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Abstract

We provide a thorough construction of a system of compatible determinant line bundles over
spaces of Fredholm operators, fully verify that this system satisfies a number of important prop-
erties, and include explicit formulas for all relevant isomorphisms between these line bundles.
We also completely describe all possible systems of compatible determinant line bundles and
compare the conventions and approaches used elsewhere in the literature.
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1 Introduction

A Fredholm operator between Banach vector spaces X and Y is a bounded homomorphism
D: X —Y such that
ImD = {Dz: z€X}

is closed in Y and the dimensions of its kernel and cokernel,
k(D) = {zeX: Dz=0} and ¢«(D)=Y/(Im D),

are finite.! The space F(X,Y) of Fredholm operators is an open subspace of the space B(X,Y) of
bounded linear operators D: X — Y in the normed topology; see [13, Theorem A.1.5(ii)]. Quillen’s
construction, outlined in [15, Section 2], associates to each Fredholm operator D a Zg-graded one-
dimensional vector space A(D) = det D, called the determinant line of D, and topologizes, in a
systematic way, the set
det XY = |_| )\(D)
DeF(X,Y)

as a line bundle over F(X,Y) for each pair (X,Y) of Banach vector spaces. There are in fact
infinitely many compatible systems of such topologies, all of which we describe in Section 3.4; they
are isomorphic pairwise. This is contrary to suggestions in many papers that there is a unique way
of topologizing determinant line bundles in a systematic way and can be viewed as capturing the
essence of the unique up to a canonical isomorphism statement in [11, Theorem 1]. We describe
some intrinsic and not so-intrinsic ways of narrowing down the choices and of choosing a specific
system at the end of Subsection 2.2 and at the end of Remark 3.1.

The determinant line bundle plays a prominent role in a number of geometric situations, but
unfortunately there appears to be no thorough description of its construction and properties in
the literature. The key issue in its construction is the existence of a collection of (set-theoretic)
trivializations for detxy, such as Zp 7 in (2.26) and f@;p in (3.2), that overlap continuously.
The justification for the existence of such a collection in [15] consists of an allusion to some un-
specified collection of compatible isomorphisms relating the determinant line bundles in the short
exact triples

0 0 Rk—i—m Rk—i—m 0
i i l (L.1)
0 Retm™ > Retm 0 0

of homomorphisms, where the middle arrow is the projection onto the last m coordinates. Explicit
formulas for such a collection of isomorphisms appear in [1, Section (f)], [9, Section 3.2.1], [12,
Section 20.2], [13, Appendix A.2], [16, Section 2|, and [17, Section (11a)], while [10, Appendix D.2]
and [11, Chapter I] describe it more abstractly. The proof of [13, Theorem A.2.2] uses them to
describe trivializations for determinant line bundles for Fredholm operators without checking that
they overlap continuously, which in fact is not the case, as discovered by [14]; see Section 3.3 for
more details. Key properties of such collections of isomorphisms necessary for the construction of
the determinant line bundle are specified in [1], [12], [17], and the construction itself is then briefly

!The first condition is implied by the other two, but is traditionally stated explicitly.



outlined. The discussion of the relevant linear algebra considerations is more extensive in [10], but
it contains an important deficiency, which is described in Remark 4.9, and does not complete the
construction. However, the general approach of [10, Appendix B] is well-suited for an explicit con-
struction of the determinant line bundle and the analysis of its properties. Explicit formulas for the
above collection are used directly to topologize determinant line bundles over spaces of Fredholm
operators and for Kuranishi structures in [16] and [14], respectively. The latter are closely related
to the two-term case of the bounded complexes of vector bundles for which a determinant line
bundle is constructed in [11]. As explained in detail in Section 3.2, using [11, Theorem I], which
predates [15], is perhaps the most efficient way for constructing the determinant line bundle and
verifying its properties and would eliminate the need for most of our Section 4, but at the cost of
explicit formulas for important isomorphisms (which may well be useful in specific applications)
and of being self-contained. None of the above works explicitly considers most of the non-trivial
properties of the determinant line bundle for Fredholm operators listed in Subsection 2.2.

This paper provides a comprehensive construction of a system of determinant line bundles and
a complete verification of many important properties it satisfies. Section 2 sets up the necessary
notation and precisely describes the properties we later show this system satisfies. Section 3.1
outlines the determinant line bundle construction carried out in this paper and three alternative
approaches, while Section 3.2 provides more details for the approach based on the results obtained
in [11]. Section 3.3 compares several conventions for the determinant line bundle that have appeared
in the literature. Section 3.4 establishes Theorem 2, which describes all determinant line bundle
systems satisfying the properties in Subsection 2.2 and shows that such systems correspond to
collections of isomorphisms

Aic: A(RY) — R, i€Z, ceZT, ¢> —i, (1.2)

that are orientation-preserving if ¢,c€2Z. In contrast to the viewpoint of the previous paragraph,
there are no compatibility conditions on the isomorphisms in these collections. By Theorem 2,
the compatible systems of topologies on determinant line bundles correspond to the compatible
systems of isomorphisms for the exact triples (1.1) and to the compatible collections of isomor-
phisms for exact triples of Fredholm operators. Section 4, which is motivated by [11, Section 1] and
[10, Appendix D.2], deals with the relevant linear algebra. In particular, Subsection 4.2 provides
explicit formulas for a collection of exact triple isomorphisms Wy as in (2.27) and dualization isomor-
phisms Dp as in (2.36) satisfying all properties of Subsection 2.2; see (4.10) and (4.13), respectively.
Section 5 concludes this paper with topological arguments; this section is motivated by the ap-
proach in [13, Appendix A.2]. Many of the individual steps that we describe in this paper are not
new. However, even the full statement of Theorem 1 on page 14 does not seem to appear elsewhere.

The author would like to thank M. Abouzaid, P. Georgieva, H. Hofer, Y.-Z. Huang, D. McDuff,
D. Salamon, and K. Wehrheim for related discussions, the referee for pointing out additional
relevant literature, and the IAS School of Mathematics for hospitality.

1.1 Post-publication updates

The present version of this paper contains one modification and two additions to the mathematical
content of the published version, which are described below. The statements of the theorems,
1 on page 14 and 2 on page 35, and the discussions of the connections between various properties



have been updated in accordance with these changes. Subsections 4.3, 5.1, and 5.2 have been
changed from the collections of specific isomorphisms ¥ in (4.10) and Dp in (4.13) to collections
of such isomorphisms satisfying certain properties. Furthermore, Section 2 has been split into
two subsections, and more details have been added to some arguments as well. The enumeration
of theorems, propositions, etc. has not changed from the published version, but many equations
numbers in Section 2 and some in Section 5 have changed.

Naturality II property broadened to quasi-isomorphisms. The Naturality II property on
page 13 has been broadened from isomorphisms of exact triples of Fredholm operators in the pub-
lished version to quasi-isomorphisms. In the present version of the paper, we refer to the previous
version of this property as the isomorphism Naturality II property. Relatedly, the Naturality III
and Normalization III, IIT* properties in the published version of the paper are now called Nor-
malization III, IV, IV*, respectively.

While no issues have been discovered with any formal statements in the published version, the
informal summary of connections between the various properties was off. In particular, the iso-
morphism Naturality II, Normalization ILIII, and Compositions I,II properties do not imply the
Exact Squares property. For example, the collection of exact triple isomorphisms Wy in (2.27) given
by (4.10) satisfies the (full) Naturality II, Normalization IL,III, and Compositions I,II properties.
For each Fredholm operator D, let

Ap =

otherwise.

{—1, if ¢(D) # 0, dimdom(D) = oo;
L,

For each exact triple t of Fredholm operators as in (2.6), let

v {ADZ;D”\IQ, if dimdom(D’),dimdom(D") = oc;
=

Wy, otherwise.

The new collection of exact triple isomorphisms W satisfies the isomorphism Naturality II, Nor-
malization IIIII, and Compositions LIl properties. However, this collection does not satisfy the
full Naturality II property, for quasi-isomorphisms between exact triples with infinite- and finite-
dimensional Fredholm operators. Since the isomorphism Naturality II, Normalization ILIII, and
Exact Squares properties imply the Naturality II property by Subsection 3.4, the above collec-
tion {W{}¢ does not satisfy the Exact Squares property either.

Complex orientations. For a C-linear Fredholm operator D between Banach vector spaces X
and Y with complex structures, the determinant line A\(D) has a canonical orientation. Such ori-
entations are sometimes used to orient the determinant lines for other operators by transferring
them along paths of Fredholm operators. The Complex Orientations, Complex Exact Triples, and
Dual Complex Orientations properties on pages 11, 14, and 19 have been added to require the
topologies on the determinant line bundles, isomorphisms for exact triples of Fredholm operators,
and dualization isomorphisms to be compatible with these orientations. As indicated by the proof
of Theorem 2 in Subsection 3.4, these properties do not cut down on the admissible systems of
determinant line bundles significantly.



Wall-crossing for orientations. If D is an isomorphism between Banach vector spaces X
and Y, the determinant line A\(D) again has a canonical orientation. By the Normalization I prop-
erty on page 12, these orientations vary continuously over the space of isomorphisms. Subsection 5.3
has been added to give a criterion determining whether the extension of the canonical orientation
for an isomorphism D over a generic path in F(X,Y) ending an another isomorphism D’ restricts
to the canonical orientation of A(D’). The answer turns out to be independent of the choice of an
admissible system of determinant line bundles. Along with the added complex orientation prop-
erties, this implies that the signs defined in certain geometric settings, such as in Gromov-Witten
theory, by transferring orientations from C-linear operators along paths do not depend on the
choice of either C-linear operators or an admissible system of determinant line bundles.

2 The determinant line bundle

2.1 Notation and terminology

All vector spaces we consider are over R. We denote by 9(V') the dimension of a vector space V/
and by
AV)= APy = VYV and - M(V) = (AV))”

the top exterior power of V' and its dual, whenever 3(V') <oco. We view A(V) and \*(V') as graded
lines of degrees

deg A\(V),deg A\ (V) =d(V) + 2Z € Zs.

For any two Zs-graded lines L; and Lg, we define

deg L1 ® Ly = deg L1 + deg Lo,
R:Li®Ly — Lo®Lq, R(v1®v9) = (_1)(degL1)(degL2)U2®vl‘ (2.1)

If £, Lo — F are Zs-graded line bundles (each fiber has a grading varying continuously over F),
the fiberwise isomorphisms R give rise to an isomorphism

R:Li1QLy — Lo®Ly

of Zo-graded line bundles over F. If L is a line and v€ L—0, we define v* € L* by v*(v)=1.

For a finite-dimensional vector space V', we define
PAVH) — X (V), {P(aah... Aaw)Y(w1A. .. Avg) = (=1)E) det (i(v;)ijetm (2:2)

and denote the inverse of P also by P. The advantages of the isomorphism (2.2) over the isomor-
phism induced by the first pairing in (3.10) are that the former respects complex orientations and
fits better with short exact sequences; see (2.24) and the last statement of Lemma 4.2.

For a Fredholm operator D: X — Y, we define
A(D) = AMk(D)) @ X*(¢(D)) (2.3)
with the grading

deg A\(D) =ind D + 2Z =d(k(D)) — (¢(D)) + 27 € Zs.



This is the same definition as in [12, Section 20.2] and [14, Section 7.4]; we discuss alternative
versions of (2.3) in Subsections 3.2 and 3.3.

Morphisms. A homomorphism between Fredholm operators D: X —Y and D’: X’ —Y" is a pair
of homomorphisms ¢: X — X" and ¢: Y — Y’ so that D’o¢p=10D. A quasi-isomorphism between
Fredholm operators D and D’ is a homomorphism (¢,): D — D’ that induces isomorphisms

br: k(D) — k(D) and Ye: ¢(D) — (D).
In such a case, we denote by

Aéw): A(K(D)) — A(K(D"), A ) : Me(D')) — A(e(D)),
Tywip: MD) — MD'), z@a — (Mon)z) @ (ao(¥ih)) (2.4)

the induced isomorphisms of the associated lines. An isomorphism between Fredholm operators D
and D' is a homomorphism (¢,1)): D — D’ so that ¢ and 1 are isomorphisms.

Isomorphisms ¢: X — X’ and 1/: Y — Y’ between Banach vector spaces induce a homeomorphism
Tyy: F(X,Y) — F(XY), IW/)(D):qﬁoDoqs_l,

In particular, (¢,): D —Zy (D) is an isomorphism of Fredholm operators for each D e F(X,Y).
Putting the isomorphisms Zy 4. p in (2.4) together, we obtain a bundle map

fd,,w: detxy — I;;’wdetx/’y/ (2.5)
covering the identity on F(X,Y).
Exact Triples. An exact triple of Fredholm operators,

0—D —D-—D"—0,

is a commutative diagram

0 XX oy X 0
iD/ \LD \LD// (2.6)
0 y Yy Yy 0

of homomorphisms between Banach vector spaces with exact rows and with Fredholm operators
as columns. A quasi-isomorphism

0 D} Dr DY 0
| | |
(@) 6w (@) 2.7
v v v 27
/ 1
0 D, Dg D}, 0

between exact triples

0— D} — Dpr — D} — 0 and 0— Dy — Dg — D — 0



of Fredholm operators are homomorphisms

0 X/, X X/ 0 0 Yy Y 4 0
\Lqﬁ/ l(ﬁ iqb// \Ld}/ lw \Ld}/l
0 X, Xp X} 0 0 Yy, Vi ¢4 0

of short exact sequences of Banach vector spaces so that (¢',v’), (¢,v), and (¢”,v¢") are quasi-
isomorphisms between the Fredholm operators D7 and D, Dt and Dg, and D and Df, respec-
tively. An isomorphism between exact triples of Fredholm operators as above is a quasi-isomorphism
between these exact triples as in (2.7) so that the homomorphisms ¢/, ¢, ¢, 1, ¢" 1" are isomor-
phisms.

For Banach vector spaces X,Y, X" Y/, X" Y" let

T(X Y X, Y5 X", Y)

2.8
CFX,Y)x F(X,Y) x F(X",Y") x B(X', X) x B(X,X") x BY',Y) x B(Y,Y") (2:8)

be the subspace of tuples (D,D’, D" ix,jx,iy,jy) so that (2.6) is an exact triple of Fredholm
operators. Denote by
ro, L, mr: T (X, Y XY X" YY) — F(X,Y), F(X, Y, F(X",Y")
the restrictions of the projection maps. For x=".", denote by
THX,V; X Y, X" Y cT(X,)YV; X, Y X" Y

the subspace of diagrams (2.6) so that D* is an isomorphism.

IfteT'(X,Y; X, Y: X" V") is as in (2.6), (jx,jy) is a quasi-isomorphism between the Fredholm
operators D and D”. With the notation as in (2.4), define
I: A(DY@AD") — A(D),  Z((1e1%)@d") =1 (") (2.9)

Ifte7T"(X,Y; X' Y'; X" Y") is as in (2.6), (ix,iy) is a quasi-isomorphism between the Fredholm
operators D’ and D. Define

7! M(D"Y®AND") — XN(D), I/ (o' 2(101%) = Liy iy (o). (2.10)

Direct Sums. For Banach vector spaces X', Y’ X", Y" the direct sum operation
@: FX/YY)xFX"Y" — FX'eoX" Yo", (D', D"y — D'eD",
is a continuous map. For any D€ F(X,Y) and a Banach vector space Z, the projections

(p,0): (ZoX,Z®Y) — (X,Y) and (p,0): (X@Z,YZ) — (X,Y)



are quasi-isomorphism between the Fredholm operators idz® D, D, and D®idz. Via (2.4), they
thus determine identifications

Midy @ D) =A(D) = A(D@idy), (2.11)
(0,z1)A. . .A(0,z1) ® ((O,yl)/\. . ./\(O,yg))ﬂ< S TIN AT ® (yl/\. . ./\yg)>|<
> (21,00 A A(25,0) @ ((y1,0)A. . . A(ye, 0)

We denote by
RX/7XI/2X/@X” — X"eX' and
Rr: FIX,Y)xF(X",Y") — FX"Y")x F(X',Y)
the maps interchanging the two factors. Let
o FXLY)xFX" YY" — FX"aX',Y'®Y') and
EB: .F(X/, Y/) > .F(X//, Y”) « ];(‘X///7 Y///) N .F(X/@X”@Xm, YI@YH@Y”/)
be the compositions

yn ©D and (2.12)
@O@Xid}‘(xu/’y///) = @Oid]:(X/’Y/)X@, (213)

®oRF =LRys yn.Rys

respectively.

We associate the direct sum D'@ D" of Fredholm operators D': X’ — Y’ and D": X" —Y" with
the commutative diagram

ix(2') = (2/,0)

OHXng,@XHLXHHO ; , p "
ix(@, 2"y ==z

D’ D’eiD” D" (2.14)

0 y! iy Y'ay” Iy v 0 .iY(y//)f(yc(/)/)
iy, y") =y".

This yields an embedding
tg: FIX YY) FX"Y") — TX'eX" YY", X' Y, X" Y s.t.
Tcolg =D, TLOLg = 1, TROLp = T2,

where

m,me: F(XL YY) F(X"Y") — F(X,Y"), F(X",Y")

are the projection maps.

Compositions. For Banach vector spaces X, Xs, X3, the composition map

CX2 : .F(Xl,XQ) X F(XZ,XS) — .F(Xl,Xg), (Dl,Dg) — D2 ) Dl,



is continuous as well. If X, is another Banach vector space, let
Cxp, x50 F (X1, X2) x F(Xa, X3) X F(X3,Xy) — F(X1, X4)
denote the compositions

Cx, o0 {CX2 Xidf(X37X4)} =Cx, o0 {id]-'(Xl,Xg) XCX3}. (2.15)

With the notation as in (2.8), we denote by
Cr+ T (X1, Xo3 X1, X3 X7, X5) x T(Xa, X33 X, Xg5 X5, X5) — T (X1, X35 X1, X35 X7, X5)

the continuous map sending commutative diagrams

0 x| x, L x 0 0 X, 2 x, 2 XY 0
iDi lDl lD’{ lD’Q lDQ J/Dg (2.16)
0 X, 2o X, 2 XY 0 0 X8 Xy P XY 0

to the commutative diagram

0 X xS x 0
DhoD) D2$D1 Dé’ctDi’ (2.17)
0 X8 Xy B X1 0.

We note that
(mc, m, mR) 0 C7 = (Cx, 0 (mgom, meom), Cxy o (rr0m, mLoms), Cxyo(TROM, TROM)),  (2.18)
where

w1, e T (X1, Xoy X1, Xo; X1, Xy) x T(Xa, X35 Xy, X3; X5, X))
— T(XluXQ;Xi7Xé;X1/7Xé/)7T(X27X3;XQ7XZ/‘);X57X§/’)/)

are the projection maps.

We associate the composition DyoD; of Fredholm operators Dy : X1 — X9 and Ds: Xo — X3
with the exact triple

ix(x1) = (1, D1x1)
ix(x1,22) = Dix1—x2
Dy D2oDi@idy, Dy (2.19)

04>X1l>X1@X2j4X>X24>0

ly (z2) = (Daxa, z2)

iy v
0 X2 Xs® X2 Xs 0 jy (z3,72) = x3— Dax2 .
This yields an embedding

Le: ]:(Xl,XQ) XF(XQ,Xg) — T(Xl@XQ,X3@X2;Xl,XQ;XQ,Xg) S.t.
ncowe(D1, D2) = Cx, (D1, D2) ®idx,, mLow =m1, 7ROl = T2.



Combining the first identity above with (2.11), we obtain
temidet x, o x, Xs0x, = Cx,detx; x;-
If De F(X,Y), the compositions Doidx and idy oD correspond to elements of
T (XeX,YoX;X,X;X,Y) and  T'(X@Y,YOY;X)Y;Y,Y),
respectively, with the isomorphisms Z{ and Z{’ of (2.9) and (2.10) given by
(1ol @ z@p) =208  and I{(z@B®181%) =208
under the identifications (2.11).
Dualizations. For each Banach vector space X, let X* denote the dual Banach vector space,

i.e. the space Homg(X,R) of bounded linear functionals X — R. For each D € F(X,Y), let
D*e F(Y*, X*) denote the dual operator, i.e.

(D*B}x) = B(Dz) VBeY* zeX.

The map
D: F(X,)Y) — F(Y*, X7), D(D) = D*,
is then continuous. For each D€ F(X,Y’), the homomorphisms
Dp: k(D) — ¢(D*)*, {Dp(z)}(a+Im D*) = a(x) Vzer(D), ae X", (2.20)
Dp:e«(D)" — w(D7), {Dp(B)}(y) = Bly+ImD)  VBec(D)", y€eY, '

are isomorphisms.

For each exact triple t of Fredholm operators as in (2.6), we define the dual triple t* to be given
by the diagram

0 Y//* J; Y* i*y Y/* 0
iD//* lD* lD/* (2.21)
0 X/l* Jj( X* i} X/* 0 .

This defines an embedding

Dr: T(X,Y; X, YV X" Y") — T(Y* X5 Y™ X" Y™, X)) st
rgoDy = Dowg, 70Dy = Dowg, wroDy = Domy,. (2.22)

Complex Orientations. Let i be a complex structure on a real vector space V. The homomor-
phism
Re: Homc(V,C) — V*=Homg(V,R), {Re(®)}(v) = Re(a(v)) VaeHome(V,C), veV,

is an isomorphism. Via this isomorphism, i induces a complex structure on V*, which we still
denote by i, so that
{ia}(v) = a(iv) VaeV* veV. (2.23)

10



If V is finite-dimensional with C-basis eq,...,e,, then eq,ieq,...,e,,ie, is an R-basis for V deter-
mining the complex orientation of V. If e],..., ¢} is the dual C-basis for V*, then

ey, ief=—(ie)", ... e, ier =—(iey)”

is an R-basis for V* determining the complex orientation of V*. Thus,
(e1AierA. .. AepAiey) = P(efAiefA. .. AehAiek) € A (V), (2.24)
i.e. the isomorphism (2.2) with n replaced by 2n intertwines the complex orientations of A(V*)
and \*(V).
Suppose X, Y are Banach vector spaces with complex structures. We then denote by
Fe(X,Y) C F(X,Y)

the closed subspace of C-linear Fredholm operators. For each D € F¢(X,Y), k(D) and ¢(D) are
finite-dimensional complex vector spaces. Thus, the real lines A(k(D)), A(c(D)), and A\(D) have
canonical orientations, which we will call the complex orientations. In this case, the Banach vector
spaces X*, Y™ inherit complex structures from X,Y, D* € Fc(Y™*, X*), and the isomorphisms (2.20)
are C-linear.

If X,Y, X", Y, X", Y" are Banach vector spaces with complex structures, we denote by
Te(X,V; XY X" Y'Y cT(X,7; X, Y, X", Y")

the subspace of exact triples as in (2.6) so that the Fredholm operators D', D, D" and the homo-
morphisms ix,jx,iy,jy are C-linear.

2.2 Properties

The topologies on the line bundles detxy should satisfy a number of important compatibility
properties, which we now describe.

Naturality I. The bundle map pr in (2.5) is continuous for all isomorphisms ¢: X — X’ and
1: Y — Y’ between Banach vector spaces.

Complex Orientations. If X,Y are Banach vector spaces with complex structures, the com-
plex orientations of the lines A(D) with D € Fc(X,Y') determine an orientation on the restriction
of detxy to Fe(X,Y).

The substance of the Complex Orientations property is that the complex orientations of the
lines A(D), wherever defined, are continuous with respect to the topology of the relevant restriction
of det X,Y-

If X,Y are Banach vector spaces and T € B(Y, X), let

Up={PeB(X,Y): |TP|<1};

11



this is an open subset of B(X,Y"). If in addition P€B(X,Y), define
Or.peB(X, X) by Or.p(z) = z+TPx.

The operator ®7.p is invertible for every P € Ur and the map

Up— F(X,X), P-—o,=>(-1)(TP)",
r=0

is continuous.

We define

F(X,Y)={DeF(X,Y): ¢(D)={0}},
T Rk(X,Y)={(D,2) e F*(X,Y)xX: Dz=0} — F*(X,Y), =(D,z)=D.

The first set above is an open subset of F(X,Y). For each D € F*(X,Y) and each right inverse
T:Y — X of D, the map

(D4+Ur)x X — (D+Ur)x X, (D+P,z) — (D+P, p,p(x)),

is continuous, linear on each fiber of the projection to the first component, and restricts to a
bijection

K(X,Y)| D+Ur)x k(D).

71 (D+Ur) —
Thus, £(X,Y) is a subbundle of the trivial Banach bundle
FHX,Y)x X — F(X,Y).

Normalization I. The topology of detx y
the vector bundle k(X,Y).

F*(X,v) is the topology of the top exterior power of

This condition can alternatively be described as follows. For D € F*(X,Y), each right inverse
T:Y— X of D, and PeB(X,Y), let

Pprip: K(D+P) — w(D),  Pprp(z) = Prp(z). (2.25)
This map is a bijection for every P € Ur and thus induces an isomorphism
Inrp+p: A(D) = AK(D)) @ R — A(k(D+P)) @ R = A(k(D+P)).
Putting these isomorphisms together, we obtain a bundle map
Ipr: (D+Ur)xA(D) — detxy | (2.26)

covering the identity on the open neighborhood D+Ur of D in F*(X,Y’). Normalization I is equiv-
alent to the condition that the map Zp 7 is continuous for every D € F*(X,Y’) and right inverse
T:Y —X of D.
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If X,Y are Banach vector spaces with complex structures, every surjective C-linear Fredholm
operator D admits a C-linear right inverse 7. The isomorphism (2.25) is then C-linear whenever
PeUyr is C-linear. Thus, the complex orientations of the lines A(D+17T') with P € Up C-linear
determine an orientation on the restriction of dety y over the intersection of D+ Ur with

Fo(X,)Y) = Fe(X,Y)NF(X,Y).
Thus, the Complex Orientations property over F(X,Y) follows from the Normalization I property.

Ezxact Triples. There exists a collection of (continuous) line bundle isomorphisms
v Fidetxl’y/ ® Wﬁdetxnvyu — Wédet)gy (2.27)

over T(X,Y; X' Y'; X" Y") parametrized by the tuples (X,Y; X', Y’; X" Y") of Banach vector
spaces with the following properties.

Naturality II. The isomorphisms ¥ commute with the isomorphisms (2.4) induced by quasi-
isomorphisms of exact triples of Fredholm operators, i.e. the diagram

W

NDf) @ N(DY) M Dr)
~ I _
Lot i1, %IM,W;D% I¢ﬂ$DT
o
A(Dg) ® A(Dg) : A(Dsg),

where U and ¥p are the isomorphisms (2.27) for the top and bottom exact triples of Fred-
holm operators in (2.7), commutes for every quasi-isomorphism of exact triples of Fredholm
operators as in (2.7).

Normalization II. For each te T(X,Y; X', Y'; X" Y") as in (2.6) with D'e F*(X',Y’) and
D" e F*(X",Y"), the restriction W, of W to the fiber over t is the canonical isomorphism A,p)
of Lemma, 4.1 for the short exact sequence

0 — k(D) — k(D) — k(D") — 0
of finite-dimensional vector spaces.
Normalization III. For each x='" and te T*(X,Y; X', Y'; X", Y"), the restriction ¥ of ¥
to the fiber over t is the corresponding isomorphism Z{ of (2.9) or (2.10).
With g, as below (2.14), D' e F(X',Y"), and D" e F(X",Y"), let
é;D’,D” = \I/L@(DlvDH): )\(D/) X )\(D”) — A(D/@DH)

be the corresponding exact triples isomorphism (2.27). With (¢ as below (2.19), D € F(X1, X3),
and Dy € F(Xo, X3>, let

Cp,.Dy =U,.(Dy.0y) ¢ MD1)®A(D2) — A(D20Dy)

be the corresponding isomorphism (2.27). By the next four properties, these isomorphisms provide
liftings of (2.12), (2.13), (2.15), and (2.18) to determinant line bundles.
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Direct Sums I. For all D'e F(X',Y’) and D" e F(X",Y"), the diagram

Dpr pr

A(D') @ A(D") AN(D'&D")
Ri z, ! - (2.28)

X/'X”’R}(y/’yu;Dl
AND") & AD) AD" & D)

EBD// ,Dl

commutes.

Direct Sums II. For all D'e F(X')Y"), D" e F(X",Y"), and D" € F(X",Y"), the diagram

/ " " id®€9D”’D'” / " "
AD') ® A(D") @ A(D") 222"\ (DY @ A(D" @ D)
\ \
éD’,@)”@)id éD/,DvH@DIN (229)

A(D/@D”) ® )\(D///) )\(D/@DHEBDW)

GBD'@D”,D'”

commutes.

Compositions I. For all Dy € F(X1, X3), Do € F(X3, X3), and D3 € F(X3, X4), the diagram

id®5D2 ,D3

A(D1) @ A(D2) ® A(Ds) AMD1) ® A(D3oDs)
\ \

(2.30)

Cp,,p,®id c~D17D30D2
i i

)\(DQODl) ® )\(Dd) )\(D3O Dy ODl)

CpyoDq,Dg

commutes.

Compositions II. For all t; € T (X1, Xo; X1, X5; X[, XJ) and to € T (X2, X3; X5, X4; XI, XY)
as in (2.16), the diagram

U, QW
A(D}) & MDY) @ M(DY) & MDY) —2—2 s X\(Dy) ® \(D2)
. | B ‘
CD’l,D’2®cD’1’,Dé’°id®R®id CDVD2 (231)
Y \I/CT(QJQ)

A(DjoD}) @ N(D5oDY)
commutes.
Complex Exact Triples. If X, Y, X' )Y’ X", Y" are Banach vector spaces with complex

structures and t€ To(X,Y; X', Y'; X" Y"), the restriction Wy of ¥ to the fiber over t inter-
twines the complex orientations of \(D'), \(D"), A\(D).

Theorem 1. There exist a collection of topologies on the line bundles detxy — F(X,Y) cor-
responding to pairs (X,Y) of Banach spaces and a collection of continuous line-bundle isomor-
phisms (2.27) which satisfy the Naturality 1,11, Complex Orientations, Normalization IILIII, Di-
rect Sums LII, Compositions III, and Complex Exact Triples properties.
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We will refer to the Naturality II property restricted to the isomorphisms of exact triples of Fred-
holm operators as the isomorphism Naturality Il property.

Any family of exact triple isomorphisms Wy as in (2.27) satisfying Normalization II also satisfies
Normalization III for triples of surjective Fredholm operators and Complex Exact Triples for triples
of surjective C-linear Fredholm operators. By Lemma 5.1, such a family induces a continuous
bundle map over the subspace

7-*<X7 Y;X/, Y/;X//, Y//) C T(X,Y;X/7Y/;X//7Y//)

of exact triples as in (2.6) with surjective Fredholm operators D, D', D" with respect to the topolo-
gies determined by the Normalization I property.

For an isomorphism (¢,%): D — D’ between Fredholm operators D: X —Y and D’: X' —Y’
as above (2.4), define

Tpwip: M) @ AD) @A) — MD'), Zpun (1@ 1) @0 @ (1@ 1)) = Ly 4.p(0).
By Normalization III, the diagram

A1) @ AD) @ AW) — 2P \(671) @ ApoD)
| — |

C¢717VD®id ~Z¢7¢;D C¢71vywOD
Crou—
A(Dog™1) @ Ath) —— 2 Ao D 0p~ 1) =\(D')

commutes.

Some of the properties listed in Theorem 1 are similarly implied by other properties:

e Naturality I follows from the continuity of ¥ in (2.27) and Normalization III applied to the
diagrams
¢

0 X X' {0} 0
Pl
0 Y Y’ {0} 0

e Complex Orientations follows from the continuity of W, Normalization I, and Complex Exact
Triples;

e the isomorphism Naturality II property follows from Compositions II and Normalization IT,III
applied to the diagrams

0 X/, Xp X% 0 0 X/, Xp X 0
\ | \
l(b/—l l(b—l l(ﬁﬁ_l D/Tquslfl DT0¢¢—1 D&/wofl/fl
0 X/, Xy X/ 0 0 Y}, Yr ) 0
N A
0 Y}, Yr ) 0 0 Y}, Ys Y} 0
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e the Exact Squares property below is implied by the Naturality II, Normalization II, and Com-
positions II properties (see Corollary 4.13);

e the two Direct Sums properties follow from the Exact Squares property applied to the two
diagrams in Figure 1 and the isomorphism Naturality II property applied to the diagram

OHD//HD/@D”HDIHO

L

O*)D//*)D//GBD/*)D/*)O

e Compositions II is implied by the Normalization III and Exact Squares properties (see Subsec-
tion 3.2);

e Compositions I is implied by the isomorphism Naturality II, Normalization III, and Exact Squares
properties (see Subsection 3.2);

e the full Naturality II property is implied by the isomorphism Naturality II, Normalization IT,III,
and Exact Squares properties (see Subsection 3.4).

By Proposition 5.3, a collection of exact triple isomorphisms ¥ as in (2.27) determines topologies
on the line bundles dety y which satisfy the Naturality I and Normalization I properties if this
collection satisfies the Normalization IL,IIT and Compositions L,II properties. By Corollary 5.4, all
these isomorphisms W¥¢ are continuous in the resulting topologies if in addition they satisfy the
Naturality II property. By the above, the full Naturality and Compositions LII property can be
replaced by the isomorphism Naturality II and Exact Squares properties.

In summary, a collection of exact triple isomorphisms (W) as in (2.27) determines a system of
topologies on the determinant line bundles detx y which satisfy the Naturality I and Normaliza-
tion I properties and in which the isomorphisms W, are continuous if this collection satisfies the
Normalization ILIII properties along with either

e the Exact Squares property or
e the Naturality II and Compositions I,II properties.

In either case, such a collection of isomorphisms necessarily satisfies the Exact Squares, Natural-
ity II, Compositions LII, and Direct Sums LII properties. This is consistent with [11, Theorem 1];
see Subsection 3.2 for more details. If a collection of isomorphisms as above also satisfies the
Complex Exact Triples properties, then the resulting topologies satisfy the Complex Orientations
property as well. A collection of isomorphisms W satisfying all of the above properties is specified
by (4.10). Theorem 2 on page 35 describes all other collections of isomorphisms Wy with these
properties.
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Ezxact Squares. For every commutative diagram

0 0 0
0 D1, — Dry ——> Drg 0
1L iM 1R
0 Det, —S> Doy —> Der 0 (2.32)
L iMm R
0 Dpr, —2> Dy —2> Dpg 0
0 0 0

of exact rows and columns of Fredholm operators, the diagram

\IIT(X)‘I/B o 1d®R®ld

)\(DTL) & )\(DBL) & )\(DTR) ® /\(DBR) )\(DTM) (=) )\(DBM)
\PLV®‘I/R \L\IIM (2-33)

A(Dcr) ® A(Dcr) re A(Dcm)

of graded lines, where W, are the isomorphisms (2.27) corresponding to the top, center, and
bottom rows and left, middle, and right columns of the diagram (2.32), commutes.

By the proof of Lemma 5.6, the Normalization I property can be replaced by a dual version. Let
F(X,Y)={DeF(X,Y): n(D)=0}

be the space of injective Fredholm operators. For each Dy € F'(X,Y), right inverse S: ¢(Dy) —Y
for
4Dy - Y_>C(D0>7 QD()(y):y+ImD07

and D e F(X,Y) sufficiently close to Dy, the homomorphism
gpoS: ¢«(Dg) — ¢(D)
is an isomorphism and thus induces an isomorphism
fDo,S;D: A(Do) — AM(D), fD(),S;D(l ®a)=1® (aoX(gpoS)™'). (2.34)
Putting these isomorphisms together, we obtain a bundle map
Ipo,s: Upy,s X A(Do) — detix v |up, (2.35)

covering the identity on an open neighborhood Up, s of Dy in F'(X,Y).

Normalization I'. The map fpmg is continuous for every Dy € F'(X,Y), right inverse
S:¢(Dy)—Y of qp,, and sufficiently small open neighborhood Up, s of Dy in F'(X,Y).
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0 0 D' D’ 0
0 D" D'eD"” D' 0
0 D" D" 0

0 0 0

0 0 0
0 D’ D’ 0 0

O D/@D” D,@DH@D”/ D/l/ 0

O D// D/l @ Dl/l D/// 0

Figure 1: Exact squares of Fredholm operators corresponding to the two Direct Sums properties

The determinant line bundle is also compatible with dualizations of Fredholm operators. Let Dp
and P be as in (2.20) and (2.2), respectively.

Dualizations. There exists a collection of (continuous) line bundle isomorphisms
5: detX7y — ’D*dety*’)(* (2.36)

over F(X,Y) parametrized by pairs (X,Y’) of Banach vector spaces with the following proper-
ties.

Normalization I'V. For every homomorphism ¢: L — {0} from a line,

Ds(2®1") = 1@ P(Ds(x))  Vae€A\L)=L.
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Dual Exact Triples. The isomorphisms (2.27) and (2.36) provide a lifting of (2.22) to
determinant line bundles, i.e. the diagram

A(D') ® A(D") . \D)
5D,,®V15D,OR iﬁD (2.37)
AD"™) @ ND'*) —2 - \(D¥)

commutes for every te T(X,Y; X' Y'; X" Y") as in (2.8).

Dual Complex Orientations. If XY are Banach vector spaces with complex structures and
D e Fe(X,Y), the isomorphism (2.36) intertwines the complex orientations of A(D) and \(D*).

By Corollary 5.8 and Section 3.4, each determinant line bundle system as in Theorem 1 on page 14
determines a unique system of isomorphisms D satisfying the above three properties. Furthermore,
there is a somewhat smaller family of determinant line bundle systems that satisfy a stronger ver-
sion of the Normalization IV property:

Normalization IV*. For each D € F*(X,Y), Dp is the canonical isomorphism induced by
the first equation in (2.20) and the pairing (2.2):

A(D) — A(D"), t®1* — 1® P(A(Dp)z) . (2.38)

By Lemma 5.7, the isomorphisms (2.38) give rise to a continuous bundle map over F*(X,Y) for any
system of topologies on determinant line bundles as in Theorem 1. In the proof of Corollary 5.8,
we use this to show that the continuity of (2.36) is implied by the Dual Exact Triples property.
However, the isomorphisms (2.36) are compatible with the Normalization IV* property only for
some determinant line bundle systems, including the one specified by the isomorphisms Wy of (4.10).

The dualization isomorphisms Dp given by (4.13) and the identity isomorphisms A; ;1 in (1.2) seem
rather natural. However, by Theorem 2 on page 35, the number of systems of topologies on deter-
minant line bundles compatible with these choices is still infinite.

Combining the Dual Exact Triples property with the isomorphism Naturality II property applied
to the diagram

0—=D" s (D'eD") oD ——0  Tx(8) = (Blyn, Blyr)
lid l(T&Ty) lid (2.39)
0 D//* i D//*@D,* ] D/* 07 TY(OZ) = (OZ|X//, Oé|X/)

where i=(ix,iy) and j=(jx,jy) are as in (2.14), we find that the diagram

@D’,D”

A(D') @ A(D") AD'@D")
_ I ~ \ _
Dpn@®DproR N ITXﬂTY3(DI@LV)Il)* oDprgpr
D prrx prx
)\(D”*) ®)\(D/*) D D )\(D”*@D/*)
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commutes, i.e. the dualization and direct sum isomorphisms, D and @, on the determinant lines
are compatible. Combining the Dual Exact Triples property with the isomorphism Naturality II
property applied to (2.39) with (D', D"”)=(Dy0D1,idx,), we find that the diagram

g
A(D1) @ A(Ds) Duba A(DsoDy)
L o
DD2®€D10R _ ,DDi/oDl
Cpx p*
A(D3) ® \(D7) — A(D7oD3)

commutes, i.e. the dualization and composition isomorphisms, D and C, , on the determinant lines
are compatible.

Section 4.2 provides explicit formulas for the above isomorphisms ¥y, & D/.D" C, D1,Dy, and 25[); see
(4.10), (4.12), (4.22), and (4.13), respectively. Such formulas may be useful in some applications.

3 Conceptual considerations and comparison of conventions

3.1 Topologizing determinant line bundles

For any Banach vector spaces X and Y, the overlap maps between the trivializations iD,T of
Fr(x,y) 853 line
bundle over F*(X,Y), as required by the Normalization I property on page 12. By Lemma 5.1,

the resulting topology is compatible with the Normalization II property on page 13.

detxy in (2.26) are continuous. Thus, the trivializations ipyT topologize detx y

For any Banach vector space X and N €Z=9, let ¢ x;N: X —X @R be the natural inclusion. If
Y is another Banach vector space, D€ F(X,Y), and ©: RY —Y is any homomorphism, define

o: F(X,Y) — F(XaRY,Y) by te(D)= De, De(z,u)= Dx+ O(u);
the map g is an embedding. The exact triple

0—>X N xRN L RN

|» | l (3.)

0—=y 2 oy 0 0
and (2.27) give rise to the isomorphism
To.p: MD) — ADo),  Zop(o) = ¥(o @ Qy®1*), (3.2)

where Qp is the standard volume tensor on RY, i.e.
On=e1A...Nen

if eq,...,en is the standard basis for RV,
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By the continuity requirement on the family of isomorphisms ¥y in (2.27) and the Normalization I
property, the isomorphisms Zg.p topologize detx y over the open subset

Uxo = {DeF(X,Y): ¢(De) =0}.

Since these open subsets cover F(X,Y) as © ranges over all homomorphisms RY — Y and
N ranges over all nonnegative integers, the isomorphisms Zg.p completely specify the topology
on detx y. However, the overlap map

7 1 . % *
I@2;DOI®1;D. L@ldetX@RNl,Y — L@QdetXQBRNQ,Y

must be continuous over Ux.g, NUx.e, for any pair of homomorphisms ©; : RM — Y and
©y: RV2 — Y. By Proposition 5.3, this is indeed the case if the collection of isomorphisms ¥y
satisfies the Normalization ILIIT and Compositions I,II properties. By Corollary 5.4, every isomor-
phism in such a collection is continuous in the resulting topologies if this collection also satisfies the
Naturality IT property. A collection of isomorphisms Wy satisfying all these properties is provided
by (4.10). All other such collections are described by Theorem 2 on page 35.

For DeUx.g, the exact triple (3.1) induces an exact sequence
0 — k(D) — k(D) — RY — ¢(D) — 0
of vector spaces. A homomorphism ¢ : V — W between finite-dimensional vector spaces also
induces an exact sequence
0—>m(6)—>Vi>W—>c(5)—>O
of vector spaces. There is an isomorphism
Zs: A(0) — A(0) = A(V) @ X*(W). (3.3)

As suggested in [15], a suitable collection of these isomorphisms is fundamental to constructing a
system of determinant line bundles for Fredholm operators. Unfortunately, [15] makes no mention
of what properties of a system of isomorphisms (3.3) are needed for such a construction and gives no
explicit formula for these isomorphisms. The discussion in [15] is also limited to Cauchy-Riemann
operators on Riemann surfaces.

In the convention (2.3), which is also used in [12, Section 20.2] and [14, Section 7.4], the exact
triple isomorphisms (4.10) correspond to the isomorphisms (3.3) given by

T5: A0) — M0),  z@y* — (—1)CWIC@ONCEOD (1A v) @ (AB)v Aw y)”, (3.4)

Vaek()) -0, yeA(cd) -0, ve )\(V> -0,
k(6)
where Ay and Ay are the isomorphisms of Lemma 4.1; see Remark 4.6. This is precisely the
isomorphism of [14, Lemma 7.4.7] and is used directly to topologize determinant line bundles in
the proof of [14, Proposition 7.4.8].2 While the properties of (3.4) necessary for this construc-
tion are verified in [14], few of the important properties of the resulting determinant line bundles

2 As shown in the proof of Proposition 5.3 in this paper, the restriction to injective homomorphisms © in the proof
of [14, Proposition 7.4.8] is unnecessary.
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are checked in [14]. The isomorphism (3.4) appears only indirectly in the construction of this paper.

There are alternative ways of constructing a system of determinant line bundles satisfying the
properties in Subsection 2.2.

(1) A system of determinant line bundles for bounded complexes of vector bundles and isomor-
phisms for exact triples of such complexes is constructed in [11, Chapter I]. A system of deter-
minant line bundles for Fredholm operators can then be obtained by associating each Fredholm
operator with a two-term complex, deducing the Exact Squares property for Fredholm opera-
tors from that for bounded complexes and the two algebraic Compositions properties from the
Exact Squares property, and deriving explicit formulas for all isomorphisms. This approach is
described in detail in Section 3.2.

(2) Onme could explicitly specify a collection of isomorphisms j'e; p as in (3.2) that are compati-
ble with compositions. This is essentially the approach taken in [13], [14], [16], and [17] to
topologize determinant line bundles, without verifying the properties in Subsection 2.2. The
isomorphisms (3.2) can be used to define Exact Triples isomorphisms (2.27) from the Normal-
ization II property, imposing the commutativity property of Lemma 4.12 by definition, and to
derive an explicit formula for these isomorphisms. The Exact Squares property for Fredholm
operators can then be obtained from the basic Exact Squares property of Lemma 4.3 as in the
proof of Corollary 4.13 and used to confirm the two algebraic Compositions properties.

(3) The commutativity property of Lemma 4.12 could be verified for the isomorphism (4.10) di-
rectly, without using Proposition 4.10, and used to obtain the Exact Squares property as in
the proof of Corollary 4.13. The two algebraic Compositions properties could then be de-
duced either from the Exact Squares property or from the corresponding properties for vector
spaces by an argument similar to the proof of Corollary 4.13. Unfortunately, the proof of the
special case of Proposition 4.10 corresponding to Lemma 4.12 is as elaborate as the proof of
Proposition 4.10 itself; the former involves a bit less notation, but exactly the same steps.

In all three approaches, the Dual Exact Triples property can be either checked directly or deduced
from more general considerations. The above listed alternatives can be used to replace parts of
Section 4 in this paper, but most of Section 5 would still be needed. It appears the overall approach
of this paper is more efficient than the three alternatives described above.

The equivalence of the topologies arising from the algebraic approach of [11] and the analytic
approach of [15] in many complex-geometric settings is shown in the trilogy [2, 3, 4]; see [2, Theo-
rem 0.1] in particular. Combined with earlier work [6, 7], this trilogy leads to an arithmetic version
of the Grothendick-Riemann-Roch Theorem; see [8]. A thorough discussion of the determinant line
bundle in Arakelov geometry, which is outside of the scope of this paper, is contained in the books
[5, 18].

3.2 Relation with Knudsen-Mumford

The existence of a determinant line bundle system satisfying the properties in Subsection 2.2 fol-
lows most readily (but still with some work) from the proof of [11, Theorem 1], which constructs
determinant line bundles for bounded complexes of vector bundles. Unfortunately, a complete

22



construction of a determinant line bundle based on [11] with a verification of all of the properties
listed in Subsection 2.2 and with explicit formulas for the relevant isomorphisms does not seem to
appear elsewhere; we describe it below.

For each homomorphism ©: RY — Y,
Ko = {(D,.Z’,u)EUx;g X X@RN: (x,u)GH(D@)} — Ux;@

is a vector bundle. For each D € Ux.g, the commutative diagram (3.1) gives rise to an exact
sequence

0 — k(D) — 8(Dg) -2 RN -2 ¢(D) — 0. (3.5)
Thus, each homomorphism ©: RY — Y determines a two-term graded complex
...—>0—>IC@&>UX;@><RN—>O—>... (3.6)
of vector bundles over Ux.g, with Kg placed at the O-th position, and a Zs-graded line bundle
Lo = MKe) ® N (Ux.o xRY),

the determinant line bundle of the two-term complex (3.6).

For each D€ Ux g, let Z: ¢(D) — R be a right inverse for the surjective map

RY — ¢(D), w— O(u)+ImD. (3.7)
The diagram
..HIHH(D) 0 . ¢(D) 1) ip.x(z) = (D, z,0)

..HOHK@]DL{D}XRNHOH...

is then a quasi-isomorphism of graded complexes over { D}, i.e. a homomorphism of graded complexes
of vector bundles that induces an isomorphism in homology. By [11, Theorem 1], there is then a
canonical isomorphism

I/@;D5 )\(D) — E@‘D ~ )\(D@).
Since any other right inverse for the homomorphism (3.7) is of the form = + 862 for some homo-

morphism = : ¢(D) — k(Deg), jl@;D is independent of the choice of = by [11, Proposition 2]. If
©’: RN —Y is another homomorphism and ¢: RN —RY is a homomorphism such that © =©’c,

do
0 Ko —2>Ux.oxRN —=0——>...
idXidXL id‘XL
dg/
0 ’C@/ © U_)Q@XRN/HOH...

is also a quasi-isomorphism of graded complexes. By the proof of [11, Theorem 1], it also induces
a canonical isomorphism
I@/@: Lo — Lo
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of line bundles over Ux.g. By the functoriality of the determinant construction of [11, Theorem 1],
i,@’;D = I@/,@Oié;Dl )\(D) — ﬁ@/’D ~ )\(D@/)

Since the line bundle maps Zg/ ¢ are continuous, the isomorphisms ié) p topologize dety y over
Ux.e and endow dety y with a well-defined topology of a line bundle over F(X,Y’), which satisfies
the Normalization I and Naturality I properties.

The proof of [11, Theorem 1] produces analogues of the isomorphisms (2.27) for exact triples of
graded complexes (3.6) of vector bundles. These isomorphisms satisfy analogues of the Normal-
ization ILIII, Naturality II, and Exact Squares properties. By the proof of Corollary 5.4, an exact
triple of Fredholm operators gives rise to an exact triple of two-term complexes (over a point).
By the analogue of the Naturality II property for two-term complexes, the isomorphisms of [11,
Theorem 1] then induce via the isomorphisms i’@y p isomorphisms Wy for exact triples of Fredholm
operators which satisfy the Normalization ILIIT and Naturality II properties. These isomorphisms
depend continuously on t by the proofs of Lemma 5.1 and Corollary 5.4. By the proof of Corol-
lary 4.13, an exact square of Fredholm operators as in (2.32) gives rise to an exact square of
two-term complexes. By the analogue of the Exact Squares property for two-term complexes and
the proof of Corollary 4.13, the induced isomorphisms for exact triples of Fredholm operators sat-
isfy the Exact Squares property for Fredholm operators. The proof of [11, Theorem 1] implies the
existence of the bundle maps Dp as in (2.36) satisfying the analogue of the Dual Exact Triples
property on page 19 for two-term complexes. These bundle maps Dp satisfy the analogue of the
Normalization IV* property on page 19 in the case of the system explicitly constructed in the proof
of [11, Theorem 1]; this can be seen from the last paragraph of this section and Section 3.4.

We show below that the Compositions LI properties on page 14 follow from the isomorphism
Naturality II, Normalization III, and Exact Squares properties. By Subsection 3.4, the full Nat-
urality II property follows from the isomorphism Naturality II, Normalization ILIII, and Exact
Squares properties. Thus, [11, Theorem 1] gives rise to a determinant line bundle system satisfying
all properties in Subsection 2.2, with the possible exceptions of the Complex Orientations, Complex
Exact Triples, and Dual Complex Orientations properties.

FExact Squares and Normalization III imply Compositions II. Let t; and ts be exact triples
as in (2.31). For x=")" or blank, let

U*: AN(D])®AN(D3) — M(D5o Dy ®idx;)

be the isomorphism (2.27) for the exact triple (2.19) corresponding to the composition D5oD7. For
1=1,3, define
LXi*§X2* : Xz* — X;@X;, LX;;XQ*('T) = (13,0).

Thus, (LXT;XQ*, LX§;X5) is a quasi-isomorphism from D3oD7 to D5oDi®idx;. Let

I*:ZLX*;X*,LX*

g DgeD;  MD5e DY) — A(Djo Di@idy;)

be the corresponding isomorphism (2.4). In the top diagram of Figure 2, the rows are the exact
triple t;, the direct sum of Cy(t;,t3) with

0 —idy; — idx, — idyy — 0,

24



and the exact triple to. The columns in this commutative square of Fredholm operators are the
exact triples (2.19) corresponding to the compositions D5o D', Dyo Dy, and Do DY.

Applying the Exact Squares property to this diagram, we obtain the top commutative square in
the last diagram in Figure 2. Applying the Exact Squares and Normalization III properties to the
center diagram in Figure 2 and using the identification

A(D5oD}) — M(D3oD7)®@A(idx;), o0-—0o®1®1*%, (3.8)

with x="'," or blank, we obtain the bottom commutative square in this diagram. The two round
arrows are the vertical arrows in (2.31); the two half-disk diagrams commute by the definition
of Cps ps. Thus, the diagram (2.31), which consists of the outermost arrows in the last diagram in
Figure 2, commutes. ]

Exact Squares, Normalization III, and isomorphism Naturality II imply Composi-
tions I. Let Dy, Dy, D3 be Fredholm operators as in (2.30). Let

\I/LQZ )\(Dl)®/\(D2) — )\(DQODl@idX2), \1’17233 )\(D1)®)\(D3OD2) — )\(DgODQODl @idXQ),
\1’2’31 )\(D2)®>\(D3) — )\(DQODg@idX3), \1’12’31 )\(DQOD1)®)\(D3) — )\(DBODQODl @idxs)

be the isomorphisms (2.27) for the exact triple (2.19) corresponding to the compositions Doo Dy,
(DsoDg)oDy, D3oDsy, and Dso(DooDy). We define isomorphisms

Ti2: A(DgoDy) — M(DyoD®idy,), Zi2s: A(D3oDyoDy) — A(D3oDao Dy ®idys,),
Ts3: A(D3oD3) — A(D3oDa®idy,), Zizs: A(DzoDyoDi) — A(DsoDaoD;®idy,)

analogously to Z* above.

The left column in the top diagram of Figure 3, the bottom row in this diagram, and the top row
in the middle diagram of Figure 3 are the exact triples (2.19) corresponding to the compositions
DsoDy, D3oDs, and D3o(Dg0Dy), respectively. The middle rows in these two figures are the direct
sum of the exact triple (2.19) corresponding to the composition D3o(DyoD1) with the exact triple

0 —idx, — idx, — 0 — 0.

The homomorphisms i=(ix,iy) and i=(jx,jy) in the center column of the top diagram of Figure 3
are given by

ix(z1) = (x1, Dix1, DeDy21), ix(z1,x2,x3) = (D121 —x2, x3— Dax2),

iy (z2) = (D3Daxa, x2, Doxa), iy (x4, 2, x3) = (x4—D3Daxg, x3— Daxa).

The left and center columns in the middle and bottom diagrams of this figure and the top and
middle rows in the bottom diagram are the direct sums of the obvious exact triples.

Applying the Exact Squares and Normalization III properties to the top exact square in Fig-
ure 3 and using identifications similar to (3.8), we find that the top left quadrilateral in Figure 4,
where \512,3 and Wy are the isomorphisms (2.27) corresponding to the middle row and the center
column in this square, commutes. The commuting bottom left quadrilateral in Figure 4, where

25



0 D] D, DY 0

0 DéoDllegldXé*)DQODl@ldXQ HDgODﬁl@ldxé/ ——0

0 D) D, DY 0
0 0 0
0 0 0

0 D)yoD), DyoD; DYoD! 0

OHDQODll @idXé — DyoD; @idx2 —>D’2/OD/1/ @idXé’ — =0

0 0 0
/ " / " Yy @y
A(D1)@A(DY)@A(Dy) @ A(Dy) A(D1) ® A(Ds)
U ”Oifl@R@id i‘l’

)\(DIQODll@ldxé) [ )\(Dé/ODi,@ldXé/) )\(DQODl @ldXQ) C~D ,Dy

b

A
Z/%IN
D.oD! D"oD" Yer(y,t) DooD
A(D30 D) ®A(Dy o DY) A(D20Dy)

Figure 2: Derivation of the Compositions II property from the Exact Squares and Normalization I11
properties



0 Dy d D, 0 0
i
0 D20D1 D IdX2 D30D20D1 D IdX2 @1(1)(3 D3 0
j id
0 D, D3oDy @ idx, Ds 0
0 0 0
0 0 0
0 D2OD1 D3OD2OD1 D ld)(3 D3 0
id
0 DyoDq @idx2 D3oDyoDy EBidXZEBidxg Ds 0
0——idx, d idx, 0 0
0 0 0
0 0 0
0 DgODQODl D3OD20D1 D Id)(3 ldX3 0
id
0——= D3oDy0D; @idxg ——> D30Dy0Dq @idxg@idXS idX3 0
00— sidx, i idy, 0 0
0 0 0

Figure 3: Exact squares of Fredholm operators used in the derivation of the Compositions I property



id®Cp,,
A(D1)@A(D2)@A(D3) DD A(D1) ® M(D3oDs)

id®W¥a 3 id®Z2 3
U1,2®id )\(D1)®)\(D30D2@idxg) U123

W < >@1,23
Wi2.3

7
pypy@id  A(Dgo Dy ®idx,)@A(Ds) —2 A\(Dzo Dyo Dy Gidy, ®idx, ) <—2 A(DzoDyo Dy ®idx,) Cpy.DgoDs

f1,23T

Il,2®id )\(DgoDQODl@idxs) 11,23

\1112,3/ \12,3

CpyoDq,Dg

_—
)\(DQODl)@)\(Dg)

\
)\(DgODQODl)

Figure 4: Commutative diagram used in the derivation of the Compositions I property from the Exact Squares, Normalization III,
and isomorphism Naturality II properties



fmg is the isomorphism (2.27) corresponding to the center column in the second diagram of Fig-
ure 3, is obtained from this diagram by applying the Exact Squares and Normalization III properties
as well. A similar exact square gives the commuting top right quadrilateral in Figure 4, where \T/ng
and f1273 are the isomorphisms (2.27) corresponding to the direct sum of the exact triple (2.19) for
the composition (D3oDy)oD; with the exact triple

0 —0—idx, —idx, — 0

and to the middle row in the last diagram in Figure 3, respectively. The bottom right quadrilateral
in Figure 4 arises from the last diagram in Figure 3.

The two arrows that run between the same objects in the middle of Figure 4 are related by the
isomorphism of exact triples of Fredholm operators,

0——= Dy ——= D3oDsoD @ id)(z@id)(3 —— D30D2€Bidx3 —0

‘ |
id (6%) id
| |

0 —> Dy —— D30Dy0D; @ idx, ®idy, —— D3oDydidx, —= 0,

where the top row is the exact triple (2.19) corresponding to the composition (DscDs)eD; augmented
by idxy;,

(w1, 2, x3) = (1, T2, x3+Doxy), (x4, w2, 3) = (T4, T2, x3+Doxs).

Since i.(z,ﬂ/,;DgngoDl@id x, Bidx, =1id, these two arrows are in fact the same by the isomorphism Nat-
urality II property. The two half-disk and two triangular diagrams in Figure 4 commute by the
definition of C. Thus, the diagram (2.30), which consists of the outermost arrows of the diagram
in Figure 4, commutes. [

The determinant for a complex of vector bundles in [11, p31] corresponds to reversing the two
factors in (2.3) and thus interchanges the roles of the kernels and cokernels of linear operators.
The isomorphism (3.4) should then be replaced by

N (c(0)) @A (K(5)) — N (W)@A(V),

3.9
Y @w — (= 1)) (\(5)0 Ay )" @ Ay, (3.9)

with z,y,v as before. This isomorphism differs from the isomorphism (3.4) conjugated by the
isomorphisms (2.1) by (—1) to the power of 9(Imd), which equals N —0(¢(D)) in the case of (3.5).
The dependence on ?(¢(D)) drops out when taking the overlap maps, analogous to 192; D ofg)ll; D
on page 21, for the trivializations of the new version of the determinant line bundle, and so the
isomorphisms (3.9) still give rise to a well-defined topology on this bundle. The two versions of
the determinant line bundle are isomorphic by the maps (2.1) composed with the multiplication by
AindD p(c(D)) = (—1)(P) in the fiber over D € F(X,Y). Neither of the last two maps is continuous,
but the composite is continuous; see Section 3.4 for a systematic discussion of such isomorphisms.
The isomorphism W for exact triples of Fredholm operators described by (4.10) for the topology
on detx )y specified by (3.4) should then be conjugated by the above isomorphism between the two
versions of the determinant line bundle. In particular, this changes the sign exponent in (4.12)
to (ind D")0(¢(D”)), in addition to interchanging the kernel and cokernel factors.

29



3.3 Other conventions

In [9, Section 3.1], A\(D) is defined as the tensor product of A(k(D)) and A(c¢(D)*). In [13, Ap-
pendix A.2], A(D) is defined as the tensor product of A(x(D)) and A(k(D*)). In light of the second
isomorphism in (2.20), these two conventions are essentially identical. They implicitly identify
A*(¢(D)) with A(¢(D)*). Such an identification is determined by a pairing of A(V*) with A(V') for
a finite-dimensional vector space V. There are two such standard pairings:

AVDONV) =R, o1h-Aan © v Aty — det (0i())igmt,on and
. 3.10
— (_1)(2) det (ai(vj))i,jzl,.“,n-

Along with (3.4), these two pairings topologize the new version of the determinant line bundle
in two different ways. The resulting line bundles are isomorphic by the multiplication by (—1)
to the power of (D(‘gD))) in the fiber over D € F(X,Y). Under the second pairing in (3.10), the
isomorphism (3.4) precisely corresponds to the isomorphism [9, (3.1)]. On the other hand, the
analogue of (3.4) used in the proof of [13, Theorem A.2.2] corresponds under the first pairing
in (3.10) to (3.4) without the sign; see [13, Exercise A.2.3]. In the case of (3.5), the exponent
of this sign is (N —¢(d))c(D), which changes the overlap maps between the trivializations of the
determinant line bundle by (—1) to the power of (N'—N)d(¢(D)). The overlap maps in the proof
of [13, Theorem A.2.2] thus need not be continuous if N—N'is odd and so do not topologize the
determinant line bundles.?

In [17, Section (11a)], A(D) is defined as the tensor product of A(¢(D)*) and A\(k(D)). In [16, Sec-
tion 1.2], A(D) is defined as the tensor product of A(k(D*)) and A\(k(D)). In light of the second iso-
morphism in (2.20), these conventions are essentially identical. Under the second pairing in (3.10),
the isomorphism (3.9) becomes [17, (11.3)]. Under the same pairing, the isomorphism (3.9) corre-
sponds to the isomorphism of [16, Theorem 2.1] multiplied by (—1) to the power of

(o(W)—0(c(9))) (ind §) + 2(x(8))0(c(0)) = d(W)(indd) + ¢(6) mod 2.

In the case of (3.5), the sign exponent reduces to N (ind D)+40(¢(D)). The dependence on d(c(D))
drops out when taking the overlap maps for the trivializations of this version of the determinant
line bundle, and so the isomorphism of [16, Theorem 2.1] gives rise to a well-defined topology on
this bundle. It is isomorphic to the determinant line bundle of [17, Section (11a)] by the multipli-
cation by (—1)¢P) in the fiber over D€ F(X,Y). The interchange of factors in (D) accounts for
the change of the sign exponent in the direct sum formulas, [16, (3)] and [17, (11.2)], from (4.12),
as explained at the end of the last paragraph in Section 3.2.

In [15, Section 1] and [10, Appendix D.2], A(D) is defined to be either

AR(D)) @ A(e(D))  or A(K(D)) @ A(e(D));

3The 2017 revision of [13] contains a modification to address this issue. There is inconsistency in the definition
of A(D) at the beginning of the revised Appendix A.2 in [13] and the notation in Theorem A.2.1ab. Assuming the
intended definition is as stated, Theorem A.2.1ab defines a collection of exact triple isomorphisms ¥ corresponding
to the collection A;. = (—1)* of our Theorem 2 on page 35 under the second pairing in (3.10); this pairing is
consistent with the notation in Theorem A.2.1ab. These isomorphisms correspond to the isomorphisms (3.4) with
the sign as in (3.9). This sign is more consistent with reversing the factors in the definition of A(D) in [13], as in
Theorem A.2.1ab and in [11].
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the notation is somewhat ambiguous, but looks more like the former. The usage in [15] is more
consistent with the latter convention; the usage in [10] is sometimes more consistent with the
latter and sometimes more consistent with the former.? The latter definition of A\(D) is used in [1,
Section (f)]. While A(k(D)*) and A\*(x(D)) are canonically isomorphic, there are at least two choices
of such canonical isomorphisms, the two provided by the pairings (3.10). The “construction” of
the determinant line bundle in [15] consists of mentioning that each homomorphism § : V— W
between finite-dimensional vector spaces gives rise to a natural isomorphism

AK(D)*) @ Mce(D)) — MV*) @ (W) or N (k(D)) @ Mc(D)) — X (V) @ A\(W),

but no indication is given what it is. In the proof of [10, Proposition D.2.2], this isomorphism is
described as a composition of other isomorphisms, but some of them are not specified.> The con-
struction in [10, Appendix D.2] is fundamentally based on [10, Proposition D.2.6], though its proof
appears to be incomplete; see Remark 4.9 for details. However, the statement of this proposition
is the basis for the construction of the determinant line bundle in this paper and a close cousin
of this proposition, Proposition 4.10, is used to verify the continuity of the bundle map (2.27) for
families of exact triples of Fredholm operators. The construction in [1] is limited to Hilbert spaces
and still omits some details. Neither [1, Section (f)], [10, Appendix D], nor [15] confirms most of
the properties of the determinant line bundle stated in Subsection 2.2.

As noted in [15, Section 2|, the section of detxy in the definitions of [15, Section 1] and [10,
Appendix D.2] given by

o(D) = (3.11)

1*®1, if D is isomorphism;
0, otherwise;

is continuous. There is no such section if detxy is defined as in (2.3), [9], [14], [16], or [17].
The definition of detxy in [15, Section 1] and [10, Appendix D.2] thus comes with a natural
normalization for the topology, but it does not restrict the topology of detxy any further than
the properties in Subsection 2.2; see Section 3.4. The alternative definitions seem more natural
from the geometric viewpoint, as typically the spaces k(D) describe tangent spaces of some, ideally
smooth, moduli spaces, and so it seems desirable not to dualize them. The alternative definitions
also lead to a somewhat nicer appearance of formulas describing key properties of the determinant
line bundle system. For example, [10, Proposition D.2.2] reverses the order of the factors in the
isomorphism of Lemma 4.1.

3.4 Classification of determinant line bundles

For each exact triple t of Fredholm operators, we denote by Wy the isomorphism (4.10). By Subsec-
tions 4.2-5.2, this collection of exact triple isomorphisms satisfies all properties for systems of de-
terminant line bundles listed in Subsection 2.2. Let {¥}} be another collection of isomorphisms for
exact triples of Fredholm operators satisfying the isomorphism Naturality 11, Normalization IT,I11,
and Exact Squares properties. We show that this collection is as in (3.17) for some A; . € R* and

“For example, the last equality in the last displayed expression in the proof of [10, Proposition D.2.2] uses the
latter definition, while [10, (D.2.9)] uses the former.

5In addition, (det F)f1 should be det F' at the end of the statement of this proposition and det Hs should be
(det H2)™ in the second-to-last displayed equation in the proof; the first change is necessary for the section (3.11) to
be continuous in the finite-dimensional case.
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satisfies the remaining properties for systems of determinant line bundles listed in Subsection 2.2, if
A; . are chosen appropriately. Theorem 2 describes all collections of isomorphisms for exact triples
of Fredholm operators satisfying all properties listed in Subsection 2.2.

For i €Z and c€Z=Y with ¢>—i, let U, . be the isomorphism Wy in (4.10) for the exact triple

0 Ri-ﬁ-c RH_C@RC — sR¢—=0
lo l l (3.12)
0 R€ R¢ 0 0,

where the top right and middle arrows are the projections onto the last ¢ coordinates. Thus,
U0 (Qige @Y @ Qe@1*) = (1) Qyyac®@1*.
Let W} . be the isomorphism W{ for the exact triple (3.12) and A; .€R* be such that
W, = A T (3.13)

In particular,

U5 (g e @08 ® Qe@17) = (=1)°A; 0 Qigac®1* (3.14)
By the Normalization II property on page 13, A;o=1for all i € 720, By the Complex Exact Triples
property, A; .€R" if i, c€2Z.

Let t be an exact triple as in (2.6) and
o:RY —Y' and O":RY Y

be homomorphisms such that D' € Uxr,gr and D" € Uxn; Let N=N'+N", i: RN — R be

;JYO(:)" :
the inclusion as RY x0V", and j: RY — RN be the projection onto the last N” coordinates. We
define

0:RY — X, Oz, ") =iy (0'(2")) + Q"(z") Y(«' 2") e RV RN
o RN” N X”, @"(x”) _ jy(é”(l’”)) v ERN”.

Thus, the first diagram in Figure 5, where the right column is the exact triple

0 RV Lo RN _JL RN
ijz\l' le J/jNU
0 0 0 0 0,

is an exact square of Fredholm operators. By the Exact Squares and Normalization II properties,
the collection {¥{} is thus determined by the isomorphisms

il@;D: )‘(D) — )‘(D@)v il@;D(J) = \Ifi(O' ® QN®1*)7

corresponding to the exact triples (3.1) with DeUx.e.
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0 D’ Dy, JN 0
0 D De JN 0
0 D" DY, NG 0

0 0 0

0 0 0
0 D D 0.(p)(p) —=0
0 D

l?@D‘444%>(05un¢um)@D““>0

0 0 JNp JNp 0
0 0 0
0 0 0
0 D Deg,, JINp 0
0 D De JN 0

Figure 5: Exact squares of Fredholm operators specifying a determinant line bundle system



Given DeF(X,Y), let X C X be a closed linear subspace such that the operator
D:X — ImD, D(z) = D,

is an isomorphism and ©p : RV — Y be a homomorphism inducing an isomorphism to ¢(D)
when composed with the projection Y—¢(D). There is an exact square of Fredholm operators as
in the second diagram in Figure 5, where the right column is the exact triple

0——= k(D) —=kK(D) ®RN> — = RND — -0

CTT

0——=¢(D) ¢(D) 0 0.

By the Exact Squares, isomorphism Naturality II, and Normalization III properties and (3.13), the
isomorphisms Zg ., above are determined by the isomorphisms W . and satisfy

T6 .0 = Aind po(e(p)Lom:D -

For each homomorphism © : RY — Y with D € U x;0, there is an exact square of Fredholm
operators as in the last diagram in Figure 5. By the Exact Squares and Normalization II,ITI
properties and the above equation,

T6.p = Aind po(e(p) LoD - (3.15)

The overlap maps fé% Dof’@;lD between the above isomorphisms are still f@2; D oféll; p and in
particular are continuous. By Remark 4.6, the isomorphisms (3.15) are compatible with the iso-
morphisms (3.4) given by

A _
7 - (V) —a(W),0(c(5)) Ts: A(6) — A(0), (3.16)
Ao(vy—o(w)o(w)

whenever §: V — W is a homomorphism between finite-dimensional vector spaces. The isomor-
phisms
. -1
Ip: N(D) — (D), o — AindD,D(c(D))U’
give rise to continuous isomorphisms between the determinant line bundles in the original and new
topologies. The suitable exact triples and dualization isomorphisms are given by

Aind D' 0(e(D")) Aind D 2 (c(D")) -
Aind Do(¢(D))
Aind Da(e(D)) %

A apoy

Ui =IpoUiol, @Iy, = ¢
(3.17)

~ ind D S 21 _ 4indD
Dp = AZ{ 1 Ip+oDpoly = A%y

if t is as in (2.6). The extra factors of A_;; in the second equation above are needed to achieve
the Normalization IV property on page 18, while preserving the Dual Exact Triples property. In
the case of the exact triple (3.1), \Ilf‘:f@; D, as the case should be. The new determinant line bun-
dle system also satisfies the Normalization IV* property if and only if A_j, ;= Ak 11 for every ke Z™.

The above argument also implies that the Normalization IV and Dual Exact Triples properties on

page 13 determine the dualization isomorphisms Dp completely. Putting everything together, we
obtain a complete description of systems of determinant line bundles.
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Theorem 2. The map specified by (3.14) sends each system of determinant line bundles satisfying
the properties in Subsection 2.2, other than Normalization IV*, to the functions

{(i,c): i€Z, c€ZT, c>—i} — R, (i,¢) — Aic, Aic €RT ifi ce2Z,

and is a bijection with the set of all such functions. The determinant line bundle systems that also
satisfy the Normalization IV* property correspond to the subset of the above functions satisfying
A pp= A’il,l for all k € Z*. In particular, the compatible systems of topologies on determinant
line bundles are in one-to-one correspondence with the admissible systems of isomorphisms Ls as
in (3.3), (3.4), and (3.16) and with admissible systems of isomorphisms V¢ as in (2.27).

By Theorem 2 and the preceding discussion, the section S of det}yy given by

Sp(o) =

¢, ifo=cl®l%
0, if D is not an isomorphism;

is continuous. This is the analogue of the section (3.11) for the convention (2.3).

Remark 3.1. According to [17, Remark 11.1], there are two possible sign conventions for the
determinant line bundle and the sign convention in [17, Section (11a)] is the same as in [11]. As
noted in Subsection 3.3, the setup in [17, Section (11a)] corresponds to the setup in [11, Chapter I]
via the second pairing in (3.10). The alternatives for [17, (11.2)] and [17, (11.3)] specified in [17,
Remark 11.1] for the “other” sign convention do not satisfy the key commutativity requirement
on the preceding page in [17]. In order for this requirement to be satisfied, the sign in [17, (11.2)]
must be kept precisely the same (contrary to what is explicitly stated in [17, Remark 11.1}); This
“other” convention would then correspond to the setup in [11, Chapter I] via the first pairing
in (3.10). Furthermore, by Theorem 2, there are infinitely many possible sign conventions, at least
several of which seem quite natural. The isomorphisms (3.15) satisfy the two requirements above
the diagram on page 150 in [17] provided Ag; >0. These systems of isomorphisms can be narrowed
down by replacing the Normalization IV property on page 18 with the Normalization IV* property
(A_pk =AF 11 for all ke Z1), by specifying the dualization or direct sum isomorphisms, i.e.

A—i,i—f—c = Ail}lAi,c or Ai,c = 8’1 VieZ, CGZEO, c>—1i,
and/or by requiring the isomorphisms Zs to be given by
Zs: AN(0) — A(0), 1®1* — (det§) L v@uv*,

whenever §: V — V is an isomorphism and v € A(V)—0 (Ag.=1 for all c€ Z*). The strongest
of these additional conditions, specifying the isomorphisms for direct sums of Fredholm operators,
seems to be the least natural requirement to make.

4 Linear algebra

4.1 Finite-dimensional vector spaces

In this subsection, we make a number of purely algebraic observations concerning finite-dimensional
vector spaces that lie behind the determinant line construction.
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Lemma 4.1 ([11, Proposition 1(i)]). Every short exact sequence
00—V 5V v" 0 (4.1)
induces a natural isomorphism

Av: AV @ AMV") — M(V).

Proof. If vi,..., v} is a basis for V' and v1,...,v,€V are such that j(v1),...,j(ve) is a basis for V",
vi AL Avy and j(vr) A Aj(ve) span A(V') and A(V"), respectively. By the exactness of (4.1),
i(v)),...,i(v)),v1,...,v¢ is basis for V and so the map

Ay VIA. AV @5(01) AL A (vg) — (V)AL AVE) AviAL L A (4.2)

induces an isomorphism A(V/)@A(V"”) — A(V'). By the exactness of (4.1), each v; €V is determined
by j(v;) € V" up to a linear combination of i(v}),...,i(v}), and so the right-hand side of (4.2) is
determined by v, ..., v, € V" and j(v1),...,j(ve) €V”. Changing the collections v{,...,v; €V’ and
v1,...,0 €V by a kxk-matrix A’ and an ¢x/-matrix A, respectively, changes the wedge products
of the first k vectors and the last ¢ vectors by det A’ and det A, respectively, on both sides of (4.2).
Thus, the isomorphism induced by (4.2) is independent of the choices of collections v{,..., v, €V’
and vy,...,v9 €V as above. It clearly commutes with isomorphisms of short exact sequences. [
The next lemma follows immediately from the definitions of P in (2.2) and of Ay above.

Lemma 4.2. For every finite-dimensional vector space V,
P(v*) = (Pv)* Vo e A(V)-0. (4.3)
For every isomorphism §: V — W between finite-dimensional vector spaces,
AME)P((AO0)v)*) =P(*)  YveAV)-0. (4.4)
For every short exact sequence (4.1),
PNV Av")*) = P"™) Ay« A{*)TIP(0™) Vo' e A(V!) -0, v" e \(V/i(V')) 0. (4.5)

From (4.2), we immediately find that the isomorphisms Ay of Lemma 4.1 satisfy graded commuta-
tivity, as described by the next lemma. Corollary 4.4 below is a special case of this lemma (either
VTR:O or VBLIO).

Lemma 4.3 ([11, Proposition 1(ii)]). For every commutative diagram

0 0 0
0 VrL Vrum Vrr 0
0 VoL Vom Ver 0
0 VBL Veum VBr 0
0 0 0
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of exact rows and columns, the diagram

AVipp ®Avigy © id@R®id

A(VrL) @ AM(VeL) ® AM(Vrr) ® A(VBR) A(Virnm) @ AM(Vem)
/\VCL‘(X)/\VCR /\VfM
AV,
A(Ver) @ A(Ver) = A(Vew)
commutes.
Corollary 4.4. For every commutative diagram
0 VIR 0
~ T A / \ “““ N
0 0 VLo Ver 0 0
N e 7
/ ) \ ’
AN 7
£\ N ,
0 ViL Vee VRr 0
N7 EEE LT - - _ - -7 S

of 4 exact short sequences, the diagram

/\VLC®id
AVLL) @ AM(VLr) @ A(VRR) A(VLc) ® AM(VRRr)
id@/‘\VCR /\\‘/CC
¥ Avee v
A(VLL) @ A(Ver) AVee)

commutes.

4.2 Exact triples of Fredholm operators

We begin this subsection by extending the isomorphism of Lemma 4.1 to exact triples of Fredholm
operators. It is immediate from the explicit formula (4.10) for the new isomorphism that it satisfies
the Naturality II, Normalization ILIII, Direct Sums I,II, and Complex Exact Triples properties in
Subsection 2.2. We verify that it also satisfies the Dual Exact Triples property with ZSD given
by (4.13) and the Compositions I,IT properties.

We will use the natural pairing of a one-dimensional vector space L with its dual given by
L*®L — R, a®uv— av).
If V is a finite-dimensional vector space and v € A(V'), we denote by
(v)y =dimV + 2Z € Zs
the degree of v as an element of the Zy-line A\(V).

Proposition 4.5 ([10, Proposition D.2.3]). Every ezact triple t of Fredholm operators as in (2.6)
mnduces a natural isomorphism

U A(D') @ M(D") — A(D).
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Proof. By the Snake Lemma, (2.6) induces an exact sequence
0 — w(D') 25 k(D) 25 k(D) -5 (D) X5 (D) X5 ¢(D") — 0. (4.6)

By Lemma 4.1, there are then natural isomorphisms
A((D)) = A(K(D")) @ AImjx), A(s(D")) ~ AImjx) @ A(Im d),
! i H " (4'7)
Ac(D") = A(Im ) @ A(Im iy), A(e(D)) = AMImiy) @ A(e¢(D7)).

Putting these isomorphisms together and using the natural evaluation isomorphisms, we obtain

AD") @ M(D") = Mr(D') @ A" (e(D')) @ A(k(D")) @ A" (e(D"))

~ AK(D)) @ A*(Imjx) @ A*(Imiy) @ A*(Im ) (4.8)
@ A(Imjx) @ A(Imd) @ A*(¢(D)) @ A(Imiy) = A(k(D)) @ A*(¢(D)).
This establishes the claim. ]

For computational purposes, it is essential to specify the isomorphism of Proposition 4.5 explicitly.
With the notation as in (2.6) and (4.6), let

e = (ind D")o(c(D")) + 0(c(D))o(Im §). (4.9)
For t corresponding to (2.6), we define
T (z@AG)v Apryw)” @ (Aix)u Awpm v) @ (Ay)y)")

= (=) (A(ix)zAgpyu) @ (Aiy)w Agpyy) ™ (4.10)
whenever
, KD) \ (RO \ ([ e(D) «(D)
€MD), ““(iw(n)))’ EA<J'X<m<D>>>’ EA(&(a(D"»)’ y“(iy@(m))’

x,u, v, w,y # 0.

In particular, W satisfies the Naturality IT and Normalization II,III properties. By (2.24), it also
satisfies the Complex Exact Triples property.

Remark 4.6. If §: V — W is a homomorphism between finite-dimensional vector spaces, the
isomorphism (4.10) applied to the exact sequence

0—>0—>n(6)—>Vi>Wi>c(5)—>0—>0 (4.11)
induces the isomorphism
Us: N (W) @ A(V) — A(0), Us(B@z) =T (108®@ 1Y),
where Wy, is the isomorphism (4.10) for the exact sequence (4.11). Explicitly,
Ts(A@)vAww)* @ (uryv)) = (—=1)2(VRIV)FEW)=2((@NA)) g, @ 4,
if u e XNk(0)—0, veAV/k())—0, weA(())—0.
Thus,
oWyt A(6) — A0) = MV) @ X (W),
u @ w* —s (=1)RCM=AONA) (y A1) @ (A(S)vAww)*,

is precisely the isomorphism (3.4).

38



For any D'e F(X',Y') and D" e F(X",Y"), let
Opr.pr: MD') @ A(D") — N(D'&D")
be the isomorphism ¢ in (4.10) corresponding to the diagram (2.14). Thus,
= (—1)@dDRED (2] 0)A. . A2, 0) A (0, 2]) A A0, 20)) (4.12)
@ (U1, 0 A- - Ay, 0) A (0,41) A A0, )

whenever

TiNA. Az € Mk(D')) -0, YIA. Az € Me(D")) — 0,

ZiA AT € Mw(D") =0, YA Ay € A(c(D")) — 0.

The two Direct Sums properties on page 14 follow immediately from (4.12).

The isomorphism
Dp: MD) — AN(D*),  z®a — (—1)IdPRED) (D) (Pa) @ P(A(Dp)z), (4.13)

satisfies the Normalization IV* property on page 19. By (2.24), it satisfies the Dual Complex
Orientations properties as well. The next proposition shows that it also satisfies the Dual Exact
Triples property. The extra factor of (—1)(P)) in (4.13) arises for the same reason as in the
paragraph containing (3.9). Due to this extra factor, the compositions of 5D with 5,3* are the
multiplication by (—1)indD , not necessarily the identity, whenever the Banach spaces X and Y are
reflexive.

Proposition 4.7 (Dual Exact Triples). For every exact triple (2.6) of Fredholm operators, the
diagram (2.37) determined by the isomorphisms (4.10) and (4.13) commutes.

Proof. With notation as in (2.6) and (2.37), we define
er, = (ind D")(ind D") + (ind D")o(¢(D")) + (ind D")o(c(D”)) + €, er = € + (ind D)2d(c(D)).

The isomorphisms (2.20) intertwine the analogue of the exact sequence (4.6) for * and the dual
of (4.6):

3k ik I3 ik

0 —= K(D") —Xs k(D*) —> k(D) — s (D) —X > ¢(D*) —2 = ¢(D*) —= 0
TDD// TDD TDD, iDg,, lpg J/DE’ (4.14)
0——(D")* > ¢(D)* — = ¢(D')* "> 5(D")* s k(D)* — > k(D')* —0.

In particular,
9(Im 6*) = 0(Im &) = d(k(D")) + 0(k(D")) +0(k(D)) = o(c(D")) + 0(c(D")) +2(c(D))

and so 2|(ep, —e€R).
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Let x,u,v,w,y be as in (4.10). By (4.14), we can compute ¥ using

# = NDpIP (A ))") € A((D"™), 1= Ao (i) €A s )
o oy K(D'™) ¢(D")
0= Do) X FTEh ) = AP PG € A5y )
= A(Dp)P((Mix)a)) € A(JX(((%))))
By (4.3), (4.4), and the commutativity of the diagram (4.14),
P(A(Dp)z) = (Mi%)9)", (4.15)

MDp)P(w*) = A(iy)a, ADp)A(O") ' P(v*) =

A(Pp)P(y ) A(iy)E, MDp)A(Ey) ™ P(w’) =4,
ADpr)A(x)u = P(u") )
A(Pp)A(ix)z =Py, A(Pp)u = Afj

)\(DD)P((/\(W)U) Aepyy)*) = A3 )E A=) T, (4.17)
P()\(DDN)()\(]X)’U, /\K(D”)U)) = (A(é*)v /\C(D”*)w * s (418)
P(MDp)(A(ix)z Agpyu)) = (AGx)D Aqpy ) s (4.19)
respectively. By (4.13), (4.15), (4.16), (4.18), and (4.10), the image of
2@ (M) Agpryw)” @ (Aix)u Agpryv)@(AGy)y)™ € AM(D') @ A(D") (4.20)
under W oﬁDu®’5D/oR is
(=) (AG3)E Agpry @) @ (AGX)W Acpy§)™ € A(D¥).
By (4.10), (4.13), (4.17), and (4.19), the image of the element (4.20) under Dpo ¥y is
(=D (AGY)Z Anpy @) @ (A% Agpy¥)” € A(D*).
Since 2|(er, —e€R), this establishes the claim. O

For any Dy € F(X1,X2) and Do € F(X2, X3), let
Cp,.0y: A(D1) @ A(Dg) — A(DgoDy)

be the isomorphism Wy in (4.10) corresponding to the diagram (2.19). The exact sequence (4.6) in
this case specializes to

0 — #(D1) — K(DaoD1) 25 k(Dy) -2 ¢(D1) 22 ¢(DyoDy) — ¢(Ds) — 0, (4.21)
5(1‘2) = —x9 + Im D;.
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Let
epy,0, = (ind D2)o(e(D1)) + (2(e(D1)) + d(e(D2)))o(Im d).

Then,

Cpy,0s (210 (v A(pyyw)* @ (MD1)tt A(py)v) ®Dy3 )

E ) (4.22)
= (—1) D1,Do (551 /\R(DQOpl)u) & ()\(DQ)’LU /\C(DQODl)yQ) ,

whenever

11 EAK(D1)) =0, g EA(e(Ds)) — 0, uEA<'M> o,

r(D1)
R(Dg) X2

”EA(fa(DzmamDu) - weA(a(Dm(Ile)) -

Proposition 4.8 (Compositions I, [10, Proposition D.2.6]). For any triple of Fredholm opera-
tors Dy : X1 — X9, Dy: Xo — X3, and D3 : X3 — Xy, the diagram (2.30) induced by the
isomorphisms (4.10) commutes.

Proof. We denote by D”D’ the composition D”oD’ of two maps D’ and D" and define

€L = €Dy,Dy + €DyDy, D5 €R = €Dy,D3 + €Dy,D3D5 -

For :=1,2,3, let
;i €XK(D;)) —0 and yi € M(¢(D;)) — 0.

For (i,) € {(1,2), (2,3), (1,23), (12,3)}, let

1 A(%) B A(a(D;(meﬁl(Dﬂ —0 W € A(mm fﬂim(Dn) -

where Dio=DyD1, Do3=D3D5, and Xs3= Xo; see Figure 6. Below we choose these elements in a
compatible way.

Applying Lemma 4.1 to the exact sequence (4.21) with D; and Ds replaced by D; and D; with
(,7) as above, we obtain

0(k(D3)) = (u12,3) + (v12;3), 0(¢(D1)) = (v1,23) + (w1,23)
O(C(D]Dz)) = D(C(Dl)) + D(C(Dj» — <Ui,j>7 ind l)]l)Z = ind Dz + ind Dj s

where (7,7)=(1,2),(2,3). From this, we find that

e, = A+ C({(v12)+(v12,3)) + (u12,3)(v1,2) mod 2,

)

er = A+ C((v2,3) +(v1,23)) + (v2,3)(w1,23) mod 2, (4.23)

where

A = (ind D3Dy) - 9(¢(D1)) + (ind Ds3) - 0(c(D2)), € =0(e(D1)) +0(c(D2)) + 2(c(D3)).
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In light of the top row in the first diagram in Figure 6, the bottom row in the second diagram, and
Lemma 4.1, we can take

U1,23 = UL,2 As(D3DyDp) U123 and  wizz = A(D2)wy 23 A X3 w3 . (4.24)
x(D1) x(Dg)+Im(Do D)

Along with Corollary 4.4, these equalities insure that

(21N (DaDy) U1,2) A(DsDsDy) U12,3) ® (A(D3)wiz s /\c(D3D2D1)y3)*

N (4.25)
= (ml AN(D3D2D1)U1723) ® ()‘(D3D2)w1723 /\C(DsDle) ()‘(D3)w273 /\C(D3D2) y3))

in A(D3D2D1). In light of the right column and bottom row in the first diagram in Figure 6, the
top row and left column in the second diagram in Figure 6, and Lemma 4.1, we can take

u2,3 = A(D1)ui2,3 A x(ny0y) I, V1,23 = V12 A w(D3Dy)
x(D2) (D3 Dg)NIm(Dq) (4 26)
v123 = MDo)u A wpy) 23, w2 = KA xy W13
x(D3)NIm(DyD1) x(Dg)+Im(D1)

for some

K(DgDQ)
He A(H(Dg) + H(Dng) N Im(D1)> -0

In light of the left column of the first diagram and the right column of the second diagram in
Figure 6, (4.26), and Corollary 4.4, we can take

w3 = AM(D1)u12 Ag(py) V1,2, T3 = AN(D2D1)u12.3 Ne(py) V12,3 = AM(D2)u2,3 Aw(py) V2,3 5 (4.27)

Y2 = V2.3 Ne(Dy) W2,3, Y1 = V1,2 N\e(Dy) W1,2 = V1,23 \(Dy) W1,23 -

Combining the above definitions of x2 and yy with (4.26) and applying Lemma 4.3 to the two
diagrams in Figure 6, we find that

A(D1)2 Aw(pypy) u2,3 = (—1)1239 L2 X (D1 Yus 93 A(pypy) 01,25 5 (4.28)
AM(D2)w1,2 A(DyDy) Y2 = (—1)l2artwn2s)y, Ne(DaDy) W12,3-

By (4.22), (4.27), and (4.28), the images of
T1RY] @ T2@Yys ® 23QY35 € AN(D1) ® A(D2) @ A(Ds3)

under CD20D17D3 o CDl,D2®id and CD1,D30D2 o id®CD2’D3 are

(_1)6L+<v2,3>(w1,23> ((xl Nk(DyDy) ul’g) Nk(D3D2Dy) U12,3) X ()\(Dg)’wlgg /\C(DngDl)yg)* and

*

(—1)rtluza)viz) (g Aw(DsDaD1)41,23) © (A(D3D2)w1,23 Ae(psyDy) (MD3)wa,3 Ac(pypsy) ¥3)) s

respectively. By (4.23), the second and third identities in (4.26), and (4.25), these two elements of
A(D3DyDy) are the same, which establishes the claim. O
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0 k(D2D1) k(D3D2Dr) k(D3D2D1) 0
+ r(D1) + k(D1) + k(D2D1)
W) >
A\ D1 (\}3\:} Dy (\y,\,‘b“ Dy
D3 D
0 QLH(DQ) k(D3 Ds2) QLHK(/%Q)Z) 0
&Y \y“»{b
k(D32) k(D3 D>) k(D3 D>)
0 d_H(DQ)mIm(Dl) +H(D3D2)ﬁ1m(D1) +H(D2)+H(D3D2)ﬂlm(D1) 0
i P N
NG 2
NG
0 0 0
0 0 0
0 k(D3D>) Do k(D3) k(D3) 0
H(D2)+H(D3D2)m1m(D1) H(D3)ﬂ1m(D2D1) R(Dg)ﬂlm(Dg)
\ﬁl— %O;I— "j_
N N
X. D2
0 (D3 Hm (D) ¢«(D2D1) - ¢(Dy) ———0
N \S»
>
X Do X X
0 +H(D3D2)—T—IH’1(D1) d_fi(D:;)—‘—In?l(Dle) R(D3)+13m(D2) 0
o o N
0 0 0

Figure 6: Commutative diagrams of exact sequences used in the proof of Proposition 4.8

Remark 4.9. The proof of this crucial proposition in [10, Appendix D.2] does not appear to
establish anything. Up to notational differences, it describes an expression for

{Cp,op1,05 © Cpy,p, ®1d} (21®Y} ® 22@ys @ 230y5) € A(DsoDao D)
without any signs and simply claims that
{éDLDgoDQ o id®C~'D27D3}(a:1®yf ® 22QYs ® 230Y5) € A(DgoDgoDy)

is given by the same expression, without providing an explicit formula for C D1,D,» USing the state-
ment of Lemma 4.3, or indicating the significance of the grading of the lines A(V'). As illustrated
by the proof of Proposition 4.8 above, the two expressions require auxiliary terms from different
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vectors spaces and it takes significant care to show that it is possible to choose them compatibly.
Furthermore, there are two typos at the end of the proof of the closely related [10, Corollary D.2.4]
with two subscripts that should be different being the same and resulting in the order of two factors
switched between the statements of [10, Proposition D.2.3] and [10, Corollary D.2.4].

Proposition 4.10 (Compositions II). For any pair (t1,t2) of exact triples of Fredholm operators
as in (2.16), the diagram (2.31) induced by the isomorphisms (4.10) commutes.

Proof. We continue with the notation described in the first sentence of the proof of Proposition 4.8
and define

t12 = CT(fl, fg), €1, = (ind Dlll)(ind D/2) + GD’l,Dé + EDY,DQ + €415 5 €ER = €4 + €ty + €Dy,D5 -

For k=1,2 and x =", let

* * Xk 1
T € )\(K<Dk)) - 07 y;{) € )‘(C(D;f)) - 07 y;c/ € A(Im(lk_ﬂ) -:Im(_Dk)> -0.

With % denoting /,” or a blank, let

e (5g) -0 A nimen) v <N o imwn)

see Figures 7 and 8. For k=1,2,12, let

8: k(DY) — ¢(Dy,),

where Dy = D4D} and DYy = DyDY, be the connecting homomorphisms in the sequences (4.6)
corresponding to t1, to, and t;9, respectively, and

D D// X/
ukeA<M)_o, vke/\(w>—0, wkeA(lkH)_o,
#(Dy) NIm(iy ) jk(K(Dk)) i1 (Im(Dy))
with 112 =11, j12=j1, and 12+1=3; see Figures 7 and 8. Define

- X
w" e /\<~1 7
D) (“(Dz)) + Im

Below we choose these elements in a compatible way.

(D1)> 0 by w” = AGe)d"

In order to describe the two relevant signs, we define
A = (ind D5) (¢} +¢[+¢5) + (ind DY + ind D) ¢} + ¢ K5, C=d+cf +c+c,
Ar =K1Ky + (K] +r5) () + (1 +65) () + ((0) + (")) (v12),
Ar = ¢fey + (ky+rg)(v1) + (1 Fe7) {v2) + ((v1) +(v2)) (v),
where k} =0(k(D})) and ¢ =0(c(D})) with i=1,2 and »=',". Applying Lemma 4.1 to the exact

sequences (4.6) with D* replaced by D, for =" and blank and k=1,2,12, and (4.21) with Dy,
replaced by Dy, for =", and blank and k=1,2, we obtain

ind Dy = ind Dj + ind D5, o(c(Dy)) = 3(c(Dy)) + 0(e(Dy)) — (v ,

4.29
ind DYDY = ind D} +ind D},  d(c(D3DY)) = o(D}) + 2(c(D%)) — (v%). (4.29)
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From this, we find that

e, = A+ C((V)+ (") +(v12)) + Ar + (v12),

er = A+ C((v1)+(v2) +(v)) + AL + (v1) + (v2), (4.30)
modulo 2. By the identities in the second column in (4.29),
(v) + (v1) + (v3) = C — 0(c(D2Dy)) = (v12) + (V') + (V") . (4.31)
From the exact sequences (4.6) and (4.21), we also find
Ry = () (v, = (o) (w), R =) (), g = (0%) + (W),
where i=1,2 and x=",". From this, we find that
(o) ) + (")) + ) (o) + () ) + G0 o) )

= Ap 4 Ar + ((v1) 4 (v2) +(v12)) () +(0") +(v))

modulo 2.

In light of the bottom row and right column in the first diagram in Figure 7, the top row and left
column in the second diagram in Figure 7, and Lemma 4.1, we can take

: /
u = Ai1)u Axyny) s Uy = UL A\ w(DyDy) M
x(D1) x(D2D1)NIm(iy) (4 33)
w=n /\# ’lFD”, w1 = )\(13_10D2)7] A Xé w2 ’
x(D2)+Im(Dy)

iz L(m(D3 D))
for some

k(DaDy) 5 (5(D3))
e A(K(Dl) + /{(DQDl) N Im(l1)> -9 me )\</€(D2) + ]2_21</€(Dg)) N Im(Dl)) — 0

Along with Lemma 4.3 applied to the two diagrams in Figure 7, these equalities insure that

(M) An(Dy) 1) Aw(DyDr) 1) @ (M(D2)wAc(pypyy (Ai3)w2Ae(py)¥3))"
(=)W @D 02D (X (i) (2] A(pypy) ) Aw(DaDy) t12) (4.34)
(=) ()\(i3)w12 AC(D2D1) ()\(DQ)@H A X3 y'Q’))*,

Im(ig)+Im(Do D)

in A(Dng)

We next make use of the three commutative diagrams in Figure 8. They can be viewed as the
three coordinate planes in Z3, with all three diagrams sharing the center and any pair sharing an
axis. We choose v/, w’, ug, va, v1,u”, p arbitrarily, then find ¢, w1, v12,v so that

v’ Ne(Dy) w' =y = \(61)v1 Ae(Dy) W15 V1 A w(pyppr) o’ = (—1)<“”><w1>/\(i1)ﬂ A eioyor) V12,
j1(x(D1)) i1(k(D2)) (435)
AV A oy up = (=D)MMIND) A py v,

~(D2)NIm(igDq) x(Dg)NIm(ig D)
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i1 k(D
0 \ ¢“(D/1) K(D1) n(Dlgﬁlln)a(il) 0
> N
i k(D2D
0 Kk(DyD1) - #(DaD1) J(Dggjf)mfrzl(il) 0
N
0 I{(DIQDII) i1 H(Dng) H(D2D1) 0
- H(D/l) + K(Dl) ﬁ(Dl)‘FN(DQDl)ﬂIm(il)
N N
0 0 0
0 0 0
0 i;l(N(Dlz/)) X5 X5 0
#(D2)+i3 ' (k(D§))NIm(D1) +"‘(D2)+Im(D1) WLJEI(H(DQ’))Hm(Dl)
A\
® i oDy v Dy N Do
X! i3 X
0 d_igl(lm(lg)zDﬂ) ¢(D2D1) T () F i (D2 D) 0
o
X4 i3 X
0 i (ImJ(Dz)) ¢(D2) Im(i:s)Jr13m(Dz) 0
«9"?}— ng»
0 0 0

Figure 7: Commutative diagrams of exact sequences used in the proof of Proposition 4.10
and finally take n, 2}, v” so that

L I (1)) X(Dyoj Hvig A

iz oy
x(Dg)+Im(ip D))

#(Dg)+Im(iz D7) (4.36)
A(2)u2 Aw(py) v2 = ly = M Dy )u" Ne(DY) V"
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By Lemma 4.3 applied to the three commutative squares in Figure 8, (4.35), and (4.36),

.1 .
AD1o3T ) (01 Awiogopy w) At oy (Mi2)wr Aoy 0")
i1(x(D1)) Im(iQDll) j;l(ﬂ(D’z’))ﬂIm(Dl)
= (_1)(u ><w1>)\(iz)()\(51)v1 Ae(Dy) w1) /\j2—1(H(D/2/)) (/\(D’ll)ul/ /\H(Dé/) 1)//)
Im(ip D)
= (=DM G) (0 Ay W) Aty (AG2)us Aw(py) v2)
Im(ig D)
o " + / . / . /
(_1)<u M w)+(w ><U2>()\<12)’U /\N(D ;Sgr?()i - UQ) Aj;1<K(Dé/)) ()\(lg)w A i L(s(DY)) Ug)
2 2+ Im(iz DY) #(Dg)+1Im(ig D))
1 —1
— (_1)<u ><w1>+(v><v12>()\(D1),u/\ - ;m(IDn?()' - v) /\51(&([)/2,)) (/\(Dlo]1 Juia A 7LDt n)
e 251 Im(izD}) #~(Dg)+Im(i3D})

= (=D)FEINDLT Y (G 1 A oy 112) Aptogy (VA iy )

i1(~r(D2)) Im(iy D)) i3 L (w(DY))NIm(Dy)

Along with the second equation in (4.35), this gives

: " __
Aliz)wy A ey V= (v A ) n). (4.37)
i3 H(s(DY))NTm(Dy) i3 L (~(DY))NIm(Dy)

In addition to the choices of ¥} and x} specified in (4.35) and (4.36), we take

i : : !/ i 7
2] = A(1)w Nk(DI) V15 A(2)yr = v Ne(Dy) W s
" ! : (4.38)

MDY Ay v’ Yo = A(02)v2 Ac(py) W2 -
By (4.33), the last two equations in (4.35), the first equation in (4.36), (4.37), and Corollary 4.4,
A2)wi Aoy 91 =0 Aoy @, Ai2)zh Axy) uz = (1) “DND1)u Ay, v,
ADy)w' Acipypy) v = (1) 12N (G12)v12 Ae(pypp) Wiz, (4.39)
2 Aoy oy @ = (D) CUNG ) wrg Awpypry 012
the third identity above also uses
AMD) = AiztoDa) o A(i2), A(d2) = A(i310Da) o A(ja) ™,  A(012) = A(iz T oDa) o A(D1oji h).

By (4.10), the second equality in the first identity in (4.35), the first equality in the last identity
in (4.36), the first and last equations in (4.38), (4.22), and the first two equations in (4.39), the
image of

1@y @ 2] @(A(2)y])* ® 25®ys @ 25 @(A(3)ys)" € MD]) @ A(DY) @ A(Dj) ® A(Dy)

under Cp, p, o ¥y, @y, is

*

(= 1) 2D (A (i1)2) Ag(py)ta) Au(pypy) 1) @ (MD2)wAc(pypyy (Alis)wa Agpy)uh))” -
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0
0 r(D3) i2 #(D2) K (D3)
o k(D%)NIm(DY) x(D2)NIm(i2 D7) k(D2)NIm(i2)
[N N2 .
)2
. 1 .
/ 2 ja _ (k(D3)) )2 "
0 N_C(Dl) Tm(iaD]) \\Jj(DQ)
¥ &Y
0 X} iz iy L (=(DY)) j2 #(Dy)
\+H(Dl2)+lm(D/1) H(Dg)-‘rlm(ilel) &EQ(K/(DQ))
» o
0 0 0
0 w(DY) K(DY DY) K(DY D) 0
& D) R (=(D1) R(D])
o> >
—1 17
01 D1 0j; Df
—1 % D//
0 ¢(D}) . ]le((iiD?))) = ﬁ(Dg) 0
\ )
WY SN2
0 X4 i iz (<(D) P2 w(Df) 0
iy ' (Im(Dy)) iz ' (k(DY))NIm(D) #(Dy)NIm(DY)
&
0 0 0
0 k(D2D1) 1 x(Dy DY) x(Dy DY) 0
+ R(D1)+H(D2D1)ﬂ1m(il) j1(I€(D1)) +j1(R(D2D1))
N Dy Dyoj! g Dyoj!
0 K(Ds) iz ((DY)) iz (D)) 0
K(DQ)ﬂIm(iQDII) Im(ingl) K(D2)+Im(i2Dﬂ)
0 K(Ds) iz ((DY)) iz (D)) 0
‘ %(D2)NIm(D1) i3 L (x(DY))NIm(Dy) QLN(DQ)H;(K(Dg))mm(Dl)
N A\
0 0 0
Figure 8:

Commutative diagrams of exact sequences used in the proof of Proposition 4.10



By (4.22), the first equality in the first identity in (4.35), the second equality in the last identity
in (4.36), the second and third equations in (4.38), (4.10), and the last two equations in (4.39), the
image of this element under Wy, o Cp; p, ®Cpy py 0 Id@R®id is

(—1) eI (X (i) (@ An(pypy) W) Ax(DaDy) 112)

® (A(is)wiz2 Acpypy) (A(D2)@" A X3 ys))"

T3 TIm (D7)
By (4.34) and (4.30)-(4.32), these two elements of A\(D2D;p) are the same, which establishes
the claim. O
4.3 Stabilizations of Fredholm operators

We now describe stabilizations of Fredholm operators which are used to topologize determinant
line bundles in the next section. In this subsection, we use them to deduce the Exact Squares
property on page 17 for the isomorphisms (2.27) from the Naturality II, Normalization II, and
Compositions II properties via Lemmas 4.3 and 4.12.

For any Banach vector space X, N €Z=% and homomorphism ©: RN — Y, let
ixn: X —XoRY,  Deo: X®RYM — Y, and Ze.p: (D) — A(De)

be as in Section 3.1. Since D = Dgovx.y and the projection m: X@RN — RN identifies c(tx.N)
with RY, the corresponding exact triple (2.19) gives rise to the isomorphism

I@;D: )‘<D9) - /\(D)v I@;D(U) = éLX;N,De (1®(Q*NO>‘(7T2)) ® U): (4'40)
where Qu is the standard volume tensor on RY as before.

Lemma 4.11. For any collection of exact triple isomorphisms Uy as in (2.27) satisfying the Nor-
malization III and Compositions II properties and N € Z=0, there exists Anx € R* with the following
property. For any Banach vector spaces X and Y, homomorphism ©: RN —Y | and D eEF(X,Y),
the isomorphisms (3.2) and (4.40) induced by the isomorphisms Wy satisfy

To:p 0 Zop = (—1) ™ PN Ay idyp). (4.41)
Proof. Let Ay € R* be such that

CLO;NJN: )‘(LO;N)(X))‘UN) — )‘(idoszol’U;N)’ éLO;NJN ((1®97V)®(QN®1*>) = Ay 11"

By the Compositions II and Normalization III properties applied to the diagram

0 x—4 .o x 0 0
b e -
0—>X xRN T2 RN 0
J{D lDe le
0 y —4 oy 0 0,




the diagram

A(D) ——22~ \(De)
(Cayind DI Top
AD) —— = \(D)
commutes. This gives (4.41). O

For a short exact sequence
0—RY LRV LRV — 0

of vector spaces, we denote by ¢;; the exact triple

0 0 0 0 0
0 RN L. RN _J RN 0

of Fredholm operators. Given a collection of exact triple isomorphisms as in (2.27), define A;; € R*
by
U, (102 10Q4) = A (DY (1o Q). (4.42)

In the case of the collection of exact triple isomorphisms given by (4.10),

Cij

Qnr Agy Qe = Ai,j Qn,

where Agn is the isomorphism provided by Lemma 4.1 for the (i,j) short exact sequence above.

For an exact triple s of vector-space homomorphisms of the form

0 RY RN _J RN
l@/ l@ J{e“ (4.43)
0 v Y Ly Yy 0,

let A; = A;;. If tis an exact triple of Fredholm operators as in (2.6), we denote by t; the exact
triple

0— > X'eRN —XP _ ygopN_ XD yngpNT
D‘é, %9 DJ?///
0 Y R4 Y v Y 0

of Fredholm operators.

Lemma 4.12. Let {¥}; be a family of exact triple isomorphisms as in (2.27) satisfying the Natu-
rality II and Compositions II properties. For every exzact triple t of Fredholm operators as in (2.6)
and for every exact triple s of homomorphisms as in (4.43), the diagram

A(Dly) @ A(DY) e A(De)
I@/;D/%IG)”;D” lI@;D
_1)(@nd D)N"" 4
AD') @ A(D") S il A(D)
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of isomorphisms induced by the isomorphisms (2.27) commutes.

Proof. By our assumptions, the diagram

0 X/ X X X X" 0
LX/V;N/ LXV;N LX”;N”
0— > X'@RY XP xRN XD xngpNT

J
Dl_l D@ D_IN
©
V, ly / jy V/
0 Y Y Y 0

commutes. By Naturality II applied to the exact triple tt in the top half of this diagram and the
exact triple ¢;; and by (4.42),

Vi (10(QroA(m)) @ 10 (QxroA(m5))) = A7 (DN V' 1@ (QyoA(m)),

where 75 : X*@RY" — RN is the projection on the second component and * ='.” or blank.
Thus, the claim follows from the Compositions II property applied to the above diagram, along
with (4.40). O

Corollary 4.13 (Exact Squares). A family of exact triple isomorphisms V¢ as in (2.27) satisfying
the Naturality 1I, Normalization II, and Compositions II properties also satisfies the Fxact Squares
property on page 17.

Proof. We augment the domains in (2.32) by a commuting square of homomorphisms between
finite-dimensional vector spaces, obtaining a version of the commutative diagram (2.32) with sur-
jective Fredholm operators. The conclusion of this corollary holds for such a diagram by the
Normalization II property and Lemma 4.3. The diagrams (2.33) corresponding to the original and
new diagrams (2.32) are related by Lemma 4.12. This gives rise to a cube of commuting diagrams;
see Figure 9. We put the new version of (2.33) on the back face and the diagrams arising from
Lemma 4.12 on the top, right, bottom, and left faces. This forces some coefficients A, on each
edge of the front face in order to make the last four diagrams commute. The resulting coefficient
distribution on the edges of the front face may be different from the coefficients distribution (all
A, =1) on the original version of (2.33). However, by Lemma 4.3, the two coefficient distributions
are equivalent at least if the original diagram consists of surjective Fredholm operators. Since
the coefficients depend only on the supplementary commuting square of homomorphisms between
finite-dimensional vector spaces and on the parities of the indices of the Fredholm operators (not
the dimensions of their kernels or cokernels), it follows that the two coefficient distributions are
equivalent in all cases; this establishes Corollary 4.13.

We denote the range of the operator Dy, by Y,.. Let
@TL: RNTL — YTL: éTR: ]RNTR — YTMa éBLt ]RNBL — YCL: éBR: RNBR — YCM,
be homomorphisms such that

¢((DrL)o)s C((DTR )i 10600 )» €(PBL);, 065, ) C((DBR )i 0065 ) = O- (4.44)

o1



A(Dr1) ©A(Dpr) @A (Drr) @ A(Dpr)

Ur@Up oid®R®id ~ ~
TO¥p oo A(Drm)@A(Dpm)

|
|
L
WH®WR

AT \I/T®\I/B (o] 1d®R®1d

ADrr) @A(DpL) @A (Drr) ®A(DBR)

—

A(DCL)®A(DZR)

A¥c

|
|
|
|
|
|
|
B \
ALTLOYR ADcL)®ANDcR) = — = == — -

/‘4 o

A D1m)@A(Dpwm) T

)\(DCM)

Figure 9: The cube of commutative diagrams used in the proof of Corollary 4.13, where D,.= (Dyx)o,.s Lix=Teo,,.D,., and U, are
the isomorphisms (2.27) corresponding to the top, center, and bottom rows and left, middle, and right columns of the regularized
version of the diagram (2.32) described in the proof



Let
Ntm = N1+ Ntr,  Nen = Nt + NpL,  Ncr = Ntr + NBr,  Nem = NVBL + NBR,
Nem = New + Ner = Nov + Npwe
We define O, : RN+ —Y,, for (x,%) € {T,C,B}x{L,M,R} — {(T,L)} by
Orr =jT°OTR, OBL=jL°O8BL, OBR =R °jC°OBR =B °jM © ORR,
Orm(zrr, z1R) = it (O1L(211L)) + OTR(TTR), OcCL(2TL, 7BL) = iL(OTL(TTL)) + OBL(%BL),
Ocr (TR, BR) = iR (OTR(ZTR)) +ic(OBR(TBR)),
Opm(zBL, 2BR) = iB(OBL(7BL)) + iM(OBR(ZBR)),
Ocm(TL, TTR, TBL, BR) = iM(OTM(TTL, 2TR)) + ic(OBL(7BL)) + OBR (ZBR)
for all ., € RN+ with (x,%) € {T,B} x {L,R}. For any N’ < N, we denote by i: RN — RN

and j: RN — RN the inclusion as RN @0V~ and the projection onto the last N’ coordinates,
respectively. We also define

i/Z RNCL — RNCM, i/(xTLy xBL) = (xTLy 07 TBL, 0)7
i’ RNem __y pNer {(z1L, TR, TBL, TBR) = (TTR, TBR),

for all x,, € RN+, In particular, the diagram in Figure 10 commutes and its 6 rows and 6 columns
are exact.

By the commutativity and exactness properties of the diagram in Figure 10, the diagram (2.32)
with D, replaced by Dy, =(Dyx)e,., ic: Xcr, — Xom and jo: Xem — Xcr replaced by

icdi : Xop®RVoL 5 Xy dRNoM and  je®i : Xom@RYM 5 Xop@RNoR,

respectively, and the remaining homomorphisms i, and j, on X.. by i,®i and j,@&j on X,.o RN+,
respectively, still commutes and its 3 rows and 3 columns are still exact. Thus, by (4.44), the
Normalization II property, and Lemma 4.3, the diagram on the back face of the cube in Figure 9
commutes.

Let Z,.=Ze,..p,, be the isomorphisms defined by (4.40). By the commutativity of the 3 pairs of
exact rows and 3 pairs of exact columns in Figure 10 and Lemma 4.12, the diagrams on the top,
right, bottom, and left faces in Figure 9 commute for some A, Ar, Ap, A1, € R* determined by
Nrt1,, NTR, NBL, NgR and the indices of the Fredholm operators Dy,. By Lemma 4.3,

A1Ar=ApAL (4.45)
if ¢(Dyy) ={0} for (%, %) € {T,B}x{L,R}. Thus, (4.45) always holds, which establishes Corollary 4.13
in all cases. [

Remark 4.14. For the collection of exact triple isomorphisms (2.27) given by (4.10), A,=(—1)%
with

er = Nrr Vg, + (ind Der,) Ntr + (ind Drr)Npr, + (ind Dgr,)Nr, €r = (ind Dy ) New,
eg = NTrNVpL + (ind Dcr,) Ncr, er, = (ind Drp,) N, + (ind DR ) NBR-

In this case, it can be checked directly that er+er+ep+e€r, € 27Z.
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0 0 0
0 ‘ 0 ‘ 0
0————|— - —>RNmL i - - — > RNt™M _! e sRNr_ _ _ _ _ >0
N o T
OrL : O1Mm : OTr :
£ . & : £
| T | )T |
0 Yrr, ‘ Yrum | Yrr ‘ 0
i I i
i i , iM Y , iR Y
0————|—o——sRNev _© _ | __sRNem _)_ _ _|_ _ _sRNer _ _ _ _ _ >0
I S |
‘QCL ; QCM : ‘Qc‘r{ ;
s | ic . | Jc g !
0 YoL ‘ Yom | Yer ‘ 0
¥ N N
L Y ) iM Y ) ir Y
0————|———>RVeL L _ | _ _,RNBM_L _ _|__ _,RNBR_ _ _ _ _ >0
e o o
©BL } OBM : ©BR }
- | B g | B s |
0 YBL ‘ YBMm | YBr ‘ 0
| | |
Y Y Y
0 0 0
0 0 0

Figure 10: The panel of commutative diagrams, with exact rows and columns, used in the proof of Corollary 4.13 to regularize the
square grid (2.32)



Remark 4.15. For the collection of exact triple isomorphisms (2.27) given by (4.10), Ay =1 in
Lemma 4.11. Thus, Ay =A_n n in the case of the collection of isomorphisms (2.27) of Theorem 2
on page 35 corresponding to the collection (A; )i c.

5 Topology

It remains to topologize each set dety y as a line bundle over F(X,Y) with good properties. By
Proposition 5.3, the Normalization I property on page 12 and the isomorphisms (3.2) determine
a topology on detx y if the collection of exact triple isomorphisms Wy as in (2.27) satisfies the
Normalization ILIII and Compositions LII properties. By Corollary 5.4, all isomorphisms W
are continuous with respect to these topologies if this collection also satisfies the Naturality II
property. By Corollary 5.8, a collection of dualization isomorphisms as in (2.36) satisfying the
Normalization IV* and Dual Exact Triples properties consists of continuous isomorphisms with
respect to these topologies.

5.1 Continuity of overlap and exact triple maps
For Banach vector spaces X,Y, X", Y/, X" Y let
T (X,Y; XY X" Y) € T(X Y5 X, Y5 X7, Y

denote the subspace of short exact sequences as in (2.6) with surjective Fredholm operators

D,D',D".

Lemma 5.1. Let X,Y, X'\ Y', X" Y" be Banach vector spaces. A family of exact triple isomor-
phisms W¢ as in (2.27) satisfying the Normalization II property induces a continuous bundle map

v WidetX/,y/ ® Wﬁdet){//7y// — Wédetx,y

over TH(X,Y; X")Y"; X", Y") with respect to the topologies determined by the Normalization I
property.

Proof. We abbreviate T*(X,Y; X", Y'; X" Y") as T*. Let to € T* be as in (2.6), with all seven
homomorphisms carrying subscript 0, and T: Y — X, T7: Y/ — X', and T": Y" — X" be right
inverses for Dy, D), and D{, respectively. For each t as in (2.6) and =", or blank, let

Cpyie: K(D) — K(D5),  Tpgu(r) = 2+T*({D*—Dg}(x)),

be as in (2.25); this map is an isomorphism if t is sufficiently close to ty. We need to show that

the map
Wige: A(k(Dp)) @ AM(K(Dg)) — A(r(Do)) (5.1)

described by
\Ift()\(@]’)z;t)x'®1* ® A(@Bé;t)x'/®1*) = (M@ ph ) Vepu(@' @) @ 1*

depends continuously on t€7T™* near tg.
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Let &,..., 2} be a basis for £(Df) and z1,...,2¢ € k(Dy) be such that jx,o(z1),...,ix;0(ze) is a
basis for k(Dy)). If t as in (2.6) is sufficiently close to ty, then @Bz;t(x’l), ce @Bz;t(:v;) is a basis for
k(D') and

ix (@pp.(@1))s - ix (P (z0) € X"

is a basis for k(D"). In particular,

ix (@pp (@) A Aix (2pg(xe)) = F(8) @ (ix0 (1)) A ALy (xi0(0)),
iX(<I>B(,1);t(x’1)) A. .. Aix (égz;t(x;)) ANOpL (@)A. . APEL ()

=g(t) (I)E)é;t(iX;O(xll)) A.. ./\‘I’B(l);{(ix;o(wk)) A (I)Bé;t(l'l)/\. . ./\(I)Bé;t(.%’g)

for some RT-valued continuous functions f and g. By the Normalization II property, the homo-
morphism (5.1) is then given by

Ui (LA AZ) @ (xs0(z1) A - Ajxo(ar))) = ?8 ix.0(z))A. . Aixo(@)) ATiA. . Ay

and thus depends continuously on t. 0

Corollary 5.2. Let (V)¢ be a collection of exact triple isomorphisms as in (2.27) satisfying the
Normalization ILIII and Compositions II properties. For any Banach vector spaces X and Y and
homomorphism ©: RN — Y, the induced map

I@ : L*@detX®RN7Y — detX7Y

as in (4.40) is continuous over F*(X,Y') with respect to the topologies determined by the Normal-
1zation I property.

Proof. By Lemma 4.11, Zg.p = (—1)(indD)NANf6‘1D, with f@;p given by (3.2). By Lemma 5.1, the

family of isomorphisms f@; p induce a continuous bundle map
j.@ : detX,y — L*@detX@RN,y
over F*(X,Y’). This implies the claim. O

Let X and Y be as above. The subsets
Ux,o = {DeF(X,Y): ¢(De) =0}

form an open cover of F(X,Y’) as © ranges over all homomorphisms RN — Y and N ranges over
all nonnegative integers. We topologize detx y|vy.o by requiring the bundle isomorphism

todet xgry y — detx )y, o —Ze.p(o) VoeA(De), DeF(X,Y),

to be a homeomorphism over Ux.g with respect to the topology on the domain induced by the
topology on det y g~ y |7+ (x@r~ y) described at the beginning of this section. We next show that
this topology is well-defined.
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Proposition 5.3 (Continuity of transition maps). Let (¥y)¢ be a collection of exact triple iso-
morphisms as in (2.27) satisfying the Normalization ILIII and Compositions III properties. For
any Banach vector spaces X and Y and homomorphisms ©;: RN — Y with i=1,2, the induced
overlap map

—1 Lk *
I@Z;DOI@I;D. L@ldetX@RNl,Y — L®2detX@RN27Y

is continuous over Ux.e, NUx.e, with respect to the topologies determined by the Normalization I
property.

Proof. With N=N1+ No, let
0— RV 4 RV=RVgRM T RN 40 and
0 — RV 2, RN _RMgRMN N g
be the natural exact sequences of vector spaces and
tex = idx @u: XORY — XoRY
for k=1, 2. Define
©: RY —Y by O(ur,u2) = O1(u1) + O2(us).

Thus, the diagram
XoRM
\\Dc—)l

LX;Nl L1, X

N

e M e
2
X@RNZ /

of Fredholm operators commutes.

By the Commutativity I property, the diagram

o )‘(D@1) o
. ‘ A
©2;Dg U
R L
Aexing) ® Alux) @ A(De) Alex;ny) @ A(Dey)
~ [ _ \
CLX;N1’L1;X®id _ CLX;N‘}’D(al
A v Cix;n Do
A(Dg) i > Aex;n) @ A(De) D) (5:2)
_ A - A
CLX;NQ'LQ;X(X)id ~ CLX;N%’DG)Q
| id®cL2;X,D(_)
Alex;ng) ® Aezx) ® A(De) AMex;ng) @ A(De,)
Iel;DQQOfR;D P e

= \(Dey)

o7



also commutes (excluding the dotted arrows). We define the isomorphisms A, Ay, As in this dia-
gram by

A(o) =1® (QyoA(me)) ® o, Ag(og) =1 ( *Nko)\(ﬂ'g)) ® o, (5.3)
where 7 : ¢(tx.n,) — RV is the isomorphism induced by the projection X @ RV — RN,
By (4.40),

To.p = Cixn0o © A, Ton =Ciyy Do, © Ak, k=12 (5.4)
Let R: X®RY — X®RY be the isomorphism given by
R(z,uy,uz) = (x,ug,u1) YV (z,ui,uz) € XaRM RN
and
Ir.p =Iridy;:pe: MDe) — A(DgoR ') = A(Zray (De)),

T T —1
IR;Nl :ZidX@RNQ’R_I;[’X@]RNZ;Nl . )\(LXEBRNQ;Nl) — )\(R OLX@RNQ;Nl) - )\(LQ’X)

be the corresponding isomorphisms as in (2.5).

Let C7,Cy €R* be such that

CLO;N17L1(1®Q);V1 ® 1®(Q}KV20>‘(7TR;N2))) =C11® Q}k\h
Cuony (10D, © 18 (2, oA (miny)) = Col @ O,
where 7R.N, : ¢(11) — R and LN, ¢ ¢(t2) — RN are are the isomorphisms induced by the

projections mg.n, and 7p,.n,. By the Compositions II and Normalization III properties applied to
the diagram

0 x4 o x 0 0
R

0— =X M xRN 2 RN 0
lid J/LI;X lu

0——> X XV xoRN ™ RN 0,

the diagram

—1 = —1
Iﬂzﬂrz:bx;z\rl ®I7f2ﬂf2;b1;x

)\<[’0§N1)®)‘([’1) )\<[’X;N1)®)\(51;X)
aO?Nl"’l _ aX;Nl vbl:X\L
Zﬁi%ﬂx-N
)‘<[’0;N) : A(Lx;N)
commutes. Thus,
Coxonyinix (18 (2, 0A(m2)) ® 1@ (Ui, oA (TRiNyix))) = C11 ® (AyyoA(m2)) , (5.5)

where TR Ny x ¢ €(L1,x) —RM2 is the isomorphism induced by the projection X @RY — R™2 onto
the last No Euclidean coordinates. Similarly,

Coxinyizx (18(2, 0A(m2)) @ 1@ (A, o A(TLivix))) = C2 1 ® (oA (m2)), (5.6)
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where 7. v, x 1 ¢(L2,x) —RM is the isomorphism induced by the projection X ®RY — RN onto
the first N; Euclidean coordinates.

Since (De,)o,=De and txggn . N, =11,X,

{1d®CL1X De} (Al ZGz,Del( )))
- {1d®cb1 X; Do} (1® QN oA(m2)) ® al;X;7D(—)(1®(Q*N20)\(7TR§N2)) ® U))
= 10(Qy, 0A(m)) © 18 (D, o A(Tr:N, ) ® 0
Combining this with (5.4), the commutativity of the upper rectangle in (5.2), and (5.5), we obtain

I@D OI@1 D = Cl Ié (57)

QDOI.

On the other hand, (De,)e, = DeoR~! and LxgRrN2:N, = Itota,x. By the Composition I property
applied to DgoR 1o XaRrNz2;n, and the Normalization IIT property, the diagram

-:fR;N ®id
)x(LX@RNQ;Nl) & )\(D@) ! )\(LQ;X) ® /\(D@)
I |
id®Zr;p ~ Ciy.x.Dg
LX JRNQ;N ,D@OR*1
Axomnan,) © A(DooR™) — A\(De,)

commutes. Since B
IR;Nl (1®(Q7Vlo)‘(7TR§N1))) =1® (Qy]KVl O/\(WL§N1)) ,
the last commutative diagram gives
{146Co 0} (A(Toppo, Trin(@)))) = 16(R,0M(m2)) © 18(0, oA (ML) © 0
Combining this with (5.4), the commutativity of the lower rectangle in (5.2), and (5.6), we obtain
ToipoTesn = C2Ipp 0 Tg) p,, - (5.8)
From (5.7) and (5.8), we conclude that
I(SQI;D oZle;p = (C1/Ch) Iel;D@2 °© -,ZR;D © ZG_)gl;Del'

The outer maps on the right-hand side above are continuous over Ux.e, N\Ux.e, by Corollary 5.2,
while the middle map is continuous over Ux.e, NUx,e, by Lemma 5.1. O

Corollary 5.4 (Continuity of (2.27)). Let (U¢)¢ be a collection of exact triple isomorphisms as
in (2.27) satisfying the Naturality II, Normalization ILIII, and Compositions I,II properties. For
any Banach vector spaces X, Y, X", Y', X", Y", the bundle map

v ﬂidetxl,y/ ® ﬂ;{detx//,y// — WédetX,y

over T(X,Y; X")Y'; X" Y") is continuous with respect to the topologies provided by Proposi-
tion 5.5.
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Proof. We abbreviate T(X,Y; X" )Y ; X" )Y") as T. Let tg € T be as in (2.6), with all seven
homomorphisms carrying subscript 0, and

O:RY 5y and O":RN Y

be homomorphisms such that Dy € Uxr,er and Dj € Uy g Let N=N'+N", i: RN — RN

be the inclusion as RY’ XONH, and j: RY — RN be the projection onto the last N” coordinates,
and A; j €R* be as in (4.42). For each teT as in (2.6), define

O¢:RY — X, O, 2") =iy (0'(x))) + ©"(«") V(«/,2") e RV RN,
@i/: RN// N X//, @;l(l'//) — ]Y (é//(x//)) v$// GRN// '

Thus, the diagram s(t) given by

0 RV L. RN _J RN 0
i o' \L ¢ @v{/
0 v Y Ly Yy 0

commutes for every exact triple t as in (2.6), and we obtain an embedding
T — T(XeRV,V; X' oRY Y X"aoRY V"),  t— ty.

By Lemma 4.12, the diagram

/ " 0
I@’;D’ éZ@/t/;D// lzet;D
| _1)md DN 4 g
A(D') @ A(D") = Ehd A(D)

commutes. By the definition of the topologies on the determinant line bundles, the vertical arrows in
the above diagram induce continuous line-bundle isomorphisms over the open subset of T consisting
of the exact triples t as in (2.6) so that D' €Uxr,er and D" € Uxn,gr. By Lemma 5.1, the top arrow
induces a continuous line-bundle isomorphism over the same open subset. Thus, the bottom arrow
in this diagram induces a continuous line-bundle isomorphism as well. O

Remark 5.5. For the collection of exact triple isomorphisms (2.27) given by (4.10), Cy = (—1)N /2
and Cy=1 in the proof of Proposition 5.3, as can be seen from (4.22).
5.2 Continuity of dualization isomorphisms

We begin by verifying the Normalization I’ property on page 17; see Lemma 5.6. This allows
us to confirm the continuity of (2.38) over F*(X,Y); see Lemma 5.7. The continuity of (2.36)
over F(X,Y) then follows from the Dual Exact Triples property on page 19; see the proof of
Corollary 5.8. For each De F(X,Y), let

qp: Y — ¢(D), qp(y) =y +ImD,

be the projection map as before.

60



Lemma 5.6 (Normalization I'). Let (Uy); be a collection of exact triple isomorphisms as in (2.27)
satisfying the Naturality II, Normalization ILIII, and Compositions I II properties. For any Banach
vector spaces X and Y, Dy € F'(X,Y), and right inverse S: ¢(Dy) — Y for qp,, there exists a
neighborhood Up, s of Do in F'(X,Y) so that the bundle isomorphism (2.35) is well-defined and
continuous with respect to the topology provided by Proposition 5.3.

Proof. By the Open Mapping Theorem for Banach vector spaces,

Upys ={DeF(X,Y): Y =ImD & Im S}
is an open neighborhood of Dy in F/(X,Y). Let

nx,7g: Y =ImDy®ImS — Im Dy, Im S
be the projection maps and D 1. Im Dy — X be the inverse of the isomorphism

Dy: X — Im Dy, x — Dox.
For each D€ Up, g, the map
Ypep: Y —Y,  ¥pyp(y) = D(Dy ' (mx(y))) +7s(y),
is an isomorphism so that
D=1pypoDooidy’  and  ¢pp(y)—S(ap,(y)) € ImD VyeY.

By the last property,
A(Dp) — A(D).

Since ¢p,.p depends continuously on D, the claim follows from the continuity of (2.27) provided
by Corollary 5.4, along with the Normalization III property. O

1py,5;0 =Lidx Wpyip *

Lemma 5.7. Let (V)¢ be a collection of exact triple isomorphisms as in (2.27) satisfying the Nat-
urality II, Normalization II 111, and Compositions III properties. For any Banach vector spaces X
and Y, the family of maps Dp given by (2.38) induces a continuous bundle map

D: detxy — D*dety+ x-
over F*(X,Y) with respect to the topologies provided by Proposition 5.3.
Proof. Let Doe F*(X,Y), T: Y — X be a right inverse for Dy, and
mr: X = k(Do) ®ImT — (Do), x—x—TDox VrxelX,
be the projection map. Thus, the homomorphism
S:¢(Dy) — X7, a+1Im Dy — aly(py) o 71,

is a right inverse for gp;. By the Normalization I property on page 12 and Lemma 5.6, it is sufficient
to show that the map

5t s.0-°PpoZpyrip: A(Do) — A(D) — A(D*) — A(D§)
depends continuously on DeUp, s. By (2.25), (2.38), and (2.34), this map is given by
t®1" — 1@ P(A(Dp,)z),
which establishes the claim. d
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Corollary 5.8 (Continuity of (2.36)). Let (V¢)¢ be a collection of exact triple isomorphisms as
in (2.27) satisfying the Naturality II, Normalization ILIII, and Compositions III properties. If a
collection of bundle maps N

D: detX’y — 'D*dety*’X*

over F(X,Y) satisfies the Normalization IV* and Dual Ezact Triples properties, then the maps in
this collection are continuous with respect to the topologies provided by Proposition 5.3.

Proof. Let X,Y be Banach vector spaces. Let D€ F(X,Y) and ©: RY —Y be a homomorphism
so that De€Ux.g. By the Dual Exact Triples property for the commutative diagram

0—=X % X oRY —>RY 0
b
0 y — Ly 0 0,
the diagram
(D) & A(j) ———= A(De)
B,eBpen iﬁ%
A(*) ® (D) ——= \(Dp)

commutes. By Corollary 5.4, the horizontal arrows in this diagram induce bundle maps that are
continuous with respect to the topologies provided by Proposition 5.3. The right vertical arrow
induces a continuous bundle map over Ux.eo by Lemma 5.7. The isomorphisms R and 15]- on
the left-hand side of this diagram do not depend on D. Thus, the isomorphisms Dp also induce
continuous bundle maps over Uy.g. ]

5.3 Orientations along paths
Let X,Y be Banach vector spaces. We denote by

F (X, Y)Cc F*(X,Y) C F(X,Y)

the subspace of isomorphisms between X and Y. If De F*(X,Y) is an isomorphism, the element
1®1* of A\(D) determines an orientation on this line, which we will call the canonical orienta-
tion of A(D). Below we determine whether the extension of this orientation over a generic path
in F(X,Y) ending in F*(X,Y’) restricts to the canonical orientation over the endpoint as well; see
Proposition 5.9.

Let D; € F(X,Y) with t € (—0,0) be a continuous path so that D; € F*(X,Y) for ¢ # 0 and
0(c(Dp))=1. By the continuity of the index, this implies that d(k(Dpy))=1 as well. Choose

zo € k(D)—{0}, yo € Y —Im Dy,
and a closed linear subspace X C X such that the operator

D(): X — ImDo, Do(x) = Dox,
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is an isomorphism. Shrinking § if necessary, we can assume that
Y =Im D;®Ryp Vte(—4,9).
Let B: (—6,0) — X and f;: (—6,6) — R be continuous maps so that
Dyxo = Dy(B(t)+ f(t)yo-

By our assumptions, B(0)=0 and f~!(0)={0}. We will call 0€ (—4, ) a transverse degeneration of
the path (Dy)e(—s,6) if f changes sign at t =0. This notion is independent of the choices of zg, yo, X

Continuing with the setup above, define
©:R—Y, O(s) = syo.

Thus, x((D¢)e) is generated by the element (zo—B(t), —f(t)) of X®R. Since the operators (D;)eo
are surjective, the map

T: (=6,0)xR— | |M(Doe),  Z(t,s) = (zo—B(t), —f(t)s € A((Dr)e),
te(—6,9)

is a continuous line bundle isomorphism over (—d, ) by the Normalization I property on page 12.
By the Normalization II property on page 12, the isomorphisms (3.2) are given by

i@;Dti ADy¢) — )‘((Dt)@)a
Toup, (F)1©17) = (B(t)— 0, (1) @17 = T(t,~1) if £ £0.

Since the isomorphisms f@; p, extend over t=0 by the Exact Triples property on page 13, it follows
that the canonical orientations of \(D;) with ¢t # 0 do not extend across t =0 if 0 € (—9,0) is a
transverse degeneration of the path (D¢)yc(—s5)- This establishes the following.

Proposition 5.9 (Wall Crossing). Suppose X,Y are Banach vector spaces and (Di)icpo,1) 5 @
continuous path in F(X,Y) so that D; is an isomorphism except for finitely many values of t
in (0,1). If all degenerations of the path (Dy)icjo,1) are transverse, then the canonical orientations
of A(Do) and N(Dy) extend continuously to orientations of A(D¢) over [0,1] if and only if the
number of the degenerations is even.
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