A NON-UNITAL GENERALIZED TRACE AND LINEAR
COMPLEX STRUCTURES

ADAM COFFMAN

ABSTRACT. A basis-free formula for the generalized trace of a linear map be-
tween tensor products of vector spaces is proposed which does not refer to
scalar multiplication or scalar valued functions. The main application is to
real vector spaces with complex structure operators.

1. INTRODUCTION

Defining the trace of a square matrix as the sum of its diagonal entries is simple
and useful, and generalizes to the contraction operation on multi-indexed tensors
as a sum over repeated indices. It is then well-known that the trace is an invariant
quantity under change of basis. So, for a finite dimensional vector space V, the trace
Try(A) of a linear map A : V — V is independent of any matrix representation
for A. There are other ways to compute, or define, Try (A) that do not require
any initial choice of basis; we will recall one such formula in Proposition 2.11,
after developing some notation for a more abstract approach to linear algebra as
in [Bourbaki]. An abstract analogue of tensor contraction is the generalized trace,
which takes as input a linear map between tensor products, A: VU — V @ W,
and returns as output a linear map U — W; Proposition 2.12 shows how a basis-free
definition coincides with the repeated index summation.

The abstract, basis-free approach to the trace and generalized trace is well-known
in category theory, because it can be adapted to define a trace of a morphism,
in categories that have enough structure in common with the category of finite
dimensional vector spaces. For example, a generalized trace can be defined in
some monoidal categories ([A], [EGNO], [JSV]), where for two objects U and V
there is another object U ® V', subject to certain properties including a notion of
associativity and the existence of a unit object K so that V ® K is isomorphic to
V.

This article, in Section 3, will propose new abstract formulas for the generalized
trace in the category of vector spaces (Theorem 3.7, Proposition 3.8). The novelty
is that the formulas do not rely on the existence of, or a choice of, any unit object
for tensor products. So in addition to being basis-free, the formulation will be
scalar-free, and adaptable to some other categories without a unit object for ®
(a “semigroup category” as in Remark 2.2.9 of [EGNO], or [LYH]), although we
are going to focus on linear algebra rather than going into any depth in category
theory, tensor analysis, or other applications. We will consider vector spaces over
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a fixed field; the main results of Section 3 show that the claimed formulas for the
generalized trace coincide with the usual coordinate-based notion.

Section 4 presents the main motivating example of the general framework set up
in Section 3, a category where the objects are real vector spaces with complex struc-
ture operators (real linear maps J with J o J = —Id), and the morphisms are real
linear maps that are compatible with the complex structures. Applying the ideas of
Sections 2 and 3 to this category was originally motivated by differential-geometric
calculations in vector bundles (as in [S], [VZ]), where J can vary continuously from
point to point, and wanting to find a way to define a complex trace in almost
complex geometry that relies only on J and the real linear structure at each point.

A previously known matrix formula that will be generalized in Section 5 is:

(1.1) Tryv(A) = % (Trv(A) —V—1Try (Ao J)),

from ([S], [VZ] Chapter 5). The LHS is a complex number valued trace of a complex
linear (AoJ = JoA) map V — V with a size N x N complex matrix representation,
while the real valued RHS traces are applied to the same transformation considered
as a real linear map A, with 2NV x 2N real matrix representations for A and Ao J.
Equation (1.1) is the last time any complex number appears in this article; in
Sections 2 and 3, the scalars are from an arbitrary field K, and in Sections 4 and
5, the scalar field is R and all maps are R-linear.

As a remark to conclude the Introduction, the methods used here are elementary
but maybe becoming old-fashioned; commutative diagrams, sums over repeated
indices, and in particular calculations involving a trace, can be more graphically
presented by various types of “string diagrams” as in [B], [CK], [JSV], [LYH], [PS4],

2. NOTATION

In this Section we recall some already known formulas for the trace, after devel-
oping enough notation to state them, and check that they coincide with the classical
summations after choosing a basis. Fix a field K, and consider vector spaces with
scalars K. The same symbol K denotes itself considered as a one-dimensional vector
space.

Notation 2.1. For vector spaces U and V over K, the vector space of all K-
linear maps from U to V' is denoted Hom(U, V), and the term map will always
refer to a K-linear map. As a special case, we abbreviate Hom(V,K), the dual
space of V, by V*. For maps A : U’ — U and B : V — V', the map denoted
Hom(A, B) : Hom(U,V) — Hom(U', V') acts on F : U — V so that Hom(A, B) :
FrsBoFoA:U — V.

Notation 2.2. The space U ®V is the tensor product over K, spanned by elements
of the form 4 ® ¢ for & € U and ¥ € V. The products U® (VW) and (UQV)W
will be identified with each other and with the triple U ® V' ® W, so that these
elements are equal:

(TRT)RT=00 (TQT) =007 0.
Notation 2.3. The invertible maps V@ K — V and K® V' — V corresponding

to scalar multiplication are denoted ¢. The space K, taken together with these
isomorphisms, is a (two-sided) unit for the tensor product operation.
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Notation 2.4. For any product V ® U, the switching map s : VU — U RV is
linear and defined on elements of the form ¥ ® « by the formula s: ¥ ® 4 — 4 ® v.

Notation 2.5. For maps A : Uy — Us, B : Vi — V3, denote (with square brackets)
the map

A Bl : U1V - Us® Vs
defined by acting on elements of the form €®¢ by [AQ B] : €®¥ — (A(@))® (B(?)).

Notation 2.6. For any vector space V, there is a canonical identity map Idy €
Hom(V, V), so that Idy (v) = ¥.

Notation 2.7. For any vector space V, the operation of applying a linear map
¢ € V* to a vector ¥ € V to get the scalar ¢(¢) € K is bilinear in the pair (¢, 7).
This bilinear pairing defines a canonical evaluation map Fvy : V*®V — K, acting
on elements of the form ¢ ® ¥ by Evy : ¢ @ U — ¢().

Definition 2.8. A vector space V is dualizable means: there exists (D, €,7), where
D is a vector space, and e : D®V — Kand n: K — V ® D are linear maps such
that the following diagrams are commutative.

nRIdy

[ ] [Idp®n]
KQV — VDV DK—DQVKD
Zl/ l[[{iv@e] Zl/ l[e@[{ip]

1% ¢ VoK D ¢ K® D

Remark 2.9. In category theory and other areas using versions of this construction
([PS4], [ST)), € is called an evaluation map and 7 a coevaluation map. A more
general notion, with left and right duals, is considered by [M].

Proposition 2.10. If V is finite dimensional then V is dualizable.

Proof. An example of a triple of duality data is D = V*, ¢ = Fvy, and n chosen
in the following way. Let (07,...,Uxn) be a basis of V, and let (¢1,...,¢n) be the
dual basis so that ¢;(7;) = d;;. Then consider the following specific candidate for
a coevaluation, iy, defined for a € K by

(2.1) nyia—=a- (¢ + -+ Uv®oN).

Checking that if n = iy, then the identities from Definition 2.8 are satisfied is then
straightforward, using methods similar to the sums in the next Proof.
Proposition 2.11. If V is finite dimensional, then for any map A:V — V, and
any duality data (D, e,n), the image of 1 € K under the following composite map:

[Idp®A]

(2.2) K—1sVeoD—>DaV DRV —>K

is an element of K that depends only on A and not on the choice of (D,e,n).

Proof. There exists some (D, ¢,7n) by Proposition 2.10, but the triple need not be
unique. Let (¢,...,Un) be a basis of V, and let {¢; : j € J} be a basis for D,
with index set J, so that the set {U; @ p; :i=1,...,N,j € J}is a basis of V® D.
There are finitely many coefficients 7;; so that for o € K,

N M
n:a»—)a-Zijﬁi@)goj.

i=1 j=1
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For any i =1,..., N, j € J, there is some scalar €j; so that € : ¢; ® ¥; = €;;. The
hypothesis that € and 7 are an evaluation and coevaluation implies that for any
« € K and basis element v/,

la®ty) = ({olldy ®€on®Idy])(a® vy)
avy = L] [Idy ®¢ aZijUi@apj ® vy
i=1 j=1
N M N M
= lad ) mli®ey | =a) Y mieid,
i=1j=1 i=1 j=1
SO
M
(2.3) ij€jz‘/ = Oy
j=1

This uses only the first diagram from Definition 2.8. Equation (2.3) can be inter-
preted as a one-sided matrix inverse property.
With respect to the chosen basis for V', there are coefficients A;; so that

N
= E Ay,

=1

and the image of 1 under the map (2.2) is:

N M
e|Hdp @ AL DD nije; @0

i=1 j=1

M n
= Zznmﬁg <Z Az’ﬂ_fz’>

=1

N M N
- ZZZUU i3 €5/ 722511“41172‘4“,

i=1 j=14¢=1 i=114¢=1

e([Tdp @ AJ(s(n(1))))

which is the trace of A : V' — V, denoted Try(A), and, as mentioned previously,
does not depend on the choice of basis for V.

The above formula (2.2) for the trace, and the following formula (2.4) for the
generalized trace, are well-known, although different authors ([JSV], [PSz]) may
use different orderings for the products of spaces or composites of maps.
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Proposition 2.12. If V is finite dimensional, then for any vector spaces U and
W, and any map A: VU — V@ W, and any duality data (D,e,n) for V, the
following composite map from U to W :

VeDeU —" _pever 2% pevew
[W@IdU]T l[e@ldw]
(2.4) K® U K® W
E_lT l[
U W

is an element of Hom(U, W) that depends only on A and mot on the choice of
(D, €n).

Proof. Using the same notation and basis as in the previous Proof for V' and D,
let {@; : | € L} be a basis for U and let {@}, : k € K} be a basis for W. For each
basis element ¥; ® i) of V ® U, there are coefficients A, (finitely many non-zero
for each 1) so that

(2.5) AW @) =Y Z Aikay ® W

keEK i'=1
The above composite map (2.4) then maps basis element ; to:
(ole® Idw]o[ldp ® A]o[s® Idy]o[n® Idy]ol™":
i~ le® Idwl]([Idp ® Al([(s o n) ® Idy](1®1))))

N
= {|[exIdw] | [Idp ® A] Zznijsﬁj(@ﬁi ®

i=1 j=1
N M N
= (| [e® Idw] ZZWJ’%’ ® (Z Z AV ® IUk)
=1 j=1 keEK i'=1

I
~
M=
M=
]
1 [M]=
§

%
k)('f\

®
&

N M N
= Z Z Z 7713 i k?,le_]’tlwk = Z Z Z Oiir At kit W

i=1 keKi'=1
N
(2.6) = Z Ay .

The last sum (2.6) is an element of W depending on A and the input ; from U but
not on (D, ¢€,7n). The map (2.4) is denoted T'ry,y,w(A4) : U — W, the generalized
trace of A. [ |

Neither of the above formulas (2.4) nor (2.6) for the generalized trace requires
U or W to have finite dimension. This generalized trace T'rv.yw is, in some
applications, also called a partial trace ([CK], [FKV]) or twisted trace ([PSg]). As
mentioned in the Introduction, both the abstract formulation of the trace T'rv.yw
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from the statement of Proposition 2.12, and multi-indexed summations such as
those in its Proof, appear in calculations in local differential geometry and other
applications of tensor analysis.

Example 2.13. The scalar valued trace of a map A : V. — V is related to a
generalized trace by the following formula, using ¢: V@ K — V:

(27) TT\/;K’K(£71 oAo f) = T?“\/(A) Idg 1~ Trv(A).

It is easy to check, without choosing any basis, that the map (2.2) from Proposition
2.11 is the same as the special case U = W = K of the map (2.4) from Proposition
2.12 applied to /=1 o Ao /.

3. A NEW FORMULA FOR THE GENERALIZED TRACE

Our main goal is to state an expression equal to the generalized trace, (2.6), in a
basis-free way analogous to the expression (2.4), but which uses an abstract notion
of dualizability that does not refer to the space of scalars K.

One approach might be to just replace each column of vertical arrows in the
diagram (2.4) by the corresponding composite to get abstract maps U - VDU
and D®V @ W — W this bypasses the steps where K appears, but the notion of
dualizability in Definition 2.8 would then need to be adjusted to take into account
U and W, in addition to V and D. In fact, this is the general idea, but the
construction in Theorem 3.7 will be organized differently, motivated in part by the
existence and convenience of the following canonical map.

Notation 3.1. For any vector spaces V and W, there is a distinguished map
Evyw : Hom(V, W)@V — W,
defined on elements of the form A ® ¢’ by evaluation:
Evyw : AQ U — A(7).

This generalizes the construction from Notation 2.7: in the W = K case, Fuyk is
the distinguished element Fvy € (V*®V)*. We want to generalize further, from the
canonical map Evyw to a more abstract evaluation map € : Hom(X, W)@V — W,
where Hom(X, —) plays the role of D ® — appearing in Definition 2.8 and Propo-
sition 2.12. The canonical evaluation maps have some elementary properties as in
the following Lemmas, one of which (Lemma 3.6) we will also want to generalize
to the abstract evaluation maps.

Lemma 3.2. For any vector spaces U, V, W, and any map B : U — W, the
following diagram is commutative.

U w

EUVUT TEUVW

Hom(V,U) ® V Hom(V, W) ®V

[Hom(Idy,B)®Idv]
Proof. Both paths take A ® ¥ € Hom(V,U) @ V to B(A(?)). |

One more bit of notation will be needed for Theorem 3.7.
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Notation 3.3. For any vector spaces U, V', X, there is a canonical map

(3.1) ny @V @ Hom(X,U) - Hom(X,V ®U)

defined on elements of the form ¥ ® A € V @ Hom(X,U) and Z € X by:
ny(T®A): Z— 7 (AX)).

Analogously (and equally canonically except the ordering of spaces is different),
define for any W,

(3.2) nw : Hom(X, W) ® V — Hom(X,V @ W)

so that
nw(B®V): & — 7® (B(X)).

Lemma 3.4. If X orV is finite dimensional, then ny and ny are invertible.
Proof. We refer to [AF] §20, or [Bourbaki] §IL.7.7. |

Lemma 3.5. For any U, V., W, the following diagram is commutative.

U @ Hom(V, W) @ V —2W&vwl oy

[n1®Idy]
Evv,ugw

Hom(V,U@ W)V
Proof. The n; map is a version of (3.1) from Notation 3.3. Both paths in the

diagram take an element of the form t® A® v € U@Hom(V,W)®V to 4@ (A(V)) €
U W.

Lemma 3.6. For any vector spaces V., U, W, and any map F : VU - VW,
if V is finite dimensional then the n maps in the following diagram are invertible:

F

VeU Veow
[IdV®EUVU]T T[Idv@Eva]
Ve@Hom(V,U)®V V@Hom(V,IW)V
[n2®1dv]l l[ng@fdv]

Hom(V,VeU)®V

[Hom(Idv,F)®Idy] HOm(‘/’ Ve W) RV

and the diagram is commutative, in the sense that

Fo[Idy ® Evyy]o[ng ® Idy] ™!
= [Idy ® BEvyw]o [n3 ® Idy] ™" o [Hom(Idy, F) ® Idy].

Proof. The ng, n3 maps are versions of (3.1) from Notation 3.3; they are invertible
by Lemma 3.4, and of course the inverse of [ny @ Idy] is [(n2) ! @ Idy]. By Lemma
3.5, the upward composite on the left, [Idy ® Evyy] o [ne ® Idy]™1, is equal to
Evyygu, and similarly the upward composite on the right is equal to Evy,vew.
The claim then follows from Lemma 3.2.
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The following Theorem is the main result of this Section. It gives a formula for
the generalized trace, in terms of abstractly defined evaluation and coevaluation
maps. There is no reference to the scalar field K, but the trade-off is that instead
of one evaluation map € for a given space V' as in Definition 2.8, there are different
evaluation maps €V and " corresponding to pairs (V,U) and (V, W), and that
satisfy a certain compatibility condition (3.4) analogous to the property of Evyy
and Evyyw from Lemma 3.6. There is also a twisted coevaluation map nY which is
a generalization of the n from Definition 2.8.

Theorem 3.7. Given vector spaces U, V', W, suppose there exist a vector space
X and maps

1Y : U—V@Hom(X,U)
eV © Hom(X,U)®V = U
eV . Hom(X, W)@V =W

such that the following diagram is commutative:

UYeoId
UV —"" v o Hom(X, U) @ V
(33) 3 l[[dv@éiu]
Veu

meaning that the composite is equal to a switching map:
[Idy @YoMy @ Idy]=5: UV - VaU.

Suppose further that V and X are both finite dimensional, so that the n maps in
the following diagram are invertible, and that the diagram is commutative for any
F:VeU->VeoW,

Veu a Veow
[Idv®sU]T T[Id‘/@sw]
(3.4) V @Hom(X,U) @V V@Hom(X,W)®V
[nU®1dv]l \L[n;;@[dv]

Hom(X,VoU)oV

[Hom(Idx,F)®Idy] HOm(X7 Ve W) RV

in the sense that

Fo [Idv ®EU] o [’I’LU ®Idv]_1
= [Idy ®"]o[ng® Idy]~! o [Hom(Idx, F) @ Idy].

Then the canonical map

nw : Hom(X,W)®V — Hom(X,V@W)



A NON-UNITAL TRACE AND LINEAR COMPLEX STRUCTURES 9

is also invertible, and for any A : VU — VW, the composite map clockwise from
U to W in the following diagram depends only on A and not on (X,nY, eV, eW).

Hom(Idx,A)
_

Hom(X,V ®@U) Hom(X,V ® W)
i -
(3.5) V ® Hom(X, U) Hom(X, W) ® V
nUT \LEW
v Trviu,w(A) W

The diagram is commutative, so the composite map is equal to the generalized trace:
(3.6) Try.uw(A) ="V ony' o Hom(Idx, A)onyon? : U — W.

Proof. We start with some remarks before the calculation proving the claims. The
diagram (3.3) with the abstract evaluation eV and abstract coevaluation Y is
analogous to the first diagram from Definition 2.8, and like the Proof of Proposition
2.11, this Theorem does not need an analogue of the second diagram from Definition
2.8. The diagram (3.4) is a generalization of the property of the canonical evaluation
maps from Lemma 3.6, so that the two abstract evaluations are suitably compatible.
All the n maps are invertible by Lemma 3.4.

The following steps use the same notation for the basis sets of V', U, and W
as in Proposition 2.11 and Proposition 2.12, which assumed only that V has finite
dimension. Now assume X has finite dimension, with basis {Z;,¢ =1,...,Q}; the
finite dimension also allows the existence of a basis set for Hom(X, U) of the form
{®g:q=1,...,Q,l € L} where each basis element is defined by

(37) (I)ql : fq/ — 5q/qﬂl.

Then, for each basis element ) of U, there are coefficients 77%”, (finitely many
non-zero for each {’) so that

N Q
nU SUpy ZZZU%”/’[_}} ®C1)ql.

i=1 ¢=1 l€L
For each basis element ®,®; € Hom(X,U)®V, there are coefficients elL,fqli (finitely
many non-zero for each [) so that
el (I)ql R U; > Z €l[{qliﬂ"l/'
Vel

The hypothesis (3.3) then gives this equality for any basis element @) @ 0y of UQV:

s(dy @ Ty) = (Idy ®@eY]omY @ Idy))(dy @ )
N Q
vy @iy = [Idy ®eY] ((Z SN bt @ @ql> ® m)
i=1 g=1l€eL

N o Q
DD T (Z elU,,qli,Ulu> 7

i=1 g=1l€L I"eL



10 ADAM COFFMAN

so for any ' = 1,..., N, I’ € L, this sum has finitely many non-zero terms:
Q
U U
(3:8) Z Z Niqu € qrir = Oiir Ovvr-
g=1lecL

This is analogous to Equation (2.3).
Similarly for hypothesis (3.4), let Hom(X, W) have basis set

{1 ¢=1,...,Q,k € K},
with Wgp : £y — 04 Wx. Then for each basis element ¥, @ ¥; € Hom(X, W)V,
there are coefficients ez[,/qki (finitely many non-zero for each k) so that
eV \I/qk R U; — Z GIZ"/qkiU_jk"
K eK

For FF: VU — V®W, and each basis element v; ® i, there are coefficients Fj/ g
(finitely many non-zero for each [) so that

N
F:t;u — Z Z Fy Ty @ wy,.
i'=1keK
A basis for Hom(X,V ® U) can be chosen in the same way as (3.7), with maps
Ty > OqqU; @ Uy, but this map is exactly the same as ny (U; ® ®4). Similarly, the
maps na(; @ Ygi) : £y — dgq Vs @ Wy, form a basis for Hom(X,V @ W).
To calculate the composites in the diagram (3.4), start with:
(Hom(Idx,F)ony)(U; @ Dg) :
o o (Fonp(B®0,0) (@) = F @ (@) = F(@ @ (G )

N
= b D0 Funarti ®

i"=1keK
N
= Z Z Firgir(ng (Vi @ War) ) (Zyr).
i"=1keK
It follows that
N
(39) nZl o HOD’I(IdX, F) ony : Ui & (I)ql — Z Z Fi”kilUi” ® \Ijqka
i"=1keK

and

[Idv @] o[(ny' o Hom(Idx, F) ony) ® Idy] :

N
U; ® (I)ql R Uy [Idv ® €W] <<Z Z FingaUin @ \I/qk> ®Ui/>

i""=1keK

N
(3.10) = Y Rl © i

i"=1keK k'eK
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The hypothesis (3.4) is that for any F, the expressions (3.10) and (3.11) are equal:

Folldy ®eV]: %@ By @0 +— F ( > el,qh,ul/>
l’eL

N
U _. .
(3.11) = Z Z Z € quir i kit Vi & Wy

l'eLi’'=1keK

so for any i, ¢, [, i, ¢", k', these finite sums are equal:
w U
(3.12) E Fi”kil€k'qki' = E €rgri Firrwrir -
keEK I'eL

For the RHS composite from (3.6) in the conclusion of the Theorem, a calculation
analogous to (3.9) gives, for any A as in (2.5):

N
(3.13) nyt o Hom(Idx, A)ony : 5 @ By Y > Akt Var ® T
i'=1keK

The next steps use (3.8), (3.12), and (3.13).

onW oHom(Idx,A) ony on¥:

T < nW OHOHI Idx, onU <Zzznqu/lvl®¢qy>>

i=1 g=10'€L

N Q
= W Zzznqu'lZZAzkzl’ qk®vz>

i=1 q=11'€L i/=1keK

N
U w N
Z Z Z 2 : niql’lAi’kil’€k/qki/wk/

'eLi'=1kcK k' cK

N
§ : § : § : U U =
niql/lgl”ql’i’Ai’k/il”wk/

I'eLiv=1k'eKIl"”€L

I
M=
Me <

s
Il

—
=]
I

—

w

=
e

Il
M=
Mo

s
I

-
=)
Il

i

Oiir Ouarr Ais er ity Wi

I
M=
M=

i=11i'=1k'cK " €L
N
(3.15) = Z At B -
i=1 k'€K
The last sum (3.15) is the same as (2.6), the generalized trace. [ |

Theorem 3.7 is still true even without the assumption that X has finite dimen-
sion, and can be given a proof without choosing a basis for everything, although this
turns out to be more complicated than the above proof. Also, the property (3.4)
of eV and " is only used in step (3.14), so to compute the trace of a particular
map A, one could assume the commutativity of (3.4) only for F' = A, instead of for
all F. However, our goal is to find a formula (3.6) for the operator Try,y,w that
works for any input.



12 ADAM COFFMAN

The following result on the generalized trace has a conclusion analogous to that
of Theorem 3.7 (Equations (3.6) and (3.17) are the same), but replaces its assump-
tion (3.4) about two evaluation maps with a dual statement about two compatible
coevaluation maps. The proof is omitted but would be very similar to the previous
proof.

Proposition 3.8. Given vector spaces U, V., W, suppose there exist a vector space
X and maps

nY : U= V@Hom(X,U)
"W . W — V®Hom(X,W)
eV . Hom(X, W)@V =W

such that this composite is a switching map:
[Tdy @ VomW @Ildy]=s WV = VeW,

and the following diagram is commutative for any F: UQV - U W.

Veu a Vew
[Idyen"] [Idyen™]
VeV eHom(X,U) V®V ®Hom(X, W)
(3.16) [Tdv®s1] [Idv ®s2]
V@Hom(X,U)®V V@Hom(X, W)@V
[nu®Idy] [na®@Idv]

Hom(X,VeU)eV

[Hom(Idx,F)®Idy] HOm(X, Ve W) RV

If V and X are finite dimensional, then for any A: VU — V Q W,
(3.17) Try.ow(A) = e o na,l oHom(Idx, A) ony on’:U =W,

so the RHS composite does not depend on (X,nY,n" e"). [ |

The following Corollary is another scalar-free formula for the generalized trace
of A: VU — V ®W, in the special case where A can be factored into the form
[B® C].

Corollary 3.9. If V, U, W, X, nY, and eV satisfy the hypothesis of either Theo-
rem 3.7 or Proposition 3.8, and s : V@Hom(X,U) — Hom(X,U)®V is a switching
map, then for any B:V =V and C: U — W,

Try.ow([B® C]) =" o [Hom(Idx,C) ® Bl oson?.

Proof. The following diagram is copied from (3.5) with A = [B® ], and the arrows
added in the middle correspond to the maps in the claimed formula, so the lower
block with the switching map is analogous to the diagram (2.4), but without the
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scalars.
Hom(X,V ® U) Hom(Idx [Bec) Hom(X,V & W)
V @ Hom(X,U) —— Hom(X,U) ® V Hom(Tdx.C)&P] Hom(X, W)@V
] [
U w

Trv,u,w ([BRC])

The upper block is easily checked to be commutative for any B and C: both paths
from V@Hom(X,U) to Hom(X, V®W) take an element of the form ¥® D to a map
Z— (B(?¥)) ® (C(D(Z))). The commutativity around the outside of the diagram is
the conclusion from either Theorem 3.7 or Proposition 3.8, so the commutativity
of the lower block follows, and this is the claim of the Corollary.

We remark that the assumption about the finite dimension of V is sufficient for
the invertibility of the canonical map from Notation 2.5:

Hom(V, V) ® Hom(U, W) - Hom(V @ U,V @ W) : B& C — [B® (]

([Bourbaki] §I1.7.7.), so any map A : V@ U — V ® W can be written as a finite
sum of maps of the form [B ® C]. i

Calculations similar to the commutativity of the upper block from the above
diagram will appear again in the next Sections, so we state a general result as the
following Lemma. The canonical maps n and n’ are of the form (3.1), but there are
analogous results for other versions of n maps such as (3.2), or for composites with
switching maps as in Corollary 3.9. (The Lemma can be interpreted as a statement
about the naturality of the n maps, in a technical sense of category theory.)

Lemma 3.10. For any vector spaces X, X', V, V', U, U’, and maps F : X' — X,
B:V V', C:U— U, this diagram is commutative.

V ® Hom(X,U) Hom(X,V ®U)
[B®Hom(F,C)]l/ lHom(F,[B@C])
V' @ Hom(X',U") LA Hom(X', V' @ U")

Proof. For elements in the domain of the form ¥ ® A with A € Hom(X,U) and
v eV, and for 7 € X',

T@A — (Hom(F,[B®C))on)(T® A)=[B®C)o(n@® A))o

I = [BaCl(i® (AF(F)))) = (B(V)) ® ((Co Ao F)(T)),
T®A — (n'o[B®Hom(F,O))(#®A) =n'((B(¥)®(CoAocF)):
I = (B(©))®((CoAoF)()).
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Example 3.11. Let V be finite dimensional. A specific example of a coevaluation
nY corresponding to X = V and the canonical evaluation map ¢V = Euvyy :
Hom(V,U) ® V' — U is the following map nyy : U — V ® Hom(V, U), defined on
basis elements of U by:

N
(3.18) nvu U Zﬁi ® P,

i=1

where ®;; € Hom(V,U) is as in (3.7) with basis elements #, replaced by ¥;. (This is
analogous to the example (2.1) from Proposition 2.10.) Property (3.3) is satisfied
withnV = nyu and eV = Evyy:

U U — ([Idy @ Bvyyl o [nvy @ Idy])(

i @ ;)
N N
= [Idy ® Evyy] <<Z Ty ®<1>/l> )—Za @ (Evvy (B ® 7))

/=1
N
= Z ’[)}/ X ((I)z/l(ﬁz)) = Z Ui’ X (67/1’[2‘[) - ’UZ‘ X ’Jl.
i =1

The coevaluations 1V = nyy and nV' = nyw also satisfy the compatibility condi-
tion (3.16). Using (3.9),

[(ny' o Hom(Idx, F) ony) @ Idy] o [Idy @ (s1 0 nyy)] :

U; QU > [(nzloHom(IdX,F)onU)(EQIdv (vz <Z<I>/l®vz>>

N N
= Z <Z Z Fingatin @ qji'k) ® Uy,

=1 \i"=1 keK
[Idy @ (sponyw)| o F :

Ui ® 'L_[l — [Id\/ ® S9 O ’I7VW (Z Z E”kzlvz” ® wk)

"=1keK

N N
= Z Z Fivgair @ <Z Wi ® 17i/> .

i =1keK ir=1

The following Lemma, which will be used in Section 4, states an identity for the
above coevaluation map which does not depend on choices of basis, but which does
need one more canonical n map,

ns : Hom(V, V) ®@ U — Hom(V,V @ U),

defined as in Notation 3.3 by n5(A® @) : v — (A(?)) ® 4.
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Lemma 3.12. For any @ € U, nyy (i) = nz,l(n5(1dv ®U)).

Proof. The map ny is as in (3.1) with X =V, so it is the same as ny from Lemma
3.5. It is enough to check that for basis elements @}, ny (v (@) = ns(Idy ® ;).

N
nu(nvo(d)) « vy = (nU <Z 7 ® <I>iz>> (V)

The following Lemma is a coevaluation version of Lemma 3.2.
Lemma 3.13. For V with finite dimension and any map B : U — W,
nyw o B = [Idy ® Hom(Idy,B)|onyy : U = V @ Hom(V, W).

Proof. The claim is that the upper block in the following diagram is commutative.
Three of the n maps have appeared previously, the map ng is analogous to ns as
indicated in the diagram, and all the n maps are invertible.

U B W
nvu nvw
V & Hom(V, U) — v #HomUav-BI_ 1 o Hom(V, W)
nu ns
Hom(V.V & U/) Hom(Idy,[Idy ®B]) Hom(V,V & W)
Hom(V, V)@ U Hom(Tdv, Tdv)& ] Hom(V, V)@ W

The lower two blocks are commutative by Lemma 3.10. Using Lemma 3.12, for
ueU,
@ +— ([Hom(Idy,Idy)® B]o n5_1 ony o nyy) (i)
= ldy ® (B())
= (ng' ongonyw o B)(i).
So, the two paths from U to Hom(V, V) ® W are equal composites, which is enough

to show that the upper block is commutative as claimed. [ |

The formula (3.6) from Theorem 3.7 can be used to prove some well-known
elementary properties of the generalized trace (as in [FKV], [JSV]). We will state
just one such result, which will be used later.

Theorem 3.14. For V with finite dimension, and maps A : VU — VW,
B:U = U and G: W — W', the composite [Idy @ Glo Ao [Idy @ B] : VU’ —
V@ W' has trace

T’I‘V;U/7W/([Idv X G] oAo [Idv X B]) =Go (TTV;U,W(A)) o B.
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Proof. Theorem 3.7 showed that any evaluation and coevaluation maps satisfying
its hypotheses can be used to calculate the trace, so we use the canonical evaluation
and the coevaluation from Example 3.11 with X = V.

LHS = FEvyw ony oHom(Idy,[Idy @ G]o Ao [Idy @ B])ong: o vy
= BEvyw ony, o Hom(Idy, [Idy ® G]) o Hom(Idy, A) o

Hom(Idy, [Idy ® B]) ony: o nyy:

Evyw: o [Hom(Idy,G) @ Idy] o ny' o Hom(Idy, A) o

(3.19) ny o [Idy ® Hom(Idy, B)] o nyy

(3.20) = GoEvyw ony oHom(Idy,A)onyonyyoB=RHS.

Line (3.19) follows from the previous by Lemma 3.10, and line (3.20) uses Lemma
3.2 and Lemma 3.13.

4. COMPLEX LINEAR ALGEBRA WITHOUT COMPLEX NUMBERS

Formula (3.6) could be taken as a definition of the trace T'ry,y,w in categories
of vector spaces that do not include K as an object, but otherwise have enough
structure (including some natural transformations n), to support the hypotheses of
either Theorem 3.7 or Proposition 3.8. Examples of such categories include some
subcategories of the category of finite dimensional vector spaces which are closed
under —® — and Hom(—, —), e.g., where the objects are just the vector spaces with
dimensions N satisfying N > 1, or N =2K > 1, or N = 2K > 1, etc.

In categories where there is a unit object for ® but it is not unique, then using
(3.6) to define the trace shows that the trace does not depend on any choice of unit
object or scalar multiplication morphisms.

An example of such a category, and the original motivation for this approach,
is the category C of real vector spaces with linear complex structures. Each object
of C is a pair (V,J), where V is a real vector space, and J is a real linear map
V — V such that J o J = —Idy, called a complex structure operator (CSO). The
morphisms from (U, Jy) to (V,Jy) are real linear maps A : U — V such that
Ao Jy = Jy o A. Clearly, Idy is the identity morphism for any object (V,.J), and
the composite of morphisms is a morphism. We call such maps c-linear, and it
may be useful to think of them as “complex linear,” commuting with some choice
of complex scalar multiplication such as (o - Idy £ - Jy)(4) = - i+ 5 - Jy (i),
but we are intentionally avoiding the introduction of the field of complex numbers
as scalars or for any other use. In particular, we will not attempt to consider
any scalar valued trace for morphisms (V, Jy) — (V, Jy); this without-complex-
numbers approach will only apply to the generalized trace, where the output is
another morphism.

In this Section, we will review just enough of the ideas and notation for linear
complex structures to propose a definition of the generalized trace for the category
C. See [C] for notes giving a more detailed development of complex structure
operators.

When the vector space V has a CSO Jy, it is sometimes convenient to abbreviate
the pair (V, Jy) by one letter, V. However, a real vector space V' may have several
complex structures (and this itself is a situation where doing linear algebra with
CSOs can be more clear than with complex scalars). Two CSOs can (but do not
necessarily) commute, as in the following Lemma (left as an exercise).
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Lemma 4.1. Given V and two CSOs Jy, Ja, the following are equivalent:
(1) Ji and Jo commute, i.e., Jy o Jy = Joo Ji;
(2) The composite Jy o Jo is an involution, i.e., (J1 o J2)o (J1 0 Jo) = Idy. [ |

Any involution B on a real vector space produces a direct sum V = V; & V5,
where V1 is the +1 eigenspace (the fixed point set) and V5 is the —1 eigenspace.
The projection onto Vo with kernel Vi is P = % -(Idy — B).

Notation 4.2. In the case of commuting CSOs on V', and the involution J; o J; as
in Lemma 4.1, let V. denote the —1 eigenspace, so that v € V., <= J1(J2(?)) =
—¥ < J1(¥) = J2(¥). So, V. is exactly the real subspace of V' where J; = Ja,
and Ji|y, = Ja|y, is a canonically induced CSO on V.. The projection from V to
V., where the kernel is the +1 eigenspace, is P, = % -(Idy — Jy 0 J3). P.is c-linear
from both (V,J1) and (V,J2) to (Vg, Jilv,). If V, denotes the +1 eigenspace of
JyoJy, then V =V, @V, and V, is the subspace of V where the two CSOs are
opposite, Ji|v, = —Jelv, -

Example 4.3. Given U = (U, Jy) and V = (V, Jy ), the maps Hom(Idy, Jv) and
Hom(Jy, Idy) are commuting CSOs on Hom(U, V), so Lemma 4.1 applies. The
real subspace of Hom(U, V') where the two CSOs agree, as in Notation 4.2, is the
vector space of c-linear maps, and also the set of morphisms in C from U to V:

Hom,.((U, Ju), (V,Jv)) = {A € Hom(U,V) : Ao Jy = Jy o A}.

The projection onto the subspace is

1
PC = 5 . (IdHom(U,V) — HOID(ICZU7 Jv) o HOIn(JU,Idv))
1 1
= 5 . (IdHom(U,V) — :HOID(JU7 JV)) A 5 . (A — ']V ocAo JU)

The subspace has a canonical CSO, so as an object in C, the pair can be denoted
HOIIIC(LT7 V) = (Homc((U, JU), (V, Jv)), HOIIl(IdU, JV)|H0mu((U7JU)’(V’JV))).

Example 4.4. Given U = (U, Jy) and V = (V, Jy), the two maps [I[dy ® Jyv],
[Ju ® Idy] € Hom(U ® V,U ® V) are commuting CSOs on U ® V, so Lemma 4.1
applies. The direct sum from Notation 4.2 is denoted:

(41) U®V: (U ®c V)@(U ®a V),
so that the subspace of U ® V' where the two CSOs agree is
(4.2) U V={decUaV:[ldy Jv]|(@) = [Ju @ Idy](@)},

and it has a canonical CSO, Jyg.v = [Idy ® Jv]|lve.v = [Ju ® Idv]|lug.v. The
symbol U®, V will be used to denote the object in C given by this subspace paired
with the CSO.

So, the category C has a tensor product ®.; it is associative as described in the
Proof of Lemma 4.12. (In terms of complex linear algebra, the idea is that the
real subspace U ®,. V corresponds to the tensor product “over C” where complex
scalars can move from U to V. The elements of the complementary subspace
U ®, V, corresponding to V, in Notation 4.2, are the “antilinear” tensors where
moving a complex scalar introduces a conjugation.)
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Example 4.5. The vector space R? = ; admits distinct CSOs; for exam-

ple, the following matrices all satisfy the definition:

0 -1 0 1 47 =34 -5 26
‘]1:[1 0 }’JQ:{—l o}"h:[% —47]"]4:[—1 5 }
None of these is any more canonical than the others, although the first one could
be called the “standard” CSO for R? with the (x,y) coordinate system, due to its
resemblance to a +90° rotation matrix. For any object V in C, there exists some
(not necessarily unique or canonical) invertible c-linear map from V @, (R2, J;) to
V (more details appear in Example 5.12). So the tensor product ®. does have at
least one unit object in C, and it is unique only up to isomorphism. The interesting
difference between C and the category of all vector spaces is not whether there
exists a tensor unit, but that C does not have a distinguished unit object and scalar
multiplication isomorphisms in the same way that the category of all vector spaces

has the canonical object K and the canonical ¢ maps.

Lemma 4.6. For V with commuting CSOs Jy, Ja, and another space V' with
commuting CSOs Ji{, J, if a map H : V. — V' satisfies Ho J, = J{ o H and
HolJy = JyoH, then H respects the direct sums of 1 eigenspaces, and H restricts
to a c-linear map V. — V!, which is invertible if H is.

Proof. The statement about respecting the direct sum means that if ¥ is a —1
eigenvector of Jy o Jy (so (Jy 0 Jo)(¥) = =0 <= J1(¥) = JL(V) < U € V),
then H(¥) is a —1 eigenvector of Jj o J5. This is easily checked (using only the
weaker property H o J; o Jo = J{ o J5 o H), and also holds for the +1 eigenspace.
The c-linear property refers to the canonical CSOs on V. and V!: if ¢ € V, then
Jilv, (V) € Vg, and

Hlv,(ilv.(©)) = H((V)) = H(J2(?))
= Jy(H(¥)) = JI(H (V) = Jilv; (H]v.(9)).
If H has an inverse, then it also respects the direct sum and the restriction of the
inverse to V is the inverse of H|y, : V. — V. [

Example 4.7. If U = (U, Jy) and V = (V,Jy), then U ® V and V ® U both
have commuting pairs of CSOs as in Example 4.4, and the switching map s :
UV — V®U (as in Notation 2.4) satisfies s o [Jy @ Idy] = [Idy ® Jy] o s and
so[ldy ® Jy] = [Jv ® Idy] o s, so Lemma 4.6 applies and s restricts to a c-linear
maps: U®. V>V ®.U.

Example 4.8. For c-linear maps A: U — U’ and B : V — V', the map
[A®B: UV -U oV’

satisfies both [A® B]o[Jy @ Idy| = [Jy' @ Idy+]o[A® B] and [A® Blo [Idy ® Jy| =
[Idy: ® Jy/]o[A® B], so Lemma 4.6 applies and [A® B] restricts to a c-linear map,
denoted [A®.B]: U®.,V - U ®.V'.

Example 4.9. For c-linear maps A: U’ — U and B : V — V’/, Lemma 4.6 applies
to the map

Hom(A, B) : Hom(U, V) — Hom(U’, V")
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and the corresponding pairs of CSOs from Example 4.3. The restricted c-linear
map can be denoted

Hom,(4, B) : Hom.(U, V) — Hom.(U', V') : F— Bo F o A.

We will need to work with some spaces with three mutually commuting CSOs,
as in the following Example 4.10. Lemma 4.6 can be generalized for maps between
such spaces, but we will just sketch the following special case that will be needed
later.

Example 4.10. For any objects U = (U,Jy), V = (V,Jy), X = (X,Jx), a
canonical map from Notation 3.3, such as (3.1),

n:V @ Hom(X,U) — Hom(X,V ® U),

is c-linear with respect to each of the three corresponding pairs of CSOs on the
domain and target:

no [JV ® IdHom(X,U)] = Hom(IdXv [JV ® IdU]) on,
no [Idy ® Hom(Jx,Idy)] = Hom(Jx,Idygu)on,
no [Idy ® Hom(Idx, Jy)] = Hom(Idx,[Idy ® Jy])on.

Each of these three equations follows from Lemma 3.10. The three CSOs on the
domain commute pairwise, and similarly for the target. Lemma 4.6 applies to
any two out of the three CSO pairs; an example we will need later is these two
CSOs on the domain: [Jy ® Idgom(x,vy] and [Idy ® Hom(Jx, Idy)]. The sub-
space of V @ Hom(X, U) where these two complex structures agree can be denoted
V ®. Hom(X, U), as in Example 4.4, where the bold letters indicate the tensor
product in C of the objects V and

Hom(X,U) = (Hom(X,U), Hom(Jx, Idy)).

Similarly in the target, the subspace of Hom(X,V ® U) where the two CSOs
Hom(Idx,[Jv ® Idy]) and Hom(Jx,Idvgy) agree can be denoted
Hom.(X,V ® U) as in Example 4.3. The map n respects these direct sums and
restricts to a c-linear map n : V®@.Hom(X,U) — Hom.(X, V®U). The third CSO
in the domain, [Idy ® Hom(Idx, Ju)], also respects the direct sum and restricts to
a CSO on the subspace V ®. Hom(X, U) that commutes with the CSO induced by
the first two. The subspace of V ®. Hom(X, U) where these two restricted CSOs
agree is exactly the subspace of V' ® Hom(X,U) where all three CSOs agree, and
can be denoted V ®. Hom.(X, U). (This subspace does not depend on which two
out of three CSOs start the construction.) The projection from Notation 4.2 will
be denoted

(4.3) P.:V® Hom(X,U) — V ®, Hom(X, U).

Similarly in the target, the third CSO [Idy ® Hom(Jx, Idy)] restricts to the sub-
space Hom. (X, V®U) and commutes with the induced CSO, so the subspace where
all three CSOs agree is Hom.(X,V ®. U). If we denote P. : VU — V ®. U,
then this projection map can be denoted:

Hom,(Idx, P.) : Hom.(X,V ® U) — Hom.(X, V ®, U).



20 ADAM COFFMAN

The map n restricts to a c-linear map between the subspaces where all three com-
muting CSOs agree, denoted n, as in the following commutative diagram.

V . Hom(X, U) ——<— V @, Hom.(X, U)

Hom (X, V®U) ———— = Hom.(X,V ®. U)

Hom.(Idx,P.)

If n: V®Hom(X,U) — Hom(X,V ®U) is invertible, then so are the restrictions n
and n in the diagram. There is a similar construction for other versions of n maps

such as (3.2).

Lemma 4.11. IfV is finite dimensional with CSO Jy , then there exists an ordered
basis for V' of the form

(4.4) (V1, Jy (01), T2, Jy (U2), ..., 0N, Jv(UNn)).
For any U with CSO Jy and basis {1}, the set
(4.5) {Ui ® Uy — (Jv(l_fz)) ® (JU(Ul)) :i=1,...,N,l € L}

is a basis of V®. U.

Proof. The existence of such a basis for V' is elementary (although it uses K = R
and may not work for other fields of scalars; we refer to [C]), but note that in this
Section, V has real dimension 2N, which is a change from the notation in Sections
2 and 3.

Every element in U ® V is a finite sum of the form

N N
(4.6) (Z Zaizﬁi ® Ul) + <Z Z by (Jy (Tir)) ® 171/) -

i=1 leL i'=11€L
If this element is in U ®. V, then

N N
<Z Zail(c]v(ﬁi)) ® ﬂl) - <Z Z bi/l/ﬁi/ ® ﬁp)

i=1 leL i/=11'€L
N N

= (Z Zailﬁi ® (JU(zl’z))> + <Z Z biry (Jv (U3r)) ® (JU(ﬁl’))> .
i=1 leL i'=11'€eL

By the independence (over R) of the set {7; @ &} U {(Jy(¥y)) @ Uy} in UV,

N N
- Z Z biry Uy @ Uy = Zzauﬁi ® (Ju(ir)),

i'=11€eL i=1 l€L
and applying [Jy ® Idy] to both sides gives
N

=D b (v (@) @iy =YY aa(Jv (@) @ (Ju(i));

i/=11'eL i=1 l€L

we can conclude that if any element (4.6) is in U ®. V, then it is of the form

N
SN aa (@ @i — (v(@) @ (Jv(@)))

i=1 l€L
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so the set (4.5) spans U ®. V. The independence of (4.5) also follows from the
independence of the set {0; ® @} U{(Jv(0y)) @ Uy} in U V. i

Lemma 4.12. Given vector spaces U, V', X, if V is finite dimensional with CSO
Jv and basis
(Ula JV(al)a s aﬁNa JV(ﬁN))a

and X is finite dimensional with CSO Jx and basis
(@1, Ix (Z1), ..., %o, Jx(Zq)),
then for any CSO Jy and basis {u;} for U, the set
{v: @ U @ Ty — (Jv (5)) @ (Ju (@) © T
(4.7) —(v(@)) @ i @ (Jx (7)) — 0 © (Ju () @ (Jx (Ty))}
is a basis of V®,. U ®, X.

Proof. Recall from Example 4.4 that V ®. U is the subspace of V ® U where the
CSOs [Idy ® Jy] and [Jy ® Idy] agree, and that the CSO on V®,U is their common
restriction [Idy ® Jy]lve.u = [Jv ® Idv]|ve.u. In the same way, (V ®. U) ®. X
is the subspace of (V ®. U) ® X where the CSOs [[Jy ® Idy]|lve.u ® Idx] and
[ldvg,u® Jx] agree. By Lemma 4.11, (V®. U) ®. X is spanned by basis elements
of the form

(0; @ 1w — (Jv (7)) ® (Ju(@))) ® Zq
— (v @ Idv]lve.u (Ui @ @ — (Jv(4:) @ (Ju(i)))) © (Jx (Zq))
= (Ueu—(Jv¥) @ (Ju(w))) ® L,
(4.8) = ((Jv (%)) @ U + Ui @ (Ju (@) ® (Jx(Zq))-

Similarly using Lemma 4.11 again, V ®. (U ®. X) is spanned by basis elements of
the form

Ui @ (i © Ty — (Ju (@) @ (Jx (7y)))
(4.9) —(Jv(@)) @ ((Ju (@) @ Zg + i@ @ (Jx (Z,))) -

Under the identification of the real tensor products (V@ U)® X and V @ (U ® X)
with the triple product V @ U ® X as mentioned in Notation 2.2, both (4.8) and
(4.9) can be expanded out and parentheses removed, so that they are equal to each
other and to the expression in (4.7). The subspace of V ® U ® X spanned by these
elements can be unambiguously denoted V ®. U ®. X; it is the subspace where all
three of these commuting CSOs on V ®@ U ® X are equal:

[Jv @ Idy]®Ildx] = [Jv ® ldygx]
[[Hdy @ Jul@Idx] = [ldv ®[Jy ® Idx]]
[Idv @ [Idy ® Jx]] = [ldveu ® Jx].

As in Example 4.4, the notation V®,.U®. X will also be used to denote the object
in C given by pairing this real subspace with the CSO equal to the restriction of
any of the above three.
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Lemma 4.13. If X is finite dimensional with CSO Jx and ordered basis of the
form

(@1, Ix (Z1), ..., %o, Ix(Zq)),
then for any U with CSO Jy and basis {u;}, the set of maps
(4.10) {5 :9q=1,...,Q,l € L},
with each @, defined on basis elements of X by the formula:

Ty — gl
Ix(@y) = SqqJu (i)
is a basis of Hom.(X, U).

Proof. Tt is straightforward to check that each @, € Hom.(X,U). Any element

A € Hom.(X, U) is determined by its values on the #1, ..., Zg basis elements of X:
(4.11) A(Zy) =) Aty = A(Jx(Z,)) = Ju(Ay)) = > AigJu (@)
leL lEL

Hom,.(X, U) is spanned by the set (4.10): corresponding to the finite list of coeffi-
cients from (4.11) for any A € Hom.(X, U),

Q Q
DD AP By o DY Al =Y Al = A(Ty).

g=11leL q=11leL leL

Q

To show that (4.10) is an independent set, suppose ZquﬁP;l = OHom, (U,V)-
g=11lcL

Then, for any ¢,

Q
S D OIIETED 3) ML o
q=11l€L g=11lcL leL
so every coefficient is zero by the independence of the basis for U. [

The next Theorem is the main result of this Section; there is enough structure
in the category C to use an analogue of formula (3.6) to define a c-linear trace.
However, C is different enough from the category of all vector spaces, so that there
is a need to give another Proof showing that the formula is independent of the
choices of evaluation and coevaluation.

Theorem 4.14. Given objects in C, U = (U, Jy), V = (V,Jy), W = (W, Jw),
suppose there exist an object X = (X, Jx) and morphisms

1Y : U— V@&,Hom.(X,U)

Y . Hom.(X,U)®.V = U

eV Hom (X, W)®.V =W
such that this composite is equal to a switching morphism:

(4.12) [Idy ®.e% oMY ®@.Idy]=s:U®.V = V.U
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Suppose further that V and X are both finite dimensional, so that the n morphisms
in the following diagram are invertible, and that the diagram is commutative for
any morphism F: V.U -V . W,

V.U Ve W
[IdV®CsU]T T[Idveacsw]

(4.13) V@ Hom.(X,U) ®.V V ®. Hom (X, W) ®.V
[nU®cIdv]l l[n4®cldv]

Hom.(X,V ®.U)®.V Hom.(X,V®.W)®.V

[Hom, (Idx,F)®.Idy]
in the sense that
Fol[ldy ®.eY) o [ny @ Idy]™!
= [Idy ®ccWV]o[ny ®. Idy]~* o [Hom.(Idx, F) ®. Idy].
Then the canonical map
nw : Hom (X, W)®.V — Hom. X,V ®. W)

is also invertible, and for any morphism A : V®. U — V ®. W, the compos-
ite map from U to W in the following diagram depends only on A and mot on
(X7 ‘]X7T]U7 EU) gw)'

Hom,(Idx,A)
Hom.(X,V ®. U) ——————= Hom.(X,V ®. W)

| |

(4.14) V ©, Hom, (X, U) Hom, (X, W) ®, V
HUT lsw
U w

Proof. The proof proceeds in the same way as the Proof of Theorem 3.7; the dif-
ference is in choosing basis sets, using Lemma 4.11, Lemma 4.12, and Lemma 4.13.
Using the basis (4.10) for Hom.(X, U), the basis (4.4) for V, and the basis (4.5)
for the tensor product, the set
{vi @ @4 — (Jv (%)) © (Ju o Oy}

is a basis for V ®,. Hom.(X,U). For each basis element @ of U, there are real
coefficients ngll/ (finitely many non-zero for each I’) so that

N Q
nY sy = > i (T @ 94 — (Jv () @ (Ju o BY)) -
i=1 g=1leL

Similarly, there are real coefficients elI,Jq” (finitely many non-zero for each 1) so that

(4.15) eV @ T — (Ju o ®y) @ (Ju(Ti) = Y ey
l’eL
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By the c-linearity of €Y,
U (Ju 0 ®y) @ 8+ B & (Jv (5) = Y ey Ju(liv).
I'eL
The switching morphism from (4.12) acts on basis elements of U ®. V by:
sty @ Uy — (Ju(tr)) @ (Jv (Ur)) = Oy @ty — (Jv (¥)) @ (Ju(tr))-
The first hypothesis on 1V and €Y is that this gives the same output:

[Idy @] oMY @ Idy] : Gy @ i — (Ju (i) @ (Jy (@)
= [Idy @ eP) (Y (@) @ Ty — ([Jv @ Idiom. (x,0)] (M7 (@) @ (Jy (T7)))

N Q
= [ldy @€Y ((ZZZn};w (T ® By — (Jv (@) @ (Ju o %))) ® T

1=1 gq=1 €L

N Q
- <Z Z anll'((']\/(ﬁi)) ® g + v @ (Ju o ‘%z))) ® (JV(Ui'))>

i=1 g=1l€L
N Q

= ZZ ngw (¥ @ (£9(®f @ Ty — (Ju 0 ) @ (Jv (Tr))))

i—1 g—1 leL
— (W (@) ® (€Y ((Ju 0 ) @ Ty + 5 @ (Jv (7))

N Q
= DD aw (Ui ® (Z 6}5qwﬂz~> = (Jv (%)) ® (Z e},{qli,JU(m,,)»

i=1 g=1l€L I”€L I” €L
Q

N
= ZZZ Z Ugufzqu (0; @ty — (Jv () @ (Ju(dy))).

i=1 ¢=11€L €L

The step from the above first line to the second uses the c-linearity of nY. The last
sum matches the output of the switching map when:

Q
(4.16) SN 0 W = b,

q=1leL

which is analogous to (3.8).
As in (4.10), choose the basis set for Hom. (X, W):

{\Ilk qfl n,k€K},

with each Wg, defined on basis elements of X by the formula:

—

Zq — 5qq/u7k
Ix (Zy

) — 5qquw(u7k).
Then as in (4.15), there are real coefficients €}y, ok (finitely many non-zero for each

k) so that

W
c W @ U — (Jw o Wg) @ (Jv (1)) E ek,q,ﬂwk/
k€K
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For F: V®.U — V&, W, and each basis element v; ® @) — (Jy (¥;)) ® (Ju (1)),
there are real coefficients Fj; (finitely many non-zero for each 1) so that

F o Gied— (Jv@)® (Ju(d@))
N
(4.17) > Z Z Firgar (U @ Wy, — (Jv (7)) @ (Jw (@g))) -
i'=1keK

A basis for Hom.(X,V ®. U) can be chosen in the same way as (4.10), with

qq (U @ @ — (Jv (5)) @ (Ju(@r))),
g dv ® Jullve.u(U @ U — (Jv(5;)) @ (Ju(d))),

g
z

q/)

but this map is exactly the same as

= 0
Jx( = 9

ny (v @ @y — (Jv () @ (Ju 0 @y))
Ty Ui® (5:(Zg)) — (Jv (W) ® (Ju (PG (Zg)))
® (8gq tir) — (Jv (¥7)) ® (Ogq Ju (U l))v
® (2 (JIx (Zg))) — (Jv (17) © (Ju (g (JIx (Zg))))
(5qq’JU(U )) ( V( )) ( aq’ TZ)

|-

I

JX(fq/)

Similarly, the maps

Il4(’l7i ® \I’;k - (Jv(@'l)) & (JW o \I/;k)) :
Ty g (U; @ Wk — (Jv (6;) @ (Jw (Wk))),
Ix(@y) = dgg[ldv @ Jw]lve.w (Vi @ Wy — (Jv(¥:) @ (Jw (dk)))

form a basis for Hom.(X,V ®. W).
To calculate the composites in the diagram (4.13), start with:

(Hom,(Idx, F') o nu)(7; @ @y — (Jv (¥)) @ (Ju o ®y)) :
Ty = (Fo(ny(t ® @y — (Jv(¥h)) @ (Ju o ©y))))(Ty)
= F(U; ® (6g0 ) — (Jv (0:)) ® (8gq Ju (1))

N
= g > Y ForgalU @@ — (Jv (U)) @ (Jw (i)))

i""=1keK

N
= Z Z Fipi (Il4(17i” ® \I/gk - (JV(ﬁz”)) ® (‘]W © \I’;k)))(fq/)

'=1keK

Since c-linear maps from X are determined by their values on Z, it follows that

n; " oHom,(Idx, F)ony : 4; ® ®5 — (Jv (7)) ® (Ju o %))

N
(418) — Z Z Fi//kil(ai// & \Ilgk — (JV(’UiN)) & (JW o \I’;k)),

i""=1keK

which is analogous to (3.9).
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For basis elements of V ®. Hom.(X,U) ®. V as in Lemma 4.12,

(0" o Hom,(Idx, F) o ny) @ Idy] :
U @ P @ Uy — (Jyv (17)) @ (Ju o ) @ viy
—(Jv (@) © g @ (Jv(Ur)) — 1 @ (Ju 0 Bg) @ (Jv (Ur))
—  ((nj " oHome(Idx, F) o ny)(t; ® ¥ — (Jv (7)) ® (Ju 0 ©5))) ® ¥
—((ny ' o Hom,(Idx, F) ony o [Jy ® Idgom, (x.0))) (7 ® U
—(Jv (%)) ® (Ju o @g))) @ (Jv (Ty))

N
<Z Z Fi//kil(ai// X \I/Zk — (JV(’UiN)) ® (JW o \I/;k))> X ’[7,£/

i"=1keK

([']V®IdHomc X,W) (Z Z Fz”kzl 'Uz” ®l1/

i""=1keK

(e (@) ® (o wgm)) & (Jy (@)

N
DD Foa(fi @ (U @ Ty — (Jw 0 Ugy) ® (v ()

i"'=1 keK
—(Jv (@) @ ((Jw o Wgy) @ Ty + Vg @ (Jv (Ur))))-

The c-linear map [Idy ®. "] takes the above output to:
N
(4.19) Yo Frag (T @ b — (Jy (W) ® (Jw (@),
i"'=1keK k€K

which is analogous to (3.10).
The hypothesis (4.13) is that for any c-linear F', the expressions (4.19) and (4.20)
are equal:
Folldy ® gU] :
U; ® Pq ® Uy — U; ® (Ju 0 D) @ ( ( )
—(Jv (%)) ® (JU O(I’q ) ® Uiy — ) ® 04 @ (Jv (Vi)

o
F |0 Potir U (J Ju(
v; ® €17 quir U v (¥:)) el,q”, v ()
I'eL I'eL

N
(420) = S S ST P (5@ B — (v (5) © (I (i),

'eL =1k eK

so, in analogy with (3.11), for any 14, g, [, ¢, i, k', these finite sums are equal:

W U
(4.21) E Firkit€yl g = E €vqui Firkrir s

keK I’eL

which is the same relation as (3.12).
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For the composite from the diagram (4.14) in the conclusion of the Theorem, a
calculation analogous to (4.18) gives, for any A as in (4.17):

II(N} o HOIHC(Idx,A) ony :U; ® CI);Z - (Jv(’lj’z)) ® (JU o CI);[)

N
(4.22) — Z Z Ai’kil(qlgk ® Uy — (Jw o \I/Zk) ® (Jv (vi))).

i'=1keK
The next steps use (4.16), (4.21), and (4.22).

eW ong\} o Hom.(Idx,A) onyonY :

ﬁl — EW <(n;‘} o I']:OI/IIC(Id)(7 O nU (Z Z Z nqu/l ’UrL & ¢ql/

i=1 gq=11'€L

- @) @ (0 250))) )

N Q
- W(ZZquwZ 2 Awwar (¥ kw—(onwgk)e@uv(m/))))

I’'eL i'=1keK

I
(]
Me
M= 1
(]

2 : U _U -
niql’lgl”ql’i’Ai’k’il” Wy
1g=1l'eLi=1k'eKIl"”€L

N
= Z Z Z i Ogprr Ao gy Wiy

1i=1k'eKIl"”€L
N
(4.23): E Aik/ilu_jk/ .

The conclusion is that (4.23) does not depend on the choices of X, Jx, nY, €Y, or
w
e,

The output of the composite (4.14), the last sum (4.23), ends up looking a lot
like (2.6) and (3.15), as a result of the choices made for a basis. One difference
is that in (4.23), the sum from 1 to N is only over half the real dimension of V.
The composite map (4.14) from the conclusion of Theorem 4.14 can be used as a
definition of the generalized trace for morphisms A : V®. U — V ®. W in the
category C:

(4.24) Trv,uw(A4) = eWo n;‘} oHom.(Idx,A)onyonY : U - W.

Another conclusion from Theorem 4.14 is that the generalized trace does not depend
on any choice of unit object for ®. in C as discussed in Example 4.4, and formula
(4.24) does not even require that such a choice be made.

Theorem 4.14 can only be used to find the generalized trace of a map between
tensor products in C defined as in Example 4.4; if you have N? complex numbers
arranged into a square and you want a complex number for the trace of the corre-
sponding linear transformation as in (1.1), this approach won’t help and you should
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add up the diagonal entries. However, in the interest of giving a concrete, real ma-
trix calculation to illustrate formulas (4.23) and (4.24), Example 4.17 makes some
simple choices for objects (V,Jy) and (U, Jy) in C. We first need to find some
specific evaluation and coevaluation morphisms in C — so that the hypothesis of
Theorem 4.14 is non-vacuous.

Example 4.15. Recall, for any real vector spaces V', U, the canonical evaluation
map from Notation 3.1:
Evyy :Hom(V,U)®@V = U : A® ¥ — A(D).

If V and U have CSOs Jy and Jy, the subspace of Hom(V,U) ® V' where all three
induced CSOs agree,

[Hom(Jyv, Idy) ® Idy] = [Hom(Idy, Jy) ® Idy]| = [ldgomv,v) ® Jv],
is spanned by elements of the form
A@V— (JuoA) ® (Jv (7)),
for c-linear maps A. The restriction of Fvyy to this subspace, denoted
Evy : Hom (V,U) ®. V — U,
acts on such elements:
Evyy: AT — (JuoA)® (Jy (V) = AW) — (Ju o A)(Jy (V) = 24A(0),
the last step using the c-linearity of A. Ev{y is itself c-linear:
Evgy o [Hom(Idy, Jy) @ Idy] :
ARV — (JuoA)® (Jv () — Evwgy(JuocA) @7+ A® (Jv(7)))

= Ju(A(9)) + A(Jv (7)) = 2Ju (A(V))

= (JuoEvyy)(A® v — (JuoA)® (Jv (7).
For W = (W, Jw ), Evy and Ev, satisfy c-linear versions of Lemma 3.2, Lemma

3.5, and Lemma 3.6 (the details are omitted here), so the compatibility condition
(4.13) is satisfied for X =V, eV = Evéyy, eW = Ev§w, and any c-linear F.

Example 4.16. To find a coevaluation in C corresponding to the evaluation from
Example 4.15, recall the result of Lemma 3.12,

nvo U =V @Hom(V,U) : @ = ng' (ns(Idy @ @)).
This gives a formula for this real coevaluation that does not depend on a choice of
basis. Both ny and ns are c-linear on corresponding pairs of the three commuting
CSOs on each domain and target, as in Example 4.10. nyy is c-linear with respect
to Jy and [Idy ® Hom(Idy, Jy)):
o s Ju(@) = gt (ns(Idy @ (Ju(@))))

= n[tfl(nf)([IdHom(V,V) ®JU](IdV ®ﬁ)))

= [Idy ® Hom(Idy, Ju)](ng" (ns(Idy @ i@0)))

= [Idv ®H0m(Idv,JU)](77VU(ﬁ))
Also by the c-linearity of the n maps, because Idy is c-linear, the image of nyy is
contained in the subspace of V' ® Hom(V,U) where two of the three CSOs agree,
[Jv @ Idtom(v,vy] and [Idy @Hom(Jy, Idy)] — this is the subspace V®@.Hom(V,U)
from Example 4.10 with X = V. So, to get a c-linear map from U to the subspace
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of V ® Hom(V,U) where all three CSOs agree, compose nyy with the c-linear
projection map P, from (4.3), which equals the restriction of the following map to
the subspace V ®. Hom(V,U):

(4.25) (IdV®Hom(V,U) —[Jy ® IdHom(V,U)] o [Idy ® Hom(Idy, JU)]) .

N =

Define the c-linear map
(4.26) nyu =Peonyy : U— V@, Hom.(V,U).

To get an expression for nyy in terms of the basis {@;} for U, we need to adapt the
expression (3.18) to the 2N-element basis (4.4) for V:

N
nvu - ’0,’[ — Z (U’L ® q)il + (‘]V(U’L)) ® cI);l) )

=1
where
Oy vy = Oty
(bil : Jv(l_fy) — OU,
/ — o
il s Vi = OU,
/ —
it Jv (Ui/) — (5ii/ul

With this notation, the maps (4.10) from Lemma 4.13 in the case X = V satisfy:
(I)qu =&, +Jyo (I);l'

Then the composite 75;y; is given by the formula

(Ui @ ®a + (Jv (7:) ® @)
1

N
PconVU:ﬁl —

1
2

~

4 (Jv (W) @ (Ju o ®a) — ¥ @ (Ju o )

i=1

1
2
N
D (G 5 — (Jv (@) @ (Ju 0 ).
i=1

1
2

This choice for NV = 7%y, together with eV = Ev$,q; from Example 4.15, satisfies
the hypothesis (4.12) from Theorem 4.14. The following composite is equal to the
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switching map on U ®. V.
i @ v; — (Ju () @ (Jv ()
= ([{dv ®: Evyyl o vy @c Ldv]) (i@ @ v — (Ju(d@)) @ (Jv (1))
= [dy @ Evyyl((nyu (@) @ v

—([ldv ® Hom(Idv, Ju)|(nyy (@)) @ (Jv (7))
N
= [ldv ®c Evyy] (% <Z (Ui @ By @ T; — (Jv () @ (Ju o Bfy) @ ;)

)
)

N
-3 (Z (0 © (i o B5) @ (v () + (Jo (50)) © 05, @ <Jv<m>>>>
i'=1

(Ui @ (Bvyy (P @ 0 = (Ju 0 93) @ (Jv (4:))))

Il
N =
-Mz

Il
i

il

—

Jv (Ur)) © (Ju o Evgy) (@5 @ Ui — (Ju 0 ®fy) @ (Jv())))

Il
DN | =
-Mz

&\
Il
i

(U @ (297, (V1)) — (Jv (0r)) @ (Ju (295, (7))

I
N =
M=

(U ® (204r101) — (Jv (Tir)) @ (Ju(28;0011)))
i'=1

= Geu - (Jv(@)) @ (Ju(d)).
Example 4.17. Let V = R*, with a CSO given by the matrix

0 -1 0 0
1 0 0 O
V=10 0 0 -1 |
0 0 1 0
so that this list is an ordered basis for V' as in (4.4):

1 0 0 0
- S\ o i 0 1 0 0
(U1;JV(U1);U27']V(U2)): 0 ) 0 ) 1 ) 0
0 0 0 1

0
10

wo([1[2])

A basis for V ®, U, as in Lemma 4.11, has four elements:
{th @iy — (Jv (1)) @ (Ju(dr)), ..., 02 @ Uz — (Jv(2)) @ (Ju(d2))} -

For real constants a, . . ., h, the following matrix defines a c-linear transformation
(V, Jv) — (V, Jv):

Let U = W =R?, with CSO Jy = [ -1 } , and the ordered basis

a b ¢ d
b a —-d c
B= e f g h
- e —h g
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The c-linear map
has trace as in (4.24):
Trv.uu(A) = eYo nI_Jl o Hom.(Idx,[B ®. Idy]) ony onY : U — U.

To get a 2 X 2 matrix representation for this c-linear map, we need the coefficients
Ay as in (4.17). For example,

A(th ® 1y (J Ju(tr)))
1 [0 ]
0 1 1 0
O i 0 |
a b )
B - | 1 a | ] 0 ]
a e 0 f 1]
,f' e ]

SN Aan @G @ @ — (v (@) © (Jo(@))),

i=1 1=1
with
A =a, A =-b, Ay =e, Agpn = —f
Similarly,
At112 Api2 = a, Asiia=f, Az =ce,

b
A = ¢, Ao =—d, A1 =g, Ao =—h,
d, Aigee =c, Azioa=h, Az =g.

A2 =
Then, formula (4.23) gives:

2 2
U E E Aty

i=11=1

= (A1 + Azi91)us + (Ar211 + Azor)ile = [ _ab—f—_gh }

2 2
Uy +— E E Airin iy
=1 1=1

= (Ai112 + A2122)U1 + (Ar212 + A2290) s = [

_ at+g b+h
N —(b+h) a+yg

b+h
at+g

(4.27)Trv.u,u(A)
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5. RELATING THE COMPLEX TRACE TO THE REAL TRACE

Given V' with finite dimension and a CSO J, a c-linear map (V,J) — (V, J) has a
real matrix representation Asyxon with respect to some real basis. In this Section,
we continue the without-complex-numbers approach in order to find an analogue
of (1.1) for such matrices Aanxan, and to see how (1.1) and the generalized trace
expression (4.27) from Example 4.17 are related.

When comparing the trace in the category C to the trace in the category of real
vector spaces, there is some risk of confusing them, and as seen in Example 4.15
and Example 4.16, there are some factors of 2 and % that merit close attention. Our
first step is to be more precise about direct sums (which have already appeared in
Section 4) by introducing some notation. The following Definition is an “external
direct sum” construction (as in [AF] §6).

Definition 5.1. Given real vector spaces U, Uy, Us, and ordered pairs of maps
(P, P2) and (Q1,Q2), where P, : U — U;, Q; : U; — U fori = 1,2, U is a
direct sum of U; and U; means:

QioP +Q20P = Idy
PoQ: = lIdy
PyoQy = Idy,.

Notation 5.2. The data from Definition 5.1 will be abbreviated U = Uy ® Us,
when the maps P; (called projections) and @); (inclusions) are understood.

It follows from Definition 5.1 that P; o Q; = Ogom(u,,u,) for i # I.
Example 5.3. For an involution K : U — U, consider the +1 eigenspaces, U} =

{teU: K(u)=1u},and Uy = {d € U : K(d) = —t}. Then U = U; @ Us, where
Q; are the subspace inclusion maps, and the projections are:

1 1
P1:§-(IdU—|—K)7 Pg:i-(IdU—K).
A special case of Example 5.3 already appeared in Notation 4.2.

Lemma 5.4. Given U, the following are equivalent:
(1) U =U, @ Uz and there exists an invertible map R : Uy — Us;
(2) U admits a CSO J and an involution C which anticommutes with J (i.e.,
CoC=1Idy andCoJ=—-JoC(C).

Proof. The significance of the Lemma is not whether there exist such structures,
but how one can be constructed from the other.

To show (1) = (2), let Uy, Us, @1, Q2, P1, P» be as in Definition 5.1. Then
for R asin (1),

(5.1) J=Qs0RoPi—QioR 'toP,
is a CSO (easily checked), and
(52) C:Qlopl—ngPQ

is an involution anticommuting with .J.
Conversely, to show (2) = (1), the involution C produces, as in Example 5.3,
a direct sum U = U; @ Uy with projections

1
(5.3) P{ = 5(Idy +C), Py = 5(Idy - C)

1
2
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and corresponding subspace inclusions @}, Q5. In particular, @} o P} : U — U is
also given by the formula i (Idy + C), and similarly for Q% o P5. The composite

(5.4) PéoJoQ&:U1—>U2

is invertible, with inverse

(5.5) —P/oJoQ,: Uy — Uy,

so (1) holds. i

In the above Proof, neither implication is given by a canonical construction;
some signs in (5.1), (5.2), (5.4), (5.5) could have been chosen differently. The
above choices are, however, consistent with each other, in the sense that (2) —
(1) = (2) returns the same data J, C.

Definition 5.5. Given a real vector space U with a CSO .J, a real linear map C :
U — U is a real structure operator means: C' is an involution that anticommutes
with J.

Notation 5.6. More briefly, a real structure operator is called a RSO with respect
to the given J, and (U, J) is said to have a real structure. There is a canonical
(unordered) pair of subspaces, where U; is the fixed point set of C' and Us is the
—1 eigenspace, so the notational convention will be to order them with U; first,
and to refer to the direct sum produced by C' as in Lemma 5.4 as Uy ® Us. (Having
chosen C' and this ordering, the maps Py, Pj, Q}, Q% are canonical even if the map
R from (5.4) in Lemma 5.4 is not.)

Lemma 5.7. Given U with CSO Jy and RSO Cy, and another space W with CSO
Jw, any c-linear map A : (U,Jy) — (W, Jw) is determined by its values on the
fized point subspace Uy .

Proof. The meaning of the Lemma is that if B : U — W is another c-linear map,
and AoQ] = Bo@} : Uy — W, then A = B. An analogous idea, but depending
on a choice of basis, was used in Section 4. Here, the result follows from only the
properties of the direct sum from Lemma 5.4.

A = Ao(QoPl+@50P)
1
= AoQ’loP{—AoJUoJUo(E-UdU—C'))

1
= AoQ'loP{—JWvo(i-(IdU—FC)) oJy

(5.6) — (AoQ})o P~ Jwo(Ao@Q})oPoJy.
]

Example 5.8. Given U with any CSO Jy and RSO Cpy, and the direct sum
structure U = U; @ Us produced by Cpy as in Notation 5.6, and another space
V with CSO Jy, there are two commuting CSOs on V ® U. An involution on
V®U is [Idy ® Cy], which commutes with the CSO [Jy ® Idy] and anticommutes
with the other CSO [Idy ® Jy]. The involution [Idy ® Cy] produces a direct sum
(VeU)® (V®Us), as in Example 5.3. This notation is justified by the equality
of the projection maps

(Idy + Cv))]

N =

1
Py = 5(Idveu + [Idy ® Cu]) = [Idy ® Pi] = [Idy @ (
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and similarly for P» = [Idy ® Pj], so Q1 = [Idy ® Q}] and Q2 = [Idy ® Q4] are
the subspace inclusion maps for the images of the projections. Because [Jy ® Idy]
commutes with the involution [Idy ® Cy], it respects the direct sum and restricts
to a CSO on each subspace, V ® Uy and V ® Us. Another involution on V ® U is
[Jv ® Idy] o [Idy ® Jy], as in Example 4.4; this produces a different direct sum
structure for V® U. Let

1
(5.7) PC:§(IdV®U—[Jv®JU]):V@U—)V@)CU

denote the projection onto the —1 eigenspace as in Notation 4.2. Let P, =
%(IdV®U + [Jv ® Jy]) denote the projection on the +1 eigenspace V ®, U, with
corresponding subspace inclusions @, and @,. The composite Q. o P, is also given
by the formula (5.7). The composite

(5.8) P.oQ: (VeU,[Jv®Ildyllver;,) = V®. U
is c-linear:

P.oQio[Jy ® Idyllvegy, = P.o [Jv @ Idy| o Q1 = [Jv ® Idyl|ve.u © P o Q1,
and similarly for P.o (2. The map P, o @Q; is also invertible; an inverse is given by
(5.9) (P.o@) ' =2P0Q.: V®.U—=VRU.

First, note that the involution [Idy ® Cy] satisfies:

1
QCOPCO[IdV®CU] = §(IdV®U—[JV@JU])O[Idv®CU]

1
= [Idyv ® Cy]o 5<Idv®U + [Jv ® Ju))
= [IdV®CU]OQ(LOPa'
Then

1
P.oQio(2P0Q.) = 2PCOQCOPCO(§(IdV®U—|—[Id\/@CU]))oQC
- PCOQCOPCOQ0+PCO[IdV®CU]OQaOPaOQc

Idvg, U + OHom(Ve. U Ve.U)-
Similarly, the composite in the other order is (2P 0 Q.) o (P. o Q1) = Idygu, -

Remark 5.9. The two maps in (5.9) could be re-scaled to (v2P.0Q1)™! = V2P, 0Q.
to have a more symmetric appearance, and such a re-scaling would not affect the
results in the rest of this Section.

The following Theorem 5.10 is the main result of this Section; it finds an expres-
sion for the trace in C in terms of real traces. The maps A; and A, are analogous
to, respectively, A and A from (1.1). The object V = (V,Jy) and the object
U = (U, Jy) with RSO Cp and direct sum structure U = U; @ Us are as in Ex-
ample 5.8. The map from (5.7) is re-labeled PY, with corresponding inclusion
QY = Q.. The inclusion Q1 : V® Uy — V ® U is re-labeled QY. The object
W = (W, Jw) has RSO Cy and direct sum structure W = W; @ W5 as in Notation
5.6, with projections P;’ : W — W1, Py : W — W3 and corresponding inclusions

. QY. Denote the map corresponding to (5.7) by PV : VW — V. W,
and denote the inclusion Q) : V. ® Wy — V ® W. The hypothesis (5.10) with
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the invertible composites PV o QY and PV o Q}V states the commutativity of the
following diagram,

VeU —>Vew
PYoQY l lPCW Q"
Ve, U2V, W

which can be thought of as showing that A; and Ay are real and complex versions
of each other.

Theorem 5.10. Given V = (V, Jy) with finite dimension, U = (U, Jy) with RSO
Cu, and W = (W, Jw ) with RSO Cw, if A1 : V@ U; — V ® W is c-linear with
respect to [Jy ® Idy,] and [Jy & Idw,], and A2 : V®.U = V ®. W is c-linear
with respect to the induced CSOs, and

(5.10) Ao PV o QU =PV oQV oA : VU - Ve, W,
then

1., ,
Trviuw(42) = 5@'1 o (Trv.u, wy (A1) o P
1 ’
—5Jwo QY o (Trv.u, w, ([Jv @ Idw,] 0 Ay)) o P;
1
—5Jw o QY o (Trv,u, w, (A1) o P o Ju

1
—562'{ o (Trv.v,w, ([Jv @ Idw,] 0 A1)) o P{ o Jy.

Proof. The following diagram shows composites that define a real trace on the left
and a trace in C on the right. The notation will be explained below.

Uy i U
nvu, lUVU W
U
V ®. Hom(V,U;) V ®. Hom(V,U) ——V ®, Hom.(V, U)
[Idv@UHOm(Idv,Qll)]
nu, lnu nu
Hom.(V,V ®U;) Hom.(V,V ® U) —— Hom.(V,V ®. U)
Hom, (Idv,QY) Hom, (Idy,PY)
HOmU(Idv,Al) HOmU(Idv,Az)
H V, VoW H V.VeoW)——H V.V, W
om,(V,V® 1)Homu(IdV,QY") om(V,V® Ho)mu(IdV,Pf‘(’))mc( V& W)
nwy HWT nw
PW
Hom(V,W1) ®. V Hom(V, W) ®. V—— Hom.(V,W)®,V
[HOm(Idv,Qlll)(@uIdv]
Evyw, lEM
Q/l/ VW

Wy w

By the main results from the previous Sections, Theorem 3.7 and Theorem 4.14, we
can choose any evaluation and coevaluation maps to compute the traces. On the
right side, the downward composite from U to W is Trv,u w(A42) as in (4.24), using
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the canonical evaluation from Example 4.15, and the coevaluation constructed in
Example 4.16. In particular, the upper right triangle in the diagram is commutative
by the definition (4.26), where the map P, from Example 4.16 has been re-labeled
PU. The square below that triangle, with ny; and ny is commutative, as in Example
4.10. The lower square with ny,, nw is also commutative as in Example 4.10, with
P% analogous to (4.3), but with some re-ordering of spaces and X = V, so that,
in analogy with (4.25), the projection PY is a restriction of this projection:

(511) (IdHom(V,W)®V — [IdHom(V,W) ® JV] ] [}IOIH(ICZV7 JW) ® Idv]) .

N =

The center block with A; and Ay is commutative by the hypothesis (5.10).

The left column starts with the coevaluation map nyy, from Example 3.11, and
takes advantage of the observation from Example 4.16 that its image is contained
in the subspace V ®. Hom(V,U;), as in Example 4.10 (but without a CSO on Uy).
Every step in the composite stays in the subspaces where the two CSOs induced
by Jy are equal, using the c-linearity of ny, and ny, (as in Example 4.10), and A,
(by hypothesis). The last map is the restriction of the canonical evaluation Evyyy,
from Notation 3.1 to the subspace Hom(V,W;) ®. V.

The commutativity of the block on the left with ny, and ny follows from Lemma
3.10, and so does the commutativity of the block with ny, and ny . The upper left
block with the coevaluations is then easily seen to be commutative using Lemma
3.12. The lower left block with the evaluations is commutative by Lemma 3.2.

The only block in the diagram that is not commutative, and this is the key step
for the Theorem, is the lower right triangle. An element of Hom(V, W) ®.V of the
form

(5.12) B@v—(BoJyv)® (Jv(v)),
for a (real linear) B € Hom(V, W) as in Lemma 4.11, is mapped by Evyw to
B() — B(v(Jv (1)) = 2B (7).
The quantity (5.12) is mapped by P as in (5.11), to:
%(B ®T—(BoJy)® (Jv(V)) = (Jw o B) ® (Jy (V) — (Jw o Bo Jy) ® 1),
which is then mapped by Fv5 to
B(v) = Jw (B(Jv (V).
The conclusion is that
Ev§w o Pl = %Evvw - %JW o Bvyw o [Iduomv,w) ®c Jv].

The composite in the lowest two blocks of the diagram is then:
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Evirgy o PY o [Hom(Idy, QY) ®. Idy]
% Evyw o [Hom(Idy,QY) @ Idy]

B % Jw © Evyw o [[dgom(vw) @ Jv] o [Hom(Idy, QY) ®, Idy]
%EUVW o [Hom(Idy,QY) ®. Idy]

_%JW ° Evyw o [Hom(Idy, QY) ®c Idv] o [Iduom(v,wy) ®c Jv]

1 1
5@’1’ o Bvyw, — §JW 0 QY o Boyw, o [Iduomv,wy) ®c Jv].

Starting with the clockwise composite around the outside of the diagram from U
to W, and then using the commutativity of the upper part of the diagram, step
(5.13), and the c-linearity of ny, , gives:

Trviuw(4z) 0 Q)

Ev$w o nyy o Home(Idy, A2) o ny o nigw © Q)
Ev$yw o PV o [Hom(Idy,QY) ®. Idy] o

n;‘,ll o Hom.(Idy, A1) o ny, o nvu,

1 1
(5 /1/ o Evyw, — EJW o Qll/ o Evyw, o [IdHom(V,Wl) Re Jv]> o
n;‘,ll o Hom.(Idy, A1) o ny, onvy,
1
5@'1’ o Evywy, o n;vll o Hom.(Idy, A1) o ny, o nvu,

1
_§JWO QY o Evyw,o na,ll o Hom.(Idy,[Jv ® Idw,]| 0 A7) ony,o nvu,

1

1
5@3’ o (Trvivn,wi (A1) — 5w o QY o (Trv,u,w, ([Jv @ Idw, ] o Ay)).

Because T'rv,u,w(Az) is c-linear, by Lemma 5.7 it is uniquely determined on U by
the above formula showing its restriction to Uy, and the claimed result follows from

(5.6):

(5.14)

(5.15)

Trv.uw(Asz)
(Trviuw(Az)) 0 Q)) o Pl — Jw o (Trviuw(Az2)) 0 Q) o P o Jy

1

5@’1’ o (Trv.u,w, (A1) o Py
1

—5Jwo QY o (Trv,u,,w, ([Jv @ Idw,] 0 Ay)) o P
1

—5Jwe QY o (Trv.u, w, (A1) o Pj o Jy

1
—5Q'1' o (Trvu,w ([Jy @ Idw,] o A1) o P{oJy. H
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Remark 5.11. Both quantities, (5.14), and the sum of four terms (5.15), depend on
the CSOs Jy, Jy, Jw. The first term out of the four depends only on the direct
sum structures U = U1 ®Us and W = W1 G Ws, but not on either complex structure
Jw or Jy, nor on Jy except for the hypothesis that A; is c-linear. Because the
Proof of Theorem 5.10 used formula (4.24) to define the trace in C, (5.14) does not
depend on any choice of unit object for ®. in C. We remark further that the Proof
of Theorem 5.10 is not entirely basis-free; the properties of the coevaluation 7g;
from Example 4.16 were developed using a choice of basis.

Example 5.12. Our goal in this example is to construct an object U in C and an
invertible morphism (5.18) from any object V = (V, Jy ) in C to V®, U, in terms of
the construction of Example 5.8, and to elaborate on the statement from Example
4.5 that such an object is not unique by showing what sort of choices are involved
in the construction. The objects U = U), chosen for this Example depend on a real
parameter A # 0 and have a real structure, so that Theorem 5.10 can be applied in
Example 5.14.

We make the initial assumption that there exists a real vector space U that
admits a direct sum structure of the form U = R @ R, and fix a choice of such a
direct sum, with projections (Pr, P») and inclusions (Q1,Q2) as in Definition 5.1.

The involution Cy = Q1 0 P — Q2 0 P> from (5.2) in Lemma 5.4 respects this
direct sum (in the sense that it commutes with Q1 o P; and Q2 o Ps; the involution
—Cy also does this). The (2) = (1) construction from Lemma 5.4 applied
to the involution Cp defines another direct sum U = U; @ Us, which is distinct
from the initial direct sum; it is an internal direct sum where U; and Us are both
subspaces of U with inclusions @)} and projections P/ depending on Cy as in (5.3).
For ¢ = 1,2, the composite P/ o Q; : R — Uj; is invertible, with inverse P; o Q.

The construction from Example 5.8 (and the notation from Theorem 5.10) ap-
plies to any V = (V, Jy) and any vector space U with an involution producing a
direct sum U = Uy @ Us to define the direct sum VU =V Q U; ® V ® Us, with
an inclusion map QY = [Idy ® Q] : V ® Uy — V ® U. This direct sum depends
only on the involution Cy, and the CSO [Jy ® Idy||veu, on V ® Uy depends only
on Jy, it does not assume U has a complex structure.

From the (1) = (2) step of Lemma 5.4, any linear isomorphism R : R — R is
of the form R = A - Idg for some A # 0, and a CSO for U from (5.1) is:

(5.16) JU,)\:A'QQOP1—)\_1'Q10P2~

Recall that in general, even after choosing R, the choices made in Lemma 5.4 are
not the only choices for a CSO and RSO, but in this case, any CSO anticommuting
with Cy = Q10 Pi — Q2 o P, must be of the form (5.16). Denote this object

Uy = (U, Jux)-
Example 5.8 also considered the other internal direct sum
(5.17) VeoU=(Ve.U)e(Ve,U)

defined in terms of both complex structures Jy and Jy,z, as in (4.1) from Example
4.4; denote the object from (4.2) by V ®. Uy = (V ®. U, Jyg.v). Denote by
PUA 1 V®@U — V ®. U, the projection from (5.7), and similarly denote the
inclusion QY : V®.Uy — V ®U. From (5.8), there is an invertible, c-linear map

PP oV :VeU - V.U,
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Using the above choices for Cy and Jy,y, and the scalar multiplication map ¢ :
V @R — V, gives the following sequence of maps,

Idy®(P{oQ1)
_

— / U, X
(5.18) v Ly oRr! ]V®U1 [Tdv®Q1] P

VeoU——V®.U,.
The first three steps are c-linear with respect to the CSOs induced by Jy, the last
step is c-linear with respect to the CSOs induced by Jy and Jy,», and the overall
composite is invertible and c-linear. Only the last step depends on the choice made
for Jy . Simplifying the middle steps using Q) o P{ o Q1 = @1 gives the invertible,
c-linear map:

PYA o [Idy @ Q1] ol :V = V@, U,.

Remark 5.13. There is still some choice of scalar multiple for PY* o QY as in
Remark 5.9. For A = 1, the direct sum (5.17) corresponds to the construction
usually denoted V10 @ V9! in complex geometry, so (5.18) is a c-linear invertible
map V — V1.0, In situations involving a metric or symplectic form on V, the scale

factor v/2 from Remark 5.9 is sometimes preferred.

It was remarked after formula (4.24) for the trace in C that the trace Trv,uw(4)
does not depend on any choice of unit object for ®. in C. An exception to this
remark occurs when such a choice has been made and it appears in (4.24) as either
V, U, or W. In the following Example 5.14, the unit object for ®. constructed in
Example 5.12 is used for both U and W in (4.24).

Example 5.14. In this example, we show how an analogue of (1.1) can be expressed
in terms of the above development of the generalized trace in C.

Let V = (V, Jy) be finite dimensional and let Uy = (U, Jy,») be the unit object
for ®. constructed in Example 5.12, with the same notation for the internal direct
sum U = U; @ Uy and the external direct sum U = R®R. Let A: V — V be
c-linear.

|4 \%
¢ ¢
A
VeoR [AG1ds] VoR
[y @(P{o@Q1)] Ndel] [Idv®@% [Ty (P{o@1)]
Vel \ [A®Idy,] / Vel
QY %
PUA QU VoU —>VeU PUAoQU
a ST . @
Vv ®c U)\ [A®.Idy] Vv ®c Uk

The above diagram is commutative. The downward composite on the left side
is the invertible c-linear map from (5.18), and is equal to the right side. The
commutativity of every block in the diagram is easily checked. For the lowest
block, recall that lowest arrow [A ®,. Idy] is defined as the restriction of [A ® Idy]
to the subspace V ®, Uy of V ® U, so [A ®. Idy] = PY* o [A ® Idy] o QU
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Using (5.7) and the c-linearity of A and Idy (for any Jy), [A ®. Idy] o PV =
PUA 0 [A® Idy] 0o QUA o PUA = PUA o QUA o PUA 6 [A® Idy| = PV o [A® Idy).

Theorem 5.10 applies, with W = U = U,, A; = [A®Idy, ], and Az = [A®.Idy].
The hypothesis (5.10) is satisfied by the commutativity of the above diagram. The
conclusion from Theorem 5.10 is this equality of maps U — U:

Trviu,,u, ([A®c Idy))

1
= Qe (v, (4 ® Tdu])) o P
1

2

1
—5June Qo (Trv.u, v, ([A® Idy,])) o Py o Jyx

1
(5.19) —562'1 o (Trv.u, v, ([Jv ® Idy,] o [A® Idy,])) o Py o Jy,.

Juxo Qo (Trvu, v, ([Jv ® Idy,] o [A® Idy,])) o Py

From the diagram,
[A® Idy,] = [Idy @ (P oQ1)] o [A® Idg] o [Idy ® (P10 Q})],

and similarly for [Jy ® Idy,] o [A® Idy,] = [(Jy o A) ® Idy,]. Then Theorem 3.14
applies, so that (5.19) is equal to:

1
= 5@'1 oPyoQio(Tryrr([A® Idr]))oProQ)oP]
1
2

1
_EJU’/\ o Q’l o P1/ 0@ o0 (TTV;R,R([A ® Idg])) o Py o Q’l o P1/ o Ju

1
—562'1 oP{oQio(Tryrr([(Jv o A) ® Idg])) o Py o Q) o PloJyx

JuroQioPloQio(Tryrr([(Jy o A)®Idr]))oPoQ)oP;

= %Ql o(Tryrr(ltoAol)oPy

1

—§JU,)\ 0oQio(Tryrr(l™'oJyoAdol))oP,
1

—5Juao@ro (Trver( o Aocl))oProJyy

1
(520) —§Q1 o (TTVdR’]R(f_l ] JV ocAo 6)) o P1 o JU)\.

As previously remarked, the first of the four terms in (5.20) depends only on the di-
rect sum U = R®R from the beginning of Example 5.12, and not on the subsequent
choices for Cy and Jy,».
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The next step uses the formula (2.7) from Example 2.13, so that (5.20) is equal
to this expression involving the real scalar trace Try (A):

(5.21) - %Ql o (Try(A) - Idg) o P,
—%JUJ\ 0 Q10 (Try(Jy o A)-Idg) o Py
—%JU)\ 0 Q10 (Try(A) - Idz) o Pr o Ju
—%Ql o (Try(Jy o A) - Idg) o Py o Jyx

1
= §T7"V(A) (QioPr—JuroQioPiolJyy)

1
(5.22) _iTTV(JV 0A)- (JuroQioPr+QioPoJyy).

Finally, using the formula (5.16), Jyx = A- Q20 P — A~ - Q1 0 Py, (5.22) simplifies
to:

1 1
(523) Trv;U/\’U/\([A Re IdU]) = gTT\/(A) -Idy — 5T7“v(;]v o A) . JU’)\.

The concluding observations are that (5.23) is the claimed generalization of (1.1),
and that the first term $7ry (A) - Idy does not depend on any of the extra struc-
ture on U (the direct sum, RSO, or CSO from Example 5.12). The 2 x 2 matrix
representation of (5.23) in the case A = 1 is consistent with the calculation (4.27)
from Example 4.17.

6. CONCLUSION

The construction of Sections 3-5 could be adapted to other categories of vector
spaces with supplemental structures, for example, the category of vector spaces
with real structures (V,.J,C) and morphisms that respect both operators. The
category C, where only some of the objects have a real structure, would also be a
natural framework for a basis-free approach to vector valued Hermitian forms on
vector spaces (or vector bundles) and using the generalized trace to compute tensor
contraction with respect to a Hermitian metric.
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