable to calculation. Based on our results in [17] and our surgery results of Section 2
we are able to completely calculate the double L—groups DL n(R,¢) for n >0 when R
has homological dimension 0. Furthermore, we will derive some new algebraic results
relating to Seifert forms and for linking forms using the techniques of double L—theory.
These will be applied in Section 4 to high-dimensional knot theory, in particular to
give algebraic answers to Question 1.1.

3.1 Forms and linking forms

The language we use for forms and linking forms is based on that found in Ranicki
[21, Sections 1.6 and 3.4] although we caution that our terminology, particularly later
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L3

on regarding lagrangian submodules, differs slightly. Also, our use of the word “split
in reference to forms and linking forms is entirely different to Ranicki’s use.

Definition 3.1 An e—symmetric form over A is a pair (P, ) consisting of a finitely
generated projective A—-module P and an injective A-module morphism 6: P < P*
such that 8(x)(y) = &60(y)(x) forall x,y € P (equivalently 8 = ¢6*). A form (P, )
is nonsingular if 6 is an isomorphism. A form induces a sesquilinear pairing, also
called 6:

0: PxP—A, (x,y)—~0(x,y):=0(x)().

A morphism of e-symmetric forms (P,0) — (P’,0’) is an A-module morphism
f: P — P’ such that 6(x)(y) = 0'(f(x))(f(y)) (equivalently 6 = f*6' f); it is
an isomorphism when f is an A-module isomorphism. The set of isomorphism
classes of s—symmetric forms over A, equipped with the addition (P, 6) + (P’,0’) =
(P @ P’,0 @0, forms a commutative monoid

M (A) = {s—symmetric forms over A}.
Definition 3.2 Suppose (A4, S) defines a localisation. An e—symmetric linking form
over (A, S) is a pair (T, A) consisting of an object T of H(A4, S) and an injective
A-module morphism A: T < T” such that A(x)(y) = eA(y)(x) forall x,y € T

(equivalently A = ¢A”™). A linking form (7, A) is nonsingular if A is an isomorphism.
A linking form induces a sesquilinear pairing, also called A:

MTxT—STYA/A,  (x,y) > A(x,y) :=A(x)(p).

A morphism of e—symmetric linking forms (7, 1) — (7’,1’) is an A-module mor-
phism f: T — T’ such that A(x)(y) = A (f(x))(f(y)) (equivalently A = f L' f);
it is an isomorphism of forms when f is an A-module isomorphism. The set of
isomorphism classes of e—symmetric linking forms over A, equipped with the addition
(T, )+ (T' A)=(T&®T',A 1) forms a commutative monoid

M®(A, S) = {e—symmetric linking forms over (4, S)}.
3.2 Double Witt groups

We will now define several ways in which an e—symmetric form or linking form can
be considered trivial, that all involve the idea of a lagrangian submodule.

Definition 3.3 A lagrangian for a nonsingular e—symmetric form (P, 6) over A is a
submodule j: L < P in A(A) such that the sequence

g
0>LLplh 50
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is exact. As modules in the category A(A) are projective, all surjective morphisms
split, and a lagrangian is always a direct summand. If (P, 6) admits a lagrangian it
is called metabolic. If (P, 6) admits two lagrangians ji: Ly < P (labelled by +
and —) that are complementary as submodules

(j.*): Li®L_ =P,

then the form is called hyperbolic.

If (A, S) defines a localisation then the definitions of (split) lagrangian, (split) meta-
bolic and hyperbolic transfer immediately to the setting of nonsingular &-symmetric
linking forms, but now using the torsion dual —” instead of the projective dual —*.

In general, not assuming the presence of a half-unit, for a symmetric /inking form there
is a hierarchy

hyperbolic C split metabolic & metabolic.
And for a form there is a hierarchy
hyperbolic < split metabolic = metabolic.

It is a standard result that the presence of a half-unit destroys the distinction between
split metabolic and hyperbolic both for forms and for linking forms. More generally, if
the form or linking form admits a quadratic extension, this distinction is destroyed.

Definition 3.4 (monoid construction) Let (M, +) be a commutative monoid and let
N be a submonoid of M . Consider the following equivalence relation: for m;,m, e M,
define m1 ~ my if there exist n1,n, € N such that m +n1 = mo + n,. Then the set
of equivalence classes M/~ inherits a structure of abelian monoid via [m] + [m'] :=
[m 4+ m’]. Tt is denoted by M/N . If for any element m € M there is an element
m’ € M such that m +m’ € N, then M/N is an abelian group with —[m] = [m].

When the monoid construction returns a group, it is in general the group of stable
isomorphism classes in M , where one is allowed to “stabilise an isomorphism”, on
either side, by elements of the submonoid.

Lemma 3.5 If (P, 0) is an e—symmetric form over A then the form (P & P,60 & —0)
is split metabolic. If moreover there exists a half-unit s € A, then (P & P, 0 & —0) is
hyperbolic.
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Proof The diagonal (}) P — P& P is alagrangian with splitting (1 0): PP — P.

If s is a half-unit, then (_ES): P @ P is a lagrangian, and it is complementary to the

diagonal since
s 1 11 11 s 1
_ — =|_ _ =1. |

The preceding lemma holds completely analogously for linking forms, justifying the
following definitions:

Definition 3.6 Suppose (A, S) defines a localisation. The monoid constructions

We(A) = M?(A)/{metabolic forms},
WE(A,S) =N%(4, S)/{metabolic linking forms}

are abelian groups called the e—symmetric Witt group of A and of (A4, §), respectively.
The monoid construction

DWE®(A, S) = N°(4, S)/{hyperbolic linking forms}

is an abelian group called the e—symmetric double Witt group of (A, S).

3.3 The 0-dimensional double L-groups as double Witt groups

A O—dimensional e—symmetric (Poincaré) complex (C, ¢) over A is the same thing as
a (nonsingular) e—symmetric pairing on H°(C). A 1-dimensional s—symmetric S—
acyclic (Poincaré) complex (C, ¢) has an interpretation as a torsion pairing on H!(C).
Cobordant Poincaré complexes correspond to Witt-equivalent nonsingular forms and
linking forms, and the low-dimensional L—groups L%(4,¢) and L°(A, S, &) are well-
known to be isomorphic to Witt groups of forms and of linking forms respectively (see
Ranicki [21]).

The double Witt groups are to the low-dimensional double L—groups as the Witt
groups are to the low-dimensional L—groups. In this subsection we will prove that the
double Witt groups are indeed isomorphic to the O—dimensional double L—groups (see
Propositions 3.12 and 3.18). Unexpectedly, the proof of this is different to the proof of
the corresponding fact in classical L-theory.

Ultraquadratic double L-groups and Seifert forms

As discussed in Section 3.2, when there is a half-unit in the coefficient ring, there is
no difference between hyperbolic and metabolic forms on projective modules. How-
ever, without assuming that there is a half-unit, the O—dimensional double L—groups
DALO(R, ¢) have a good interpretation in terms of Seifert forms.
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Definition 3.7 An e—symmetric Seifert form (K, ) over R is a finitely generated
projective R—module K and a morphism of R—-modules ¥: K — K™ such that ¢ +¢ey*
is an isomorphism (note that this makes (K, ¢ + ey¥*) a nonsingular e—symmetric
form). For a Seifert form (K, ) we define an endomorphism e = (¥ + ey *) "1y
and we note that this gives 1 —e = e(y 4+ ey¥*)~1y*. A morphism of Seifert forms
g: (K,¥)— (K',vy’) is amorphism of R—-modules g: K — K’ such that g*y/'g =
it is an isomorphism if g is an R—module isomorphism.

The following is then easily checked from the definitions:

Proposition 3.8 Sending (C, ) to (H°(C), V) defines a contravariant equivalence
of categories

O—dimensional
e—ultraquadratic / htpy <«— {

nonsingular e—symmetric } /iso
Poincaré complexes over R

Seifert forms over R
that preserves the monoid structure.

The action of e on the underlying R—-module K of a Seifert form (K, ¥) makes K an
R[s]-module, where s is a formal variable with action s(x) :=e(x) for x € K. R[s] is
a ring with involution where we extend the involution from R by s =1 —s. When we
wish to remember the morphism by which s acts, we will write (K, e). The Seifert dual
of an R[s]-module (K, e) is the R[s]-module (K,e)* = (K* =Homg(K, R), 1—e*).
An R[s]-submodule of K is an R—submodule j: L — K such that ej(L) C j(L).
Such an L inherits an R[s]-module structure in the obvious way.

Definition 3.9 A (split) lagrangian for a e—~symmetric Seifert form (K, ) over R is
a R[s]-submodule j: L < K such that the sequence in the category of R[s]-modules
and Seifert duals

J*(+ey™)
—

0—>(L,e)i>(K,e) (L,e)* =0

is (split) exact, and j*vyj = 0. If (K, ) admits a (split) lagrangian it is called (split)
metabolic. If (K, ) admits two lagrangians ji: L1 < K that are complementary
as R[s]-submodules

(ﬁ*) LioL_ 35K,

then the Seifert form is called hyperbolic. We denote the corresponding e—symmetric
Witt and double Witt group of Seifert forms over R respectively by

We(R) and DW.(R).
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Here is a precise characterisation of metabolic Seifert forms considered as chain
complexes.

Proposition 3.10 An e—symmetric Seifert form over R admits a lagrangian if and
only if the associated homotopy equivalence class of O—dimensional e—ultraquadratic
Poincaré complexes over R contains an element (C, V) such that there is a null-
cobordism (f: C — D, (8, ¥)) with H'(D) = 0.

Proof An e—symmetric Seifert form (K, ¥) corresponds to the e—ultraquadratic chain
complex (C, ) where C is concentrated in degree 0 with Co = K*.

A lagrangian j: L — K for (K, ) defines a morphism of chain complexes concen-
trated in degree 0,
f=j*C—D, Dy:=L"

The morphism v: K — K* determines a O—cycle o € Hom(C ~*,C)¢ >~ (C ® C)o,
which has (f ® f)(¢¥) =0€ (D ® D)o as j*yj = 0. Hence, considering the Puppe
sequence of f ® f, we may lift ¥ to a I-dimensional e-ultraquadratic structure (0, V).
So there is a 1-dimensional e—ultraquadratic Poincaré pair (f: C — D, (0,v)), and
clearly H'(D) = 0.

Conversely, suppose that there is a 1-dimensional e—ultraquadratic Poincaré pair
(f: C — D,(8y,¥)) with 0 = HY(D) = Ho(D,C). Then there is a short exact
sequence

0— H°D)— D°— D! >0,

and D°, D! are projective so H°(D) is a finitely generated projective R—module
as well. Dualising the short exact sequence, we see that 0 = H;(D) = H%(D, C)
and H%(D)* = Ho(D). It is now standard to check that we have a lagrangian of the
nonsingular e—symmetric form (H°(C), ¥ + ey *) over R, given by

(3) OeL:HO(D)gHO(C)ML* ~ Hy(D) — 0.

We wish to show this is moreover a lagrangian of the Seifert form (H°(C), ). We
must first check that L is an R[s]-submodule, or in other words that if x € H°%(D)
then e f*(x) € im( /™). Using the Poincaré duality isomorphisms, this is equivalent to
checking that ¥ f*(x) € ker(f: Ho(C) — Ho(D)). But fyf* vanishes on H*(D)
as (f: C — D, (8y,¥)) is Poincaré. So e(L) C L and j: L — K is an R[s]-module
morphism. Moreover, the reader may check that the action of s on the Seifert dual
of L commutes with the map f(y 4+ ey*): H°(C) — Ho(D) of diagram (3), so that
this is a sequence of R[s]-modules. We finally note that the kernels and images in the
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sequence of R—modules are the same (setwise) when it is a sequence of R[s]-modules,
so the sequence is still exact. |

Hence a precise characterisation of hyperbolic Seifert forms considered as chain com-
plexes:

Proposition 3.11 An e—symmetric Seifert form over R is hyperbolic if and only if the
associated e—symmetric homotopy equivalence class of O—dimensional e—ultraquadratic
Seifert complexes over R contains a complex (C, V) admitting two complementary
nullcobordisms ( f+: C — D4, 8y, %)) with H'(D+) = 0.

We now finally obtain an alternative characterisation of the O—dimensional double
L—groups of ultraquadratic forms.

Proposition 3.12 There is an isomorphism of groups
DWo(R) => DLo(R, ¢).

Proof The morphism is defined in Proposition 3.8. It is well-defined and surjec-
tive by Propositions 3.8, 3.10 and 3.11. To show injectivity, suppose that (C, ) is
an e—ultraquadratic O—dimensional Poincaré complex associated to the e—symmetric
Seifert form (K, v). If there exists a pair of complementary Seifert nullcobordisms
(fe: C = D4, (8+V,v)) then in particular 0= HY(C)= HY (D) ® H'(D-) so
that H1(D+) = 0. But then (K, ¥) must be hyperbolic by Proposition 3.11. |

We are now in a position to give some sample calculations of double L—groups.

Example 3.13 We may apply Corollary 2.22 and the calculations in the author’s paper
[17, Example 4.9] to obtain calculations of the double L—groups when R is a field of
characteristic not 2. These calculations are made in terms of involution-invariant prime
ideals p of the Laurent polynomial ring R[z,z~!] which do not augment to O under
z +— 1. For example, when R = C, such p are generated by polynomials z —a where
aeS'\ {1} c C, and in [17] we calculated

BL,(C.e) = @aesl\{l}@;ﬁlz for n even,
0 for n odd.

When R =R, such p are generated by polynomials z2 —2cos 6 + 1 with 0 <6 <.
We calculated

Do<o<x D21 Z for n = 2k and (—1)ke = 1,
DLn(R. &) = | (D72 Z) & (Bo<per Pi21 Z) for n =2k and (—1)¥e = —1,
0 for n odd.
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A nonsingular e—symmetric Seifert form (K, ¥) over R is called stably hyperbolic if
there exist hyperbolic e—symmetric Seifert forms H, H' such that (K,v)® H ~ H'.
Note that a priori the stably hyperbolic Seifert forms are precisely the representatives of
the O class in the double Witt group of Seifert forms. However, we obtain the following
(new) characterisation as a corollary of Proposition 3.12.

Corollary 3.14 (‘“stably hyperbolic = hyperbolic”’) A nonsingular e—symmetric
Seifert form (K, ) over R is hyperbolic if and only if it is stably hyperbolic.

Proof “Only if” is clear. Conversely, a stably hyperbolic e—symmetric Seifert form
determines the O class in D/T/VE(R) o~ 5L0(R, ¢). Hence there is a double nullcobordism
of the corresponding O—dimensional e—ultraquadratic complex. But by the proof of
Proposition 3.12, these nullcobordisms correspond to complementary lagrangians. O

Double Witt groups of linking forms
We now perform a very similar analysis for linking forms.

Proposition 3.15 (Ranicki [21, Proposition 3.4.1]) There is a contravariant equiva-
lence of categories

1—dimensional (—g)—symmetric (nonsingular)
S-acyclic (Poincaré) htpy <— { e-symmetric linking iso
complexes over A forms over (A, S)

that preserves the monoid structure, which sends (C,¢) to (H'(C ), Ag), where
Ao ([x], [v]) = s Y po(x)(z) for x,y € C', ze C® and s € S such that d*z = sy.

Here is a precise characterisation of metabolic forms considered as chain complexes:

Proposition 3.16 (Ranicki [21, Proposition 3.4.5(ii)]) A nonsingular, e—symmetric
linking form over (A, S) admits a lagrangian if and only if the associated (—e&)—
symmetric homotopy equivalence class of 1-dimensional (—e)—symmetric Poincaré
complexes over A contains a complex (C, ¢) admitting an S—acyclic 2—dimensional
(—&)—symmetric Poincaré pair (f: C — D, (8¢, ¢)) with H*>(D) = 0.

Hence a precise characterisation of hyperbolic forms considered as chain complexes:

Proposition 3.17 A nonsingular, e—symmetric linking form over (A, S) is hyper-
bolic if and only if the associated (—¢)—symmetric homotopy equivalence class of
1-dimensional (—&)-symmetric Poincaré complexes over A contains a complex
(C, ¢) admitting two complementary S—acyclic 2—dimensional (—¢&)—symmetric pairs
(fx: C — Dx,(8+¢.¢)) with H*(D+) =0.
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Proposition 3.18 Let A be a ring with involution which contains a half-unit. Then
there is an isomorphism of groups

~

DWE(A,S)=>DL°(4, S, ¢).

Proof The morphism is defined in Proposition 3.15. It is well-defined and surjective
by Propositions 3.15, 3.16 and 3.17. To show injectivity, suppose that (C, ¢) is a (—&)—
symmetric, 1-dimensional Poincaré complex associated to an e—symmetric linking
form (7, A). If there exists a pair (f+: C — D4, (8+¢,¢)) of complementary null-
cobordisms then in particular 0= H?(C) = H?>(D1)® H?*(D_) sothat H*>(D+)=0.
But then (7, A) must be hyperbolic by Proposition 3.17. |

Remark When A is a Dedekind domain, we show in [17, Theorem 4.8] how to
calculate the double Witt group DW?(A, A\ {0}) in terms of the Witt groups of forms
over the residue class fields A/pA where pA is an involution-invariant prime ideal.
Indeed, this is the calculation underlying Example 3.13.

Definition 3.19 A nonsingular e—symmetric linking form (7, A) over (A4, §) is called
stably hyperbolic if there exist hyperbolic e—symmetric linking forms H, H' such that
(T, \)@ H=~H'.

Corollary 3.20 (“stably hyperbolic = hyperbolic”) Let A be a ring with involution
which contains a half-unit. A nonsingular e—symmetric linking form (T, L) over (A, S)
is hyperbolic if and only if it is stably hyperbolic.

Proof “Only if” is clear. Conversely, a stably hyperbolic e—symmetric linking form
determines the O class in DW#(A, S) = DL°(A, S, ). Therefore there is a double
nullcobordism of the corresponding 1-dimensional (—&)-symmetric complex. But
by the proof of Proposition 3.18, these nullcobordisms correspond to complementary
lagrangians. O

Remark For any (A4, S), Ranicki [21, Proposition 3.4.7(ii)] proves an isomorphism
We(A,S) = L°(A, S, ¢), but it is not sufficient to prove that stably metabolic implies
metabolic for linking forms in general. The reason is that an (A4, S)-nullcobordism
(f: C— D, (8¢, ¢)) of a 1-dimensional (—g)-symmetric S—acyclic Poincaré complex
over A might have H?(D) # 0, so that the corresponding e—symmetric linking
form need not necessarily admit a lagrangian (compare the torsion version of [19,
Proposition 4.6]); whereas, in the hyperbolic case, we used the fact that H2(C) = 0
implies H2(D+) = 0, exploiting the complementary condition present in our setup.
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3.4 The linking and Blanchfield form of a symmetric Poincaré complex

In topology, linking forms arise as the middle-dimensional torsion pairing on the
homology (or cohomology) of a manifold. In this subsection we make clear, for a
general chain complex with symmetric structure, when one should expect the middle-
dimensional linking pairing to be a linking form. The results in this subsection are
required for our topological application to the Blanchfield forms of high-dimensional
knot theory in Section 4.

Over a general (A4, S), the approach of simply taking the middle-dimensional torsion
pairing of a symmetric Poincaré complex has two problems: the cohomology modules
might not have homological dimension 1 (even when we restrict to the torsion), and
the linking form might not pair modules to their torsion duals due to the universal
coefficient problem. We now make clear some circumstances in which taking the
middle-dimensional torsion pairing of a symmetric Poincaré complex (C, ¢) is a valid
operation from this perspective.

Proposition 3.21 Suppose (A, S) has the property that any S—torsion A—module
has homological dimension 1 (this happens, for instance, if A has homological di-
mension 1). Let (C, ¢) be a (2k+3)—dimensional e—symmetric S-acyclic Poincaré
complex over A. Then

hot HFP2(C)x HF2(C) —» 5714/, (10 D) = 571 5 (o ().
with x,y € ckt2, y e Cktl and s € S such that d*y = sy, is a well-defined,
nonsingular, (—l)k e—symmetric linking form. Moreover:
() If (C,¢) is (A, S)-nullcobordant then (H**2(C), Ag) is metabolic.
(i) If (C,¢) is (A, S)—-double nullcobordant then (H**+2(C), A4) is hyperbolic.

Proof The first part is standard. The linking form is easily checked to be well-defined
and the nonsingularity comes from a standard universal coefficient spectral sequence
argument. The (—l)ka—symmetry can be derived from a chain-level calculation (which
in general requires the use of the higher chain homotopy ¢ ); see for instance the
chain-level calculations in Powell [18, page 151].

For (i), suppose (g: C — D, (8¢, ¢)) is an (A, S)-nullcobordism of (C, ¢). Write
the functor el(—) = Ext}1 (—, A) for brevity. Then the long exact sequences of the
morphism g: C — D determine a commutative diagram with exact rows:

Algebraic € Geometric Topology, Volume 17 (2017)



Double L—groups and doubly slice knots 313

H¥*2(D; A) ——— H*+2(C; 4) ——— HF3(D, C; 4))

e (Hi41(D: A)) — e (Hg41(C; A)) — ¢! (Hi42(D, C; A))

(840 if¢o)T’£ ¢OTE (joq?* Té
1(o%
e (HEH3(D, C: 4)) —— e (HEH2(C: ) 52 1 (1H*+2(D: 1))

The map adjoint to the linking form is the downwards composition of the central
column. Hence the inclusion of the image j: g*(H*t2(D; A)) — H*T2(C; A) is a
lagrangian submodule as the commutative diagram determines an exact sequence
. A
0— g*(H*2(D: 4)) L H¥2(C: 4) 222 g*(H*2(D: 4)" 0.

For (ii), suppose (f+: C — D1, (6+¢p,¢)) is an (A, S)—double nullcobordism of
(C, ¢). By the above we have that the direct sum decomposition

(ff f2: H**(Dy) @ H**2(Dy) = H*2(C)

is by lagrangians. |

The special algebraic case of Blanchfield forms

The types of linking forms that arise in classical knot theory, called Blanchfield forms,
are nonsingular e—symmetric linking forms over (R[z,z7!], P), where P is the set of
Alexander polynomials

P = {p(z) €R[z,z7']| p(1) e R is aunit}.

The ring R[z,z~!] does not contain a half-unit necessarily. However, according to
Ranicki [22, Proposition 10.21(iv)], if we formally adjoin the half-unit (1 —z)~! to
the ring, then there is an equivalence of exact categories

4) H(R[z,z7'], P) = H(R[z,z" ', (1-2)"1], P).

Under this equivalence, an object T of H(R[z,z~!], P) corresponds to a finitely
generated R[z,z~']-module 7 with homological dimension 1 such that 1—z: T — T
is an isomorphism.

Proposition 3.22 The equivalence of (4) induces an equivalence of categories of the

corresponding nonsingular e—symmetric linking forms. Under the equivalence of (4),
(split) lagrangians correspond to (split) lagrangians.
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For each n > 1, the equivalence of (4) induces an equivalence of categories of the
corresponding P—acyclic n—dimensional e—symmetric (Poincaré) complexes, and of
P -acyclic (n+1)—dimensional e—symmetric (Poincaré) pairs.

Proof The equivalence of (4) comes from a special case of a general Cartesian
morphism of localisations of rings with involution (see [21, page 201]). The proof
of Proposition 3.22 for general Cartesian morphisms can be found in Ranicki [21,
Propositions 3.1.3, 3.6.2, 3.2.1]. See also [23, Section 4]. O

Now set I' = Z[z, z~!] and suppose T is an ['-module such that Homp(7,T") = 0.
Set ¢(T') to be the Z—torsion

t(T)=ker(T - Q[z,z”Y1®r T) andlet f(T)=T/t(T).

It may still be the case that f(7") has torsion with respect to the multiplicative subset
Z[z,z71]\ {0}. Set P to be the set of Alexander polynomials. Levine [11] shows
that for any module 7" in H(T", P) the Z-torsion and Z-torsion-free components are
picked out as follows:

Extf (T, T)) = (T),
Ext} (T, T)) = f(T).

Now suppose (C, ¢) is an n—dimensional e—symmetric P-acyclic Poincaré complex
over I'. Then by the universal coefficient spectral sequence collapse detailed in [11]
we obtain an isomorphism

f(H™(C:T)) = H"(C;T)/Exti(Hy—(C:T),T)
=5 Exth(Hy—1(C;T,T))
=5 Extl(H D77 (C; T, 1)
~ Homrp (f(H®*V="(C:T)), P~'T/T).

This isomorphism is adjoint to the following pairing:

Definition 3.23 (Levine [11]) Let (C,¢) be an n—dimensional e—symmetric P—
acyclic Poincaré complex over I'. Then the Blanchfield pairing is the pairing

Bl: f(H"(C:T))x f(H"TD™"(C;T) - P7IT/T, (x,y)+ p ' 5(p(x)),

where x € C", y e C**+D=" 5 e C"" and p € P such that d*7 = py.
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Proposition 3.24 Let (C,¢) be a (2k+3)—dimensional e—symmetric P-acyclic
Poincaré complex over I'. Then the Blanchfield form

Ap: FCHFT2(C)) x f(H2(C)) — P72z, 271/ 2z, 271,
(Ix], ¥]D) = ™ 7 (o (x)),

with x,y € Ck*t2 5 e Ck*! and p € P such that d*5 = sy, is a well-defined,
nonsingular, (—l)ka—symmetric linking form. Moreover:

() If(C,¢) is (T, S)-nullcobordant then (f(H*+2(C)), Ag) is metabolic.
(i) If (C,¢) is (T, S)—double nullcobordant then ( f (H*+2(C)), Ag) is hyperbolic.

Proof It is shown in [11] that the Blanchfield form is well-defined and nonsingular.
As the chain-level formula is identical to that of the linking form in Proposition 3.21,
the (—1)*e—symmetry follows from the same calculations as in that proof.

For (i), suppose (g: C — D, (8¢, ¢)) is a (I, S)—nullcobordism of (C, ¢). We must
appeal to results of Levine (see also Letsche [9, Section 2.1]). It is shown in [11] that
for any chain complex C over Z[z,z~!], the universal coefficient spectral sequence
collapses to determine short exact sequences

0 — Ext:(Hy—2(C;T),T) — H"(C;T) — Extp.(H,—1(C;T),T) — 0.

Write el(—) = Ext%- (=, I') for brevity. As the chain complexes C, D and C(f) are
all P-acyclic, we obtain the following commutative diagram with exact rows:

SH*T2(D:T)) ———— f(H*2(C:T)) ——— f(H*3(D.C:T))
e! (f(lel (D;T))) —— e%f(Hi (C;T)) — el(f(HH}(D, C:T)))
(o if¢o)T% ¢0Tz (0. Tz
e (f(HFT1(D,C: 1)) — e (f(H*2(C:T)) —— €' (f(HFT2(D:T)))
As in Proposition 3.21, the image of
g*: f(H*"(D:T)) — f(H**(C:T))
is a lagrangian submodule.

For (ii), suppose that (fir: C — D1, (6+¢,¢)) is a (I, S)—double nullcobordism of
(C, ¢). By the above we have that (f}* fX): H**2(D )@ HF2(D,) =~ HF2(C)
is now a direct sum decomposition by complementary lagrangians. |
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Propositions 3.21 and 3.24 have the following corollary, which is well known, but
worth stating in this very general form:

Corollary 3.25 Suppose for a ring with involution R and localisation (R, S) one of
the following holds:

(i) Every S—torsion R—module has homological dimension 1.
(i) (R,S)=(Z[z,z7'], P).

Then if (T, 1) is a nonsingular, e—symmetric linking form over (R, S) that is stably
metabolic, it is metabolic.

Proof Under the correspondence of Proposition 3.15, (7, A) goes to a 1-dimensional
(—&)-symmetric S—acyclic Poincaré complex (C, ¢) over A. If (T, 1) is stably meta-
bolic, there exists an (A, S)-nullcobordism (f: C — D, (§¢, ¢)) by the isomorphism
WEé(A,S) = L?(A, S, —¢) [21, Proposition 3.4.7(ii)]. But then by Proposition 3.21 (in
the case of (i)) or by Proposition 3.24 (in the case of (ii)), (H'(C), Ag) = (T, Q) is
metabolic. |

And the following corollary is clear from Propositions 3.21 and 3.24.

Corollary 3.26 Suppose for a ring with involution R and localisation (R, S) one of
the following holds:

(i) Every S—torsion R—module has homological dimension 1 and R contains a
half-unit.

() (R,S)=(Z[z,z7',(1-2)"1], P).

Then Proposition 3.15 defines a surjective homomorphism
DL**2(R, S, (=1)f*1e) = DW?(R, S),

with right inverse given by the isomorphism DW (R, S) = DL°(R, S, ¢) followed by
the (k+1)—fold skew-suspension S k+1,

4 Double L—groups obstruct double knot-cobordism

In Section 4 we apply the new algebraic results of this paper to the setting of high-
dimensional knot theory. We will prove several new results relating to doubly slice
knots and reprove some known results using our techniques.
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More specifically, for an n—dimensional knot, we will recall how to define a knot
invariant which uses the entire chain complex of a knot exterior, called the Blanchfield
complex. We are expanding the details of a construction originally made by Ranicki
[21, Section 7.9]. We will prove that the class of the Blanchfield complex of a doubly
slice knot vanishes in DL"T1(Z[z,z7!, (1—z)7!], P). For n odd, this result will then
be related to the Seifert and Blanchfield forms of the knot. Using the algebraic results
in the earlier sections of this paper we show that “algebraically stably doubly slice
implies doubly slice” for Blanchfield forms, Seifert forms and Blanchfield complexes.

While the original definition of the Blanchfield complex provided an elegant formulation
for the slice problem, the use of the full chain complex of the knot exterior was
unnecessary for Kervaire [7] and Levine’s [10] solution to this problem. However, its
use as an approach to the doubly slice problem is motivated by the results of Ruberman
[24; 25], where it is shown that there exist high-dimensional doubly slice invariants
beyond the middle-dimensional pairings used by Kervaire and Levine. This suggests
the use of something like the Blanchfield complex really is necessary to study doubly
slice knots. On the other hand, Ruberman’s work also suggests that the fundamental
group 1(S" %2\ K) plays a vital role in this problem, even high-dimensionally, so
the Blanchfield complex over Z[Z] which we will use below cannot be the full story.
These concerns are discussed in our closing remarks.

Notation For the rest of the paper, we use the notation A = Z[z,z~ !, (1-2)71].

4.1 Basic high-dimensional knot theory

A topological n—knot, also called a knot unless it is important to specify n, is an ambient
isotopy class of oriented, locally flat embeddings K: S™ < S”*2 (where all spheres
are considered to have a preferred orientation already). In a standard abuse of notation
we will also use the word knot to mean a particular K in an ambient isotopy class and
the image of K in S”72. The unknot is the ambient isotopy class of U: S" < S"*2,
the standard unknotted n—sphere in the unit sphere S”+2 C R"*3 given by setting the
last two coordinates to 0. The inverse knot —K of a knot K is given by reversing the
orientation on a mirror image of K in $”*2. Any embedding K: S” < S”*2 has
trivial normal bundle and hence, by choosing a framing, we may excise a small, trivial
tubular neighbourhood of the knot from S”*2. Thus, the knot exterior is the manifold
with boundary

(Xk,0Xg) = (cI(S"T2\ (K(S") x D?)), 8" x S')

which has a preferred orientation coming from the ambient S”*2 . The knot exterior X g
is homotopy equivalent to the knot complement S"*2\ K and hence has the homology
of acircle Hy(Xg) = H«(S!) by Alexander duality.
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Sn+2 Dn+3

N x S2

ON x D2
0X 3N

Figure 2: The framed codimension-2 submanifold pair (left), and the exterior
as a triad (right)

If there is a locally flat embedding of the manifold with boundary (F"*1, §7) < §7+2
then we say the embedded F is a Seifert surface for the boundary knot. Every knot K
admits a Seifert surface F"t1 (see Kervaire [7] or Zeeman [31]). For n = 2, the
unknot is characterised as the only knot which admits D"*! as a Seifert surface.

It is always possible to “push” a Seifert surface into the standard D”*3 that cobounds
the ambient sphere S”*2. That is, a locally flat embedding (F"T!, ") < §"+2
can be modified to a locally flat embedding of pairs (F"*1, §") < (D"13,§7+2),
without changing the ambient isotopy class of the bounding knot K, and so that the
embedded F intersects S”*2 in the knot K. If there is a locally flat embedding of
pairs (D, K): (D"*1,8") < (D"*3, §"12) then we say the knot K is slice and the
locally flat embedding D is a slice disc for K.

Any codimension-2 submanifold pair (N,dN) C (D"*3,$"*2) has trivial normal
bundle (see for instance Ranicki [22, Proposition 22.1]), and hence by choosing a
framing we may embed (N, dN) x D? into (D"*3,S"%2). Define the exterior of
such a submanifold pair (with respect to a choice of framing) as the compact, oriented
manifold triad

(YN; XaN, 8+YN; 3X3N)
:= (cl(D" T2\ (N x D?));cl(S" 12\ (N x D?)), N x S1; 0N x S1).

4.2 The Blanchfield complex, knot-cobordism and L—theory

The Blanchfield complex of a knot will be our central object of study and is the
bridge between the algebraic L—theory of the previous sections and our knot-theoretic
applications. The Blanchfield complex is an invariant of an ambient isotopy class of
embeddings K: S” < S"T2 that is defined for both odd- and even-dimensional knots.
It is the symmetric chain complex generalisation of the classical knot invariant called
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the Blanchfield form, which is defined only for odd-dimensional knots. We will define
the Blanchfield form of an odd-dimensional knot below and show how it derives from
the Blanchfield complex.

First we spell out the details of the construction of the Blanchfield complex of an
n—knot K, originally defined by Ranicki in [21, page 822]. We will need the following
well-known proposition whose proof is standard obstruction theory.

Proposition 4.1 Suppose f: (F"t1, §") < (D"*+3,5"%2) js a locally flat embed-
ding of pairs, and write f|s» = K. Then there is a meridian map, that is, a map

m: Ygp — S,

inducing an isomorphism my: H«(Xg) = H«(S') and restricting to projection to the
second factor

mly,y = pry: FxS!—> st
The meridian map is uniquely defined up to homotopy by the fact that it restricts

to projection on 04+Y . If F = D is a slice disc then the meridian map induces an
isomorphism my: Hy«(Yp) =2 H«(S1).

Corollary 4.2 There is a meridian map on the knot exterior
m: X K — S !
uniquely defined up to homotopy by the property that m|gx,: S x S1 — S is

projection to the second factor.

The homotopy class of the meridian map m € [Xg, S!] = [Xk, D" ! x S1] may be
represented by a (degree-1) map of compact, oriented, (7+2)—dimensional manifolds
with boundary,

(f.9f): (Xk.0Xg) — (D"T!1 x S1, 8" x ),
with df the identity map.

Using the standard infinite cyclic cover D"*T! x R — D"*1 x §1 with group of
covering translations Z = (z), we may now apply Ranicki’s symmetric construction
[20, Proposition 6.5] to obtain the associated kernel pair 0*(]7, W), which is an
(n+2)—dimensional symmetric Poincaré pair over the Laurent polynomial ring Z[Z] =
Z|z, z~1] with the involution Z = z~!. The underlying morphism of the pair o*( f, df)
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is given by the morphism g of mapping cones induced by the diagram

) i
C(fY) +—— Cu(Xg) — Cu(D"F! xR)

TR

C(0f") +— Cu(0Xk) o G R)
@)+

where the chain level Umkehr maps f_! and ﬁ! are defined using Poincaré and
Poincaré-Lefschetz duality. We refer the reader to [20, Proposition 6.5] for full details.

Definition 4.3 The Blanchfield complex of an n—knot K: S™ < S**+2 is the (n+2)—
dimensional symmetric complex (Ck,¢k) over Z|[z, z71] defined as the algebraic
Thom construction of the kernel pair 6*(f, df).

Identifying (D"*! x S1, 8" x S!) = (Xy, 0Xy), the Blanchfield complex of K can
be thought of as a measure of the difference between K and the unknot U . In other
words, we can think of the Blanchfield complex as a surgery problem trying to improve
the knot exterior to an unknot exterior via codimension-2 surgery (see Ranicki [21,
Section 7.8]). The Blanchfield complex is an invariant of the ambient isotopy class of K
that is well-defined up to homotopy equivalence of (n+42)—dimensional symmetric
complexes over Z[z,z71].

Proposition 4.4 The Blanchfield complex (Ck, ¢x) of an n—knot K is Poincaré and
such that

In particular, there is an isomorphism in reduced homology H, (Cg) = H, (Xk).
Furthermore,
1—z: Cxk - Ckg

is an automorphism of Ck .

Proof By [21, Proposition 1.3.3], a symmetric complex is Poincaré if and only if it is
the Thom construction of a pair that is homotopy equivalent to a pair of the form

(0: 0— D, (¢,0)).

But indeed, 3f = id: dXg — Xy implies that the chain level Umkehr map 9/ in
hB4 (Z[z,z71]) is a chain homotopy equivalence, so that C(df") is contractible and
the kernel pair o™ (f, df) is of the required form. The direct sum decomposition of
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[20, Proposition 6.5] reduces to the claimed decomposition under the algebraic Thom
construction.

The augmentation &: Z[z, z~!] — Z sending z to 1 fits into the free Z[z, z~!]-module
resolution
1_
0— Z[z,z7 Y = Zlz.z7Y 57 -o.

Applying this coefficient sequence to Cx shows that the statement that 1 — z acts as
an automorphism of Ck is equivalent to saying that Z ®z;, ,-1] Ck is acyclic. But
it is easy to see that Z ®y, ,—17 Ck is acyclic as the original map (f, df) was a Z~
homology equivalence (by Alexander duality, as already noted). Taking the cone C( f")
and forgetting the action of the covering translations results in an acyclic complex. O

Recall that P denotes the set of Alexander polynomials.

Lemma 4.5 If C is a chain complex in hBy (Z[z,z7']) then (1—z): C — C isan
automorphism if and only if there exists p € P such that pH,(C) = 0.

Proof Suppose H.(C) is P—torsion. Then, as localisation is exact,
Huo(P7'Z[z, 27 ®z(, ,-1;C) = 0.

The augmentation map &: Z[z,z~!] — Z from above factors as
e Zlz,z7 - P 'Z[z,z7 1> Z

because p(1) € Z is a unit for all p € P. Hence H«(Z ®gz[; ,-11C) = 0, which
has already been observed to be equivalent to saying that (1 —z): C — C is an
automorphism.

The converse follows just as in the proof of Levine [11, Corollary 1.3]. a

Corollary 4.6 The Blanchfield complex (Ck,¢g) of an n—knot K is an (n+2)—
dimensional P—acyclic symmetric Poincaré complex over Z[z,z~']. Equivalently, by
Proposition 3.22, (Ck, ¢k) is an (n+2)—dimensional P—acyclic symmetric Poincaré
complex over A.

The set of ambient isotopy classes of n—knots, equipped with the operation of connected
sum of knots K1#K5: S < K1 (S")#K,(S") is a commutative monoid called Knots,,,
with unit given by the unknot U. The n—dimensional (topological) knot-cobordism
group is the group given by the monoid construction

Cn := Knots, /{slice knots}.

Algebraic € Geometric Topology, Volume 17 (2017)



322 Patrick Orson

The map
ol:c, —> L"Y(A, P, —1), K (Ck.¢K)

sending a knot to its Blanchfield complex is shown by Ranicki [21, Section 7.8] to give
a well-defined group homomorphism. We refer the reader to the author’s thesis [16,
Lemmas 6.3.7 and 6.3.8] for a proof using only the tools developed in this paper.

4.3 Seifert and Blanchfield forms of a (2k +1)-knot

In this subsection we briefly recall some standard definitions, and a theorem from
another paper by the author, which we shall need for the next subsection.

Suppose n =2k +1. An n—dimensional knot has two very tractable and well-understood
homological invariants, called the Blanchfield and Seifert forms of the knot. The
Blanchfield form can be defined directly from the Blanchfield complex but the Seifert
form depends on a choice of Seifert surface j: F < S"%2 for the knot K so cannot
be derived from the Blanchfield complex without this extra information. However, the
(double) Witt class of the Blanchfield form does determine the (double) Witt class of
any choice of Seifert form.

Definition 4.7 The Blanchfield form for K is the nonsingular (—l)k—symmetric
linking form over (Z[z,z7'], P) defined by Proposition 3.24:
Bl: f(H*2(Ck)) x f(H*2(Ck)) — P Z[z,z7Y/Z[z, 27 1]

Remark This definition is Poincaré dual to the common definition of a Blanchfield
form as given for example by Levine [11].

If P is a finitely generated Z-module, denote the torsion-free component by f(P) :=
P/TP.

Definition 4.8 Given a choice of Seifert surface, the Seifert form of (F, K) is the
(well-defined) (—1)K*!1_symmetric Seifert form (f(H*T1(F)), ) over Z given by
i SEHSYE) < fHFNUE) > 2, ) e 1(xi(0),

where [ denotes linking number, x = uN[F], y=vN[F]and i: F — S""2\ F
is defined by translation in the positive normal direction. It has the property that
(f(Hk‘H(F)), v+ (—l)k"'llﬂ*) is the nonsingular, (—1)k+1—symmetric middle-
dimensional cohomology intersection pairing of F.
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Any choice of Seifert form determines the Blanchfield form via the algebraic analogue
of the cut-and-paste construction of the infinite cyclic cover of the knot exterior. For
precise details of this, see Levine [11]. On the level of Witt groups, we show in another
paper [17] that the algebraic cut-and-paste construction gives rise to the following:

Theorem 4.9 (covering isomorphism [17, Theorem 4.8]) For any R, there is an
isomorphism of groups

B: DWs(R) => DW4(R[z,z" ", (1—-z2)""], P),

where B is the algebraic covering morphism of Ranicki [23].

4.4 Double knot-cobordism and double L—theory

Recall the definition of a doubly slice knot from Section 1. We finally show that the
Blanchfield complex gives the desired invariant of doubly slice knots. As a consequence
of this and the various algebraic work we have done in Sections 2 and 3 we obtain
several new results for high-dimensional doubly slice knots, and some reproofs (from a
very different perspective) of previously known results.

If K, K’ are doubly slice n—knots then Stoltzfus [27] showed K # K’ is also doubly
slice. Hence the doubly slice knots form a closed submonoid of Knots,, .

Definition 4.10 The n—dimensional (topological) double knot-cobordism group is the
group given by the monoid construction

DC,, := Knots, /{doubly slice knots}.
Simple doubly slice knots are similarly a closed submonoid of Knotsﬁ,imp. So define

Dczimp = Knots;imp /{simple doubly slice knots}.

Proposition 4.11 If K is doubly slice then the Blanchfield complex (Ck, ¢x) is
algebraically double nullcobordant.

Proof We must check that Blanchfield complex of a doubly slice knot K admits
complementary (A, P)-nullcobordisms. Given a single slice disc (D, K), represent
the homotopy class of the meridian map m € [Yp, S| =[Y, D" 3 x S!] by a (degree-1)
map of compact oriented manifold triads

F = (f.0f.0'f.00f): (Yp: Xk, 04+ YD:;0XKk)
N (Dn+3 XSI;Dn+1 XSl,Dn+1 XSI;Sn XSI),
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Figure 3: The surgery problem determining the kernel triad

where both 9’ f and 09/ are identity maps. (We can think of F as a map from the
slice disc exterior to the “trivial slice disc” exterior.)

Using the standard Z—cover D"T3 xR — D"*3 x S we use Ranicki’s symmetric
construction to obtain the kernel triad o*(F') = (T, (®, 8¢, 8¢, ¢)), some (n+3)—
dimensional symmetric Poincaré triad in hB, (Z[z,z7!]). Now the relative alge-
braic Thom construction on this triad results in the set of pairs {x,x’}. But as
C39f"), C(@ f') ~0, we have

x = (C@f") = C(fH). (2/0.59/0)).

x'= (0= C(CAfY) = C(F). (9/5¢.0/0)).
Hence we have the pair x = (Cx — C(f"), (®, ¢k )) for (Ck, ¢x) the Blanchfield com-
plex of K. We need to show x is an algebraic nullcobordism in hC 4 (Z[z,z71], P),
in other words, that x is a P-acyclic Poincaré pair. But the kernel triad o*(F) is
Poincaré, so by definition of a Poincaré triad (0 Ug Cx — C(f"), (®,0Ug ¢x)) = x
is Poincaré. Furthermore, the meridian map m is a homology equivalence on Yp and
on Xk, so by the same arguments as in Proposition 4.4 and Lemma 4.5, the Poincaré

pair x is moreover in #C4(Z[z,z™!], P). Now, by Proposition 3.22, x is also a
(A, P)—nullcobordism

Hence taking now a pair of complementary slice discs (D4, K) results in a pair of
morphisms of compact oriented manifold triads

Fy ~ (f+:0f%,id;id): (Yp,:0Xk.d0Yp,;0Xsx) — (Yu:0Xy, doYy: dXy),
which result in a pair of (A, P)-nullcobordisms of the Blanchfield complex
xx = (Cx = C(f). (P£.¢K))-

We wish to check that the algebraic union x4+ U x_ is chain homotopy equivalent to 0.
But the underlying chain complex of an algebraic glueing is given by a certain mapping
cone on the chain level. The same is true for the algebraic Thom construction on a pair,

Algebraic € Geometric Topology, Volume 17 (2017)



Double L—groups and doubly slice knots 325

and the construction of the kernel triads. We may perform these mapping cones in any
order and receive the same result, hence the underlying chain complex of x4 Ux_ is the
result of performing these operations in the following order: glue the maps of algebraic
triads F.' U F_' (by glueing the triads along the knot exteriors C(Xg)), form the
kernel triad o (F4' U F_'), then perform the algebraic Thom construction on this triad.
But as the slice discs (D, K) were complementary, we have that the union Dy Ug D_
is unknotted in $”*3 and hence F,'UF_' is chain homotopic to the identity. Therefore
the triad o (Fy' U F_') is contractible and hence x; U x_ ~~ 0 as required. m|

Remark The transitivity of the double L—groups mean that we have just given a
partial affirmative answer to an algebraic question of Levine [12, 3(2), page 255]. There
is no cup-product type algebra structure in algebraic L-theory, so we have not yet
completely answered Levine’s question. However we conjecture that the techniques of
double L-theory could be modified to include this sort of product structure and answer
this question affirmatively.

The following corollary was already shown to be true by Kearton [5, Corollary 3], but
Proposition 4.11 combined with Proposition 3.24 gives a different proof.

Corollary 4.12 The Blanchfield form of an odd-dimensional doubly slice knot is
hyperbolic.

We now have the following group homomorphisms obstructing double knot-cobordism:
Corollary 4.13 For n > 1, there is a well-defined homomorphism
oPL:pe, - DL" Y (A, P,—1), [K]~ (Ck.¢x).
When n = 2k + 1 there is a well-defined homomorphism
_1)k
oP".pC, - DWEV(A, P),  [K] (F(HFT2(C)), Age).
and for any choice of Seifert surface F there is a well-defined homomorphism
P DCy — DW(_1ye1 (Z),  [K] = (f(HFTUEF)) p).
(This final morphism uses Theorem 4.9.)

We also combine some of the algebraic results from Section 3 to prove a new result
about Seifert forms for knots.

Theorem 4.14 Every Seifert form for an odd-dimensional doubly slice knot K is
hyperbolic.
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Proof Combining Theorem 4.9 and Corollary 4.12 shows that every Seifert form
for K is stably hyperbolic. But by Corollary 3.14, stably hyperbolic Seifert forms are
hyperbolic. |

We now have several algebraic responses to Question 1.1:

Theorem 4.15 Suppose for n > 1 that an n—knot K is stably doubly slice. Then the
double L—class oPL(K) € DL"T1(A, P) of the Blanchfield complex vanishes. If
n =2k + 1 then the Witt classes o % (K) € DW D" (A, P) of the Blanchfield form
and the Witt class o 3, (K) € D/I\/V(_l)k-i—] (Z)) of any choice of Seitert form all vanish.

If we assume we are dealing with a simple knot, the algebraic results of Section 3 yield
the following partial answer to Question 1.1.

Theorem 4.16 For odd n = 2k + 1 > 1, a simple n—knot K has [K] =0 € DCY™ if
and only if K is doubly slice.

Proof “If” is clear. Conversely, if oPL(K) = 0, we have that the Blanchfield form
(T,7A) for K has (T,A) =0¢ pWw Dk (A, P). But by Corollary 3.20, this means
(T, A) is hyperbolic. Hence any Seifert surface F for K has hyperbolic Seifert form
by Corollary 3.14. Take a basis of H¥T1(F:Z) with respect to which the matrix
of the Seifert form is hyperbolic. The Poincaré dual basis to this can be realised by
framed, embedded (k+1)—spheres which can be used as instructions for surgery on F
to realise two complementary slice discs as in [28, Theorem 3.1] (case k > 1) and [6]
(case k = 1). m]

This is not the first proof of Theorem 4.16. In [1], Bayer—Fliickiger and Stoltzfus obtain
a slightly less general form of Corollary 3.20 by very different methods to our own.
The authors derive Theorem 4.16 from this.

We finish with some remarks highlighting some subtleties of the doubly slice problem,
contrasting the slice problem, and indicating possible directions for future investigations.

Remark (1) According to the work of Ruberman [24, Theorem 4.17], [25, Theo-
rem 3.3], in every odd dimension, there exists an infinite family of knots with hyperbolic
Blanchfield form but which are not doubly slice. When n # 1 all knots in the family
have exteriors which are homotopy equivalent (rel boundary, preserving meridians)
to one another and to a doubly slice knot. When n = 1 the exteriors have the same
Z|Z])-homology type. There is a similar result in all even dimensions [24; 25]. One
consequence is that there can be no general procedure that modifies a knot within its
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double knot-cobordism class to be simple. There is no double surgery below the middle
dimension. That is,

DCy 2 D™ .

(2) The mechanism for detecting non-doubly slice knots in Ruberman’s work is a
high-dimensional application of the Casson—Gordon invariants. The definition and
nonvanishing of these invariants requires interesting cyclic representations of the fun-
damental group 71 (S”*2\ K). There are no known Ruberman-type examples for
71(S" T2\ K) = Z. Our groups DL" (A, P) may form part of a full classification
of the doubly slice knots with 71 (S 12\ K) 2 Z. Note as well that although through-
out Section 4 we have worked with the coefficient rings Z[Z] and A, the algebraic
framework we have developed in this paper is robust enough to handle nonabelian
fundamental groups, which we hope will be the topic of future work.

(3) One might suppose that the doubly slice obstructions seen by the Blanchfield
form over Z[Z] encompass all abelian homological obstructions and that the use of the
Blanchfield complex over Z[Z)] is redundant as it does not use the fundamental group
m1(S™ 2\ K) (after all, this is the case in the slice problem). But in fact, abelian
homology-level secondary obstructions were identified by Levine [12, page 252].
These homology-level obstructions involve the ring structure in cohomology. Product
structures like this are not well accounted for in L-theory and are not seen by a class
in double L—theory.

References

[1] E Bayer-Fluckiger, N W Stoltzfus, Stably hyperbolic e—Hermitian forms and doubly
sliced knots, J. Reine Angew. Math. 366 (1986) 129-141 MR

[2] TD Cochran, KE Orr, P Teichner, Knot concordance, Whitney towers and L2%-
signatures, Ann. of Math. 157 (2003) 433-519 MR

[3] D Crowley, W Liick, T Macko, Surgery theory, unpublished textbook in
progress (2015) Available at http://www.math.uni-bonn.de/people/macko/
surgery-book.html

[4] RHFox, A quick trip through knot theory, from “Topology of 3—manifolds and related
topics”, Prentice Hall, Englewood Cliffs, NJ (1962) 120-167 MR

[5] C Kearton, Cobordism of knots and Blanchfield duality, J. London Math. Soc. 10
(1975) 406-408 MR

[6] C Kearton, Simple knots which are doubly-null-cobordant, Proc. Amer. Math. Soc. 52
(1975) 471-472 MR

Algebraic € Geometric Topology, Volume 17 (2017)


http://dx.doi.org/10.1515/crll.1986.366.129
http://dx.doi.org/10.1515/crll.1986.366.129
http://msp.org/idx/mr/833015
http://dx.doi.org/10.4007/annals.2003.157.433
http://dx.doi.org/10.4007/annals.2003.157.433
http://msp.org/idx/mr/1973052
http://www.math.uni-bonn.de/people/macko/surgery-book.html
http://www.math.uni-bonn.de/people/macko/surgery-book.html
http://msp.org/idx/mr/0140099
http://dx.doi.org/10.1112/jlms/s2-10.4.406
http://msp.org/idx/mr/0385873
http://dx.doi.org/10.2307/2040187
http://msp.org/idx/mr/0380817

328

(7]

(8]

(10]

(11]
[12]

[13]

[14]

[15]

[16]

[17]
(18]

(19]

[20]

(21]

(22]
(23]

[24]

[25]

(26]

Patrick Orson

M A Kervaire, Les neeuds de dimensions supérieures, Bull. Soc. Math. France 93
(1965) 225-271 MR

T Kim, New obstructions to doubly slicing knots, Topology 45 (2006) 543-566 MR

CF Letsche, An obstruction to slicing knots using the eta invariant, Math. Proc.
Cambridge Philos. Soc. 128 (2000) 301-319 MR

J Levine, Knot cobordism groups in codimension two, Comment. Math. Helv. 44 (1969)
229-244 MR

J Levine, Knot modules, I, Trans. Amer. Math. Soc. 229 (1977) 1-50 MR

J Levine, Doubly sliced knots and doubled disk knots, Michigan Math. J. 30 (1983)
249-256 MR

J P Levine, Metabolic and hyperbolic forms from knot theory, J. Pure Appl. Algebra
58 (1989) 251-260 MR

C Livingston, J Meier, Doubly slice knots with low crossing number, New York J.
Math. 21 (2015) 1007-1026 MR

J Meier, Distinguishing topologically and smoothly doubly slice knots, J. Topol. 8
(2015) 315-351 MR

P Orson, Double L—theory, PhD thesis, University of Edinburgh (2015) Available at
http://arxiv.org/abs/1503.06988

P Orson, Double Witt groups, preprint (2015) arXiv

M Powell, A second order algebraic knot concordance group, PhD thesis, University
of Edinburgh (2011) Available at http://arxiv.org/abs/1109.0761

A RanicKi, The algebraic theory of surgery, I: Foundations, Proc. London Math. Soc.
40 (1980) 87-192 MR

A RanicKi, The algebraic theory of surgery, II: Applications to topology, Proc. London
Math. Soc. 40 (1980) 193-283 MR

A Ranicki, Exact sequences in the algebraic theory of surgery, Mathematical Notes 26,
Princeton University Press (1981) MR

A Ranicki, High-dimensional knot theory, Springer, New York (1998) MR

A Ranicki, Blanchfield and Seifert algebra in high-dimensional knot theory, Mosc.
Math. J. 3 (2003) 1333-1367 MR

D Ruberman, Doubly slice knots and the Casson—Gordon invariants, Trans. Amer.
Math. Soc. 279 (1983) 569-588 MR

D Ruberman, The Casson—Gordon invariants in high-dimensional knot theory, Trans.
Amer. Math. Soc. 306 (1988) 579-595 MR

N W Stoltzfus, Unraveling the integral knot concordance group, Mem. Amer. Math.
Soc. 192 (1977) MR

Algebraic € Geometric Topology, Volume 17 (2017)


http://www.numdam.org/item?id=BSMF_1965__93__225_0
http://msp.org/idx/mr/0189052
http://dx.doi.org/10.1016/j.top.2005.11.005
http://msp.org/idx/mr/2218756
http://dx.doi.org/10.1017/S0305004199004016
http://msp.org/idx/mr/1735303
http://dx.doi.org/10.1007/BF02564525
http://msp.org/idx/mr/0246314
http://dx.doi.org/10.2307/1998498
http://msp.org/idx/mr/0461518
http://dx.doi.org/10.1307/mmj/1029002856
http://msp.org/idx/mr/718271
http://dx.doi.org/10.1016/0022-4049(89)90040-6
http://msp.org/idx/mr/1004605
http://nyjm.albany.edu:8000/j/2015/21_1007.html
http://msp.org/idx/mr/3425633
http://dx.doi.org/10.1112/jtopol/jtu027
http://msp.org/idx/mr/3356764
http://arxiv.org/abs/1503.06988
http://arxiv.org/abs/1503.06988
http://msp.org/idx/arx/1508.00383
http://arxiv.org/abs/1109.0761
http://dx.doi.org/10.1112/plms/s3-40.1.87
http://msp.org/idx/mr/560997
http://dx.doi.org/10.1112/plms/s3-40.2.193
http://msp.org/idx/mr/566491
http://msp.org/idx/mr/620795
http://dx.doi.org/10.1007/978-3-662-12011-8
http://msp.org/idx/mr/1713074
http://www.ams.org/distribution/mmj/vol3-4-2003/ranicki.pdf
http://msp.org/idx/mr/2058802
http://dx.doi.org/10.2307/1999553
http://msp.org/idx/mr/709569
http://dx.doi.org/10.2307/2000812
http://msp.org/idx/mr/933307
http://dx.doi.org/10.1090/memo/0192
http://msp.org/idx/mr/0467764

Double L—groups and doubly slice knots 329

[27] N W Stoltzfus, Algebraic computations of the integral concordance and double null
concordance group of knots, from “Knot theory” (J-C Hausmann, editor), Lecture Notes
in Math. 685, Springer, Berlin (1978) 274-290 MR

[28] D W Sumners, Invertible knot cobordisms, Comment. Math. Helv. 46 (1971) 240-256
MR

[29] CT C Wall, Surgery on compact manifolds, London Math. Soc. Monogr. 1, Academic
Press, London (1970) MR

[30] C A Weibel, An introduction to homological algebra, Cambridge Studies in Advanced
Mathematics 38, Cambridge University Press (1994) MR

[31] E C Zeeman, Unknotting combinatorial balls, Ann. of Math. 78 (1963) 501-526 MR

Department of Mathematics, Durham University
Lower Mountjoy, Stockton Road, Durham, DH1 3LE, United Kingdom

patrick.orson@durham.ac.uk

http://www.maths.dur.ac.uk/~vkdx72/

Received: 1 December 2015 Revised: 11 April 2016

Geometry € Topology Publications, an imprint of mathematical sciences publishers :.msp


http://dx.doi.org/10.1007/BFb0062967
http://dx.doi.org/10.1007/BFb0062967
http://msp.org/idx/mr/521738
http://dx.doi.org/10.1007/BF02566842
http://msp.org/idx/mr/0290351
http://msp.org/idx/mr/0431216
http://dx.doi.org/10.1017/CBO9781139644136
http://msp.org/idx/mr/1269324
http://dx.doi.org/10.2307/1970538
http://msp.org/idx/mr/0160218
mailto:patrick.orson@durham.ac.uk
http://www.maths.dur.ac.uk/~vkdx72/
http://msp.org
http://msp.org




	1. Introduction
	1.1. The slice and doubly slice problems
	1.2. Chain complex double cobordism and double L–groups
	The stably doubly slice question

	2. Double L–theory
	2.1. Algebraic conventions and localisation
	Torsion modules and duality
	Chain complex conventions
	2.2. Structured chain complexes and algebraic cobordism
	Chain complexes with symmetric structure
	Chain complexes with ultraquadratic structure
	Algebraic Thom construction
	Poincaré complexes and L–groups
	2.3. Chain complex double cobordism and DL–groups
	Ultraquadratic DL–groups
	Symmetric DL–groups
	2.4. Surgery above and below the middle dimension

	3. Double Witt groups and double L–groups
	3.1. Forms and linking forms
	3.2. Double Witt groups
	3.3. The 0–dimensional double L–groups as double Witt groups
	Ultraquadratic double L–groups and Seifert forms
	Double Witt groups of linking forms
	3.4. The linking and Blanchfield form of a symmetric Poincaré complex
	The special algebraic case of Blanchfield forms

	4. Double L–groups obstruct double knot-cobordism
	4.1. Basic high-dimensional knot theory
	4.2. The Blanchfield complex, knot-cobordism and L–theory
	4.3. Seifert and Blanchfield forms of a (2k+1)–knot
	4.4. Double knot-cobordism and double L–theory

	References

