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THE DETERMINANT LINE BUNDLE FOR FREDHOLM
OPERATORS: CONSTRUCTION, PROPERTIES,
AND CLASSIFICATION

ALEKSEY ZINGER*

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 properties,
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.

1. Introduction

A Fredholm operator between Banach vector spaces X and Y is a bounded
homomorphism D: X — Y such that

ImD={Dx:x € X}
is closed in Y and the dimensions of its kernel and cokernel,
k(D)={xe X:Dx =0} and ¢(D)=Y/(Im D),

are finite (the first condition is implied by the other two, but is traditionally
stated explicitly.) The space & (X, Y) of Fredholm operators is an open sub-
space of the space #(X, Y) of bounded linear operators D: X — Y in the
normed topology; see [13, Theorem A.1.5(ii)]. Quillen’s construction, out-
lined in [15, Section 2], associates to each Fredholm operator D a Z,-graded
one-dimensional vector space A(D) = det D, called the determinant line of
D, and topologizes, in a systematic way, the set

detX,Y = |_| }\.(D)

DeF (X.,Y)

as a line bundle over % (X, Y) for each pair (X, Y) of Banach vector spaces.
There are in fact infinitely many compatible systems of such topologies, all
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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 topo-
logizing 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
Section 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 dety y, such
as .J p.r in(2.6) and S o:p in (3.2), that overlap continuously. The justification
for the existence of such a collection in [15] consists of an allusion to some
unspecified collection of compatible isomorphisms relating the determinant
line bundles in the short exact triples

0 0 Rk Rk 0
(1) | | |
0 ReH™ Re*™ 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)], [, 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 op-
erators without checking that they overlap continuously, which in fact is not
the case, as discovered in [14]; see Section 3.3 for more details. Key proper-
ties 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 outlined. The discussion of the relevant considerations
from linear algebra is more extensive in [10], but it contains an important
deficiency, which is described in Remark 4.9, and does not complete the con-
struction. However, the general approach of [10, Appendix B] is well-suited
for an explicit construction 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 de-
tail in Section 3.2, using [11, Theorem I], which predates [15], is perhaps the
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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 Section 2.

This paper provides a comprehensive construction of a system of determ-
inant 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 determ-
inant 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 Section 2 and shows that such systems correspond
to collections of isomorphisms

(1.2) Ai:A°(R) — R, i€Z ceZ" ¢c>—i;

in contrast to the viewpoint of the previous paragraph, there are no compatib-
ility 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 isomorphisms for exact triples of Fredholm operat-
ors. Section 4, which is motivated by [11, Section 1] and [10, Appendix D.2],
deals with the linear algebra preliminaries used in our construction. Section 5
concludes this paper with topological arguments; this section is motivated by
the approach in [13, Appendix A.2]. Many of the individual steps that we de-
scribe in this paper are not new. However, even the full statement of Theorem 1
in Section 2 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 discus-
sions, the referee for pointing out additional relevant literature, and the TAS
School of Mathematics for hospitality.

2. Properties of the determinant line bundle

All vector spaces we consider are over R. We denote by d(V) the dimension
of a vector space V and by

AV) = APV = Ay and  AN(V) = (W(V)*
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the top exterior power of V and its dual, whenever d(V) < oco. We view A(V)
and A* (V) as graded lines of degrees

deg A(V), degA*(V) = (V) +2Z € Z,.
For any two Z,-graded lines L and L,, we define

deg(L; ® L,) =deg L, + deg L,
21) RRLi®L, — Ly®L,, R ®vy) = (—1)deelnegla), o,

If £, % — &% are Z,-graded line bundles (each fiber has a grading varying
continuously over &), the fiberwise isomorphisms R give rise to an isomorph-
ism

RARYL — 5H QY

of Z,-graded line bundles over &. If L is a line and v € L — 0, we define
v¥ e L* by v*(v) = 1.
For a Fredholm operator D: X — Y, we define

2.2) MD) = Ak (D)) ® 1*(c«(D))
with the grading
degA(D) =ind D 4+ 2Z = d(k (D)) — d(c(D)) + 2Z € Z,.

This is the same definition as in [12, Section 20.2] and [14, Section 7.4]; we
discuss alternative versions of (2.2) in Section 3.

The line bundles dety y satisfy a number of important compatibility proper-
ties, which we now describe. A homomorphism between Fredholm operators
D:X — Y and D': X' — Y’ is a pair of homomorphisms ¢: X — X’ and
Y:Y — Y’ sothat D' o ¢ = o D; an isomorphism between Fredholm op-
erators D and D’ is a homomorphism (¢, ¥): D — D’ so that ¢ and i are
isomorphisms. Such an isomorphism induces isomorphisms

M)Ak (D) — Ak(D)), AW H:A((D)) —> Ac(D)),
(2.3)  F4y.0:M(D) — A(D"), xAa—> (AMP)x) A (@or(y™h)).

Isomorphisms ¢: X — X’ and ¥:Y — Y’ between Banach vector spaces
induce a homeomorphism

Iy FX,Y) — F(X',Y), D—yoDop';
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in particular, (¢, ¥): D — J 4 (D) is an isomorphism of Fredholm operators
foreach D € # (X, Y). Putting the isomorphisms % . p together, we obtain
a bundle map

(2.4) T yidetyy —> I3, detyy
covering the identity on # (X, Y).
Naturality I: The map u%,w is continuous for every isomorphism
(. ¥): (X, V) — (X, Y)
of pairs of Banach vector spaces.
With X, Y as above, we define
F(X,Y)={D e F(X,Y):c«(D)={0}};

this is an open subset of # (X, Y). For each D € %*(X,Y), right inverse
T:Y - X of D,and P € B(X, Y) sufficiently small, the homomorphism

(2.5) ®pr.pik(D+ P) — k(D), x — x—TDx,
is an isomorphism and thus induces an isomorphism
A(D) = A(k (D)) ® R* — A(k(D + P)) ® R* = A(D + P).
Putting these isomorphisms together, we obtain a bundle map
2.6) Ipr:Upr x M(D) —> detxy|,

covering the identity on an open neighborhood Up 7 of D in #*(X, Y).

Normalization I: 'The map g p.r 18 continuous for every D € F*(X,7Y),
rightinverse T: Y — X of D, and sufficiently small open neighborhood Up, r
of Din #*(X,Y).

For Banach vector spaces X', Y’, X”, Y”, the direct sum operation

©FX, Y)x FX'Y) —FX X, Y OY",
(D/, D//) SN D/ @ D//,

is a continuous map. Let

RX’,X//: X/ @ X” —> X” @ X/
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and
Ry FX',Y)Yx FX",Y') — FX",Y")x FX,Y)
be the maps interchanging the factors and
a1 FX, Y)Y x FX",Y") — FX,Y), FX",Y")
be the projection maps. We denote by
& FX,Y)YxFX",Y)—>FX' X, Y ®Y)
and

EB:?/?(X/, Y/) % (0/7(X//, Y//) % (O}(XW, Y///)
N g;(X/ ® X" ® XW, Yy’ ® y” ® Y///)

the compositions

(2.7) @ o Ry = fRX,YXH,Ry,Yy,, oD

and

(2.8) ® o (& x idgx» ymn) = ® o (dgx.y) xXD),
respectively.

For Banach vector spaces X, X», X3, the composition map
Cx,: F (X1, X2) X F (X2, X3) — F(X1,X3), (D, D2) — Dyo Dy,
is continuous as well. If X, is another Banach vector space, let
Cx, x,: F (X1, X2) X F (X2, X3) X F (X3, X4) — F (X1, X4)
denote the compositions
(2.9) €x, o {€x, x idzx, x,)} = €x, o {idz(x, x,) XEx,}-
For Banach vector spaces X, Y, X', Y', X", Y”, let

2100 X, Y; X, Y; X" YYCFX, V) xFX,Y)xFX",Y"
X BX,X)xBX,X"Yx BY',Y)x BY,Y")
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be the space of exact triples of Fredholm operators, i.e. the subspace of tuples
(D, D', D", 1x,ix, iy, jr) corresponding to the commutative diagrams

0 X s x e xr 0
(2.11) l ’ lD lDH

0 y 2y oy 0
with exact rows. For x =, ”, denote by

ITX, Y X, Y5 X", Y)YCcT X, Y; X, Y X", YY)

the subspace of diagrams (2.11) so that D* is an isomorphism. If
te T (X, Y; X, Y; X", Y")
is as in (2.11), the homomorphisms
ix:k(D) —> k(D"), jy:¢(D) —> ¢(D")
are isomorphisms; let
F:M(D") @ M(D") — MD),
(2.12)
1®1"® (A(ix)x) ® " —> x ® (@ o A(jy)),

be the natural induced isomorphism. If t € (X, Y; X', Y'; X", Y") is as in
(2.11), the homomorphisms

ix:k(D) —> k(D), 1iy:c(D) —> ¢(D)
are isomorphisms; let
S (D) @ M(D") — MD),
(2.13)
¥R @oi(ix)®1® 1" — (A(ix)x) Qa,
be the natural induced isomorphism.
With notation as in (2.10), denote by
me, L, e T (X, Y XL Y XD YY) — F(XY), F (XL YD), F(X" YY)

the restrictions of the projection maps and by

Cr:T (X1, X2; X1, X5 X[, X5) x T (X2, X33 X5, X35 X5, X5)
— T (X1, X3; X, X5; X1, X%)
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the continuous map sending commutative diagrams

i

0—> X/ X)L X ——0
lD; lDl lug
0 X, 2 X, —25 XY 0
(2.14)
0 X, 2 X, 2 XY 0
N
0 X, X3 2 X7 0
to the commutative diagram
0 X, x, s xy 0
| |
(2.15) D}oD, DyoD, DYjoD!
ool
0 X, — X3 2 XY 0

‘We note that

(2.16)  (mtc, L, R) 0 €7 = (€x, o (71 0 71, 7iC 0 M),

@x, o (L o 7, L 0 M), Bxy 0 (7R © 7Y, TR © TM2)),
where
1, T (X1, Xo; XY, X5 XY, X5) x T (X, X35 X5, X5 X5, X5)
— T (X1, X2; X, X5 X, X5), T (X2, X35 X5, X35 X7, X%)

are the projection maps.
Associating the direct sum D’ @ D” with the commutative diagram

O X/ iX X/ @ X// jX X// O iX(x/) = (-x/7 0)
| jX(x/, x//) — x//
2.17) J/D’ D'eD” D’
J

iy(y) = (',0)
ir,y") =y",

0— Y s yey sy — 50

we obtain an embedding

o FX YYx FX"Y)—>TX XYY X, Y;X" Y
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subject to
Tcolg =@, TNALOlg =T, TROly=T).

The isomorphisms (2.12) and (2.13) give rise to canonical identifications

(2.18) A(ldz D) = A(D) = M(D & idy),
0, x) Ao A0, ) ® ((0, y1) Ao A (O, y))
> XA AR AL AY)T
«— (LA A 0) @ (01, 0) AL A (e, 0)7,

for any Fredholm operator D: X — Y and Banach vector space Z.
Associating the composition D, o Dy with the commutative diagram

(2.19) ‘
0—>X1]—X>X1€BX2]—X>X2—>O

| ix(x1,x2) = Dix; —x2
‘/Dl Dle@idxz lD2

O—)le—y>X3@X2]—y>X3—>0

ix(x1) = (x1, D1x1)

ty (x2) = (D2x2, x2)

jy (x3, X2) = x3 — Dax2,
we obtain an embedding

tg: F (X1, X2) x F (X2, X3) — T (X1 @ X2, X3® Xo; X1, X5 X2, X3)
subject to
mc otg(Dy, D) = €x,(Dy, Dy) ®@idx,, mLolg =m, TROLlg = T>.

In particular, (i, 7r¢ dety y = (6;2 dety, x,. If D € #(X,Y), the compositions
D oidy and idy oD correspond to elements of

TXSX,YOX: X, X;:X,Y) and T"X®Y,YOY:X,Y:Y,Y),
respectively, with the isomorphisms %/ and %" of (2.12) and (2.13) given by
IRI"x®B—>xR®B and xRBRIR" —xQpB

under the identifications (2.18).

Exact Triples: There exists a collection of (continuous) line bundle iso-
morphisms

(2.20) v 77,'{1< detx: y/ ®7‘[;§ detX//’y// — ﬂé detX’y

over 7 (X,Y; X', Y'; X", Y") parametrized by tuples (X, Y; X', Y’; X", Y")
of Banach vector spaces with the following properties.
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Naturality II: The isomorphisms ¥ commute with isomorphisms of exact
triples of Fredholm operators, i.e. for each isomorphism

0 D}, Dr DY 0
| |
(2.21) ¢y ¢ ¢y
I 3 I
0 D}, Dg D}, 0

of exact triples of Fredholm operators, the diagram

(D) ® A(DY b W(Dr)
. | N

ﬂ¢/~‘///iD'{r®ﬂ¢”~‘//”3D¥ j(ﬁ)‘P;DT
(DY) @ MDY, i »(Dg)

where ﬁ@,,/,w; pz are the isomorphisms (2.3) and Wt and Wp are the isomorph-
isms (2.21) for the top and bottom exact triples in (2.20), commutes.

Naturality III: Foreach« ="', andt € *(X,Y; X', Y'; X", Y"), the
restriction W of W to the fiber over t is the canonical isomorphism %" of (2.12)
or (2.13).

Normalization II: Foreachte I (X,Y; X', Y’; X", Y") as in (2.10) with
D e F*(X',Y') and D" € ¥*(X",Y"), ¥, is the canonical isomorphism
Ak(py of Lemma 4.1 for the short exact sequence

0 — k(D)) — k(D) — k(D) — 0

of finite-dimensional vector spaces.

Compositions: The isomorphisms
(ng’Dz = W, (p,.0y): MD1) ® A(D2) —> A(Dz 0 Dy)

with D, € #(X1, X,) and D, € % (X,, X3) provide liftings of (2.9) and
(2.16) to determinant line bundles, i.e. the diagram

DY) ® A(D2) ® M(D3) —E0 5 D)y @ (Ds 0 Dy)

(2.22) @y, ®id Cpyon; 03

€ DyoD;.D3

A(Dy 0 D) @ A(D3)

)\.(D?, o Dz o Dl)
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commutes for all D; € % (X1, X,), Dy € # (X5, X3), and D3 € % (X3, X4)
and the diagram

A(D}) ® M(D)) @ A(Dy) ® M(DY) —22¥2, 5(Dy) @ A(Dy)

(223) (gDi.Dé(X)(gD’l’,DgOid@R@id CD]«Dz

!
M(Dy 0 D)

Vg it

A(D} o D}) @ A(D} o D))

commutes for all exact Fredholm triples t; and t; in 7 (X, X»; X, X5; X7,
X7) and I (X», X3; X5, X5; X7, X%), respectively.

Direct Sums: The isomorphisms
Bp.pr = Ypep: A(D) @ A(D") —> (D)

with D’ € #(X',Y’)and D" € & (X", Y") provide liftings of (2.7) and (2.8)
to determinant line bundles, i.e. the diagram

WMD) @ MD") —222 s 3(D' @ D)
o
(2.24) R‘/ I Rys xRy D@D
_ )
A(D") @ M(D') —=22 (D" @ D)

commutes for all D' € # (X', Y') and D" € #(X”,Y") and the diagram

)\.(D/) ® )\(D//) ® )\,(DW) id @@ pr pr )\,(D/) ® )\(D// @ D///)
| |
(2.25) éD’.D”@)id éD’@D”.D"’
\ N
)»(D/ @ D//) ® )\.(DW) Dpepr.p" )\.(D/ o D" o) D///)

commutes forall D' € (X', Y), D" € #(X",Y"),and D" € (X", Y").

THEOREM 1. There exist a collection of topologies on the line bundles
detX,Y —> g;(X’ Y)

corresponding to pairs (X, Y) of Banach spaces and a collection of line-bundle
isomorphisms (2.20) which satisfy the Naturality I, I1, 1II, Normalization I, 1,
Compositions, and Direct Sums properties above.

Some of the properties listed above are implied by other properties:

o Naturality I follows from the continuity of W and Naturality III;
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o Naturality II follows from Normalization II and the last Compositions
property, each applied twice;

o Naturality III follows from Normalization II and the two algebraic Com-
positions properties (via Naturality II);

o the continuity of W follows from Normalization I, IT and the two algebraic
Compositions properties (see proofs of Lemma 5.1 and Corollary 5.4);

o the system of topologies on the line bundles dety y is determined by
Normalization I, IT and the two algebraic Compositions properties (see
proof of Proposition 5.3).

By the proof of Corollary 4.13, the next property is also implied by the
Normalization II property and the two algebraic Compositions properties; in
Section 3.2, we deduce the two algebraic Compositions properties from the
Exact Squares property.

Exact Squares: For every commutative diagram

0 0 0

(2.26) 0 —— Dep —<> Doy —S— Deg ——> 0
iL im iR

0 0 0

of exact rows and columns of Fredholm operators, the diagram

(2.27) Wy @Wpoid ®R®id
A(D11) ® A(DgL) @ A(D1R) ® A(DgR) A(Dtm) ® A(Dgm)

|
YL @WR Wy
v v
A(DcL) ® A(Dcr) < A(Dcm)
of graded lines, where W, are the isomorphisms (2.20) corresponding to the

top, center, and bottom rows and left, middle, and right columns of the diagram
(2.26), commutes.
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It is thus consistent with [11, Theorem 1] that the Normalization I, II prop-
erties and the two algebraic Compositions properties completely determine a
compatible system of topologies on determinant line bundles. The two Direct
Sums properties follow from the Exact Squares property applied to the two
diagrams in Figure 1 and the Naturality II property applied to the diagram

0O— D' '— D oD"——> D ——0
O— D' '—D"®D —— D ——0

By the proof of Lemma 5.5, the Normalization I property can be replaced
by a dual version. Let

F'(X,Y)={D e F(X,Y) :«x(D) =0}

be the space of injective Fredholm operators. For each Dy € #'(X, Y), right
inverse S: c¢(Dy) — Y for

qp,: Y — ¢(Dy), y —> y +1Im Dy,
and D € # (X, Y) sufficiently close to Dy, the homomorphism
gp o S:¢(Dgy) —> (D)
is an isomorphism and thus induces an isomorphism
(2.28)  IpspiA(Dy) — A(D), 1®@a — 1@ (@oilgpoS) ).
Putting these isomorphisms together, we obtain a bundle map
(2.29) F o5 Upys X M(Dg) —> dety ylu,, s

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

Normalization I': The map g D,.s 1s continuous for every Dy € F'(X,Y),
right inverse S: ¢(Dy) — Y of gp,, and sufficiently small open neighborhood
UDg,S of Do in zgg/(X, Y)

The determinant line bundle is also compatible with dualizations of Fred-
holm operators. For each Banach vector space X, let X* denote the dual Banach
vector space, i.e. the space of bounded linear functionals X — R. For each
D e F(X,Y),let D* € #(Y*, X*) denote the dual operator, i.e.

(D*B}(x) = B(Dx) VBeY* xeX.
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0 0 0
0 0 D’ D’ 0
0 D" D'® D" D' 0
0 D’ D" 0 0
0 0 0
0 0 0
0 D’ D' 0 0

FIGURE 1. Exact squares of Fredholm operators corresponding to the two
Direct Sums properties

The map
9.%X,Y)— FX*, X, D— D*,

is then continuous. For each D € & (X, Y), the homomorphisms
(2.30)
Dp: k(D) —> «(D*, {Dp(x)}(a +Im D*) =a(x) Vx € (D), o € X*,

Dp:«(D)" —> k(DY), {Dp(B)}(y) =p(y+ImD) VBec«D), y€eY,
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are isomorphisms. For each finite-dimensional vector space V, we define

(2.31) P A(VF) — A5 (V),

,,,,,

and denote the inverse of & also by Z. For each exact triple t of Fredholm
operators as in (2.11), we define the dual triple t* to be given by the diagram

1k
Ty

0 Y//* ]i Y*

Y™ 0
(2.32) LD”* lD* lD’*
0 X//* Ix X* 'x X/* 0

This defines an embedding

233) 979X, Y; X, Y: X" Y — TX* XY™ X" Y* X™

st. wcoYDy =Donc, LoDy =Donr, mRoYy =Dom..

The advantage of the isomorphism (2.31) over the isomorphism induced by the
first pairing in (3.10) is that the former fits better with short exact sequences;
see the last statement of Lemma 4.2.

Dualizations: There exists a collection of (continuous) line bundle iso-
morphisms

(2.34) D:detyy —> D" detys x-

over & (X, Y) parametrized by pairs (X, Y) of Banach vector spaces with the
following properties.

Normalization IlI: For every homomorphism §: L — {0} from a line,
Ds(x®@1%) =10 P(L(Ps)x) Vxeill)=L.

Dual Exact Triples: The isomorphisms (2.20) and (2.34) provide a lifting
of (2.33) to determinant line bundles, i.e. the diagram

Wi

A(D") ® A(D") AMD)
(2.35) ép,@lsz?yoze F
A(D") @ A(D") Wi A(D¥)

commutes foreveryt € (X, Y; X', Y'; X", Y") asin (2.10).
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By Corollary 5.7 and Section 3.4, each determinant line bundle system as
in Theorem 1 determines a unique system of isomorphisms & satisfying the
above two properties. Furthermore, there is a somewhat smaller family of line
bundle systems that satisfy a stronger version of the Normalization III property:

Normalization III*: For each D € #*(X,Y), é p 18 the canonical iso-
morphism induced by the first equation (2.30) and the pairing (2.31):

(2.36) A(D) — A(D"), x®1" — 1Q® P(AM(Dp)x).

By Lemma 5.6, the isomorphisms (2.36) give rise to a continuous bundle
map over #*(X, Y) for any system of topologies on determinant line bundles
as in Theorem 1. In the proof of Corollary 5.7, we use this to show that the con-
tinuity of (2.34) is implied by the Dual Exact Triples property. However, the
latter is compatible with the Normalization IIT* property only for some determ-
inant line bundle systems, including the one specified by the isomorphisms W,
of (4.10). ~

The dualization isomorphisms & p given by (4.13) and the identity iso-
morphisms A;; in (1.2) seem rather natural. However, by Theorem 2, the
number of systems of topologies on determinant line bundles compatible with
these choices is still infinite.

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

0 D'+ i (D/ @ D//)* i* D* id 0

lid l(TxyTy) l
(2.37) . ,
0 D' i D"* @ D’* J D* 5 0,
Tx(B) = (Bly», Bly), Ty(a) = (x|xr, alx),
where 1 = (iyx, iy) and j = (jx, jy) are as in (2.17), we find that the diagram

éD’.D”

A(D") @ A(D") A(D"® D")
| _ |
@DN®§D/OR fTX,Ty;(u’ew”)* oD pigpr
)»(DN*) ® )»(D,*) Dpr pre K(D//* ey D/*)

commutes, i.e. the dualization and direct sum isomorphisms, J and @, on
the determinant lines are compatible. Combining the Dual Exact Triples prop-
erty with the Naturality IT property applied to (2.37) with (D', D”) = (D, o
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Dy, 1idy,), we find that the diagram

(D) ® A(Ds) Oon.0; (D 0 Dy)
o n
Dp,®Pp,oR Dpyon,

-
A(D}) @ A(DY) A(Dy 0 Dy)

commutes, i.e. the dualization and composition isomorphisms, 7 and €, on
the determinant lines are compatible.

__ Section 4.2 provides explicit formulas for the above isomorphisms Wi,
€p,.0,> éD@DH, and D p; see (4.10), (4.22), (4.12), 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 trivial-
izations & p r of dety y in (2.6) are continuous. Thus, the trivializations % p r
topologize detx y|#+(x,y) as a line bundle over #*(X, Y), as required by the
Normalization I property on page 207. By Lemma 5.1, the resulting topology
is compatible with the Normalization II property on page 212.

For any Banach vector space X and N € ZZ%, let ix.y: X — X @ RN be
the natural inclusion. If ¥ is another Banach vector space, D € & (X, Y), and
®:RY — Y is any homomorphism, define

o F(X,Y) — FX ®R,Y)

b
g lo(D) = Do, De(x,u) = Dx + ©u);

the map (g is an embedding. The exact triple

00— X X x @RV -2, RVN 14y

(3.1) lD | lp l

0 y 9 Ly 0 0

and (2.20) give rise to the isomorphism
32  Jep:MD) — A(De). Fop(0) = ¥i(o @2y @ 1),
where Q is the standard volume tensor on RV, i.e.

Qy=e A...Ney
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if e, ..., ey is the standard basis for RV. By the continuity requirement on
the family of isomorphisms W; and the previous paragraph, the isomorphisms
o, p topologize dety y over the open subset

Uxo ={D e F(X,Y): (Do) =0}.

Since these open subsets cover # (X, Y) as ® ranges over all homomorphisms

RY — Y and N ranges over all nonnegative integers, the isomorphisms #¢. p
completely specify the topology on dety y. However, the overlap map

7 Y *
Fo,p0 0 Ig,.pile, detyxgrvi y —> Lo, detygry y

must be continuous over Uyx.g, N Ux.e, for any pair of homomorphisms
©1:RM — Y and ©,:RY — Y. By Proposition 5.3, this is indeed the case
for the isomorphisms W; given by (4.10); the main ingredient in the proof of
this proposition is Proposition 4.8, confirming the first algebraic Compositions
property on page 212. By Corollary 5.4, the family of these isomorphisms W;
is continuous with respect to the resulting topology; the main ingredient in the
proof of this corollary is Proposition 4.10, confirming the second algebraic
Compositions property.

For each homomorphism é : V — W between finite-dimensional vector
spaces, there is a natural isomorphism

(3.3) I5: A (8) —> A(0) = A(V) @ A*(W).

As suggested in [15], a suitable collection of these isomorphisms is funda-
mental to constructing a system of determinant line bundles for Fredholm
operators. Unfortunately, [15] makes no mention of what properties of a sys-
tem of isomorphisms (3.3) are needed for such a construction and gives no
explicit formula for these isomorphisms. The discussion in [15] is also lim-
ited to Cauchy-Riemann operators on Riemann surfaces. The convention (2.2),
which is also used in [12, Section 20.2] and [14, Section 7.4], is compatible
with the isomorphisms (3.3) given by

(3.4) x® y* —> (—=1)EMRCEOMC@) ALy @ (M) Aw ),

Vxeilk(©)—0, yei(()—0, ve A(L) -0,
Kk (8)

where Ay and Ay are the isomorphisms of Lemma 4.1. This is precisely the
isomorphism of [14, Lemma 7.4.7] and is used directly to topologize determ-
inant line bundles in the proof of [14, Proposition 7.4.8].! While the properties

! As shown in the proof of Proposition 5.3 in this paper, the restriction to injective homomorph-
isms O in the proof of [14, Proposition 7.4.8] is unnecessary.
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of (3.4) necessary for this construction are verified in [ 14], few of the important
properties of the resulting determinant line bundles are checked in [14]. The
isomorphism (3.4) appears only indirectly in the construction of this paper;
see Remark 4.6.

There are alternative ways of constructing a system of determinant line
bundles satisfying the properties in Section 2.

(1) A system of determinant line bundles for bounded complexes of vector

2

3)

bundles and isomorphisms for exact triples of such complexes is con-
structed in [11, Chapter I]. A system of determinant line bundles for
Fredholm operators can then be obtained by associating each Fredholm
operator with a two-term complex, deducing the Exact Squares prop-
erty for Fredholm operators from that for bounded complexes and the
two algebraic Compositions properties from the Exact Squares prop-
erty, and deriving explicit formulas for all isomorphisms. This approach
is described in detail in Section 3.2.

One could explicitly specify a collection of isomorphisms ﬁ@; p asin
(3.2) that are compatible with compositions. This is essentially the ap-
proach taken in [13], [14], [16], and [17] to topologize determinant line
bundles, without verifying the properties in Section 2. The isomorph-
isms (3.2) can be used to define Exact Triples isomorphisms (2.20) from
the Normalization 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.

The commutativity property of Lemma 4.12 could be verified for the
isomorphism (4.10) directly, 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 deduced 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 corres-
ponding 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 al-
ternatives 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.
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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, Theorem 0.1] in particular. Combined
with earlier work [7], [8], this trilogy leads to an arithmetic version of the
Grothendick-Riemann-Roch Theorem; see [9]. A thorough discussion of the
determinant line bundle in Akarelov geometry, which is outside of the scope
of this paper, is contained in the books [6], [18].

3.2. Relation with Knudsen-Mumford

The existence of a determinant line bundle system satisfying the properties in
Section 2 follows 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 construction of a determinant
line bundle based on [11] with a verification of all of the properties listed in
Section 2 and with explicit formulas for the relevant isomorphisms does not
seem to appear elsewhere; we describe it below.
For each homomorphism ©: RN — Y,

Ho ={(D,x,u) € Ux,o x X®RY : (x,u) € k(Do)} — Ux.0

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

(3.5) 0 —> k(D) —> 1(De) =2 RY -2 ¢(D) —> 0.

Thus, each homomorphism @:RY — Y determines a two-term graded com-
plex

(3.6) e 0 = T 2 Ugio xR —> 0 —> -

of vector bundles over Uy.g, with #g placed at the O-th and 1-st positions,
and a Z,-graded line bundle

Fo = MHo) @ M*(Ux.e x RY),

the determinant line bundle of the two-term complex (3.6).
For each D € Uy.p, let B:¢(D) — RN be a right inverse for the surjective
map

3.7) RV — ¢«(D), u —> O®u)+ImD.
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The diagram
0 k(D) —2— ¢(D) 0
0 Help %o (D} xRN — 00— -

ip;x(x) = (D, x,0)

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

. p: M(D) —> Zolp ~ M(De).

Since any other right inverse for the homomorphism (3.7) is of the form E +
86 E for some homomorphism E:¢(D) — k(Dg), g ® .p 1s independent of the
choice of E by [11, Proposition 2]. If ®:RY" — Y is another homomorphism
and 1: RY — RM' is a homomorphism such that ® = @’ o1,

do

0 Ko

l id |'d 'dl l
| !

8o/
O ‘72,/‘(.)/ © Ux;@)XRN—)O—>"-

Ux:o xRV — 50— ...

is also a quasi-isomorphism of graded complexes. By the proof of [11, The-
orem 1], it also induces a canonical isomorphism

Jo.0: Lo — Lo

of line bundles over Uy. . By the functoriality of the determinant construction
of [11, Theorem 1],

Fiyp = Jor.0 0 Lo p: M(D) —> ZLeorlp ~ M(Dey).

Since the line bundle maps fg o are continuous, the isomorphisms ﬁ/o D
topologize dety y over Ux.e and endow dety y with a well-defined topology of
aline bundle over # (X, Y), which satisfies the Normalization I and Naturality I
properties.

The proof of [11, Theorem 1] produces analogues of the isomorphisms
(2.20) for exact triples of graded complexes (3.6) of vector bundles, with iso-
morphisms of exact triples of Fredholm operators replaced by quasi-isomorph-
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isms of exact triples of bounded complexes. These isomorphisms satisfy ana-
logues of the Normalization II, Naturality II, III, and the Exact Squares prop-
erties. 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 ana-
logue of the Naturality II property for two-term complexes, the isomorphisms
of [11, Theorem 1] then induce via the isomorphisms 9 /o p isomorphisms W;
for exact triples of Fredholm operators which satisfy the Normalization II and
Naturality II, III properties. These isomorphisms depend continuously on t by
the proofs of Lemma 5.1 and Corollary 5.4. By the proof of Corollary 4.13, an
exact square of Fredholm operators as in (2.26) 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 satisfy the Exact Squares property for
Fredholm operators. The proof of [11, Theorem 1] implies the existence of the
bundle maps Y p as in (2.34) satisfying the analogue of the Dual Exact Triples
property on page 217 for two-term complexes. These bundle maps & p satisfy
the analogue of the Normalization III* property on page 218 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 now show that the two algebraic Compositions properties on page 212
follow from the Exact Squares and Naturality II, III properties, thus fully es-
tablishing that [11, Theorem 1] gives rise to a determinant line bundle system
satisfying all properties in Section 2. Applying the Exact Square and Natur-
ality III properties to the top and center diagrams in Figure 2 and using the
identification

(3.8)  A(D}oD}) —> A(Djo D)) ®A(idy;), 0 — o ®@1®1%,

with x = /,” or blank, we obtain the two commutative squares in the last
diagram in Figure 2. The two round arrows are the vertical arrows in (2.23);
the two half-disk diagrams commute by the definition of € p: ps;. Thus, the
diagram (2.23), which consists of the outermost arrows in the last diagram in
Figure 2, commutes.

The derivation of the first algebraic Compositions property is more involved.
Applying the Exact Squares property to the top diagram in Figure 3, where
the left column, the bottom row, and the center row are the exact triples (2.19)
corresponding to the compositions D, o Dy, D3 o D;, and D3 o (D, 0 Dy), with
the last one augmented by idy,,

ix(x1) = (x1, Dix1, DyDix1), jy(x1, X2, x3) = (D1x1 — X2, X3 — Dax32),

iy (x2) = (D3D2x2, X2, Dyx2), jy(Xa, X2, x3) = (x4 — D3Dax2, x3 — Dyx2),
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0 0 0

0 D; D, DY 0

0 Dgng@ldxé—>D20D1EBldxz—>D/2/oD/1/@1erzr—)()

0 D; D, D} 0
0 0 0
0 0 0

O—>D§OD/1—)D20D1—)D/2/0D/I/—)O

0 DéoDi@ldxé—)D2oDl@ldX2—>DgOD/1/@1de2f—)O

0 idy; idy, —————— idyy———— 0

0 0 0

U, @Wy
AM(D}) ® M(D)) @ L(D)) ® A(Dy) ——— AM(D1) ® A(D)

| RN

AMDyo Dy & idy,) ® A(D3 o DY @ idyx;) —> A(Dy o Dy ®idx,) €, p,

T 1/

“IJa’mr e
A(D} o D)) @ A(D} o D) U 3 (Dyo D)

FIGURE 2. Derivation of the second algebraic Compositions property from the Exact Squares
and Naturality III properties
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0 0 0
| l l
0 D, D, 0 0

| | l

O—)DéODll@idx;—)D:;ODQODl@idxz@id)ﬁ—>D3—)0

| ! l

O Dé D3 o D2 D id)(3 D3 0
| | |
0 0

0
0 0
0———>DyoD,——— > D3o0D,0D; @idy, —> D3 — 0
| ; |

O—)D20D1@idxz—)D3OD20D1@idxz@idx3—>D3—)0

| ! l

0 idy, idy, 0
| l
0

0

0 0

0—)D3OD20D1—>D3OD20D1€Bidx3—>D3—>0
l | l

O—)D3OD20D1@idxz—>D3OD20D1@idxz@idx3—>D3—)0

| ! |

<— O O« <

0 idy, idy, 0 0
| | |
0 0 0

Ficure 3. Exact squares of Fredholm operators used in the derivation of the first
algebraic Compositions property
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and using identifications similar to (3.8), we find that the top left quadrilateral
in Figure 4 commutes. The commuting bottom left quadrilateral in Figure 4
is obtained by applying the Exact Squares property to the second diagram in
Figure 3; a similar exact square gives the commuting top right quadrilateral.
The bottom right quadrilateral 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,

O—>D1—>D3OD20D1@idx2@idx3—>D3ODzEBidX3—> 0

|
lnf @) id
3

0—— D, — > DyoDs oD @idy, ®idy, —— D30 Dy @idy, — 0,

where the top row of the exact row is the exact triple (2.19) corresponding to
the composition (D3 o D;) o D; augmented by idy,,

@ (x1, x2, x3) = (X1, X2, X3 + Dax2),  ¥(xa, x2, x3) = (x4, X2, X3 + D2rx2).

Since ./54,40 = id, these two arrows are in fact the same by the Naturality II
property. The two half-disk and two triangular diagrams in Figure 4 commute
by the definition of €. Thus, the diagram (2.22), which consists of the outer-
most arrows of the diagram in Figure 4, commutes.

The determinant for a complex of vector bundles in [11, p. 31] corresponds
to reversing the two factors in (2.2). The isomorphism (3.4) should then be
replaced by

0 M((8) ® Ak (8)) —> A (W) @ h(V),
Y ®x — (=)W EOREO G 8y Ay y)* @ x Ay v,

with x, y, v as before. This isomorphism differs from the isomorphism (3.4)
conjugated by the isomorphisms (2.1) by (—1) to the power of d(Im §), which
equals N — d(c(D)) in the case of (3.5). The dependence on d(c(D)) drops
out when taking the overlap maps 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 (—1)?) in the
fiber over D € % (X, Y); neither of these two maps is continuous, but the
composite is continuous. The isomorphism W; for exact triples of Fredholm
operators described by (4.10) for the topology on dety 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
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(4.12)to (ind D")d(c(D")), in addition to interchanging the kernel and cokernel
factors.

3.3. Other conventions

In [5, Section 3.1], A(D) is defined as the tensor product of A(k (D)) and
A(c(D)*). In [13, Appendix A.2], A(D) is defined as the tensor product of
Ak (D)) and A(k(D*)). In light of the second isomorphism in (2.30), these
two conventions are essentially identical. They implicitly identify A*(c(D))
with A(c(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:

(3.10)

.....

Along with (3.4), these two pairings topologize the new version of the de-
terminant line bundle in two different ways; the resulting line bundles are
isomorphic by the multiplication by (—1) to the power of (b (C(ZD ))) in the fiber
over D € # (X, Y). Under the second pairing in (3.10), the isomorphism (3.4)
precisely corresponds to the isomorphism [5, (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(c(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(c(D)*)
and A(k(D)). In [16, Section 1.2], A(D) is defined as the tensor product of
Ak (D*)) and A(k(D)). In light of the second isomorphism in (2.30), 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 iso-
morphism (3.9) corresponds to the isomorphism of [16, Theorem 2.1] multi-
plied by (—1) to the power of

(D(W) — d(c(8)))(ind 8) + d(k (8))d(c(8)) = D(W)(ind §) + ¢(§) mod 2.

In the case of (3.5), the sign exponent reduces to N (ind D) + d(c(D)). The
dependence on d(c(D)) drops out when taking the overlap maps for the trivial-
izations 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
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isomorphic to the determinant line bundle of [17, Section (11a)] by the mul-
tiplication by (—1)?) in the fiber over D € % (X, Y). The interchange of
factors in A (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], (D) is defined to be either

A (D)) @ A(c(D)) or A*(k(D)) ® A(c(D));

the notation is somewhat ambiguous, but looks more like the former; the
latter is used in [1, Section (f)]. 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.2 While A(x (D)*)
and A*(k (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)) ® A(c(D)) —> A(V*) ® (W)
or  A*(k(D)) ® (D)) —> A" (V) @ (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 construction 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 (2.20) 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
Section 2.

As noted in [15, Section 2], the section of dety y in the definitions of [15,

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

3 In addition, (det F)~' should be det F at the end of the statement of this proposition and
det H, should be (det H>)* 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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Section 1] and [10, Appendix D.2] given by

1*® 1, if D isisomorphism;
(3.11D) o(D) = {

0, otherwise;

is continuous; there is no such section if dety y is defined as in (2.2), [5],
[14], [16], or [17]. The definition of dety y in [15, Section 1] and [10, Ap-
pendix D.2] thus comes with a natural normalization for the topology, but it
does not restrict the topology of dety y any further than the properties in Sec-
tion 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

There are infinitely many systems of determinant line bundles that satisfy all
properties in Section 2. Theorem 2, stated and proved in this section, describes
all of them.

For each exact triple t of Fredholm operators, we denote by W; the isomorph-
ism (4.10). Suppose {W|} is another collection of isomorphisms for exact triples
of Fredholm operators satisfying all properties in Section 2.

Let t be an exact triple as in (2.11) and

®:RY — Y and @RV — Y

be homomorphisms such that D’ € Ux.e and D" € Uy» Let N =

dyedr *
N’ + N”,i:RY — RY be the inclusion as RV x 0V, and j: RY — R be the
projection onto the last N” coordinates. We define
O:RY = X, O, x") =iy(OK))+0"x") V&, x")eRV@®RY,
@ RN” _ X”, @//(x//) — jy(é”(x”)) Vi’ e RN”.

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

0 RV L, RN L, RN 0

b b e

0 0 0 0 0
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is an exact square of Fredholm operators. By the Normalization II and Exact
Squares properties, the collection {W{} is thus determined by the isomorphisms

/.0 M(D) —> M(De), Jop(0) =W/(0 ® Qv ® 17,

corresponding to the exact triples (3.1) with D € Uy.g.
Given D € #(X,Y),let X C X be alinear subspace such that the operator

D:X—>ImD, x — Dx,

is an isomorphism and ® : R¥» — Y be a homomorphism inducing an iso-
morphism to ¢(D) when composed with the projection ¥ — ¢(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) k(D) @RY> — s RN — 0
l() lor-)D leD
0 (D) (D) 0 0

By the Naturality II, IIT and Exact Squares properties, the collection {W{} is
thus determined by the isomorphisms W; . corresponding to the exact triples

0 RH—C Ri+2€ > R¢ > 0

(3.12) lO l l

0 R¢ R¢ 0 0

where the middle arrow is the projection onto the last ¢ coordinates.
Let A; . € R* be such that

(3.13) U =AY,
where W, . is the isomorphism (4.10) for the exact triple (3.12). In particular,
G14) W (@U@ ®D) = (DA Qe ® 1.

For each homomorphism ®:RY — Y and D € U x: D, there is an exact square
of Fredholm operators as in the last diagram in Figure 5. By the Naturality II1,
Normalization II, and Exact Squares properties and (3.13),

(3.15) Fo.p = Anap.aepyLe:n,
Ai.eRY i€z ceZ®, c>—i, Aig=1Vi.
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0 0 0

l l l
0 D’ Dy, JN 0
0 D Dg JN 0
0 D" DY, JN7 0

| | |

0 0 0

0 0 0

l l l
0 D D 0.(p),ccp) —> 0
0 D Dg, (0x(D).c(p))o,— 0
0 0 jND jND 0

l l l

0 0 0

0 0 0

l l l
0 D DG)D jND 0
0 D Dg JN 0
0 0 IN-Np—> jN-Npy— 0

|

0

FIGURE 5. Exact squares of Fredholm operators specifying a determinant line

bundle system

233
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The overlap maps between these isomorphisms are the same as before and in
particular are continuous. The isomorphisms (3.15) are compatible with the
isomorphisms

Apv)- ¢
(3.16) gy = SHIEDAOD g5 (8) —> A(0),

Av(v)—d(w), b (W)

whenever 6: V. — W is a homomorphism between finite-dimensional vector
spaces. The isomorphisms

. —1

Ip:A(D) —> A(D), o —> Ay en)®

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

A; , A 7S ( D
\.IJ{ _ ﬂD o \ij o ﬂl;] ® ﬂl;ul _ ind D’,d(c(D’))xind D”,d(c(D")) v

Aind D,5(c(D i
(3.17) nd DBt

- . ~ . A . -
Dy = AMP Iy 0 Gpo gyt = AL TPND) g,
A_ind D,5(c(D))

if tis as in (2.11). The extra factors of A_; ; in the second equation above are
needed to achieve the Normalization III property on page 217, while preserving
the Dual Exact Triples property. In the case of the exact triple (3.1), ¥{ = g 0:D>»
as the case should be. The new determinant line bundle system also satisfies
the Normalization ITI* property if and only if A_; , = A* 1, forevery k € Z*.

The above argument also implies that the Normalization III and Dual Exact
Triples properties on page 212 determine the dualization isomorphisms &,
completely. Putting everything together, we obtain a complete description of
systems of determinant line bundles.

THEOREM 2. The map specified by (3.14) sends each system of determin-
ant line bundles satisfying the properties in Section 2, other than Normaliza-
tion III*, to the functions

{i,e):i€Z ceZt, ¢c>—i}— R, (i,c) — A,

and is a bijection with the set of all such functions. The determinant line
bundle systems that also satisfy the Normalization III* property correspond to
the subset of the above functions satisfying A_j , = Ak_l,1 forallk € Z*. In
particular, the compatible systems of topologies on determinant line bundles
are in one-to-one correspondence with the admissible systems of isomorphisms
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s as in (3.3), (3.4), and (3.16) and with admissible systems of isomorphisms
W, as in (2.20).

By Theorem 2 and the preceding discussion, the section § of dety , given

by
c, ifo=cl®l1%
Sp(o) =

0, if D is not an isomorphism;
is continuous. This is the analogue of the section (3.11) for the convention (2.2).

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 described above, the setup in [17,
Section (11a)] corresponds to the setup in [11, Chapter I] via the second pair-
ing 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 commut-
ativity 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 (con-
trary to what is explicitly stated in [17, Remark 11.1]); this 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 conven-
tions, 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
Ap,1 > 0. These systems of isomorphisms can be narrowed down by replacing
the Normalization III property on page 217 with the Normalization III* prop-
erty (A_; = A% 1 forall k € Z"), by specifying the dualization or direct
sum isomorphisms, i.e.

Aliive = A A or Ao =Af, VieZ ceZ™ c>—i,
and/or by requiring the isomorphisms % to be given by
I5i () —> A(0), 1® 1% —> (detd) ' v @ v*,

whenever §: V — V is anisomorphismandv € A(V)—0 (Ao, = 1forallc €
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.
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4. Linear algebra

4.1. Finite-dimensional vector spaces

In this subsection, we make a number of purely algebraic observations con-
cerning finite-dimensional vector spaces that lie behind the determinant line
construction.

LEmMA 4.1 ([11, Proposition 1(i)]). Every short exact sequence
@.1) 0—V Sv-v o

induces a natural isomorphism Ay: L(V') @ L(V") —> L(V).

Proor. Ifv], ..., v isabasisfor V'andvy, ..., vy € V aresuch that the set
j(v1), ..., j(ve)isabasisfor V', vi A ... Av and j(v1) A. .. Aj(ve) span A(V)
and A(V"), respectively. By the exactness of (4.1), i(v}), ..., 1(v,), vi, ..., vg

is basis for V and so the map
(4.2) Av:iviALL ATV AL AT(V) —> TV AL ATV AVIAL LAY,

induces an isomorphism A(V') ® A(V”) — A(V). Since the exactness of
(4.1), each v; € V is determined by j(v;) € V” up to a linear combination of
i(v]), ..., i(v;), the right-hand side of (4.2) is determined by v}, ..., v, € V’
and j(vy),...,i(v,) € V”. Changing the collections v{,...,v; € V' and
Ui,...,0 € Vbyak x k-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, ..., v, € V as above. It clearly commutes with isomorphisms of short
exact sequences.

The next lemma follows immediately from the definitions of & in (2.31)
and of Ay above.

LEMMA 4.2. For every finite-dimensional vector space V,
(4.3) P = (Pv)* YveirV)-D0.
For every isomorphism 6: V. — W between finite-dimensional vector spaces,
4.4) ABEHP((A(S)v)") = P*) VverV)-—0.
For every short exact sequence (4.1),

4.5 PV Av V")) = P@"™) Ay M) TP ™)
Vo' e A(V) =0, v € MV/i(V') — 0.
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From (4.2), we immediately find that the isomorphisms Ay of Lemma 4.1
satisfy graded commutativity, as described by the next lemma. Corollary 4.4
below is a special case of this lemma (either Vg = 0 or VgL = 0).

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

0 0 0
0 VrL Vim VIr 0
0 VeL Vem Ver 0
0 VBL Vem Ver 0
0 0 0

of exact rows and columns, the diagram

Avim @A vgy © id ® R®id

A(VrL) ® A(VeL) @ A(VIr) @ A(VBR) A(Vrm) @ A(Vem)
! |
AveL @ ver Avem
. I
A(Ver) ® A(Ver) = A(Vem)
commutes.
COROLLARY 4.4. For every commutative diagram
Y "
0 VLR 0
27T / \ e o
0 0 Vic Ver 0 0
0 ViL Vee VRR 0
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of 4 exact short sequences, the diagram

®id
A(ViL) ® A(Vir) ® A(Vig) ———4c A(Vie) ® A(Veg)
id®/|\vCR AV|cc
\J l
Ve

A(ViL) ® A(Ver) A(Vee)

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, III, Normalization II,
and Direct Sums properties in Section 2. We verify that it also satisfies the
Dual Exact Triples property with & p given by (4.13) and the two algebraic
Compositions properties.

We will use the natural pairing of a one-dimensional vector space L with
its dual given by

L*® L — R, a®v— a).
If V is a finite-dimensional vector space and v € A(V), we denote by
(v)y=dimV +2Z €2,

the degree of v as an element of the Z,-line A (V).

ProposiTioN 4.5 ([10, Proposition D.2.3]). Every exact triple t of Fredholm
operators as in (2.11) induces a natural isomorphism

Vi A(D") @ AM(D") —> A(D).

ProoF. By the Snake Lemma, (2.11) induces an exact sequence

4.6) 0—> k(D) % k(D) X5 k(D"
25 (D) L (D) 5 (D) — 0.
By Lemma 4.1, there are then natural isomorphisms

Mk (D)) = A(k(D") @ A(Imjx), A(k(D")) ~ A(Imjx) @ A(Im ),

4.7
( )k(c(D’))%A(Im8)®A(Imiy), (D)) ~ A(miy) ® Ac(D")).
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Putting these isomorphisms together and using the natural evaluation iso-
morphisms, we obtain

MD) @ A(D") = k(D) ® A" (c(D') ® A(k(D")) ® A" (c(D"))
~ Ak (D)) ® A*(Imjx) ® A*(Im iy) ® A*(Im §)
® A(Imijyx) ® A(Im ) ® A*(¢(D)) ® A(Im ty)
~ MK (D)) @ A*(c(D)).

(4.8)

This establishes the claim.

For computational purposes, it is essential to specify the isomorphism of
Proposition 4.5 explicitly. With the notation as in (2.11) and (4.7), let

4.9 € = (ind D")d(c(D")) + d(c(D))d(Im §).
For t corresponding to (2.11), we define

(4.10)  Wi(x @ (A(S)v Ay w)* ® (A(x)u Acpry v) ® (Aiy)y)¥)
= (=D x)x Aepy u) @ (A(iy)w Ay ¥)7,

whenever
x eak(D)), ue x(ﬂ), ve A(Lm>
ix(k(D")) jx (k (D))
w e k(ﬂ) y € K(&), x,u,v,w,y #0.
8k (D)) iy (c(D"))

Thus, W, satisfies the Normalization II and Naturality II, III properties.

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

4.11) 0—>0—>K(5)—>V—8>Wi>c(5)—>0—>0
induces the isomorphism
Ws: (W) @ AM(V) — A(8), Y(B®x)=V,(1®BQx® 1),
where Wy, is the isomorphism (4.10) for the exact sequence (4.11). Explicitly,
Wy (RO Aw w)* @ (u Ay v)) = (= 1)PVPIHOI=DCONCO) ) @ %,

if
1 ueik@)—0, vei(V/k()—0, wei(c(s)) —0.
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Thus,

Wy o W A (8) — A(0) = A(V) @ A* (W),

U@ w' —> (1) CWTRCOMCON (4 Ay 1) @ (LB Aw w)*,

is precisely the isomorphism (3.4).

Forany D' € #(X',Y’)and D" € # (X", Y"), let
®p.p: MD") @ AD") — AM(D' & D")
be the isomorphism W, in (4.10) corresponding to the diagram (2.17). Thus,

(4.12)
Sp. o (A AX) R A AV RG] A AXL) R (] A AYp)¥)
= (= 1)dDREDD (1 0) Ao A (s 0) A (0, X)) A A0, x7))

& (0 Ao A, 0) A, Y AL A0, ¥,

whenever
XyA L AX, €MK(D)) =0, Yy AL AX, € A(c(D)) =0,
XA AX € Mk(D) =0, YA Ay, € Mc(D") —0.

The two Direct Sums properties on page 213 follow immediately from (4.12).
The next proposition shows that the isomorphism

G p: n(D) —> A(DY),

4.13 i
1 X ®a — (=)D, (@) (Pa) @ P((Dp)x),

which satisfies the Normalization IIT* property on page 218, satisfies the Dual
Exact Triples property. The extra factor of (—1)*“(?) in (4.13) arises for the
same reason as in the paragraph containing (3.9). Due to this extra factor,
the compositions of & with 9 p- are the multiplication by (—1)™?, not
necessarily the identity, whenever the Banach spaces X and Y are reflexive.

PROPOSITION 4.7. For every exact triple (2.11) of Fredholm operators, the
diagram (2.35) commutes.

Proor. With notation as in (2.11) and (2.35), we define

e = (ind D')(ind D") 4 (ind D)d(¢(D")) + (ind D")d(c(D")) + €,
€r = € + (ind D)d(¢(D)).
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The isomorphisms (2.30) intertwine the analogue of the exact sequence (4.6)
for t* and the dual of (4.6):
(4.14)

0 — k(D) L5 1 (D*) L5 1(D*) 2 (D) 25 «(D*) =5 «(D*) — 0

TEZ D" T@D Tfﬁ D l@ b l@ D l@:ﬂ

0 —> c¢(D")* ]—T/> c¢(D)* i) «(D)* 6—*> k(D")* ]—§> k(D)* ‘—}> k(DY* — 0
In particular,
2(Im8*) = d(Im ) = d(k (D)) + d(k (D)) + d(k (D))
= d(c(D") + d(c(D")) + d(c(D))

and so 2|(eL. — €Rr).
Let x, u, v, w, y be as in (4.10). By (4.14), we can compute Wy using

X

MPp)P((A(G7)y)*) € A(k(D™)),

= AMDp)P((A(iy)w)") € )‘(]';(K(DU*)))’

¥ = MDp)P(L(E)v)) ek( «(D™) )

Ly (k (D*))
Vo *x \—1 : * ﬂ
W = MDph) P((A(Gx)u)*) € A((S*(K(D/*)))’
v K\ —1 : * ﬂ
y = )»(@D) P((A(ix)x)*) € A(]}(C(D//*))>

By (4.3), (4.4), and the commutativity of the diagram (4.14),

(4.15) P (M Dp)x) = A1)V,
MDp)P(w*) = 1)k,  MDp)r (@) 'Pw*) =1,
MIp)P(y*) = r(GE,  MDp)r(Ey) ' P(w*) =i,
MDpIr(x)u = PW*), MZp)v = A8~ P@*)
MPp)r(ix)x = PG, MDpu = r(ix)~'P*).
Combining each pair of identities on the last four lines above with (4.5), we

obtain

(4.16) MDp)P (M) Ay w)*) = A1)k Aep) D,
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@17 M@DP((Min)w Ay 1)) = AGIF Acipr) iy
(4.18) P M Dp)AGx)u Aepry v)) = (A(E*)D Acprey W)™,
(4.19) P MDp) (A (ix)X Aepy u) = ARG)W Aoy V),
respectively. By (4.13), (4.15), (4.16), (4.18), and (4.10), the image of
(4.20) x@ AV A W)* @A x)U A V)@ (A(y)y)* € A(D)®A(D")
under Wy« o QZDN ® QZD/ oRis

(—=DCRGF Acips i) @ (5B Aqpny 3)* € A(D7).

By (4.10), (4.13), (4.17), and (4.19), the image of the element (4.20) under
@D o \Ijt is

(—DRAGYX Aepr) 1) @ (AMGY)W Acpry ¥)* € A(D).
Since 2|(€;, — €r), this establishes the claim.
For any D; € & (X1, X;) and D, € #(X», X3), let
€py.p: M(D1) ® A(D2) —> A(D 0 Dy)

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

0 —> k(D) —> k(D1 0 D)) =5 k(Ds) - ¢(Dy)
5 «(Dy o Di) —> «(Dy) —> 0,
@.21) 8(x2) = —x, +Im Dy.
Let
€p,,p, = (ind D2)d(c(Dy)) + (d(c(Dy)) + d(¢(D7)))d(Im §).
Then,

(4.22)  €p, p,(x1 ® (V Acpy) W)* @ (M(D1)ut Ae(py) V) @ ¥3)
= (—DP22 (X1 Ag(Dyony) ) & (AM(D2)W Ae(pyony) ¥2)*s

whenever

X1 €2k(D) =0, yrer(c(Dy)—0, ue A(M) —o,

k(Dy)

vVEA -0, wei —0.
«(Dz) N (Im Dy) k(Dz) + (Im Dy)
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ProposITION 4.8 (Commutativity of (2.22), [10, Proposition D.2.6]). For
any triple of Fredholm operators Dy: X| — X», D>: Xo» — X3, and D3: X3 —
X4, the diagram (2.22) commutes.

ProoOF. We denote by D” D’ the composition D” o D’ of two maps D’ and
D” and define

€L =€p,,p, + €p,D,,D;» €R = €D,.D; + €D, ,D;D;-
Fori =1, 2,3, let
X; € )\,(K(Dl)) —0 and yi € )\((‘(Dl)) —0.

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

(PP
ul,J G)»( K’(Di) ) 07

Vi,j € X(¢> -0,
K(Dj) N Im(Dl)

(v + o)
w; ;€ M——— | -0,
k(D) +Im(D;)

where Dy, = DDy, Dys = D3D;, and X3 = X5; 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 D, replaced
by D; and D; with (i, j) as above, we obtain

d(k(D3)) = (u12,3) + (v12,3), p(c(Dy)) = (v1,23) + (w1 23),
d(c(D;D;)) = d(c(Dy)) + d(c(D;)) — (vi,;), ind D;D; = ind D; + ind D;,
where (i, j) = (1, 2), (2, 3). From this, we find that

e. = A+ C((vi2) + (v12,3) + (u123)(vi2) mod 2,

(4.23)
er = A+ C({v2,3) + (v1,23)) + (v23)(wi23) mod 2,

where 4 _ (ind D3 D) - d(e(D1) + (ind Ds) - b(e(Dy),

C =0d(c(D1) + d(c(D2)) + d(c(D3)).

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

U123 = U2 NesDydy U2 3,
. , e .

(4.24)
w123 = A(Dy)wiz A X3 w 3.

K(D3)+Im(D> D)
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Along with Corollary 4.4, these equalities insure that
(4.25) (X1 Aeaby) U12) Ae3psy) U123) @ (M(D3)Wi23 Acpypany) ¥3)
= (X1 Ac(ps 0201 U1,23) @ (X(D3D2)w1,23 Ae(D;D>Dy) (A(D3)W2.3 A¢(DyDy) y3))*

in A(D3 D, D). 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

uz3 = A(Duinz Aewsny [, VI3 = V2 A__cwiby [,
k(D) k(D3 Dy)NIM(D7)
(4.26) ? . !
V123 = A(D2)UA__ «oy) V23, Wi =KUA__ X W3
k(D3)NIm(Dy Dy) k(Dp)+Im(Dy)
for some

( K(D3D2) )
neE M -0
k(Dy) + k(D3Dy) NIm(Dy)

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

X2 = A(D)u12 Aepy) V1,2
Y2 = V2.3 Ne(D,) W23,
4.27) «(b2)

Y1 = V1,2 Ae(Dy) W1,2 = V1,23 Ne(Dy) W1,23,

x3 = M(D2D)u12 3 Ae(py) V12,3 = A(D2)uz 3 Ae(py) V2.3

Combining the above definitions of x; and y, with (4.26) and applying Lem-
ma 4.3 to the two diagrams in Figure 6, we find that

MD1)X2 Ae(Dypy U2.3 = (=122 0 (D)Yuy 25 Ae(pypy) V123,

(4.28)
MD)Wy 2 Acpapyy y2 = (=123 5 Apapyy W23

By (4.22), (4.27), and (4.28), the images of
X1 ® Y ®x2®y; ®x3® y3 € A(D1) ® A(D2) ® A(D3)

under Cp,op,.p, © Cp,.p, ®id and Cp, p,op, 0id ®Cp, p, are

(—1)6L+<U2'3>(w"23>((xl Ak(D>Dy) U1,2) Ne(D3DyDy) M12,3)

*
® (X(D3)w12,3 Ae(D3DyDy) )73) ,

(_1)€R+<M12,3)<v1,2)(xl Ac(DsDaDy) u1’23)

*

® (A(D3D2)w1 23 Acpypypyy M(D3)Wa 3 Acpsny) ¥3))
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0 0 0
0 k(DyDy) K(D3D, D)) «(D3D, D)) 0
+ k(Dy) + «(Dy) < «(D2Dy)
v Y] *
\}“\ D, \}4\?’ D, Q’\% D
0 D D:D k(D3 D) 0
———— k(D) ————> «(D3Ds)
ﬂ‘ * k(D2)
2
* \}Vh,«
0 k(D3) k(D3 D5) k(D3Dy) 0
¢ ©D)Nm(D1) £ KD3D)AIM(Dy) £ KD2)+x(D3D)NIm(DY)
™ o7 N
0 0 0
0 0 0
0 (D Dy) b x(Ds) k(D3) 0
Kk (D2)+x (D3 D2)NIm(Dy) Kk (D3)NIm (D, Dy) k(D3)NIm(D;)
N N ¥
Q\’V' N
X D, .
0 . PESFSTION) ¢«(D2Dy) 2 ¢(Dy) 0
o ¢
X5 Dy X3 X3
0 & €(D3Dy)+Im(Dy) £ K(D)FImD: DY) + FDoHmDy) 0
o & N
0 0 0

FIGURE 6. Commutative diagrams of exact sequences used in the proof of Proposition 4.8

respectively. By (4.23), the second and third identities in (4.26), and (4.25),
these two elements of A(D3 D, D;) are the same, which establishes the claim.

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

{5D2001,D3 o 501,1)2 Rid}(x1 @ ¥y ® X2 ® y; ®x3® y3) € AM(D3 0 Dy 0 Dy)
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without any signs and simply claims that
{501,03002 oid ®5D2,D3}(x] @Y ®x®y, ®x3® ;) € AM(D30DyoDy)

is given by the same expression, without providing an explicit formula for
Cp, .p,. using the statement 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 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 (Commutativity of (2.23)). For any pairs (11, t,) of exact
triples of Fredholm operators as in (2.14), the diagram (2.23) commutes.

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

tip = €7 (f, t2),
€R = €, + €, + €p,,D,,
€, = (1nd Di/)(lnd Dé) + €D}, D, + €p/.DY + €ty -

Fork=1,2andx=",", let

Xit1
x; € Ak (Dy))—0, . € Ale(Dy))—0, " e k( - )—0.
k k Yk k Yk Im(ixsr) + Im(Dy)

With « denoting ’, ” or a blank, let

v e A(M) o
K(D})

v*ek( «(D3) ) -0,
k(D3) N Im(D7)

. X3
w* e A -0
k(D3) + Im(D7)

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

Sk (D)) — (D)),
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where D, = D)D) and D{, = D} DY, be the connecting homomorphisms in
the sequences (4.6) corresponding to t;, t5, and t,, respectively, and

Kk (Dy) N Im(iy)
Tk (ke (Dy))

X/
wer( i) o
11<_|_1(IH1(Dk))

with 15 = 1y, j12 = j1, and 12 + 1 = 3; see Figures 7 and 8. Define

~ X> " N
w” e )‘<'—1 m ) —0 by w' =A@G)w".
J, (k(D3)) +Im(Dy)

Below we choose these elements in a compatible way.
In order to describe the two relevant signs, we define

A = (ind D)(¢} + ¢] + &) + (ind D} + ind D})c} + [k,
C=c 4+ ++,
AL = &Ky + (] + 1)) + (€] + ) + () + (") (v,
AR = &5 + (15 + k) (v1) + (¢ + ¢ {v2) + ({v1) + (v2))(v),
where k' = d(k(D})) and ¢; = d(c(D})) withi = 1,2 and » =',"”. Applying
Lemma 4.1 to the exact sequences (4.6) with D* replaced by Dy, for x =",”

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 D, = ind D} + ind DJ,
ind D D{ = ind DY + ind D},
(c(Dy)) = d(e(Dp)) + d(e(Dy)) — (vr),
b(e(D3D7)) = d(DY) + d(e(D)) — (v¥).

(4.29)

From this, we find that

e, = A+ C(V) + (V") + (vi2) + Ar + (v12),

(4.30)
er = A+ C((v1) + (v2) + (V) + AL + (v1) + (v2),

modulo 2. By the identities in the second column in (4.29),

@31 () + (v1) + (1) = C = d(e(D2D1)) = (vi2) + (V') + (V).
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From the exact sequences (4.6) and (4.21), we also find
Kk = (ui) + (vi), ¢ = (vi) +(wi), &5 =)+ W), =@+ (W),
wherei = 1,2 and » =/, ”. From this, we find that

(4.32)  (u)(ur) + (") (w2) + (W) {uz) + (") (wr) + (v)(vi2)
= AL+ Ar + (1) + (02) + (L) (V) + ) + (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 = riDu" Acoop , Ui =up A_«opp [,

k(Dp) (D, Dp)NIm(ip)
(4.33) ~ .
W=nNA__x w”, wiy = A3 oDn A x wy

Dy)+im(D :
K(D2)Hm(Dp) i Tam(p, )

for some «(D,Dy)
* (K(D]) T x(D,D)) ﬂIm(il)) Y

—1 "
ne A( ']_21 (k(D3)) ) _0
k(D2) + 1, (k(D3)) NIm(Dy)

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

(4.34) ((AGEDX] A1) Ak(DyDy ) QMD)W Ae(pypy (A(13) W2 Ac(py) ¥5))*
— (_1)(u’)(u1)+(@”)<m)()\(i])(xi Ae(DyD)) u/) Ac(DyD)) un)

® (A(i3)wi2 Aqp,py ADDW' A__xs  y))),
Im@3)+Im(D, D)
in A(D, D).

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’, us, v, vy, u”, u
arbitrarily, then find y{, wy, vz, v so that

V' Aoy W=y = AB1) V1 Ay Wi,

(4.35) U1 A« pf) U’ = (—1)<u )<w]))~(jl)l/~ N ewyp)) V12,

i1 (k(D1)) i1 (k(D2))

AV A ey up = (=D DNDDYU A oy v,

k(Dy)NIm (i3 D) k(Dy)NIm (i, D)
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0 0 0
0 €(D}) ————— k(Dy) By 0
k(Dp)NIm(iy)
N o
Y i k(D> D)
0 ———— « (D, D)) ————> k(D2 Dy) o ©D:D)Nim(i) 0
N
0 k(D)D) i k(D2 D) k(DyDy) 0
k(DY) k(D1) k(D)4 (D2 Dy)NIm(iy)
V- <+ <+
v i
0 0 0
0 0 0
0 iy (D)) Dy X, X, 0
«(D2)+H; ' (e (DY)NIm(Dy) «(D2)+Im(Dy) iy (DY) +1Im(D))
& - ot
A D
t;'oDs D, Dy
X5 Dy . X;
0 & i (m(D2D)) «(D>D1) Im(i3)+Im(D, Dy) 0
>
X5 Dy X3
0 4 B3 (am(Dy)) ¢(D2) o m)Hm(D) 0
Y v
0 0 0

FIGURE 7. Commutative diagrams of exact sequences used in the proof of Proposition 4.10

and finally take 7, x5, v” so that

N 4 v)(v =1
Ali)w" A iy w0y Uy = (_1)< A 12))\(Dl o7 Jviz A iy ' o)) n,
(4.36) (Dy)+Im(i D) «(Dy)+Im(iy D)

A(2)uz Aepy) v2 = x5 = MDYV u" Aeoy v

By Lemma 4.3 applied to the three commutative squares in Figure 8, (4.35),
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0 0 0
0 «(D3) i «(D») (D)
¢ KP)NIm(DY) x(Dy)NIm(i; D}) “(Dy)Im()
N o
l l liz
(D’ b iz e (D)) i "
0—+) (DY) DD k(DY)
\ N
» l l v l
0 X b i c(D)) iz «(D})
o KD)FHm(DD «(Dy)+Im(;2 D}) 12(c(D2))
» l l O l
0 0 0
0 «(Dy) «(DyD}) (D} D))
j1(k(Dy)) j1(k(Dy)) . (D)
N K
N -
lﬁ[ lDlojl—l lDi,
— (D] iz iy (k(D})) iz B
0 \ c(D}) Im(izng) \ K(D)}
™ l l PO l
0 X f2 iy (D7) i2 (DY)
& (m(D)) i (e (DY) NIm(Dy) & <DHAmDY)
O l l 3 l
0 0 0
0 «(DyDy) i1 K(DyD}) (DD}
+ «(Dy)+k (D2 D)NIm(iy) 1<) D)) f1(« (D2 Dy))
N 0
D Dloffl Dlojf]
0 K (Dy) iz () DY) T iy (e(DY))
¥ (D2)Nm(iz D) Im (2 D) <Dy +Im( D))
0 «(Dy) 2w D5) i7' (DY)
+ Kk (D2)NIm(Dy) is ' (k(Dy)NImM(Dy) ¢ (D), e (D4)Nm(Dy)
N l l Q l
0 0 0

FIGURE 8. Commutative diagrams of exact sequences used in the proof of Proposition 4.10
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and (4.36),

—1 " : "
MDy o7, )(Ul Nwwyp)) U ) AN iz gy <)V(12)w1 AN Flewyy Y )

@D Im(iy D)) i Gy HIm(DY)

= (=D (1) (AEDVI Aoy W1) Aty (MDDU” Acipy ")

Im(ip D)

= (_1)(14 ><w‘>k(i2)(v/ /\C(Dl) w/) Ai{‘(K(%’)) ()»(jz)uz /\K(Dé’) vz)

Im(izD’l)

— (1) w)+Hw)uz) P Yy
( 1) )»(12)1) A k(D) 75}

k(Dy)Nm(i,Dp)

: /
N iz wy)y (k(h)w N i ey UZ)
)

lm(izo’l) Kk(Dp)+Im(iy D’1

— (_1)<u~)<w1)+(v>(vu) ()»(Dl)/i NS U)
<(Dy)NIm(i, D7)

1
N iz wopy (A(Dl ofp Jviz A iz L@y 77)

Im(ip D)) k(Dy)+Im(ip D))

= (—1)<“”><w]>)h(D1 o ]'11)()\(]'1)/1 N w0y p}) 012)

i1(k(D2))

A (U A 77)-
Im(iy DY) i3 L@y )nm(Dy)
Along with the second equation in (4.35), this gives

. !
(4.37) MD)W A i, v’:(v/\ o) n).

i3 L@y HNim(Dy) i3 L@ Hnim(Dy)

In addition to the choices of y; and xJ specified in (4.35) and (4.36), we
take

4.38) xi= A(Du1 Acppy v1, - AG2)y] =" Ay w”,
xé = A(D/l)u’ /\K(Dé) U/, yé = A(6)vy /\((D/z) ws.

By (4.33), the last two equations in (4.35), the first equation in (4.36), (4.37),
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and Corollary 4.4,

L)Wy Apyy Y =V Aupy) W,
39) M(i2)%5 Ay 2 = (=D IR(DYU Ay v,
AMDYW Acpypr) Y5 = (=D A1) vi2 Acpyp) wia.
x{ Accoypyy u” = (=D G ugs Ae(DyD}) V125
the third identity above also uses

MDy) = (5" 0 Dy) o h(ia),  A(82) = A(i;' 0 Da) 0 A(j) ",
A(812) = A3 0 D) o A(Dy 01 1.
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

X ® Y@ x] @ (A(G2)y))* @ x5 ®@ v ® x5y @ (A(j3)yy)*
€ M(D}) ® M(D]) ® M(Dy) ® (DY)

under Cp, p, o Wi, @ Wy, is

(= DTN ()X Acepy) U1) Ae(pay) 1)
® (MD)W Aep,p,) (A({3)w2 Acpy ¥3))™
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 the iso-
morphism Wy, 0 €p p, ® €py py 0id ®R @ id is

(_1)6L+(v)<v12>+(u )<w1)()h(i1)(xi Ak(DyD}) u') Ai(D>Dy) U12)

*
® (k(i,%)wlz Aep,pyy MD)W A X3 yé’)) .

Im(3)+Im(D, D)

By (4.34) and (4.30)-(4.32), these two elements of A(D;D;) are the same,
which establishes the claim.

4.3. Stabilizations of Fredholm operators

We now describe stabilizations of Fredholm operators which are used to topo-
logize determinant line bundles in the next section. In this subsection, we use
them to deduce the Exact Squares property on page 214 from Lemma 4.3.
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For any Banach vector space X, N € Z=% and homomorphism ®: RV > v,
let

ixn: X — X®RY, Do:X®RY — Y, and Je.p: (D) —> A(Do)

be as in Section 3. Since D = Dg o tx.y and the projection 775: X & RN — RN
identifies c(ty.y) with RV, (4.22) gives rise to the isomorphism
(4.40) y

Fo.p: M(De) —> MD), Fo.p(0) =%C.,,.0,(1 ® (Qy 0 A(m2)) ® 0),

where Qy is the standard volume tensor on R" as before.

LEMMA 4.11. Let X and Y be Banach vector spaces. For any homomorph-
ism ®:RN — Yand D € #(X,Y),

Jo.p o Jo.p = (—1)MDIVid,

PrOOF. Let
T2 N 2. pN
8:k(De) — c(tx:n) ® R and &8:R" —> ¢(D)

be the connecting homomorphisms in the exact sequences (4.21) and (4.6)
corresponding to the composition D = Dg o tx.y and the exact triple (3.1),
respectively. From the exact sequences

0— Imé — c(tx.y) — (D) — c¢(Dg) — 0

and 0 —> Imd — (D) — ¢(Dg) — 0,
we find that

b(c(De)) = d(c(D)) — N + d(Im 8) = d(c(D)) — d(Im §),
(4.41) € Z€+ (ind D)N mod 2,

where ¢ and € are the sign exponents in the equations (4.22) and (4.10) cor-
responding to the composition D = Dg o tx.y and the exact triple (3.1),
respectively.

In order to describe the maps fg.p and g ©: D, we choose

Y
Ak (D)) =0, AMl—) -0,
¥ € Mw(D)) e (ImD+Im®)

( k(D) ) ( X ®RN )
verl ————), wer[—"T——
tx:n (k(D)) k(De)+ X @0
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such that
A(n2)<v A xa¥ w> - Q.

Xe0

From (4.22) and (4.10), we find that
(4.42)
Jo:0 ((M(tx;M)X Ae(pey V) ® ¥*) = (=1Dx ® (M(De)w Acp) ¥)

ﬁ@;D(X ® (MDe)w Aqp) ¥)*) = (—1)€()»(LX;N)X Ak(De) V) ® y*.
Combining this with (4.41), we obtain the claim.

For any exact triple & of vector-space homomorphisms of the form

0 RV L, RN L, RN 0
(4.43) l l@) l ,
0 y "y I,y 0

we define A; € R* by

(4.44) ADQ Agy Q7 = A5 Qv

this number of course depends only on the first row in (4.43). If t is an exact

triple of Fredholm operators as in (2.11), we denote by t; the exact triple
0— X' @RV & , xRV ¥, x" RV —— 0

Dy, Do Dy,
} , } , 1
0 Y’ 24 Y Iy Y’ 0

of Fredholm operators.

LEMMA 4.12. For every exact triple t of Fredholm operators as in (2.11)
and for every exact triple 3 of homomorphisms as in (4.43), the diagram

W,

A(Dg) ® A(Dg,) A(De)
Jor.00 @Iy pr I°%

!
MD) @ WD) — AN (D)

commutes.
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PrROOF. By our assumptions, the diagram

O X/ iX X jX X// O
| | |
Lx/;N! LX;N LX";N"
) } !
0— X' &RV & xgRY —Z X" @RV — 0
| |
Dy De D¢,
l , } , !
0 Y’ L Y Iy Y’ 0

commutes. By (4.10) applied to the exact triple tt in the top half of this diagram
and (4.44),

Wi, (182 o M) ®1® (2 0h(m)))) = AL (= DYV 1@ (2 oA (m2)),

where 73: X* @ R¥" — RM" is the projection on the second component and
* =," or blank. Thus, the claim follows from Proposition 4.10 applied to the

above diagram, along with (4.40).

CoRrROLLARY 4.13 (Exact Squares). For every commutative diagram (2.26)
of exact rows and columns of Fredholm operators, the corresponding diagram
(2.27) of graded lines commutes as well.

PrOOF. We augment the domains in (2.26) by a commuting grid of finite-
dimensional vector spaces, obtaining a version of the commutative diagram
(2.26) with surjective Fredholm operators; the conclusion of this corollary
holds for such a diagram by Lemma 4.3. The diagrams (2.27) corresponding
to the original and new diagrams (2.26) are related by Lemma 4.12. This gives
rise to a cube of commuting diagrams; see Figure 9. We put the new version
of (2.27) on the back face and the diagrams arising from Lemma 4.12 on
the top, right, bottom, and left faces; this forces signs on each edge of the
front face in order to make the last four diagrams commute. The resulting
sign distribution on the edges of the front face may be different from the
sign distribution (no signs) on the original version of (2.27). However, by
Lemma 4.3, the two sign distributions are equivalent at least if the original
diagram consists of surjective Fredholm operators. Since the signs involve
only the dimensions of the supplementary finite-dimensional vector spaces
and the indices of the Fredholm operators (not the dimensions of their kernels
or cokernels), it follows that the two signs distributions are equivalent in all
cases; this establishes Corollary 4.13.
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Jooid oy} ur paqLIdsap (97°7) WeI3eIp 9y} JO UOISIOA
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Srew T )y @ (Pa)y
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A

) @ (L)Y @ (4q)y @ (MLq)Y

\

Ay @ Ul Q18, @ Ty

e\

PI®Y @ Prodm@ L 1,(1—-)
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1
'
1
|
1
'
1
|
1
|
T
|
1
'
i
|
v—\w‘®1—
T
|
1

Wag)y @ (Niq)y

PIOY ® PLoTRRIM

M)y @ (M) Y ® (Mg)y ® (L)Y
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We denote the range of the operator D,, by Y,.. Let

O: RN — Yr,  Omm:RY™ — Yoy,
OpL:R¥™ — Yo, Opr:RY® — Yoy,

be homomorphisms such that
(4.45) «((D0)on)s C((D1R); o5 C(DBL; 0, )s CUDBR ) oicoirys) = O-
Let

Ntvm = N1+ N1tr, NcrL = Nt + N,  Ncr = Ntr + Ngr,
Ngm = NpL + Ngr, Ncm = Ncr + Ncr = Nt + Npwm.

We define O,,:R¥ — Y,, for (x, ¥) € {T, C,B} x {L,M, R} — {(T, L)} by

O1r = j1 0 O1R,

®pL = jL o OpL,

®pRr = jr 0 jc © Opr = jB © ju © Opg,
O (1L, ¥1R) = i1(O1L(x11)) + O1R (¥1R),
OcL (¥1L, XpL) = iL(O1L(x1L)) + OpL(xpL),
Ocr (¥1r, ¥BR) = iR(OTR (¥TR)) + jc(OpR (xBR)),
®pm(xpL, ¥pr) = 15(OpL (xpL)) + im(Opr (xpr)),

Ocm(XTL, XTR, XBL, XBR) = tM(OT™M(XTL, XTR))
+ ic(®OpL(xBL)) + Opr(XBR)

for all x,, € RM+ with (x, %) € {T, B} x {L, R}. For any N’ < N, we denote by
i:RY — RM and j:RY — R"' the inclusion as RV" @ 0"~V and the projection
onto the last N’ coordinates, respectively. We also define

RN — RNeM i/ (xqp, xpr) = (1, 0, xBL, 0),

j': RNem — RNeR - /(xep, XTR, XBL, XBR) = (XTR, XBR):
for all x,, € RV 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 (2.26) with D,, replaced by D,, = (Dwe,,, ic: X = Xom
and jc: Xem — Xcr replaced by

ic®1: XcoL @RV — Xy @ RNem
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0----F----- >RNmw oo >RV >RN® o >0
R R !
o Orv 1 S
ir I
0 YrL : Yrv : Y1r I 0
N li 1
1 1 1
1 1 1
iy v iar v i v
y
[ sRNe X | sRVew I > RNer . >0
A T R
Od 1 O | Ok 1
1 I |
1 1 1
* e * Cc * !
0 YL ! Yom ! Ycr . 0
i v N
1 1 1
1 1 1
JL v M v . TR v
[ A N UL SRMsw > RN . >0
1 R A
o5 1 Opm 1 Opr 1
1 1 |
] ] 1
- L s : L s : !
0 YL : YeMm ! YR 0 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 (2.26)

and
ic®i: Xem ® RY™M — Xcg @ RV,

respectively, and the remaining homomorphisms i, and j, on X,, by i, @1 and
. ®jon X, @RV, respectively, still commutes and its 3 rows and 3 columns
are still exact. Thus, by (4.45), the Normalization II property on page 212, and
Lemma 4.3, the diagram on the back face of the cube in Figure 9 commutes.
Let 4. = Jo,..p,, be the isomorphisms defined by (4.40) and

er = NtrNpL + (ind Dcp) Ntr + (ind Dr) Npr, + (ind Dgr.) NpR,
er = (ind Dtm)NgMm, €8 = NtrNpL + (ind Dcr,) Ner,
€, = (1nd DTL)NBL + (1nd DTR)NBR~
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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. This implies that the diagram on the front face of
Figure 9 commutes as well. By Lemma 4.3,

(4.46) €r+€r +eg +e€ €22
if ¢(D,s) = {0} for (%, *) € {T, B} x {L, R}. Thus, (4.46) always holds (which

can also be checked directly), which establishes Corollary 4.13 in all cases.
5. Topology

It remains to topologize each set dety, y as a line bundle over % (X, Y) so that
the Normalization I property in Section 2 holds and the fiberwise homomorph-
isms (4.10) give rise to continuous maps.

5.1. Continuity of overlap and exact triple maps
For Banach vector spaces X, Y, X', Y', X", Y”, let
TXY; X, Y X, Y)Y T (X, Y X, Y, X", YY)
denote the subspace of short exact sequences as in (2.11) with surjective Fred-
holm operators D, D', D".

LEMMA 5.1. Let X, Y, X', Y', X", Y" be Banach vector spaces. The family
of maps V; given by (4.10) induces a continuous bundle map

W: ) dety y ®mg detys yr —> midety y
over T*(X,Y; X', Y'; X", Y").

ProOOF. We abbreviate 7*(X,Y:; X', Y"; X", Y") as T*. Lettg € I * be
asin (2.11), with all seven homomorphisms carrying subscript 0, and 7: ¥ —
X, T"Y — X',and T":Y” — X" be right inverses for Dy, Dy, and Dy,

respectively. For each t as in (2.11) sufficiently close to tg and x = ’,” or

blank, let . .
(Dpa;t:K(D ) —> IC(DO)

be as in (2.5); this map depends on the choice of 7*. We need to show that the
map

5.1 Wiyit: Ak (Dg)) ® Mk (Dy)) —> Ak (Do)
described by
Wi (M@ )" ® 1 @ M@ 1" ® 1) = (WP ) Wit (' @ X)) @ 1

depends continuously on t € I * near t.
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Since any homomorphism D’ or D sufficiently close to D, or Dy is sur-

jective, the sign in (4.10) is +1. Let x|, ..., x; be a basis for « (D) and
Xi, ..., % € k(Do) be such that fx.o(x1), . .., fx;0(x¢) is a basis for « (D). If
t asin (2.11) is sufficiently close to to, dDBi;r(xi), e, dJZ)z;f(x,’() is a basis for
k(D") and

fx (P (X)), - ix (P (k) € X"
is a basis for « (D"). In particular,
ix (ol (X)) AL Ajx (DL (x0)
= f(®) Py (o)) Ao A P (xio (X)),
ix (D5 (D) Ao ATx (P (X)) A P (X)) AL A DL (xe)
= g(1) Dyl (x0 (D) Ao A PLL (ix0(x)) AP () AL A DL (xe)

for some R*-valued continuous functions f and g. The homomorphism (5.1)
is given by

Wit (] Ao A X)) @ (xso(x) AL Adxio(xe)))

g() . .
=" ix.0(X) A Adxo(X) AXTA LA

f@®
and thus is continuous.

COROLLARY 5.2. Let X and Y be Banach vector spaces. For any homo-
morphism ©:RN — Y, the family of isomorphisms Je.p given by (4.40)
induces a continuous bundle map

Fo: 1y detygry y —> dety y

over F*(X,Y).

Proor. By Lemma 4.11, Jg.p is the inverse of the isomorphism +4 ©.D

given by (3.2). By Lemma 5.1, the family of isomorphisms ﬁ@; p induce a
continuous bundle map

Fo: detx’y — l*® detX@Rqu

over #*(X, Y). This implies the claim.

Let X and Y be as above. The subsets

Ux;@ = {D € ?(X, Y) . (‘.(D@) =0}
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form an open cover of & (X, Y) as © ranges over all homomorphisms RY — Y
and N ranges over all nonnegative integers. We topologize dety y|y,, by
requiring the bundle isomorphism
tydetygry y —> detxy, o —> Jo.p(c) Vo ei(Dg),De F(X,Y),
to be a homeomorphism over Uy. g with respect to the topology on the domain

induced by the topology on detyggry y|#+xary.y) described at the beginning
of this section. We next show that this topology is well-defined.

PropPosITION 5.3 (Continuity of transition maps). Let X and Y be Banach
vector spaces. For any homomorphisms ©: RV — Y and ©,:RM — Y, the
bundle map

—1 Lok *
j@)z;D o ﬂ@];D. lg, detXEBRNI’Y — lg, detXeaRNsz,

is continuous over Ux.¢, N Ux.o,.

PrOOF. Let N = Ny + N>,
1, RV R — RV @ RM = RV
be the canonical embeddings, and
lex = 1dy @i X R — X RV
for k = 1, 2. Define
O:RY — Y by O(uj,u) =0O1(u;) + Os(uy).

Thus, the diagram

X @RV
De,
Lx:Ny bix, \
LxX:N \ Dg
X ‘ X®RY "5y
/’
LX;N,y l2;x
~ De;
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commutes. By Proposition 4.8, the diagram

v MDe,) ...
o AL
.¢<-_>2.f>‘£->1 .......... T
id®%,,. 0o e
S0 My @ Allix) ® AM(De) Altx:ny) ® M(De,)
- |
%Lx;,vl-tl;x®id {étx;/vl-l’(-),
; A ﬁX:N*DcD
A(Dg) s Aix:n) ® AM(De) r(D)
: 1
%/LX;NZJZ;X ®id {6‘)(;.'\’2-[)(-)2

id®%,, .06
wo Alxn,) @ A x) @ A(De) ——22 5 A(xen,) ® A(De,)

vvvvv ey

Jo1:06,° I R:D

also commutes (excluding the dotted arrows). We define the isomorphisms
A, Ay, A, in this diagram by

(52) A0)=1®Qyoi(m)®o, Alor) =18 QY oAr(m) ® o,

where 75: ¢(tx.n,) — R is the isomorphism induced by the projection map
X @ RN« — RNk thus,

ﬂ@;D - (g

Do © Ay I = oy po, © At k=1,2.
Let R: X ® RY — X @ RY be the isomorphism given by

R(Gx,uy, up) = (x,un, u;) Y (x,up,ur) € X ®RV @RV
and

Irp = Iridy|pe: M(De) —> A(Dg o R™H)

= M(HFr.iay (Do),
jR§N] = ﬂidxe;RNz’Ril |‘X@RN2;N1 : )\(LXGBRN%M) — )”(Ril o LXGBRNZ;Nl)
= )V(LZ;X)

be the corresponding isomorphisms as in (2.4).
Since t1;x = txgrM N>
{id ®6.,,..00} ' (A1(Foy: D0, (0)))
=1Q (Qy, 0 A(m2) ® 1 ® (L}, o A(mr:N,)) ® 0,
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where 7R, y,: ¢(t1.x) — R is the isomorphism induced by the projection map
X ® RN — R™M onto the last N, Euclidean coordinates. Since

~

(ng:lell:X(l ® (Q*Nl o )‘(772)) ® 1 ® (Q*j\/2 o )‘-(nR;Nz)))
= (=DM ® (2} o A(m))

by (4.22), we find that

(5.3) Jop © Jop = (DM IGL,
On the other hand, t,x = R™! 0 txgrw.y,. By Proposition 4.8 applied to the
composition Dg o R™! o txggm .y, and the Naturality I1I property on page 212,
the diagram

I gy, ®id
AMixgrm:n,) ® M(Deo) il Ai2:x) ® AM(Deg)
| |
id®ﬂR;D gl2:X~n@
l 7 1

,DgoR~
‘XerN2:N; T O°

Mtxerv:n,) ® A(De o R™1) A(De,)

commutes. Since
Tron, (1 ® (yy, 0 Amriw)) = 1 ® (2, 0 Alwiw,)),s

where 7y v, : ¢(t2.x) — RV is the isomorphism induced by the projection map
X ® RN — RM onto the first N; Euclidean coordinates,

(il ®%F .,y 00} (A2(Foy: 06, (I r:p(0))))
— 1 ® (Q, 0 A1) ® 1 ® (R, 0 A(TLw,) ® 0.

Since ~ . .
(gtx;Nz,Lz;x(l ® (QNZ o )\(71'2)) ® 1 ® (QNI o )\'(”L;Nl)))

= (=DM 1 ® (g y,) @, A ATy )28
=1® (Q) o A(m2))

by (4.22), we find that

(5.4) Ity 0 Jorp = Iglp 0 Iy .

From (5.2), (5.3), and (5.4), we conclude that

-1 __1\NMIM, 7 —1
Jo,ip © Jorn = (=) Ie,:py, 0 Irip 0 I .y, -
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The outer maps on the right-hand side above are continuous over Ux.¢, NUx. 0,
by Corollary 5.2, while the middle map is continuous over Ux.¢, N Ux., by
Lemma 5.1.

CoOROLLARY 5.4 (Continuity of (2.20)). Let X, Y, X', Y', X", Y” be Banach
vector spaces. The family of maps V; given by (4.10) induces a continuous
bundle map

W: ) dety y @mg detys yr —> médety y

overI (X,Y; X, Y; X", Y.

ProOF. We abbreviate 7 (X, Y; X', Y'; X", Y")as I . Lettyg € I be asin
(2.11), with all seven homomorphisms carrying subscript 0, and

©:RY — Y’ and O RV — Y
be homomorphisms such that D), € Ux.¢ and D] € U X7:iy o0+ Lt N =
N’ + N”,#:R¥ — RY be the inclusion as RV x 0V", and j: RN’ — RY" be the
projection onto the last N” coordinates. For each t € I as in (2.11), define

OuRY — X, 0, x") =iy (@' () +O"(x") V(x',x") e RN @RV,

and
RV — X", O/(x") =iy (@"(x")) Vx" eRY".

Thus, the diagram $(t) given by

0 RV L, RN L, RN 0
R
0 y "y I,y 0

commutes for every exact triple t as in (2.11), and we obtain an embedding
T — TXORY,V; X @RV, Y X" @RV, Y"), t— ti).

Since As4) = 1, by Lemma 4.12 the diagram

Wi,
A(Dgy) ® M(Dg,) - MDe,)

Jor.pt ®j@);’:D” f@‘;D

|

(D)

(_1)(ind D')N" W,

A(D") ® A(D")
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commutes. By the definition of the topologies on the determinant line bundles,
the vertical arrows in the above diagram induce continuous line-bundle iso-
morphisms over the open subset of J consisting of the exact triples t as in
(2.11)sothat D’ € Ux.¢s and D" € Uxr,er- By Lemma 5.1, the top arrow in-
duces a continuous line-bundle isomorphism over the same open subset. Thus,
the bottom arrow in this diagram induces a continuous line-bundle isomorph-
ism as well.

5.2. Continuity of dualization isomorphisms

We begin by verifying the Normalization I’ property on page 215; see Lem-
ma 5.5. This allows us to confirm the continuity of (2.36) over #*(X, Y); see
Lemma 5.6. The continuity of (2.34) over # (X, Y) then follows from the Dual
Exact Triples property on page 217; see the proof of Corollary 5.7. For each
DeFX,Y),let

gp:Y — o«(D), y— y+ImD,

be the projection map as before.

LEMMA 5.5 (Normalization I'). Let X, Y be Banach vector spaces. For every
Dy € #'(X,Y) and right inverse S: ¢(Dy) — Y for qp,, there exists a neigh-
borhood Up, s of Dy in F'(X,Y) so that the bundle isomorphism (2.29) is
well-defined and continuous.

ProoF. By the Open Mapping Theorem for Banach vector space,

Up,s={DeF (X,Y):Y =ImD ®Im S}

is an open neighborhood of Dy in #'(X, Y). Let
wx,Ts: Y =Im Dy @& ImS — Im Dy, Im S

be the projection maps and D, ':Im Dy — X be the inverse of the isomorphism

Dy: X — Im Dy, x — Dyx.
For each D € Up, s, the map
Yp.p:Y —Y, y—D oDO_1 omx(y)+ms(y) Vy ey,
is an isomorphism so that

D =1p.p,oDyoidy' and ¥p.p,(¥) — ¥p.p,(S(gp, () € Im D.
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By the last property,
jidxﬂ/fn;no = 'ﬂDo,S:D:)‘(DO) —> AM(D).

Since ¥p,. p depends continuously on D, the claim follows from the continuity
of (2.20) and the Naturality III property.

LEMMA 5.6. Let X, Y be Banach vector spaces. The family of maps g D
given by (2.36) induces a continuous bundle map

9: dety y —> Z* dety- x-
over F*(X,Y).
ProOF. Let Dy € #*(X,Y), T:Y — X be aright inverse for Dy, and
nr: X =«x(Dy)®ImT — k(D), x —x—TDx VYx € X,
be the projection map. Thus, the homomorphism
S:e(Dy) — X*, a+ImDj — alcp,) o T,

is a right inverse for gp;. By the Normalization I property on page 207 and
Lemma 5.5, it is sufficient to show that the map

jB%,s;m 0 Dp o Ipy1:p—py: M(Do) —> A(D) —> A(D*) —> A(DY)
depends continuously on D € Up, s. By (2.5), (2.36), and (2.28), this map is
given by
x®1" — 1 P(MDp,)x),

which establishes the claim.

CoroLLARY 5.7 (Continuity of (2.34)). Let X, Y be Banach vector spaces.
The family of maps 9 p given by (4.13) induces a continuous bundle map

9D: detx’y — g* dety*’x*

over (X, Y).

PrOOF. Let D € #(X,Y) and ®:RY — Y be a homomorphism so that
D € Ux.@. By the Dual Exact Triples property for the commutative diagram

0—>X—i>X69RN—j>RN—>O

R

0— >y 9 sy _I*r o 50
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the diagram

AM(D) ® A(j) 2 A(Deo)
| |

gj@jpoR gD@

W

A(j*) ® A(D*)

commutes. The horizontal arrows in this diagram induce continuous bundle
maps by the continuity of (2.20); the right vertical arrow induces a continuous
bundle map over Uy.¢ by Lemma 5.6. The isomorphisms R and &; on the
left-hand side of this diagram do not depend on D. Thus, the isomorphisms
D p also induce continuous bundle maps over Uy.e.

AMDG
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