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1 Motivation

In order to motivate the concepts we will encounter in these notes, and simultaneously test their applicability,
we will take a closer look at the interplay of Tate vector spaces and the theory of algebraic curves. We will
see how the formalism of Tate objects and adeles can be used to shed light on various classical results and
constructions. The Riemann-Roch theorem, and a zoo of classical reciprocity laws (such as the sum of residues
theorem) will follow from entirely elementary considerations about infinite-dimensional vector spaces.

This section closely follows Dustin Clausen’s treatment [Cla], which was also the authors’ port of entry
to this fascinating subject. We strongly recommend Clausen’s text, particularly to the reader wishing to see
applications of this philosophy to the geometric Langlands programme.

1.1 Central extensions of loop groups

Consider the compact Lie group G = U(n). The associated loop group LG is defined to be infinite-dimensional
Lie group of smooth maps S' —+ G. Its Lie algebra Lg is the vector space of smooth maps S' —sg. A
central construction in the theory of loop groups, as presented in [PS86], is its canonical central extension

1— S IG— LG —1.

Central extensions 1—3sA——T——T'—51 can be obtained as follows: at first one constructs an action of
I' on X, which carries a transitive and faithful action of BA (in other words is a BA-torsor). We can either
think of BA as a homotopy type, that is, really the classifying space of A, or, if A is a discrete group, realise
it as the groupoid with a single object which has A has group of automorphisms.

If the action of I" on X intertwines with the BA-action giving the torsor structures, we have actually
constructed a homomorphism I'— B A, which classifies a central extension of I" by A.

In the case of the loop group LG, one notices that there is a canonical central extension of the Lie algebra
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which corresponds to an alternating pairing b(—, —): Lgx Lg— R, such that we have [z,y] - = [p(z), p(y)]+
b(x,y) - 1. In the case of a loop group one then chooses b to be (up to a constant) equal to

[ aa) = [ trgsan

The definition already indicates a close connection to geometric concepts such as monodromy and the
residue pairing. The latter is one of the reasons why it seems feasible to study analogous constructions purely
within the realm of algebraic geometry.

Lemma 1.1. Let M be a simply-connected, connected manifold. Given a closed 2-form w, such that 5=
represents an integral cohomology class, there exists a unitary line bundle with a connection (L, V), such that
F(V) = w. Moreover for two such line bundles (L1,V1) and (L2, Va), there exists an isomorphism, unique
up to multiplication an element of U(1).

One applies this lemma to X being the identity component of the homogeneous space LG/T. Tt is clear
that the identity component of LG acts on X, and therefore also on the space of unitary line bundles with
connections equal to w. Hence we are in the situation discussed above, and we see at least how a canonical
central extension of the identity component is constructed.



1.2 Tate vector spaces

For the rest of this section we fix a field k, which we assume to be algebraically closed to simplify the
exposition. We give a preliminary definition of Tate vector spaces, which we will revisit later in a more
general context.

Definition 1.2. A Tate vector space V is a pair (V,Gry), consisting of a k-vector space V', and a set of
subsets Gry = {L C V'}, satisfying the conditions (A1-4) below. Subsets belonging to Gry will be called
lattices.

(A1) We have ﬂLeGrV L ={0}, and ULeGrV L={V}.
(A2) For Ly, Ly € Gry there exist lattices M, N € Gry, such that

/\
\/

with the respective subquotients being finite-dimensional
(A3) If Ly C M C Lo, such that Ly, Ly € Gry, then M € Gry.

(A4) The natural map
V— lim V/L
LeGry

is an isomorphism.

A familar example of such a structure is given by the vector space F' = k((¢)) of formal Laurent series.
Consider the collection Gr’ of subspaces t"k[[t]] for n € Z. It is clear that the axioms (A1,2,4) are satisfied,
so we simply define Gry as the saturation or sandwich-closure of Gr'.

The fourth axiom indicates that Tate vector spaces shouldn’t be viewed as plain vector spaces, but rather
as topological vector spaces. Endowing each of the quotients V/L with the discrete topology, and V' with the
resulting inverse limit topology, we obtain Lefschetz’s linearly compact vector spaces. We call this functor
from the category of Tate spaces to topological vector spaces the topological realisation, and denote it by
Vtop'

Definition 1.3. A topological vector space is called linearly locally compact, if it can be obtained as the
topological realisation of a Tate space.

This construction is as good as it gets. Topological realisation is fully faithful, that is we can reconstruct
the pair (V,Gry) from the associated linearly locally compact vector space. Speaking from an aesthetic
perspective it is relieving that the existence of a collection of lattices Gry, is a mere property of a topological
vector space, rather than an extra structure imposed on V. Let’s see why this is true, and how topology
allows one to recover the image of lattices L in the topological realisation VP,

Definition 1.4. A topological vector space is called linearly locally compact, if it is equivalent to the inverse
limit of finite-dimensional (discrete) vector spaces.

Linearly compact spaces W are precisely the topolgical realisations of Tate spaces V', where V' € Gry is
itself a lattice. Indeed, we just let V' be the underlying vector space of W, and stipulate L C V to belong
to Gry, if it arises as the kernel of a continuous surjection V' — V/L with V/L a finite-dimensional discrete
vector space.

If W = VP is a linearly locally compact vector space, we can reconstruct (V,Gry ) by forgetting the
topology on W and stipulating that a subspace L C V is a lattice, if and only if the associated subspace of
V is linearly compact, and agrees with the kernel of a surjection onto a discrete vector space V/L.



Definition 1.5. A Tate vector space V is called discrete, if {0} € Gry is a lattice. This happens precisely
when V' s discrete in the topological sense.

Let’s imagine for a second that our base field k is finite. In this case, linearly compact vector spaces are
actually compact as topological spaces, because they are obtained as inverse limit of finite sets, and similar
Tate spaces have locally compact topological realisations. A subspace of a linearly locally compact is a lattice
if and only if it is compact and co-discrete (that is, V/L is discrete).

The next lemma claims that every continuous homomorphism from a linearly compact space to a discrete
one, factors through a finite-dimensional subspace. In the case of a finite field this is clear, because continuous
images of compact spaces are compact, and compact subsets of discrete spaces are finite.

Lemma 1.6. Fvery morphism L — D from a linearly compact Tate space L to a discrete Tate space D
factors through a finite-dimensional subspace of D.

As an immediate consequence we obtain that lattices are commensurable in the sense that they only differ
by finite-dimensional corrections (which is also a consequence of (A2) of our definition of Tate vector spaces).

Remark 1.7. Let M C N be an ordered pair of lattices in a Tate space, then the quotient Lay/Ly is finite-
dimensional.

We define the relative dimension of two lattices L, Ly € Gry to be the difference
dim(Ly — Lg) = dim(L; /N) — dim(Ly/N) = dim(M/Ls) — dim(M/Ly),

where M, N are common upper, respectively lower bounds, which are guaranteed to exist by axiom (A2).

1.3 Torsors and central extensions

Every Tate vector space V gives rise to a whole zoo of torsors, acted on by Aut(V'), the group of continuous
automorphisms of V. As a simple warm-up exercise we define the Z-torsor of dimension theories.

Definition 1.8. A dimension theory is a map d: Gry — Z, assigning an integer to every lattice, such that
for every pair of lattices we have d(Ly) — d(Lg) = d(Ly — Lo). The set of dimension theories for V will be
denoted by Dim(V).

Since any two lattices in V' are commensurable, we see that for every lattice L, and integer n € Z there
exists precisely one dimension theory d, satisfying d(L) = n. This implies that Dim(V) is a non-empty set,
and that the natural Z-action d + k: L — d(L) + k endows Dim(V) with the structure of a Z-torsor. Since
Aut(V) acts on the set Gry of lattices, we obtain an induced action on Dim(V).

A dimension theory should be viewed as a renormalisation of the infinite-dimensional object V. In general
it is not possible to speak of the dimension of a lattice L C V in the classical sense. Instead of worrying
about definition, we choose the dimension of a lattice arbitrarily, and only ask for internal consistency of this
assignment. Such renormalisations play a role in Kontsevich’s theory of motivic integration, and in the work
of Kapranov—Vasserot [KV0T7] about categories of D-modules on infinite-dimensional varieties.

As we observed in the first subsection, this gives rise to a map v: Aut(V) — Z. We can compute the
value of v on an automorphism f as the relative dimension dim(gL — L), for an arbitrary lattice L € Gry.
The group of units of the field F' = k((t)) acts on the Tate space F' by automorphisms, and therefore we
obtain an induced map v: F* — Z. This is the valuation map, which is characterised by the property that
UV f e K[l *.

The choice of a dimension theory for a Tate space is often compared to the choice of a Haar measure for
a local field F. Just like for dimension theories, there is no canonical choice of a Haar measure on F. And
if we pullback a measure  via the multiplication map  — ax, we obtain a*u = ¢*(*) i, where ¢ denotes the
cardinality of the residue field of F.

Let’s take this to the next level. This time we put the emphasis on top exterior powers of vector spaces,
rather than their dimension. This is sensible because determinants behave formally similar to dimensions.
For every short exact sequence 0— U —V — W —0 of finite-dimensional vector spaces we have a natural
isomorphism

det(V) ~ det(U) @ det(W), (1)

in particular we have det(U @ W) ~ det(U) ® det(W).



Definition 1.9. A determinant theory assigns to every lattice L € Gry a line (that is, a 1-dimensional
vector space) L(L), such that for every ordered pair of lattices M C N, we have L(N) ~ L(M) ® det(N/M),
which satisfies for every ordered triple L C M C N a compatibility condition

L(N) L(M) ® det(N/M)

| |

L(L) ® det(N/L) — L£(L) ® det(N/M) @ det(M/L).

We denote the category (or rather groupoid) of determinant theories by Det(V'). The same argument as
in the case of dimension theories shows that a determinant theory is uniquely (up to a unique isomorphism)
characterised by the line associated to a single lattice L € Gry. In particular, we see that Det(V') is a torsor
over the groupoid of lines Bk*. The natural action of Aut(V') on Gry induces therefore as before an action on
Det(V), which gives rise to a homomorphism Aut(V)—k*. The corresponding central extension of Aut(V),

1— k> *)AE(\V) — Aut(V)—1

is the promised algebraic analogue of the canonical central extension of loop groups. Indeed, we can embed
LGL,, = GL,((¢)) in the automorphism group of the Tate vector space F™, and thus obtain a central
extension of L GL,, by pullback.

Just like the dimension torsor Dim(V') gives rise to a numerical invariant v(f) of an automorphism
f € Aut(V), the central extension induced by Det(V) can be used to attach an element of k* to a pair of
commuting automorphisms of V.

Lemma 1.10. Let 1—sA——T—2+I'—1 be a central extension, and f,g € T' to commuting elements. Then,
P~ L(f),p~1(g)] € A is a well-defined element of A. If ' is commutative, we denote the pairing ' x T — A

by (7’ 7)IA‘

In the case of the central extension of L Gy, the resulting pairing is a well-known construction in number
theory.

Lemma 1.11. The pairing (—1)"79)(f, g) agrees with the tame symbol

-1
LGy

v(g)
(_1)V(f)y(g) éy(t) |t:0 e k.

The modification of the commutator pairing by the sign (—1)*(/)¥(9) can be explained in a more natural
way, by replacing determinants by graded determinants.

Definition 1.12. A graded line is a pair (L,n), where L is a 1-dimensional space, and n € Z is an integer.
The graded determinant of a finite-dimensional vector space V is the pair (det V,rk V).

The tensor product of two graded lines (M, m), (N, n) is simply defined by the tensor product of the

two lines, and addition of integers. However, we modify the natural isomorphism M ® N —— N ® M by
multiplication with the sign (—1)™".

By consistently adding the word graded to Definition|l.9lone obtains the definition of a graded determinant
theory.

1.4 Adéles

The time has come to see the theory of Tate objects in action in a global situation. Let X be a smooth curve
over k = k (sometimes, we will assume X to be projective). For every line E/X we define the vector space
of adeles to be

Ax(E)= T (Be® Fo) = {(fe)uexal fo € Ex ® O, for almost all x}.
x€X



For E = Ox the trivial line bundle, we obtain a ring, denoted by A. In general, A(E) is an A-module.
However, Ax (FE) also carries the structure of a Tate vector space. The collection of lattices is given by
the saturation of Gr:&( ), consisting of the subspaces

Op(B) = {(fo)sexa|fo € 7P (B, ® O,) for almost all 2},
indexed by divisors on X. We denote Qy(FE) also by O(F), and refer to it as integral adeles.

Theorem 1.13 (Weil). There is a canonical equivalence Pic(X) = [Gu(F) \ Gm(A)/Gn(0)] = [F*\
A* /O]

Weil’s theorem holds in fact for a wide range of groups. For example we can describe Bun,(X), the
stack of rank n bundles on X, as the double quotient [GL,,(F') \ GL,,(A)/ GL,,(0)]. The case of line bundles
however, is easy to prove, since A* / Q™ is equivalent to the free abelian group generated by the closed points
of X, that is, the group of divisors Divy. The corresponding action of F'* on Divy takes a divisor D and

modifies it by the principal divisor associated to a non-zero invertible function f. Therefore, we see that
Weil’s theorem for line bundles is just another way to state the classical identity

Pic(X) 2 Divy / Divi™,
that line bundles on X can be presented by divisors modulo principal divisors.

Lemma 1.14. Let f € A™ be an invertible adéle (also known as an idele). The order v(f) computed with
respect to Dim(A) agrees with the degree deg(f) = deg(D) of the divisor D € Divx = A* /O™ associated to

1.

Indeed, we just have to choose a dimension theory d, and compute the difference d o f — d. If we choose
d to be the unique dimension theory which assigns to the lattice O C A the integer 0, we see directly that
v(f) is equal to the relative dimension dim(f O — Q) = deg(f).

We could have chosen a completely different dimension theory, and still have obtained the same integer
v(f). Another interesting choice for a projective curve X is

x: Op = x(O(D") = dim H*(X,0(D")) — dim H(X, O(D")).

The long exact sequence in cohomology implies readily that x is a dimension theory, and we see that v(f) =
x(O(D)) — x(0), which can be summarised as the assertion of the Riemann-Roch theorem

Y(O(D)) = X(0) = deg D.

Replacing the dimension torsor by Det(V), or rather its graded analogue, one obtains the following
multiplicative analogue of the Riemann-Roch theorem:

Theorem 1.15 (Weil reciprocity). Let f, g be two non-zero rational functions on a projective curve X, then
we have that the product below is well-defined, and chexcl(fl)”(f)”(g) g;ii; () =1.

Let us explain how this works. We denote the field of rational functions on X by K. The simple observation
that two rationally equivalent divisors have the same cohomology groups, implies that the central extension
of K, obtained from the action on A™ is trivial. Hence, the commutator pairing is equal to 1, for elements
of K*.

1.5 An adelic viewpoint on cohomology

When discussing the proofs of Riemann-Roch and Weil reciprocity, using adeles, we were making us of
cohomology theory, which on a priori seems to be external to the theory of adeles. However, one can use
adeles to compute cohomology groups.



Proposition 1.16. Let E be a coherent sheaf on X, and A(E), O(E), and K(E) = K ®0 E be the abelian
groups of adélic, integral adélic, and rational sections. Then, we have that the cohomology groups of the
complex

incl—incl

OF)® F(E) A(E)

are canonically equivalent to H'(X, E). In fact, this complex is quasi-isomorphic to the complex of derived
global sections RT'(X, E).

This proposition is easy to prove. At first one observes that replacing X by a Zariski open subset, one
obtains a complex of flasque sheaves, which happens to be a resolution of E. The latter property is a
consequence of the tautology that a rational section of E, without poles, is a regular section.

The complex above is quasi-isomorphic to

[O(E) — A(E)/F(E)], (2)
and using this presentation one can give an adelic proof of Serre duality.

Theorem 1.17 (Adelic Serre duality). For a smooth projective curve, the residue pairingres: A x A(QL)— A
is perfect, that is induces an equivalence between A(wx) and the (topological) dual of Ax. In particular we

see that A(E)Y = A(EY @ QY). These isomorphisms descend to isomorphisms (A(E)/Q(E))Y = O(E)Y,

and F(E)Y = A(EY @ QL)/F(EY @ Q).

The first two assertions can be checked by a direct computation, and actually don’t rely on projectivity.
The third assertion does use projectivity. Even just to define a pairing, we use the residue formula for rational
1-forms.

Using the adelic duality theorem above, we obtain a proof of Serre duality, because the (topological) dual
of the complex is now equivalent to

[F(EY 2 Q%) — AEY @ Q%)/O(EY @ Q)]

which is just another way to write down the complex of Proposition for BV @ QL.

2 From adeles for curves to multidimensional adéles

In this section we will discuss the transition from the 1-dimensional case to higher dimensions. This is inspired
by higher class field theory (established by Kato and Saito).

2.1 Classical story: function field case

We fix X/k a classical curve, and E a line bundle on X. The integral adeles are defined to be

zeXo

and the adeles are defined to be

/ ~ o~
Ap = colimp Op, () = H (By ® Fy) = {(fo)wex,|fo € Ex @ O, for almost all x}.
r€X

Over a finite fields, these are compact abelian topological groups, respectively locally compact abelian topolog-
ical groups, simply because k[[t]] and k((t)) has this property. The modern viewpoint is to work functorially,
that is replace every appearance of factors such as k((t)) by the functor, sending a commutative ring R to
R((t)). An equivalent perspective is to work with Tate vector spaces, respectively bundles.

Recall the archetypical example of a Tate vector space: the space of formal Laurent series F' = k((t))
over a field k. We defined Grg as the saturation {t"k[[t]]|n € Z}'. Similarly one defines Gry, = {Qp, ®E},
which endows the adeles with the structure of a Tate space.



Recall that we discussed the notion of a dimension theory, which was a map Gry — Z, consistent with
relative dimension of lattices.

In the case of F, we obtained a dimension torsor Dim(F), such that the resulting map k((t))* —— Z
agrees with the ¢-valuation of F.

Let’s discuss the analogous situation for the adeles: we saw that Pic(X) = [k(X)* \ A* /O], and the
dimension torsor of the Tate object A induced a map deg: Pic(X)— Z, which agrees with the degree of
line bundles. We then used this observation to reprove the Riemann-Roch formula for curves. The key step
to make this connection was to use the dimension theory given by the Euler characteristic of the cohomology
of line bundles. Now that we’ve seen the applicability of adeles we’ll try to generalise this theory to higher-
dimensions.

2.2 Adeles for schemes (after Parshin, Beilinson)

In the case of curves, adeles were realised as a sort of restricted product, ranging over closed points of X, or
the places of k(X). In the higher-dimensional case, their place will be taken by flags of irreducible subsets.

The local factors for a surface, are expected to be of the shape 6;%, where 7, is the generic point of a
curve, containing a closed point 7 (the subscript encodes the codimension of the closure of a point).
The local factors have the structure of an n-local field.

The next step is to take some case of restricted product. However, there’s a recursive definition, which
helps us avoiding a lot of guesswork what the right definition should be.

Let’s what kind of structure we can put on higher-dimensional adéles. We’ll work with the local factors,
in order to get a feeling for this problem. Consider a 2-local field, such as K = k((s))((t)). Is there a
well-behaved topology on it?

Example 2.1. Let T be any topology on K, such that k((s))[[t]] = k((s)) is a quotient topology map, then
Ok (the ring of integers), is not a topological ring.

This is disappointing. Yekutieli has therefore studied adeles using the theory of semi-topological rings.
Fesenko proposed to work with sequential topological rings, however these approaches are not directly com-
patible. Kato suggested that topology is simply not the right structure to study higher local fields, and
proposed to work with categories of iterated Ind-Pro objects. This works, because k((s)) can be defined as

colim; lim;s 7 k[s]/(s").

Remark 2.2. Pro-systems carry more information than their topological realisations. There are pro-systems
of sets, such that the resulting space is empty, but the pro-system carries a lot of information which would be
lost if we didn’t retain it in a formal manner.

2.3 Dimension theories for 2-local fields

We fix an equicharacteristic 2-local field K = k((s))((t)), and choose a splitting k((s))[[t]] & ¢t~ k((s))[t71].
The problem is that a general automorphism won’t respect such a splitting.

Subquotients of lattices (with respect to the variable t), will look like t2/k((s))[[t]/t""k((s))[[t] =
k((s))®8, which is infinite-dimensional over the base field k. In order to rectify this, we also have to consider
s-lattices.
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This shows that for 2-local fields the natural construction is to work with pairs of automorphisms. In the
definition below we denote by O; the ring k((s))[[t]]. The definition below is intentionally incomplete, and
will be corrected below.

Definition 2.3 (Beilinson, Yekutieli). Suppose V' is a finite-dimensional K -vector space, a lattice is a finitely
generated O1-submodule of V, such that K - L = V. We define EY*(V1,Vs) (the analogue of continuous
homomorphisms) to be the vector space of k-linear maps ¢: Vi — Vo, such that for every pair of lattices
Ly C Vi, Ly C Vi, there exist lattices Ly C Vi and LYy C Va, such that Ly C Ly, Ly C LY, and ¢(L}) C Lo,
and ¢(Ly) C LY, and with the resulting maps ¢: Ly /Ly — L,/ Lo belonging to EY°*(Ly /Ly, L,/ Ls).

The problem with this definition is that in order for the last condition to make sense, we have to be able

to consider the subquotients Ly /L], and L} /Lo as modules over k((s)). This is possible once we’ve chosen
splittings.

3 Beilinson-Parshin adéles

Adeles were first introduced by Parshin for surfaces in 1976, and for Noetherian schemes by Beilinson in
1980. Let X be a Noetherian scheme, and 9,71 € X. We define 19 > n; to be equivalent to n; € {ng}.
Suppose K C S(X),, define ;K ={(m >--->n,)[n>m >--- >€ K}.
If F is a coherent sheaf on X, define for

- n=0: A(K, F) = [Lex im(F 2 0, /mi).
- n =1 AXK,F) =[x im, A K, F® Ox  /my),

and if F is quasi-coherent, we stipulate A(K, F) = colim; A(K, F;) with colim F; 2 F a colimit of coherent
sheaves. By induction this defines a unique family of functors A(K, —) from quasi-coherent sheaves on X to
Ox-modules. We are mostly interested in the values of these functors for coherent sheaves, however note
that we cannot unravel the induction without including the case of quasi-coherent sheaves in the definition
above.

Example 3.1. We fiz a curve X = Speck|s,t]/(s>+s*—t2), which we allow to be singular. Let A be the flag
(0) > (s,t). Since we have s> +52—t2 = (s\/1 + s+t)(s/1+ s—t), one sees that A(A, Ox) = k((t1))@k((t2)).

This is a special case of the following theorem.

Theorem 3.2 (Beilinson, first published proof by Yekutieli). Let X be a Noetherian reduced excellent scheme
of dimension n, and A = (ng > -+ >ny) a flag with codim {n;} =i, then

A, 0x) c []O1 c [] Ki =AA, 0x),
finite

where K; are n-local fields.

We want an efficient calculus of lattices. We follow the suggestion of Kato and Beilinson from 1980 that
Tate vector spaces can be emulated using categories of ind-pro objects. We fix an exact category C, e.g. an
abelian category C.

Definition 3.3. We define Ind*(C) to be the full subcategory of Ind C of admissible ind objects, that is, objects
which allow a presentation Cy — Cy < - -+ with transition maps being admissible monomorphisms.

Inverting directions of morphisms, and replacing admissible monomorphisms by admissible epimorphisms,
one obtains the definition of Pro®(C).

Definition 3.4. An object X € Ind” Pro®(C) is called an elementary Tate object, if it has a lattice, that is
there exists L € Pro®(C), and an admissible monomorphism L — X, such that X/L € Ind*(C). We denote
the resulting exact category by Tate® (C). The idempotent completion is denoted by Tate(C), and its objects
are called Tate objects.

We define categories of n-Tate objects by iteratively applying the Tate construction. Beilinson’s adéles
can be promoted to take values in exact categories of these iterated Tate objects.

The endomorphism algebra a la Yekutieli of a higher local field, as we defined it in the last section, is
equivalent to the endomorphism algebra of n-Tate objects.



4 Generalised dimension and determinant theories

Define the Sato complex Grs(C) = {(Lg < --- < Ly, < V)}, where the L; denote lattices in an elementary
Tate object V.

Definition 4.1.

Grs (C)
/ \

Tate®!(C)* S,C%,

where the map to the left forgets lattices, and the map to the right sends the collection of lattices to (0 <
Ly/Lo < --- < Ly,/Lg). Taking geometric realisation, we obtain the map Tate® (C)* — BKc, respectively
QKrypee1(c) — Kc, which are called the index map.

The index map generalises the construction of the dimension torsor, as it produces for every elementary
Tate object a torsor over the K-theory space Kc, together with an action of Aut(V). For instance, if
C = Proj R, then we have the rank map from K¢ to Z, and by changing the structures group of torsors, we
obtain the dimension torsor Dim(V).
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