CYCLOTOMY AND ENDOMOTIVES

MATILDE MARCOLLI

ABSTRACT. We compare two different models of noncommutative geometry of the cyclo-
tomic tower, both based on an arithmetic algebra of functions of roots of unity and an
action by endomorphisms, the first based on the Bost-Connes (BC) quantum statistical me-
chanical system and the second on the Habiro ring, where the Habiro functions have, in
addition to evaluations at roots of unity, also full Taylor expansions. Both have compatible
endomorphisms actions of the multiplicative semigroup of positive integers. As a higher
dimensional generalization, we consider a crossed product ring obtained using Manin’s mul-
tivariable generalizations of the Habiro functions and an action by endomorphisms of the
semigroup of integer matrices with positive determinant. We then construct a correspond-
ing class of multivariable BC endomotives, which are obtained geometrically from self maps
of higher dimensional algebraic tori, and we discuss some of their quantum statistical me-
chanical properties. These multivariable BC endomotives are universal for (torsion free)
A-rings, compatibly with the Frobenius action. Finally, we discuss briefly how Habiro’s
universal Witten—Reshetikhin—Turaev invariant of integral homology 3-spheres may relate
invariants of 3-manifolds to gadgets over 1 and semigroup actions on homology 3-spheres
to endomotives.

1. INTRODUCTION

Several of the different current approaches to algebraic geometry over the “field with one
element” are based on identifying a class of additional data to be imposed over a ring, or
a scheme over Z, for it to be defined over the “underlying” Fi. Among these approaches,
the one developed by Soulé [52] is based on finiteness and universality conditions on the
structure of cyclotomic points, whereas another approach recently developed by Borger [7]
is based on the structure of A-ring as a descent condition from Z to ;. In the recent work
[16], it was shown that, in the Soulé approach to Fi-geometry, the tower of extensions Fin
with their Galois action are nicely encoded by a noncommutative space, the Bost—Connes
(BC) endomotive. Endomotives are a class of noncommutative spaces introduced in [14]
based on projective limits of Artin motives with semigroup actions, and morphisms given by
correspondences. The BC algebra of [11] is a natural example in this class.

In this paper we show that the BC endomotive, and some direct generalizations, are also
natural objects from the point of view of Borger’s approach to geometry over Iy, since the
endomorphism action that defines the structure of endomotive is also a consistent lift of
Frobenius morphisms in the sense of A-rings.

The results obtained in this paper fall under the common theme of comparing different
models of noncommutative algebras associated to the cyclotomic tower with the action of the
positive integers by endomorphisms. As argued in [21], [22], and §3 of [19], the Bost—Connes
algebra can be regarded as the noncommutative ring of functions of a noncommutative space
naturally associated to the zero-dimensional Shimura variety (the cyclotomic tower), when
one considers on it the action of the semigroup of positive integers by endomorphisms. The
latter corresponds to imposing the equivalence relation of commensurability on 1-dimensional
Q-lattices up to scaling, in the formulation given in [20]. Here we also consider another

noncommutative algebra of functions associated to the same geometric object, which instead
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of using the group algebra of Q/Z, or equivalently the algebra of continuous functions on Z, to
describe functions on roots of unity, is based on the Habiro ring of “analytic functions of roots
of unity” and on the same family of endomorphisms. Both the Habiro ring and the abelian
part of the Bost-Connes algebra describe different aspects of the same underlying geometry
and this serves as a very useful guideline to obtain various results on generalizations of the BC
endomotive. For instance, the multivariable generalizations of the Habiro ring constructed
by Manin in [44] also give rise to a family of noncommutative algebras related to actions of
endomorphisms of higher dimensional algebraic tori. The resulting noncommutative spaces
also admit a description in terms of endomotives in the sense of [14] and this leads to the
construction of multivariable BC endomotives. We show that these multivariable BC algebras
are closely related to the theory of A-rings, in the formulation given in [9], as another approach
to the theory of geometry over the “field with one element”. We show that the (multivariable)
BC endomotives are universal (torsion free) A-rings, in the sense that any such A-ring that is
of finite rank over Z and has no nilpotents can be embedded in a product of BC endomotives,
compatibly with the Frobenius action.

In order to construct quantum statistical mechanical systems for the multivariable BC en-
domotives, one needs to correct for the fact that the natural time evolution that generalizes
the one-variable case has infinite multiplicities in the spectrum of the Hamiltonian coming
from the presence of an SL, (Z)-symmetry. The problem is completely analogous to the one
encountered in [20] in the case of 2-dimensional Q-lattices, and one can use essentially the
same method used in [20] to circumvent the problem by using the trace of a type I1; factor
associated to the SL,,(Z)-action. We show that multiple zeta values of cones define classes of
states on the multivariable BC algebras.

The Habiro ring of functions was originally introduced (see [30] and [31]) as the natural
receptacle for a universal invariant of integral homology 3-spheres that specializes to the
Witten-Reshetikhin-Turaev invariant t-(M) at each root of unity ¢ and whose Taylor ex-
pansion at ¢ = 1 gives the Ohtsuki series t°(M). In view of the relation between the Habiro
ring and the noncommutative geometry of the cyclotomic tower, it is then natural to try to
relate the universal Witten—Reshetikhin—Turaev invariant itself to quantum statistical me-
chanics and noncommutative geometry, on one side, and to the geometry of gadgets over the
“field with one element” in the sense of [52], on the other. We concentrate on these questions
in the last part of the paper, where we consider the question of constructing convolution alge-
bras associated to surgery presentations of 3-manifolds with actions of N by endomorphisms,
and of possible relations to endomotives via the WRT invariants.
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Teichner for useful comments. I also thank James Borger for reading earlier drafts of this
manuscript. I especially wish to thank Alain Connes for extensive comments and suggestions
that greatly improved the paper. This work is partially supported by NSF grant DMS-
0651925. Part of this work was done during stays at the MPI and at MSRI, which I thank
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2. THE BoST-CONNES SYSTEM AND HABIRO ANALYTIC FUNCTIONS

We recall here briefly the main properties of the Bost—Connes (BC) quantum statistical
mechanical system introduced in [11], in the formulation given in [20] and in §3 of [19]. We
then also recall the main properties of the Habiro ring of analytic functions of roots of unity,
and we show that the same semigroup of endomorphisms used to for the crossed product BC
algebra acts on the Habiro ring and gives rise to a similar crossed product construction. We
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then show that using Habiro functions together with evaluations at roots of unity one can
recover the Hilbert space representations of the BC algebra, as well as versions where the full
Taylor expansions at roots of unity is used.

2.1. The Bost—Connes endomotive, the cyclotomic tower, and F;. The cyclotomic
tower is defined by the direct system of inclusions of rings Z[(,] < Z[(], for primitive roots
of unity with n|m, with covering groups GL;(Z) = Gal(Q®/Q). Under the identification
Q},.s = Q/7Z, one can identify the algebra of functions of roots of unity with

(2.1) CH(Q/z) = C(Z),

where the isomorphism is Pontrjagin duality between Q/Z and Z. More precisely, when
one views it as the group ring C*(Q/Z) this is an algebra of convolution of functions with
finite support, and only after passing to C' (Z) one has an algebra of functions with pointwise
product. In addition to the automorphisms of the cyclotomic tower given by the action of Z*,
there are endomorphisms given by the multiplicative semigroup of positive integers, acting
on the generators e(r) of the group algebra Q[Q/Z] by

(22) palelr)) =+ 3 efs)

ns=r
As shown in [20], when one identifies the algebra C(Z) with functions on the set of 1-
dimensional Q-lattices up to scaling, the action (2.2) implements the equivalence relation
of commensurability.
The noncommutative BC algebra is explicitly given in terms of generators and relations as
the algebra (over Q) generated by elements e(r), with r € Q/Z, and u,, with n € N, subject
to the relations

(k)™ = pim
a3 s — b 1) =1
Pl =1
and
(2.4) e(r+s)=-e(r)e(s), e0)=1
and the relation
. 1
(2.5) (), = 1 3 els)

which implements the semigroup action (2.2) and identifies the resulting algebra with the
semigroup crossed product

(2.6) Ag,sc = Q[Q/Z] x, N.
The algebra Agp ®qg C has as C*-algebra completion the crossed product algebra
(2.7) Apc = C*(Q/Z) x N = C(Z) x N.

One can also consider “categorifications” of the BC system [47] by describing the BC algebra
as the convolution algebra associated to a small category. We take up this point of view in
the last section of this paper, when we discuss algebras and categories associated to surgery
presentations of 3-manifolds, cf. also [46].

As argued in [21], [22], the BC algebra is (up to Morita equivalence) the algebra of func-
tions on the noncommutative zero-dimensional Shimura variety Co(Af) x Q7 , whose set of

classical points is the usual zero-dimensional Shimura variety A% /Q% = 7* associated to the
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cyclotomic tower. This classical space is recovered from the noncommutative space as the set
of low temperature extremal KMS states of the BC quantum statistical mechanical system.
The action of Q% on the finite adeles A; corresponds to a partially defined action on 7, which
in turn corresponds to the semigroup action (2.2). This point of view based on towers and
Shimura varieties was generalized to 2-dimensions in [20] and [21], [22], and to more general
Shimura varieties in [28].

The quantum statistical mechanical procedure of associating to a noncommutative space with
a natural time evolution a classical space given by the set of low temperature extremal KMS
states was formulated in greater generality in [14] in the context of a theory of endomotives.
The latter are noncommutative spaces obtained from towers of Artin motives and semigroups
of endomorphisms. They carry a Galois action and a time evolution to which quantum
statistical mechanical techniques can be applied.

The original case of the BC system is obtained in [14] as a particular case of a general
procedure that constructs endomotives from self maps of pointed algebraic varieties, via
a projective system of Artin motives obtained as inverse images of the fixed point under
the given family of self-maps. In the case of the BC endomotive, the variety is G, the
multiplicative group, and the self maps are the semigroup S = N of morphisms

(2.8) sp: Pt t™Y) — P(t*,t7F),  keN,

on Q[t,t~']. The point 1 is fixed by all these maps and the inverse image under the map
t +— t* is X}, = Spec(Q[t,t~!]/(t* — 1)). The BC endomotive is obtained, at the algebraic
level, by taking the projective limit X = lglk X}, or equivalently the direct limit of the
corresponding algebras A = hi% Ay, with Ay, = Q[Z/kZ] and the crossed product Ag pc =

A xS =Q[Q/Z] x N.
The endomorphisms (2.8) correspond (cf. [16]) to the endomorphisms of Q[Q/Z] given by

(2.9) on(e(r)) =e(nr), VneN, VreQ/Z.
These satisfy
(2.10) onpn(x) =z, and pyon(x) =eyx, Vo e Q[Q/Z],

with the p, as in (2.2). Here e, is an idempotent in Q[Q/Z] that gives the projection onto
the range of p,. In particular, one has o, (z) = p) x fip,.

It is useful to recall here more in detail the properties of the endomorphisms o, p,, and the
idempotents e,, because this will constitute an important difference between the model of
the noncommutative geometry of the cylotomic tower based on the BC algebra and the one
based on the Habiro ring. The idempotent e,, is given by

(2.11) €n = nily,
and it satisfies the identity

(2.12) en = ! Z e(r),

nr=0
where one can see easily that the right-hand-side does not depend on the choice of a solution
r € Q/Z of nr = 0. Thus, in particular, one has e,, € Q[Q/Z].
We also recall one more property of the BC algebra, namely its Hilbert space representations
associated to embeddings in C of the roots of unity, which we need in the following.
As shown in [11], the choice of an element p € Z* determines a representation 7, of the BC
algebra as bounded operators on the Hilbert space ¢?(N) with

(2.13) Ln € = €nk
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on the canonical basis {e;} of £2(N) and
(2.14) mo(e(r)) e = ¢ e,

where ¢, = p(e(r)) is the root of unity obtained using the chosen p € 7* to embed the abstract
roots of unity Q/Z in C.

Finally, we also recall the fact that an integer model for the BC algebra was constructed in
[16], as the ring Az pc generated by elements e(r), with r € Q/Z and fi,, and p},, subject to
the same relations (2.4), but with the relations (2.3) replaced by the analogous relations

[Ln,&m = [an VTL, meN

Mooy = Mo, Y,m €N

W fly, =10 Vn € N

Finttr, = Hpfln V(n,m) = 1.

The endomorphisms o,, of (2.9) are still defined on Z[Q/Z] and they satisfy relations replacing
(2.5) and (2.10), in the form

(2.16) pnx = op(x)py, and  zfy, = finon(z). Vo € Z[Q/Z).

The fi,, can be realized as bounded operators on £2(N) acting by

(2.15)

Un€m = N€pm.

They no longer are adjoints to the u) but they satisfy fi,, = np,. One then sets ([16])

(2.17) P () = fin T i,

to replace the original relation p,(z) = p, x ), which involves denominators. The g, are
no longer ring homomorphisms, but only correspondences, so that Az pc is not a semigroup
crossed product ring.

It was also shown in [16] that the Bost—Connes endomotive has a model over the “field with
one element” Fq, in the sense that it is obtained from a projective limit of affine varieties (™
over F; (in the sense of Soulé [52], as well as in the sense of [17]), with the endomorphisms
o, of (2.9) defining morphisms of “gadgets” over F; (again in the terminology of [52]). In
fact, the abelian part of the Bost—Connes endomotive corresponds to the inductive system of
“extensions” Fi» of F1, and the endomorphisms o, induce the Frobenius correspondence on

all the associated positive characteristic reductions of the abelian part of the Bost—Connes
algebra Z|Q/Z] ®k K, with char(K) = p > 0.

2.2. The Habiro ring, endomorphisms, and Taylor series expansions. We now recall
the basic properties of the Habiro ring of “analytic functions on roots of unity” constructed
in [30]. We then show that the same family of endomorphisms o, acting on the abelian part
of the BC algebra also act on the Habiro ring in a compatible way, where the compatibility
is given by the evaluations of Habiro functions at roots of unity. We introduce a semigroup
crossed product ring obtained using the action of N on the Habiro ring, that provides an
analog of the BC algebra. We discuss the effect of the action of the endomorphisms o,, on
the Taylor expansions of Habiro functions at roots of unity.

As in [30], [31], [44], we consider the ring m defined as the inverse limit

—_

(2.18) Zlq] = limZ[q]/((¢)n),

n

where

(2.19) (@n=01-q)(1—¢*---(1—q").
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These are ordered by divisibility, since (¢)x|(q), for k& < n, with corresponding inclusions
((g)n) C ((g)x) of ideals and homomorphisms Z[g]/((g)n) — Z{al/(@)e)-

Thus, one can think of elements in the Habiro ring as series ) P, (q), with P,(q) in ((q)n)-
Notice that can be seen as functions of roots of unity, with the pointwise product, instead of
the convolution product of the group ring Z[Q/Z].

Let Z denote the set of all roots of unity in C. By the results of [30], [31], for any { € Z,
there exists an evaluation map

(2.20) eve : Zlg] — Z[(]
that is a surjective ring homomorphisms. Moreover, assembling these maps for all roots of
unity one obtains an injective

(2.21) ev : m — H Z[(],
cez

—

that is, elements of Z[q] are determined uniquely by their evaluations at roots of unity. This
is proved in [30], Theorem 6.3, along with a characterization of the rings of coefficients R

— —

for which the corresponding Habiro ring R[qg] has the property that ev : R[g] — [], R[(] is
injective (see also §2 of [44]).

2.2.1. Endomorphisms. We then have the following result on the action of N by endomor-
phisms of the Habiro ring.

—

Proposition 2.1. The semigroup N of positive integers acts by endomorphisms of Z[q] by

(2.22) on(f)(@) = f(¢").

Proof. First notice that the homomorphism o, : Z[q] — Z[q] given by o,(f)(q) = f(q")

descends to a homomorphism o, : Z[E] — Z[q]. In fact, notice that (q)m|on(q)m for all n
and m, hence the homomorphism ¢, induces compatible homomorphisms o, : Z[q]/(q)m —
Z[q]/(q)m. We still denote by o,, the map on the inverse limit. O

Suppose then that ¢ is an m-th root of unit . The evaluation map ev, is in this case defined on
Z[q]/((¢)m) and one sees that the o, then give compatible maps Z[q]/((q)m) — Z[q]/ (@) m/n )
for n|m, lifting the map Z[(] — Z[¢"] given by o,(f)(¢) = f(¢™). See Corollary 2.11 below.

2.2.2. Semigroup crossed product. By analogy with the BC system, we would then like to
form a semigroup crossed product of the Habiro ring by the action of N by endomorphisms.
This requires introducing an analog of the p,, and of the isometries u, implementing them as
additional generators of the crossed product ring.

—_

Definition 2.2. In the following we let Z[q]., denote the direct limit of the system of maps
on : Zlg] — Zq].

—_

We can then define a ring generated by the functions of the Habiro ring Z[g] and the action
of the endomorphisms o, in the following way.

—_

Definition 2.3. Let Ay, denote the ring generated by the Habiro ring Z[q] together with
additional generators p, and ', for n € N, subject to the relations (2.3) and the additional
relations

—_

for all f € Z[q] and all n € N, with o,(f)(q) = f(q"), as above. We also require that the

pst

elements fin iy, belong to the direct limit Zq] .
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We can identify the ring Az, with a crossed product ring. To this purpose, we make the
following preliminary observation.

Lemma 2.4. Let R, denote the range of o, acting on Z[ 1, _that is, R,={f¢ Z[ 113h €

Z@, f =o0n(h)}. There is a ring homomorphism n, : R, — Z[ |, given by 0, (f) = h, which
satisfies op 0 My = zd\R and 1, o op = zd]Z[q]

Proof. Tt suffices to see that R, is indeed a subring of Z[ | and that n,(f) = h gives a well
defined ring homomorphism R, — Z[ ]. To this purpose it suffices to observe that, if we can
represent in two different ways f = o, (h1) = 0y, (h2), then the image of hy —hs in Z[q]/((¢)~)
lies in the ideal Zy generated by (q)n. Thus, the map 1, (f) = h is well defined in Z/[E] O

The statement above is just giving the injectivity of the maps o,. In fact, the condition
Kero,, = 0 follows from the fact that an element in the kernel would evaluate at zero on all
the (™. The injectivity of the evaluation (2.21) together with the divisibility of the group of
roots of unity give the result. This should be contrasted with the situation of the BC system,
where the o,, are surjective and not injective.

We cannot directly extend the partial inverse 1, of o, to a homomorphism on the whole of
Z[q], since, unlike\ what happens in the case of the Bost—Connes algebra, we do not have an
idempotent in Z[q] analogous to the idempotent p,u’ = e, € Q[Q/Z]. However, we can give
a more detailed description of the ring Az, and we find that it is indeed a crossed product
ring. We need some preliminary results.

Lemma 2.5. Conszder the rmgs AN = Z[ |y generated by all the elements of the form
un f iy, for f e Z[ |, with Z[ i = Z[ |. These subrings Ax = ZFq]N C Ao = UNAN satisfy
the property that An - Ay C Annywv,ary- Moreover, the endomorphisms oy, of A1 = ﬁq]
extend to endomorphisms o, : AN — Ax when n [N and oy, : Ay — AN/n when n|N.

There are also well defined endomorphisms pp(a) = pn a ), mapping pn : An — Apn. These
satisfy

(2.24) pn(on(a)) = enaen,  on(pn(a)) =a

where the idempotent e, = pnp;, maps Ay by f — e,fe, onto the subring ,uan,u; C A,,
and more generally it maps

AN = 1taN/(n,N) Boj(n,N) Hanjn,n) © AnNj(n,N)s OGN > €nanen,
where the R,, are as in Lemma 2.4.
Proof. Each Ay = m y 1s a ring, by the property that pj;uxy = 1. Moreover, the relations
(2.15) also imply the statement about multiplication in Az , of two elements an = un fuy €
Ay and ap = paphpy, € An. In fact, this gives an - ap = pnfuypahpy,. If (N, M) =1
this is

un funparhpn = pn f v hidy = pnpson (f)on (B)p iy € AN

If instead N = aN’ and M = aM’ with (N, M') = 1, we find, using pu, = 1,

pN fun by = un f ey bpny = pnpar o (F)on (h) iy g

= pan'mr o (f)on (M) pgn:ppr € Aaninrr-

Clearly pn( ) = pnap) defines an endomorphism since pp, = 1. Consider the restriction

of p, to R, C A;. Elements of R,, are of the form on(h) for some h € A;. By the relations
between o, and p,, and p, we have o,,(h) = p} hpi,, so that the action of p,, on elements of



8 MATILDE MARCOLLI

this form is given by i, i) hpin el The relations (2.24) follow from the fact that o, (a) = pkauy,
and pn(a) = pnaps,.
Moreover, for a € Ax, a = pn fujy for some f € Ay, we have

Pr(on(@)) = N/ (n,N)Tn)(n,8) ()N () = EnGEn,

which shows that the rlng enA Nen, obtained by compressing Ay with the idempotent en = e2,

is the subring fi,n/(n, N)Rn/(n N nN/(n N) of AyN/(n,n)- In the case of elements f € R, C Al,
the identification e, Ae, = ,uanun is induced by p,(h) = e,nn(h)e,, with 1, : R, — A,
the homomorphism of Lemma 2.4. O

We then consider then the ring Ao, = Uy An and the induced maps o, and p,. We have the
following result.

Lemma 2.6. The ring Aoo = UNvAN is the direct limit m

by the endomorphisms o, : Zlq] — Z[E] The induced morphisms oy, : Z[q]oo — Z[ | are
automorphisms with inverses the py,.

~ Of the mductwe system given

—

Proof. Let ZF@ ~ be the direct limit of the system of injective homomorphisms o, : Z[g] —

Zlq). The rings Ay are arranged by inclusions jas, v : Ay — Anr, when N|M with the em-
bedding given by identifying a = pn f 5, with the same element written as a = parow(f) i)
with & = M/N. Thus, we can identify A, with the direct limit of the Ay under these
inclusions. The ring homomorphisms py : A; — Ay with f — pn(f) = pn fu)y define maps
of direct systems, since by construction pyrok(f) = jm,npn(f) for M = kEN. This induces a
morphism on the direct limits Z[q] ,, — Aoc. We see that this is in fact an isomorphism, since

one can construct an inverse to this map using the oy : Ay — A; and their compatibility
with the direct systems. In fact, using the assumption that the elements e,, = p,u;, belong

to the direct limit Z[q]

and using the relations induced on Z[q] . by (2.23), we obtain o, (p,) = (1 — pn e ) pin, = 0,
hence by the injectivity of the o, we have e, = 1. This in fact shows that the o, become

s Upon writing the idempotent e,, = 1 — p,, for some projector p,

automorphisms on the direct limit Zm with inverses the p,. One can see this also from

the fact that one can write the direct limit Zm - s sequences of elements f, € Zm where
fre = ox(fe) and one sees in this way that the maps induced by the o) on the direct limit are
surjective as well as injective. ([l

The fact that the endomorphisms o, : Z[g] — Z[q| induce automorphisms of the ring Z[q|
can also be seen from the fact that, dually, one is taking a projective limit of a system of
surjective maps of spaces. The map induced on the projective limit is then injective as well
as surjective, as one sees already in the case of a single surjective map s : X — X, where the
projective limit is the space of sequences (z,,) with =, = s(zp4+1) and the map (zy,) — (s(xy))
is then injective since (s(zy,)) = (s(y,)) implies z,—1 = yp—1 for all n.

We then obtain a description of the ring Az 4 as a crossed product as follows.

Theorem 2.7. Let Az, be, as in Definition 2.3, the ring generated by the elements ofi[\d
and the elements pi,, 2 subject to the relations (2.3) and (2.23). Then Agzq is the crossed
product ring

(2.25) Azg = Zlgl x Q%

of the action of the group Q7% on the ring mm =lim (on : Z[q] — Z[g]).
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Proof. We have seen in Lemma 2.6 above that the endomorphisms ¢, become invertible in

p—

the direct limit Ao, = Z[g],, with inverses given by the p,(a) = ppap;,. Thus the crossed
product of the action of the multiplicative semigroup N on A, extends to a group crossed
product by the multiplicative group Q7 . In other words, the action of r = m/n € Q% , with
(m,n) =1, on Ay that gives the crossed product Ay, x Q% is given by p,(a) = pmu;afin iy,
To see that there is an isomorphism between A, x Q% and Az, we first show that they are
isomorphic as Z-modules and then that the ring structures also agree. As a Z-module Az,

—_

is spanned by elements of the form un fu},, for f € Zlg] and N,M € N. In fact, using the
relations (2.3) and o, (f) = p fpn, which follows from (2.23), one can see that products of
monomials of the form px fuy, is still of the same form. We then show that elements of
Ase x Q7 can also be always written in this form. In fact, such elements are in the span of
elements au, for a € Ay and their adjoints py,a. Any element of the form py fpjp, can be
written as
BN Sl (0 NN (,N) = BNn/ (0,N) T/ (No) PN (N -

Conversely, any element of the form py fuy, with (N, M) = 1 can be written equivalently as
anpN - Wy, With an = pn f iy, which is the product of two elements anpn and ph, = (puar)*
in Ao x Q% . The product in Ay x Q% is defined by apn,bim, = apn(b)finm, which, by the
relations py,(b) = pnbu;, and ), = 1, is the product of ap, and by, in Az ,. d

This again should be compared with the different situation of the BC algebra, where one
has a semigroup crossed product Q[Q/Z] x N. We can give a concrete realization of the ring

Z]q) ., with the action of Q7 in terms of functions of rational powers of ¢.

Proposition 2.8. Let Pz = Z[q";r € Q%] denote the ring of polynomials in rational powers
of the variable q. Let Py denote the completion

(2.26) Pz = lim P /I,
N

where I is the ideal generated by the (") = (1—q") -+ (1—¢"N) forr € Q*.. Then sending

an element a = py(f) = pnful, for f € m, to the function f(q'/™) gives an isomorphism
(2.27) o Zg, > P

The action of Q% on Z[q]
by pr(f)(a) = f(q").

Proof. First/gotice that the map that sends pu, fii) to f (ql/ ™) is well defined as a ring homo-
morphism Z[q,, — Pz. In fact, if fi — fo € ((¢)n) we see that fi(q"/™) — fa(¢"/™) is in the
ideal Jy. In other words, if we write elements in the Habiro ring as series f(¢) = >_,, Pm(q),
with P,(g) in ((¢)m), the map @ gives ®(p,(f))(q) = >, Pm(q"/™) where P, (¢"/™) is in
((ql/n)m) C Jn. R

By construction, all functions in Pz can be described as combinations of functions obtained
from elements in the Habiro ring by changes of variable ¢ — ¢" with » € Q7. Thus, the
morphism @ is surjective. To see that is is also injective, notice that if ®(u,fut) € Iy
for some N, then there exists a sufficiently large M € N, such that n|M, and such that
F(@/™) € ((q)m) for some m € N. This implies that, for k = M/n, we have o4 (f) € ((q)m),
but the injectivity of the oy implies that f = 0 in the Habiro ring m Thus, ¢ is an

—

o Corresponds, under this identification, to the action on Py given

isomorphism. It is then clear by construction that the action of Q% on Z[q|,, takes the form

pr(f)(@) = £(q") on Px. 0
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2.2.3. Taylor expansions at roots of unity. We first recall how the Taylor expansion at roots
of unity for Habiro functions is defined. For any choice of a root of unity ( € Z, one has
an embedding of rings Z[q] — Z[(, q]. Moreover, suppose given fy € Z[q|/((q)n). Since for
N > iord(¢) we have (¢ — ¢)?|(¢)n, we have a corresponding ring homomorphism

(2.28) ) Zlgl/((O)n) — ZI¢,dl/ (@ = QD). £ t(f)

with 9 = eve. These maps are compatible with the projective system, hence they define, for
¢ ¢

an element f € m =lim  Z[q]/((g)~) a Taylor expansion at ¢ € Z, given by the resulting
ring homomorphism

(2.29) t¢ : Zla) — Z[)llg — ¢))-

It was shown in [30] that the homomorphism (2.29) is injective. The following result is already
contained in [30], [31], but we reproduce it here explicitly for later use.

Lemma 2.9. For f € Z[q]/((¢)~) the class of a polynomial P € Z|q], and for a choice of i
and ¢ such that iord(¢) < N, we have

(230) O()a) =D ZPP O - O
k=0 "

Proof. For P(q) = ag + a1q + asq® + - - + azq" we write
P(g) =ao+ar(¢+ (g = Q)+ +all+ (- ) =

l 7 .
Z@Z()C] k C)k:
7=0 k=0

ag + a1+ - + aC+
(a1 +2a2¢ + - + LagCt 1) (g — O+

(a2 + (DasC+ -+ (5)¢H (g — O+
tag(g— Q) =

PO+ PQa— Q)+ 5P (Qa — O+ + 5 PO~ 0,

so that, for k < i, the coefficient of (¢ — ¢)* in téi)( f) is given by the expression

J4 .
AP =24 <k> o

j=
This gives (2.30) by taking the above expression for P(q) modulo (g — ¢)*. O

The endomorphisms o, of the Habiro ring induce endomorphisms of the rings Z[(][[¢ — ¢]]
via the Taylor expansion at roots of unity.

Lemma 2.10. The endomorphisms oy, : m — m of the Habiro ring given by o,(f)(q) =
f(q") induce an action of the multiplicative semigroup N on the Taylor expansions at roots
of unity o, (tc(f)) = te(on(f)), where the Taylor expansion t:(o,(f)) is given by

(2.31) Q@Mﬂ)—Ej;mPomM“mﬂq—oﬂ
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for f represented by a polynomial P(q) = ag + a1q + asq® + --- + apq® and (P o 0,)(q) =
ap +a1q" + -+ + apg™

Proof. The Taylor expansion of Habiro functions at a given root of unity ¢ € Z is an injective
ring homomorphism ¢ : Z[E] Z[C)[lg— (]] Thus, the map t¢(f) — tc(on(f)) is a well defined
ring homomorphism from the image of Z[ ] in Z[¢][[qg — ¢]] to itself. One then checks directly
that, given f € m represented by a polynomial P(q) = ag + a1q + azq® + --- + aeq’, the
Taylor expansion of o, (f) is obtained by considering the polynomial

P(q") = ao+ar1(C+ (g — )"+ +al{ + (¢ — )"
The coefficient of (¢ — ¢)* in this expansion is of the form
(I -k (k)
Z(k)c = LPoa) (o),
So that we get

(o) = 3 (P oo ®(O)a — O,

k>0
O

Notice, however, the following simple remark on the endomorphisms o, and the Taylor ex-
pansion.

Corollary 2.11. The evaluations ev¢ of Habiro functions satisfy the property

(2.32) eve(on(f)) = even(f):
Howewver, on the full Taylor expansion this no longer holds and one finds
(2.33) te(on(f)) # ten (f).

Proof. The case of the evaluations ev; follows directly from Proposition 2.1. On the full
Taylor expansion we have

K(on() = 3 1P o) P — O

k>0
in the notation of Lemma 2.10, while we have
1 n n
ter(H) =D PP ¢,
k>0

where

O

Notice, however, that while we do not have the simple equality (2.33), one can still compare
the Taylor expansion of f at (" and the one of 0,,(f) at ¢ in the following way. If J. denotes
the ideal Ker(evc), then, as one sees from Lemma 2.9, the Taylor expansion of f at { comes
from the filtration in powers of J;. The identity (2.32) gives o;,'(J;) = Jen and the same
holds for powers of these ideals. This means that there are operators 7¢ ,, which can be put
in the form of triangular matrices, that relates the power series t¢(0,(f)) and ten(f).
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2.2.4. Compatibility of endomorphism actions. To show in what sense the action on the
Habiro ring of the endomorphisms o, is “compatible” with the action (2.9) of the BC al-
gebra, we show how to obtain the C*-algebra of operators (2.14) on the Hilbert space ¢£2(N)
using Habiro functions together with all their evaluations at roots of unity. Notice that this
construction does not give a representation of the Habiro ring on #?(N), because we are going
to associate to a Habiro function all of its evaluations at roots of unity. While through each
evaluation at a given ( € Z one obtains a surjective homomorphism of the Habiro ring onto
a piece of the abelian part of the BC algebra factoring through the ring Z[(], these do not
assemble to give a representation of the product HC Z[¢]. However, the construction given
here, which is based on these partial representations, suffices to explain in what sense one
has a compatibility, through evaluations at roots of unity, between the actions of o, on the
Habiro ring and on the abelian part of the BC algebra.

Lemma 2.12. For a given ¢ € Z, the map P — Ep with
(2.34) Epen = P(¢")en

defines a representation of the ring Z[(] as bounded operators on the Hilbert space (*(N). This
defines a norm ||f||z for elements f € Z[q].

Proof. For ¢ € Z and P € Z[(], P(¢) = ap + a1{ + - -+ + a,C", we have |P(¢¥)| < 3, |ai], for
all £ € N. Thus, we have

Pv
Pl = sup ””U”” <3 Jau] < oo.

v#
0

Thus, we can consider the abelian C*-subalgebra of B(¢2(N)) generated by all the operators

—

By (f) as in (2.34), for f € Z[g] and ¢ € Z.

Definition 2.13. Let C}(Zi\q]) denote the abelian C*-algebra generated by all the operators
in B(?(N)) of the form

(2.35) ECJ €n = e’uCn(f) €n,

fore Z andfei[\d.

We have the following result relating the algebra constructed above to the abelian part of the
Bost—Connes algebra.

Proposition 2.14. Any element p € Z* determines an isomorphism between the C*-algebra

——

C%(Zlq)) and the abelian part C*(Q/Z) of the Bost-Connes algebra.

Proof. The choice of an element p € 7* can be viewed as the choice of an embedding of the
roots of unity in C. In particular, any p € 7* determines a representation of the Bost—Connes
algebra on ¢?(N), where the action of the abelian part C*(Q/Z) is given by the action of the
generators e(r), for r € Q/Z as

(2.36) Tp(e(r))en = (' €n,

where ¢, = p(r) is the root of unity corresponding to the generator e(r). Moreover, given
two such elements p, p’ € Z*, one has

T,(C*(Q/Z)) = 7y (C*(Q/Z)) € B(*(N)),
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since, for a given generator e(r) with r € Q/Z, one has
T (e(r)) = mp(e(y(r))),
where the automorphism « of Q/Z is given by v = p~1p' € 7*. We use here the identification

Z = Hom(Q/Z, Q/Z).
We see that, for any given choice of p € Z*, we have an inclusion of the algebra m,(C*(Q/Z)) C

B(/?(N)) in C’g(i[;]) C B(£3(N)). In fact, it suffices to show that, for all the generators e(r)

of C*(Q/Z), with r € Q/Z the operator m,(e(r)) is in the algebra C}(Z[E]) This follows by
writing 7, (e(r)) equivalently as the operator ev,,(f), for f(¢q) = ¢. In fact, this acts like

Ep(r),fen = (' €n,
with ¢, = p(r) € Z.
To see that the reverse inclusion also holds, consider an element ev¢(f) € Z[(], acting on
(2(N) as in (2.35). Suppose given an element p € Z*. Then there exists an r € Q/Z such that
¢=p(r). feve(f) = P() =ao+ a1l + -+ an(", we can then write the operator E¢ r as

Eg,f =ag + alﬂp(e(r)) + -+ anwp(e(nr)),

so that we obtain C%(Z[q]) C 7,(C*(Q/Z)).
We have shown in this way that a choice of p € 7* determines an isomorphism

—

v C(Q/Z) — Cz(Zlq))

given on generators by

(2'37) Lp(e(r)) = Ep(r),f7 for f(Q) =q.
O

—

Notice that the C*-algebra C%(Z[q]) is not a representation of the Habiro ring Z[g|, hence
in particular (2.37) is not a ring homomorphism between the abelian part of the BC algebra
and the Habiro ring, though it gives a convenient parameterization of the operators in terms
of Habiro functions and roots of unity.

The action of Z* by automorphisms of of C*(Q/Z) is then given by

(2.38) V(E¢r) = Eo,(0),s»

where 6 : Z* — Gal(Q®/Q) is the class field theory isomorphism.
The “compatibility” between the action of the endomorphisms o, of the Habiro ring and of
the abelian part of the BC algebra can then be expressed as the property that

(2.39) on(E¢,f) = Ecn p = E¢ pn = E¢ o, (f)-

2.3. Hopf algebra and endomotive. As we have seen above, we do not have a direct
relation between the Habiro ring and the crossed product ring Az, and the BC algebra
in terms of Hilbert space representations. The main difficulty in relating them directly
is the fact that the maps o, have very different properties in the two cases. There is,
however, some further structure of the Habiro ring, which makes it possible to obtain from
the endomorphisms o, a construction similar to the endomotive description of the BC system.

First recall that, as introduced in [14], endomotives are a category of noncommutative spaces
constructed out of projective limits of Artin motives with semigroup actions, with morphisms
that are also constructed out of correspondences between Artin motives, with a suitable com-
patibility condition with respect to the semigroup actions. We refer the reader to [14] and
also to §4 of [19] for details. In particular, the BC endomotive is obtained by considering the
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projective system of Artin motives given by the preimages 81;1(1) under the system of endo-
morphisms s : G,,, — G, of the multiplicative group that correspond to the endomorphisms
of the ring Z[t, '] given by s,(P)(t) = P(t¥).

It is known that the Habiro ring has the structure of a Hopf algebra. The argument repro-
duced here below is due to Habiro: I learned of it from Morava [47].

Lemma 2.15. The coproduct A(q) = q®q, counit €(q) = 1, and antipode S(q) = q¢~* on the

ring Z[q,q~ '] induce a coproduct, counit, and antipode on Z[q] with respect to the completed
tensor product

—_—

(2.40) Z[g)®Z[q] = lim(Z[q] ® Z[q])/((2)n ® 1,1 @ (q)n)-

n

This makes the Habiro ring into a Hopf algebra.

Proof. The compatibility of the coproduct with the quotients defining the Habiro ring follows
from the fact that
Al—=¢M)=(1-¢M) @1+ ® (1 —-q¢Y)
so that
A((L=¢")*M) e (1= e @)+ (1) e (1 -¢M)M).
One then uses an equivalent description of the Habiro ring as projective limit

Zlq] = lim Z[q]/((1 — ¢V)M),

N,M
to see that the coproduct is well defined on the projective limit, with the corresponding
completion, obtained using the ideals ((1 —¢™)M ®1,1 1® (1— ¢ ') ). For the antipode the
argument is similar, since (1 — ¢~ N")M ¢ (1 VM Z[q]. O

The endomorphisms o, of the Habiro ring are induced by the endomorphisms si(P)(q) =
P(¢") of the polynomial ring Z[q,¢~'], which in turn define endomorphisms of the multi-
plicative group Gy,. They in turn determine endomorphlsms of the affine group scheme G
dual to the Hopf algebra Z[ ], with G(R) = Hom(Z[q], R), for a given commutatlve ring R.
Let s, : G — G be the morphism induced dually by o;,. We then let X = s, ( ) with the
projective system of maps X,, — X,,, given by = — si(x) for n = mk. Then the projective
limit X = lﬂln X, with the induced action gives an endomotive associated to the Habiro

ring and its dual group G, which parallels the construction of the BC endomotive from the
multiplicative group G,,

2.4. Operators from Taylor expansions. The content of this subsection is a side remark
with respect to the main theme of the paper and will not be needed in what follows, so it
can be skipped by the reader interested in moving on directly to the next section.

We construct here Hilbert space operators associated to the data of Taylor expansions t¢(f)
of the Habiro functions at all { € Z. These will in general give unbounded operators, except
in the case where only finitely many terms of the expansion are nonzero. We consider a time
evolution that generalizes the BC dynamics and recovers the extremal KMS states of the BC
system at low temperature from the values at roots of unity, as well as the higher terms in
the Taylor expansion from suitable limits of positive temperature Gibbs states.
Let H = ¢*(N) ® £2(NU {0}) with the canonical basis €, m = €, ® €,,. We set
i

; 1

(2.41) T enm =Y = (P o 0) () enmsi-

k!
k=0



CYCLOTOMY AND ENDOMOTIVES 15

We also introduce shift operators J, defined as

(2.42) Ok€n,m = €n,m-+k

so that we write
(2.43) T = i L eve((f 0 0m)®)5
. af = %l ¢ On ks
k=0

where the notation ev¢((f o ¢,)*)) is understood in the sense of (2.41), according to the
definition of the Taylor expansions at roots of unity of the Habiro functions discussed above.

Lemma 2.16. The operators (2.41) are bounded operators on H for all { € Z for all
f € Zlql/((¢)n) with N > idord((). These operators determine operators T¢ ¢ on H for

—

all f € Zlq), satisfying T¢ s = T¢ fTc.n, for each ( € Z and f,h € Z[q]. The operators T¢ ¢
are typically unbounded, except in the case where only finitely many terms of the series are
Nnonzero.

Proof. Only finitely many terms are involved in the sum (2.43), hence they are bounded
operators. Consider the the operators of the form

1
(2.44) Tegenm =Y 77eve((f 0 om) ™ )enmt.
k>0
To see the multiplicative property for fixed { € Z, notice that t:(fh) = tc(f)t:(h), since

—

te : Zlg] — Z[¢][[¢g — ¢]] is a ring homomorphism. The property then follows usigg\ te(f) =

Skoo mf® () (g — ¢)F, together with the fact that the homomorphisms o, of Z[g] induce
homomorphisms of the Taylor series expansions as in Lemma 2.10. To see that the operators
(2.44) are typically unbounded, consider elements in the Habiro ring defined by series f(q) =
Y m Prm(q) with Py, € ((q)m) of the form Py, (q) = nm(q)m, for an arbitrary sequence (n,,) of
non-negative integers. Taking ( = 1 one sees that the Taylor expansion of f has coefficients
that are all positive integers, since (q),, is a polynomial with positive coefficients in the
variable ¢t = ¢ — 1. Thus, when acting with 77 ; on a basis vector €1 ,, one finds T3 re1,,, =
> k>0 %evl(f(k))el7m+k, with %evl(f(k)) > ny. Thus, the element T; ey, is in H only if all

—_

but finitely many of the nj are zero. More generally, for any element f =" Py (q) € Zq],
the coefficients %evl( %)) are integers, hence Ty s is bounded only if all but finitely many of
these terms are zero, which implies that f is in fact a polynomial, since the Taylor expansion
at ( =1 is an injective homomorphism. ]

—_— —

We just write Z[q] C Z[q] for the functions f =" Pp(q) € Z|[q] that are in fact polynomial,
as above. We let Cf z(Z[q]) denote the C*-subalgebra of the algebra of bounded operators

on ‘H = B((*(N) ® (*(Z>¢)) generated by the operators T¢ ¢, for f € Z[q] C Z[E] and ¢ € Z.
Moreover, we denote as above with p,, the isometries pn€pm = €upm. The p, satisfy the
relations (2.3) and the commutation relations

(2.45) [tn, O] = [tn, O] = [t 0] = [, 03] = 0, V,n € N,Vk € Z>,

with the shift operators dj, of (2.42). We denote by Ay z the C*-subalgebra of B(H) generated
by the T¢ ; as above, together with the operators p,, u,.

Proposition 2.17. The C*-algebra Az is a semigroup crossed product

(2.46) Az = Ciz(Zlg]) %, N,
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where pn(T¢,f) = pnTe sty The endomorphisms py satisfy

1
(247) pu(Te ) = enTemupyen = — > ()T (p),

en=¢

with ey, = pnpl, and with u € Z[q] the class of u(q) = q.

Proof. The semigroup crossed product of C’: 2(Z[q]) x, N is implemented by the action
pn(TQf)em,Z = NnTC,f,U:LEm,Z = €n Zk>0 %(f o O'm/n)(k)(C) €n €m Ltk where e, = pinpiy, acts as
en€me = 0if n fm and as epep ¢ = En;g if n|m. Thus, we obtain (2.47), where the right hand
side is well defined because it is nonzero only on the elements €,, , where n|m, where the
operator T¢ ¢ of t¢(f) acts as t¢(hooy,,) for h = foo, € R, so that it makes sense to apply
the morphism 7),,. Notice then that the action of e,, on the given Hilbert space coincides with
the action of the element of CY ;(Z[q]) given by > cn_. eve(u). In fact, we have

1 1 m 1 nm
Eg_:c el = n g_:f e { 0 n fm.

One then argues as in Theorem 2.7 to show that both Az and Cf z(Z[q]) x, N are linearly
generated by elements of the form unT¢ s}, for some N, M € N, and for some f € Z[q| C

Z[q] and some ¢ € Z, and that the product in Az agrees with the product given by the
semigroup action by the relation py, (T¢ f) = pnTe fiir,- O

In the following, we denote by A¢ z 5 the C*-subalgebra of B(H) generated by Ay z together
with the shift operators d; and 0 defined by (2.42). We also use of the shorthand notation

(2.48) tCalF) = mevc((f o o))

Lemma 2.18. The algebra A z s is generated by the T¢ ¢, the pu,, py, and the 6y, 0}, subject
to all the relations previously described for the algebra Aqz, with the additional relations
(2.45) and 0¢1e p = T 700 and

(2.49) 07, T¢, 5] = Y¢ 100

—_

where, for f € Z[q] C Zlq], the operator Y¢ ¢ is the bounded operator on 'H acting as

1

_ k+e
(2.50) Ye pe€nm = ];) mevc((f 0 00)" " )en,mrk-

Proof. The only statement that does not follow immediately from the definitions is the last.
We check

ST e — Zkzo ter(foon)enkymre E+m—£02>0
st 0 k+m—1¢<0,
while
* _ Zk>0 tc,k(f © Jn)en,k+m_g m—4£>0
Tc,f5e€n,m—{ 0 m_f<0,
This gives (6;7¢,f — T¢.£07) €nm = ZkZZ—m tex(f 0 Tn) €nmtht- 0

We now construct a time evolution on the algebra A z 5 introduced above, defined by analogy
to the case of the BC algebra.
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Proposition 2.19. Fiz a choice of a parameter h with 0 < h < 1, such that the only solution
(r,z) € Q% x Z of the equation logr — xlogh = 0 is given by the pair r =1 and x = 0. Then
setting

(2.51) o1(0) = h_ikték, ot(pn) = n' T

1 —i
(252)  o(Te)enm =0v | D ter(foom)dk | enm =Y (P oon) Q) A™ Gpenm.
E>0 E>0

defines a time evolution on the algebra A¢z s. The operator H on H given by

(2.53) H ey m = (log(n) — mlog(h)) €nm
1s a Hamiltonian for the time evolution oy. The partition function is of the form
_ <8

where (((3) is the Riemann zeta function.

Proof. To see that (2.51) and (2.52) define a time evolution o : R — Aut(A¢z 5) we need to
check the compatibility with the relations in the algebra. The action (2.52) is compatible with
(2.51) and both are compatible with (2.47) and (2.49). To see that H is a Hamiltonian we
check that eitH,uke_“Hemm = (nk)ith_itmn_ithitmenk,m = kit,uken,m = o(k) €n,m and that
et e ite, . = nith_it(m+k)n_ithitmen7m+k = h_“k&ﬂen’m = 0¢(0k)€n,m. Similarly, we have
eitHTQfe_itHEn,m — Zk>0 h_it(m—i_k)tgk(f o Un)hitmen,m—i-k — Zk>0 h_ikttg,k(f o Un)éken,m _
o1(T¢.f)€nm- Notice that, since k > 1 and 0 < h < 1, we have log(k) — mlog(h) > 0 and it
is equal to zero only for the pair £k = 1 and m = 0. Moreover, for all a € R, the equation
log(k) — mlog(h) = a has at most one solution with & € N and m € Zx, else we would
obtain a nontrivial solution (r,z) € Q% x Z of log(r) — xlog(h) = 0. This implies that the
Hamiltonian has positive energy and all the eigenvalues of H have multiplicity one. The
partition function is then given by

Z3(9) = Te(e M) = 37 e Poamios) = (7 3)($™ M) = ((B)

n,m n>1 m>0

O
Since the partition function Z5(3) converges absolutely for > 1, in this low temperature
range of the thermodynamic parameter we have KMS states that are of the Gibbs form
Tr(ae="H)
2.55 =
These satisfy the following property.

Proposition 2.20. In the zero temperature limit the Gibbs states (2.55) converge weakly to
KMSy states satisfying

(2.56) poo(Tep) = Jim 0s(Te.s) = eve(f).
Moreover, one obtains limits

. 05T
(2.57) g ol les) hggec’f) = teo(f),

that is, the £-th coefficient of the Taylor expansion at  of the Habiro function f.
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Proof. First notice that, for an element in the algebra of the form d;7¢ r, we have

(2.58) (0 Tep) = KL= H)C(B) ™ teu(f o on)n ™,

since @g(6;1¢.f) = Zn(B)~* Zn’m(emm, 0, T¢ ren,m) n~8 RP™ which gives Zx(3)~! Y, teo(fo
on)n P R = RPN (1 — BOYC(B)7L Y, teu(f 0 on)n~P. In particular, from (2.58) we have as a
special case

(2.59) ws(Tey) = 1= 1B eve(foon) n?.

One then sees from this that in the weak limit as 3 — oo one obtains limg_.o 0g(0;T¢ f) =
limp_ 0o RO (1-1)C(B) LS, teo(foon)n™P. This limit is zero if £ # 0, while for £ = 0 it gives
the projection onto the kernel of the Hamiltonian H, which is the span of the vacuum vector
€1,0, hence KMS,, states are of the form (e; o, T¢ re1,0), which gives (2.56). Similarly, the limits

of (257) give limg_wo(l — hﬁ)C(ﬂ)_l Zn tc’g(f o an)n_ﬁ = (6170, 6ZTC7f6170> = tc’g(f). ([l
We then consider the action of Z* & Gal(Q% /Q) on the algebra Ay z given by
(67 Tgf — Ta(C)J?

with a(u,) = pn and a(p)) = ). We recover the intertwining property of symmetries and
Galois action as in the BC system in the case of KMS,, states evaluated at elements of the
rational subalgebra A z g, by

(2.60) oo (Tt f)) = eva)(f) = aleve(f)) = oo (T¢ 1))-

As (e1,0,0;T¢ re1,0) = teo(f) also holds in the case of unbounded T¢ ¢, these last observations
apply to non-polynomial f € Z[q].

3. MULTIVARIABLE BOST-CONNES SYSTEMS

In [44], Manin introduced multivariable versions of the Habiro ring. We recall here the con-
struction and we show that these also admit semigroups of endomorphisms coming from self
maps of higher dimensional algebraic tori. This then serves as a guideline for a construc-
tion we present in this section of multivariable BC endomotives, obtained from iterations of
self-maps of higher dimensional tori.

3.1. Multivariable Habiro rings and endomorphisms. The multivariable versions of
the Habiro ring are defined in [44] as projective limits, as in the one variable case, by setting

—

(3.1) Zlgr, s an] = I Zlai, .., ul /T,
N

where I, n is the ideal

(3.2) Liv= (=1 1) (g =1),....(gn = D(gp — 1)+ (g —1)).

As shown in [44], like in the single variable case, the rings (3.1) have evaluations at roots of
unity. Namely, given a vector Z = ((1,...,(,) in 2", there is a ring homomorphism

(3.3) vz Zlqr, - an) = ZIC1, - -5 Cal-

Moreover, the functions in the multivariable Habiro rings have a Taylor expansion at points
Z =((1,...,¢y) in Z™. The Taylor expansion is an injective ring homomorphism

L —

(3-4) tnz : Zlqr, oG] = Z[C1s - Gallar — Cus oo G0 — Gal]-
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We introduce the following notation. Given an integer n x n-matrices with positive determi-
nant a € M, (Z)*, and given ¢ = (q1,...,qn), we write ¢* for

(3.5) q“ = (¢")i=1..n, with ¢ = Hq;xn_
j

We show now that the semigroup S,, = M, (Z)* acts by endomorphisms on the multivariable
Habiro ring.

Proposition 3.1. For a € M,(Z)", the ring homomorphisms

Oq - Z[q17"'>QH7q1_17"'>q7:1] _)Z[QIV"’(ITLv(h_lv"'aQr:l]
given by
(3.6) O 1 q+— q°,

with ¢ defined as in (3.5), induces a ring homomorphism

—

O-a:Z[(hv'"aqn] _)Z[(hann]

of the multivariable Habiro ring.

Proof. First notice that an equivalent presentation of the Habiro ring can be given as

(3 7) Z[(h,,qn] = l&nNZ[(h? ’qnv(h_lv--' a(J;l]/jThN

= lim, Z[q1, - Gns @1 55 00 1/ T,

where J,, n is the ideal generated by the polynomials (¢; —1)--- (qu —1),fori=1,....n
and (g ' —1)-- (qi_N — 1) and Z,, v is the ideal generated by the (g; — 1)--- (¢)¥ — 1), for
1=1,...,n.

For a € M, (Z)", the map

(3.8) q—0a(q) =0alq,- - qn) = (@7 gy, T ™ gy ) = ¢
defines a ring homomorphism of Zq1, ..., qn,q; Lo ,q; ). We want to show that it induces

a morphism of the projective limits of the quotients by the ideals Z,, 5. To this purpose it is

—

useful to make another preliminary observation, namely that, as shown in [30], the ring Z[q]
can equivalently be described as

—_

(3.9) Zlq) = lim Z[q]/(f(q)),
fewr

where ®* is the multiplicative subset of Z[q] generated by the cyclotomic polynomials @ (q).
Similarly, we can describe the multivariable versions of the Habiro ring also in terms of the
cyclotomic polynomials instead of the polynomials (¢)n by

—

(3'10) Z[Qlw--aQn] = Eﬂl Z[Qla"'7Qn]/(fl(Q1)7"'7fn(Qn))’
fie®*

The image under o, of the polynomials (¢; — 1) --- (¢)¥ — 1) is given by the polynomials
n n
_ _ Nay:
P an ) = ([T =0 ([T e ™ =D
j=1

We show that there are IV; € N such that there is an inclusion of ideals
(3.11)

((I)Nl(fh),,q)Nn(Qn)) D (PF(QL--->qu1_1,---7%71),---»PS(QL---a(]mql_l,---7%71)),
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so that we can view the map o, as inducing a homomorphism

0ot Zlq1, - Gnl/TaNn — Zlq1, - - qu] /(N (q1), - - P, (qn))-

Let ¢; be a solution of &y, (¢g;) = 0. Then CiN ¢ =1 and all these roots appear with multiplicity
one, which is the advantage of using the cyclotomic polynomials as opposed to the (¢)x here.
Substituting in the polynomial P we obtain the expressions

N n
k=1 j=1

for i = 1,...,n. Thus, if we choose each N; in such a way that Nj|o;;k; for some k; €
{1,...,N} and for all «;;, we see that the (; that are solutions of ®y,(g;) = 0 are also
solutions ofPZ-O‘(ql,...,qn,qfl,...,qgl) = 0. O

It is then possible to consider, as in the one-variable case, an associated non commutative
ring obtained as the (semi)group crossed product

(3.12) Az,gn = Zlq1;- - 1 nl oo ¥ GLa(Z)",
where Az, , is the ring generated by the multivariable Habiro functions f € Z[ql,/.j qn)s

together with additional generators p, and p, subject to relations
(Ho)" = pa Vo€ My(Z)*

(3.13) Hattp = Hap, Yo, B € My(Z)*
pipg = py  for f=ay e M (Z)".

In particular, the p, are isometries satisfying pu*puq, = 1 for all « € M, (Z)*. We also have in
Az, q.n the additional relation

(3'14) qu:aa(f)uZ, and fﬂa :Nozo'oz(f)a

for all f € Z[ql,/.i qn) and o € M, (Z)™.
The semigroup crossed product structure (3.12) is given as in Theorem 2.7 for the one-

variable case, with the ring A = Z[q1, ..., qn] the inductive limit of the system of the
Oa : Zlq1s---yqn] — Zlq1,-..,qn]. As in the 1-dimensional case, one obtains induced ho-
momorphisms o @ Z[q1,...,qnlse — Zlq1,---,qn],, that are now invertible with inverses

implementing the group action in (3.12), given by
(3.15) pa(T) = pox piy,, for z € As .

As in Proposition 2.8, this can also be seen by considering the ring Pz, of polynomials in n
variables (¢i',--- ,qy") that are fractional powers of the variables ¢;, with r; € Q% , and the
projective limit
PZ,n = 1&1 PZ,n/jn,Na
N
with respect to the ideals

Ty = (@5 = 1) @Y = 1), (g = 1) (g = 1)),

for r; € Qf, endowed with the action p.(f)(¢") = Flq® ') and oo (f)(q") = f(q°"), with
q" = (qi*,...,q), where for a« € GL,(Q)" we write

ar Q1171 Q1272 AnlT1 On2T2 qannrn)
n .

¢ = (g g g™ g™ g
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3.2. Multivariable BC endomotives. The construction described above using the mul-
tivariable Habiro rings immediately suggests the existence of an interesting class of “mul-
tivariable” generalizations of the BC endomotive. Just like the original BC endomotive is
obtained in [14] using self-maps of the multiplicative group G,,, as recalled in §2.1 above, the
multivariable versions are similarly associated to self-maps of higher rank algebraic tori.

Unlike the case of the action on the Habiro rings, in this case as in the case of the original
BC system, we find semigroup actions of M, (Z)" that are implemented by isometries hence
they do not extend to group actions of GL,(Q)™.

We let T" = (G,,)™ be an n-dimensional (split) algebraic torus. We then consider the
multiplicative semigroup of self-maps of T that is the analog of the semigroup N acting by
(2.8) on the 1-dimensional torus G,,.

Lemma 3.2. The semigroup M,(Z)" acts by endomorphisms of the torus T" = (G,,)". The
elements of SL,(Z) C Mn(Z)" act by automorphisms. The point to = (1,1,...,1) € T" is a
fized point of all the endomorphisms in the semigroup S, = M, (Z)".

Proof. This can be seen directly using the exponential map
0—-7Z—C =P {2 C*—1

and the action of M, (Z)" on C", preserving the lattice Z" and the orientation. The action
of a € M,,(Z)T on the algebra C[t;, ¢; '] of the n-torus is given by

(3.16) ot P(tiyt; 1) — P(exp(2mi Z a;ju;), exp(—2mi Z Q;ju;)),

J J
where t; = exp(2miu;) for ¢ = 1,...,n. Since all the endomorphisms are induced by linear
maps on C", the point tg is a fixed point for all o € .5,,. O

We define as above t to be the result of applying a € M, (Z)* to the coordinates t = (¢;) of
T,

(3.17) t¢ = (exp(2m'z QjU;))j=1,..n, fort; = exp(2miu;),
J

that is, equivalently
(3.18) t = (t%)iz1,.n  with &= Ht;lj
J

Under multiplication in the semigroup M, (Z)" this satisfies
(3.19) % = (t9),

For example, in the case of a € My(Z)™" this gives
o= ( Z 2 ) Dt = (t, 1) o £ = (15, £519).

The action (3.16) is then given equivalently as the endomorphisms of the rings Q[ti,ti_l]
determined by setting
(3.20) Sq 1t t%,

for t = (t1,...,t,) and t“ as in (3.18).
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Notice that, unlike in the setting of endomotives defined in [14], here we allow semigroups of
endomotives that are non-abelian, like our S, = M,,(Z)". This contains interesting abelian
subsemigroups, in particular the diagonal subsemigroup S, 4iog = N" acting by

(3.21) sp: Pttt ) — PN M) i=1,.. 0, k= (k... k) e N"

1 177
on the ring of functions of T”. We can similarly restrict to other interesting abelian subsemi-
groups of M, (Z)". For example, one can consider the set of n-tuples

(3.22) Snord = {(k1,...,kn) e N"| k1 > -+ >k, }.
For o € M,,(Z)", we denote by X, the preimage

(3.23) Xo = {t: (tl,...,tn) S Tn’Sa(t) :to}.
The X, form an inverse system as in [14] with the maps

(3.24) fap: Xg— Xo, tet),

as in (3.17), whenever a = By € M,(Z)". We denote by X = lim X, the inverse limit of
this family and by A = li_H)la A, the corresponding commutative algebra, with X = Spec(A).
We have

(3.25) X, = Spec(Q[t;, t; ]/t — to)),

with t* as in (3.18).

The multivariable analog of the BC endomotive is then given by the action on X of the
multiplicative semigroup S, = M,,(Z)*. We have the following more concrete description of

the space X (Q).

Lemma 3.3. Any choice of an element p € GLn(Z) determines an identification between

the set of algebraic points X (Q) of the abelian part X = Spec(A) of the multivariable Bost—
Connes endomotive and the set
3.26 XQ)=2"=Zx---xZ
(3.26) p(X(Q)) X X2,
n—times

where, as above, Z is the set of all roots of unity in C.

Proof. We show that the projective limit X computed over the system of maps &, 3 of (3.24)
is in fact the same as computing it over the smaller system given by considering only the
diagonal maps of (3.21). Since Sy, giqg is a subsemigroup of M,(Z)*, we have a surjective
map of the projective limits
X= lm X,—X = lm X
p— pr—
a€EM,(Z)+ kESn,diag

On the other hand, to see that we also have a map in the opposite direction, notice that,
for any given o € M, (Z)" we can find a k = k(«) € S, giqg Such that there is a map in the
projective system (3.24)

(3.27) k(@) * Xi(a) — Xa-

Let k(a) = (k1,...,ky) be such that k; = ged{|a;|}j=1,..n. Then there exists 8 € M, (Z)*
such that a = k(«)B. This implies that there is a map in the projective system of the X,
of the form (3.27). The Xj(,) form an inverse system, since for a = By € M,(Z)" we
have ak(8)"1k(y)™! € M,(Z)" hence (k(B)k(7)):|ay; for all j = 1,...,n, which means that
(k(B)k(7))ilk(cr); hence there is some k € Sy, giqg such that k(«) = k(5)k, which gives a map

(3.28) &), k(8) * Xk(8) = Xk(a)-
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This shows that we also have a map of inverse limits X’ — X and that therefore the inverse
limits agree.

The inverse system (3.28) of the X}, for k € S, giqg corresponds dually to a direct system of
algebras Aj, = Q[t;,t;1]/(tk — 1), with k& € N”, whose direct limit is then just Q[Q/Z]®".

We then use an element of GL,,(Z) to give an identification of (Q/Z)™ with Z™ C C", as one
does with Z* in the case of the one-dimensional BC endomotive. O

The result of Lemma 3.3 is simply showing that the set X(Q) that defines the analytic
endomotive of the multivariable Bost—Connes system consists of all the torsion points of the

n-torus T™. In particular, it follows that the algebra C'(X(Q)) has an explicit presentation
with generators e(r1) ® --- ® e(ry,), for r; € Q/Z, where the e(r;) are the generators of the
abelian part of the 1-dimensional BC algebra and satisfying the same relations.

To construct the noncommutative crossed product algebra for the multivariable BC endo-
motives, we consider, as in the one-variable case, isometries implementing the action of the
semigroup of endomorphisms. As in the previous discussion for the multivariable Habiro ring,
we consider isometries p, as in (3.13). Notice that these can be represented as isometries on
the Hilbert space H,, = ¢*(M,(Z)") by setting

(329) Ha€p = €ap-

with the adjoints acting as

«  _J e B=ayeM,(Z)"
(3-30) Hafs = { 0 otherwise.

Similarly, we have representations of the abelian part C(X(Q)) of the algebra on the same
Hilbert space by the following.

Lemma 3.4. The choice of an element p € GLn(Z*) determines a representation of the
algebra C(X(Q)) on £2(M,(Z)7).

Proof. This is given on the generators e(r1) ® - -+ ® e(ry,) by

(3.31) (e(r)) ® -+~ @ e(ra)) 5 = (H <?> s,
i=1

where ¢ = (Gyy. vy Gry) = p(r1,...,70) € 2, with the transpose 3 = 7 € M, (Z)* and

CB = (Clﬁ) is defined as in (3.18). 0

Let o, for @ € M,(Z)" denote the endomorphisms of the algebra C'(X(Q)) induced by the
Sq of (3.16). The relation between the isometries p, and the endomorphisms oy, is as follows.

Lemma 3.5. The endomorphisms o, of the multivariable BC endomotive defined by the
torus maps (3.16) are given by

(3.32) oale(r)) = py e(r) pas
forr=(ri,...,m) € (Q/Z)".
Proof. For e(r) = e(r1) ® - -- ® e(ry), the operator p}, e(r) 1o acts on a basis element eg by
fo €(T) Ha €5 = <H Cﬁ) €g = <H C,-Bd> €5 = <H(Cd)§> €g = (HSE) €g,
i=1 i=1 i=1 i=1
where ¢ = (@, O
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Similarly, the following result gives the direct analog of the relation

e = 3 3 e(s)

ks=r

of the 1-dimensional case.

Lemma 3.6. The operators po and e(r) = e(r1) ® - -- @ e(ry,) satisfy the relation

(33 paelt) iy = 3 els).

- det o

forr=(r1,...,r) and a(s) = (a(s);) € (Q/Z)™.

Proof. We first show that the number of solutions to «(s) = r is equal to det(«) € N. In fact,
the number of such solutions is equal to the number of solutions of the equation a(s) = 0. Any
s = (s;) such that all the s; satisfy det(a))s; = 0 is a solution, since we can write a = det(«a)&
so that if det(a)s = 0 then also a(s) = 0. Conversely, a solution of a(s) = 0 will also satisfy
det(a)s; = 0. In fact, the entries s; are torsion of orders that divide det(a)). This one can see
easily in the case of a € My(Z)", where

(ISI —|— b82 = 0 B B B
{ cs1+dsy =0 = (ad - bc)sl =0 and (ad 50)32 = 0.
The general case is completely analogous. We then have

fa €(r) po € =0
if ™13 ¢ M, (Z)*, while otherwise

fo €(T) He €5 = <HC§”6> €g = (HC?Cﬁ) €g = (H(C‘Tl)?) €g = (HEf) €s,
i=1 1=1

=1 i=1

where ¢ is such that €% = ¢. Notice that, if & and & both satisfy ﬁg =, for k=1,2, we
have

T = ()T = (@) =l
Thus, the expression above for pqe(r)ul does not depend on the choice of a £ with £* = (,
i.e. of an s with «a(s) = r, so that it can be written equivalently in the form (3.33). O

The noncommutative algebra of the multivariable BC endomotive is the rational semigroup
crossed product algebra

(3.34) Ag.on = Ax, S, 2 Q[Q/Z]®™ x, M, (Z)T,
and the C*-algebra that gives the analytic endomotive is obtained as
(3.35) Apcn = C(X(Q)) %, Sp = CH(Q/Z)®" x, My (Z)¥,

where the semigroup action is given by pu(e(r)) = pq e(r) pl, as in (3.33).

It is natural to consider on the algebra Apc, a time evolution and quantum statistical
mechanical properties that generalize the corresponding ones of the BC system. However,
as we discuss briefly here and more in detail in §3.3 below, the natural generalization of the
BC dynamics runs into a problem coming from the presence of infinite multiplicities in the
spectrum of the Hamiltonian. We show in §3.3 that this problem can be resolved following
the same method used in the case of 2-dimensional Q-lattices in [20].
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Lemma 3.7. The multivariable Bost-Connes algebra Apc,, = C*(Q/Z)®™ x1, M, (Z)" has
a time evolution o : R — Aut(A,) defined by setting

(3.36) or(pta) = det(a)? pg, Ya € Mo (Z)*,  and  oy(e(r)) = e(r) Vre (Q/Z)".

Let H be the Hamiltonian H that generates this time evolution in a representation m, of
Apcn on Hy, with p € GL,(Z). The operator H has eigenvalues log det(a) with infinite
multiplicities.

Proof. 1t is easy to check that (3.36) defines a 1-parameter family o : R — Aut(Apc,) of
automorphisms. Recall that a self-adjoint positive (unbounded) linear operator H on H,, is
a Hamiltonian for the time evolution oy, in a representation 7, of the algebra Apcy, if it
satisfies

To(oi(a)) = e wp(a)e ™, Yae€ Apcn, VteER.
Let H be the operator on H,, defined by

(3.37) H eg = log det(f) €.
We have
M e ey = det(8) " det(af)enp = det(a)ens = o1(pa)es-
Similarly
e my(e(r)) e Meg = mp(e(r))ep = mp(or(e(r))es.

Thus H is a Hamiltonian for the time evolution in all the representations 7, with p € GLH(Z).
Any other choice of Hamiltonian differs by a constant, H = H + log A, for some X € R*.
The Hamiltonian has infinite multiplicities in the spectrum, since all basis vectors €,3 and
€gy with v € SL,,(Z) are eigenvalues with the same eigenvector log det (). O

3.3. Multivariable BC endomotive and automorphisms. One new feature of the mul-
tivariable case is the presence of a large subgroup of automorphisms in the semigroup of
endomorphisms defining the endomotive, here given by SL,(Z) C M,(Z)". We have seen
above how this creates a problem of infinite multiplicities in the spectrum of the Hamiltonian
generating the time evolution. The same phenomenon occurred already in the construc-
tion of the quantum statistical mechanical system for 2-dimensional Q-lattices in [20] and
we will treat it here in a similar manner. Namely, instead of working with the C*-algebra

C(X(Q)) x M, (Z)™", for the purpose of quantum statistical mechanics we can replace it with
a convolution algebra where we mod out the automorphisms.

The algebra, representations, and time evolution we describe here are a minor variant over
the one introduced in [20], as “determinant part of the GLo-system”. Here we deal with the
higher rank case of GL, and with vectors in Z" instead of matrices in M, (Z), but we make
use of the same technique of passing to a type Il factor and corresponding trace to eliminate
the infinite multiplicities, as in [20], §1.7.

3.3.1. Groupoid, convolution algebra, and type Iy factor. We let

(3.38) U = {(a,p) € GL,(Q)F x Z" | a(p) € Z"}.

The set U is a groupoid with source and target maps s(«, p) = p and t(«, p) = a(p) and with
composition law (ag, p2)o(aq, p1) = (agaq, p1) if p2 = a1(p1). The inverse of the arrow (a, p)
in the groupoid U is the arrow (ot a(p)).

We also define a 2-groupoid Ur where the objects and 1-morphisms are those of the groupoid
U and the 2-morphisms are given by the action

(71,72) : (@, p) = (mayz ', 72(p)),
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of I' x I', with I' = SL,,(Z). This 2-groupoid is a way to represent the quotient
(3.39) {(a,p) € T\GL,(Q)T x1 2" |a(p) € 2"},

in a way that avoids actually taking the quotient by the I' x I'-action, which would not
lead to a good quotient in the ordinary sense. The 2-groupoid Ur provides a version of
the multivariable Bost—Connes algebras that eliminates the infinite multiplicities due to the
action of I'. In the case of a 2-groupoid, as in the case of more general 2-categories (see
also §6.3 below and [46]) one can construct an associated convolution algebra by considering
compactly supported continuous functions f : Ur — C, i.e. functions f(«, p,v1,72) with the
two convolution products of vertical and horizontal composition of 2-morphisms.

Following the analogous case of [20], on can instead work with the groupoid U itself, and
eliminate the infinite multiplicities in the spectrum of the Hamiltonian caused by the I'-
symmetry by working with an associated type II; factor and the corresponding trace instead
of the ordinary trace.

The convolution algebra C.(U) with the product dictated by the groupoid composition law

(3.40) (frx f2)(a,p) = > fi(an, p1) falaz, p2),

(avp):(al »P1 )o(ag ,P2)6u1“

is just of the form

(3.41) (f1% f2)(e, p) = > fr(aB™, B(p) £2(8, p),

BeGL,(Q)t : BpeZn

and with the adjoint f*(«,p) = f(a~!,a(p)). This algebras has a family of representations
determined by the choice of an element p € Z", the set of units of the groupoid U, by setting

(3.42) (mp(£)E) () = > faB™, B(p)&(B).

BET\GLy (Q)* : BpeZ*

on the Hilbert space 2(G,), where G, = {a € GL,(Q)" | a(p) € Z"}. The algebra C.(U)
can be completed with respect to the norm

£l = sup [[mo(H)lse2(a,)
pEL™
and one denotes by C*(U/) the resulting C*-algebra. This gives an equivalent description of
the multivariable BC endomotive. The time evolution described above corresponds to

(3.43) at(f)(a, p) = det(a)" f (e, p).

In fact, it is clear from (3.40) that o.(f1 * f2) = o¢(f1) *x 0¢(f2) and that o¢(f*) = o (f)*.
We consider as before the representations m, of the algebra of the multivariable BC system,
described here as the groupoid algebra C*(U) on the Hilbert space ¢2(M,,(Z)T), where p €
(Z*)™. The group T' = SL,(Z) acts on the right on the same Hilbert space by e, — €ary—1)
so that this action commutes with the action of C*(Uf). This action of I" determines a type
IT; factor given by the image of the group algebra C*(T") in the algebra of bounded operators
B(¢?(M,(Z)")). Thus, instead of the usual trace, we can use as in [20] the trace Trr associated
to this type II; factor, which eliminates the infinite multiplicities in the spectrum of the
Hamiltonian. The same argument given in §1.7 of [20] gives then the following result.

Lemma 3.8. In the representation w, on (*(M,(Z)") the time evolution is generated by the
Hamiltonian

(3.44) H e, = logdet(m) €, for m & M,(Z)*/T.
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The partition function, computed with respect to the type Hl-tmce 1s then of the form

(3.45) Z(B) =Trr(e )= > det(m)F = Hg B —k).

meMy(2)+ /T

Proof. The argument is completely analogous to that of Lemma 1.18 of [20] for the GLo-
case. g

Notice that, in these representations the Hamiltonian has positive energy, since on M, (Z)"
we have log det(m) > 0.

In particular, at sufficiently low temperature, KMS states of Gibbs type can be constructed
as in Proposition 1.19 of [20]. Roughly, they will be of the form

(346)  @p,(f)=ZB) " Ter(mo(fe ) =2(B) D f(1,m(p))det(m)”7,

meMy (Z)* /T

parameterized by the elements p € (Z*)" though more precisely one first defines them on
functions that depend on zn through a projection py : 7—7 /NZ and then extend them to
the algebra C*(U). At zero temperature these give rise, by weak limits, to KMS states of the
form

(3.47) ono,p(f) = f(lvp)'

3.4. The dual system and zeta functions. As in the case of the original Bost—Connes
system, one can consider for the multivariable cases the dual system obtained by taking the
crossed product with the time evolution. As shown in [14] and [15], as well as in Connes’
earlier work on the Riemann zeta function [12], the dual system of the Bost—Connes system
is the natural noncommutative space that supports the spectral realization of the zeros of
the Riemann zeta function, on a “noncommutative motive” describing the complement of
the classical points of this space (see [15] for a detailed analysis). It is then natural to ask
what the corresponding procedure (called “cooling and distillation” in [14]) applied to the
multivariable Bost—Connes systems introduce here will give in terms of L-functions. It is
natural to expect that something like the Kurokawa L-function [40] should appear in this
setting. These motivically should correspond to the conjectural tensor product over SpecZ
as explained in Manin’s [45]. This is beyond the scope of the present paper and we hope to
return to this question in future work.

In particular, as explained in [15] (see also Chapter 4 of [19]), there is a well developed
dictionary of analogies between the Weil proof of the Riemann hypothesis for function fields
and the approach for number fields via noncommutative geometry developed in [12], [14],
[15]. The action of Frobenius of étale cohomology is replaced by the scaling action on the
cyclic homology of a cokernel (in the abelian category of cyclic modules defined in [13]) of
the restriction map from the dual system Apc X, R to its “space of classical points”.
Geometrically, if one hopes to transpose the main ideas in the Weil proof from the function
field to the number field case, one needs a good analog for number fields of the geometry of
the curve C for function fields K = F,(C), and in particular an analog of correspondences
on C' Xgpee(r,) C. Possible analogs are identified in [15] in terms of the noncommutative
geometry of the adele class space.

The idea of developing geometry over [y is also aimed at a similar purpose, and that’s why
identifying precisely its relation to noncommutative geometry via the BC endomotive is an
important ingredient of the general picture. From the point of view of geometry over Fy, one
would like to view Spec(Z) as a direct analog of the curve C. However, as already observed
in [44] and [52], Spec(Z) is not of finite type over F;. The geometric space where a possible



28 MATILDE MARCOLLI

analog of the Weil proof would be taking place should then be Spec(Z) ®@gpec(r,) Spec(Z).
Although this object does not have a good definition within Fi-geometry, some of its expected
properties were identified by Manin in [45] in terms of the zeta functions of Kurokawa [40].
Kurokawa’s approach to L-functions that would be associated to spaces Spec(Z) X, X - - - XF,
Spec(Z) is by sums over zeros of the Riemann zeta function. More precisely, the Kurokawa
tensor product of zeta functions corresponds to regularized infinite products of the form (cf.
[44] (2.30)-(2.31))

(3.48) [T =N @ [t —wm = T (s —A— i,
AeE ) ()
where the infinite products are computed as

s —\)"™ = ex _i 21 > m e(s—)\)t z—1 _
ga) L™ =en-re " | S el ),

M€=

In particular, for p ranging over the critical zeros of the Riemann zeta function one has (see
[44], (1.5))

(3.50) [15F- S(Z;Q1)2—1/27r‘8/2r(s/2)é(s)

Kurokawa uses a splitting into the product ([44], §5.2)

)= [ a-er

signS(p)==%1

to deal with the infinite products and defined the tensor product of the completed Riemann
zeta function £(s) = s(s — 1)T'r(s){(s) to be

(3‘51) 5(3)®n _ £+(s)®n (f_(8)®n)(_1)7

In the noncommutative geometry approach to the Riemann hypothesis developed in [12] the
zeros of the Riemann zeta function arise naturally from the scaling action on the cokernel
of the restriction map from the noncommutative adeles class space to the classical spaces of
ideles classes. In the formulation of [14], [15], this action is on the cyclic homology of the cyclic
module describing this cokernel, with the adeles class space arising from the dual system of the
BC quantum statistical mechanical system. It is therefore natural to view the multivariable
versions of the BC system considered here as a possible candidate for endomotives where the
sums over zeros of zeta used in the construction of the Kurokawa zeta functions should arise
by following the general procedure of “cooling and distillation” of endomotives described in
[14]. We intend to return to a more detailed analysis of this problem in future work.
Another source of evidence for the fact that the multivariable BC endomotives introduced here
should be related to the missing geometry of the products Spec(Z) xp, X - - - X, Spec(Z) comes
from a different source, namely the relation between BC endomotives and A-rings, which we
discuss in detail in §4 here below. In fact, recently, an approach to geometry over [F; in terms
of A-rings proposed in [7], [8], [9] suggests that the missing Spec(Z) xg, X --- X, Spec(Z)
should be related to the space of big Witt vectors W (Spec(Z)).

1—1

4. ENDOMOTIVES AND A-RINGS

The notion of A-ring was introduced by Grothendieck [27] to formalize the properties of
the exterior power operations on Grothendieck groups and K-theory. They provide a useful
notion in the context of characteristic classes and the Riemann—Roch theorem, see [24].



CYCLOTOMY AND ENDOMOTIVES 29

It was shown recently in Borger—de Smit [9] that the study of abstract properties of A-rings has
interesting number theoretic implications. The formulation of the A-ring structure adopted in
[9] is based on an equivalent reformulation given in [55] of the original Grothendieck definition.

In particular, as argued in greater detail in [7], the structure of A-ring can be thought of as a
descent condition for a ring from Z to 1, in the sense that it imposes a strong compatibility
condition on the Frobenius at all the different reductions modulo primes. This gives a different
approach to defining varieties and schemes over F;, where the compatibility is expressed in
terms of a semigroup action, rather than through the cyclotomic points as in the Soulé
approach. One of the main points we want to stress in this paper is the fact that the BC
endomotive encodes the compatibility between these two approaches, in the sense that not
only it fits the Soulé definition of affine (pro)varieties over F; as proved in [16], but it also fits
the A-ring approach to the definition of varieties over Fy in the sense of [7], [9]. In fact, it is
a universal object both for the Soulé approach, where it encodes the tower of extensions Fin
of [37] [52], with their Frobenius actions, and also in the sense of [9], because (together with
its multivariable versions introduced here) it gives universal A rings into which any A-ring
that is torsion free and finite over Z embeds.

We are going to show here that the integral model of the BC endomotive constructed in [16]
is a an integral A model in the sense of [9]. Moreover, it is universal in the sense that any
integral A model admits a map of A-rings to a (multivariable) integral BC endomotive.

Following [9], we give the following definition of A-structure on a commutative ring and on
finite dimensional reduced Q-algebra.

Definition 4.1. Let R be a commutative ring such that the underlying abelian group is
torsion free. An (integral) A-ring structure on R is an action of the abelian multiplicative
semigroup N generated by the primes as endomorphisms of the ring R, with the property that
the endomorphism oy, lifts the Frobenius map modulo p, i.e.

(4.1) sp(x) —aP € pR, VzeR.

A map of (torsion free) A-rings is a ring homomorphism compatible with the semigroup
actions, i.e. satisfying f o sp = sp o f for all k € N.

A typical example of a A structure on a ring is the following case.

Example 4.2. Consider the ring R = Z[t,t~]/(t"—1) with the endomorphisms s(P)(t,t™1) =
P(t* t7F) for k € N, as in (2.8). It is a A-ring in the sense of Definition 4.1, satisfying (4.1).

This will be the basic example we are interested in to establish the connection between A-rings
and the multivariable BC endomotives.

As in [9], after tensoring with @, one obtains a Q-algebra A = R ® Q, with an action of
the semigroup N by endomorphisms, now without the condition (4.1). We assume here, as
in [9], to be working with A rings that are torsion free and finite over Z. As in the case of
endomotives, these correspond to zero-dimensional geometries.

Definition 4.3. Let A be a finite dimensional reduced algebra over Q. Then A has a A-ring
structure if it has an action of the multiplicative group N by endomorphisms. This A-ring
structure has an integral model if A = R® Q, where R is a A ring as in Definition 4.1 and
the inclusion of R as a subring of A is a morphism of A-rings.

We also give the following definition that will be useful in comparing A-rings and endomotives.

Definition 4.4. A direct limit of A-rings is a direct system of Q-algebras A, such that all
the maps in the direct system are morphisms of A-rings.
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This induces a A-ring structure (i.e. an action of N by endomorphisms) on the direct limit
A= lii>nAa. Consider then the BC endomotive. We have the following result.

Lemma 4.5. The Bost-Connes endomotives is a direct limit of A-rings with compatible
integral models.

Proof. The abelian algebra of the BC endomotive is a direct limit A = Q[Q/Z] = lim A4,
where A,, = Q[Z/nZ)]. At each finite level the algebra A, = Q[Z/nZ] has a A-ring structure
given by the semigroup action oy : A, — A, is the one given by (2.9), which correspond to
the si of (2.8). The actions oy, are compatible with the maps of the direct system since we
have

Emn 00k =05 0&mn, fornm and VkeN,

for s; as in (2.8) and with &, : X,, — X, the maps of the inverse system with X, =
Spec(QIt)/(1" — 1).

The integral model of the BC endomotive constructed in [16] is obtained by taking as abelian
part the ring Z[Q/Z] = lim Z[Z/nZ] and the action of N by endomotives given by the same
o, as above. (Unlike the p,, these do not involve denominators and are therefore defined over
Z.) Thus, at each finite level the A,, = R, ® Q, with R,, = Z[Z/nZ] are A-rings with integral
models. The compatibility with the maps in the direct system give the result for A = RQ Q
with the resulting N action by endomorphisms. To see that the integral model of the BC
endomotive defines, at each finite level R, an integral A-ring in the sense of Definition 4.1,
we only need to check that the compatibility with the Frobenius is satisfied for all primes
p- The compatibility of the action of o, on the integral model of the BC system with the
Frobenius action follows from the case of Example 4.2. O

The fact that the endomorphisms action of N on the integral model of the abelian part of the
BC algebra is compatible with the action of the Frobenius in all the reductions modulo primes
is discussed in detail in [16], where this compatibility is an important part of the structure in
viewing the BC endomotive as defined over [F;, with the abelian part providing the system
of extensions Fi» and the endomorphisms o, providing a compatible action that induces the
Frobenius correspondences in characteristic p > 0. In fact, the compatibility with Frobenius
action as formulated for the BC system in [16] is stronger than the condition (4.1) used in
the context of A-rings. It would be interesting to investigate whether stronger versions of
(4.1) of the kind considered in [16], involving reductions mod p of the endomotive, may also
be implemented for A-rings and what kind of structure they give rise to.

We also have the following general result that produces endomotives from A-rings.

Lemma 4.6. A direct limit of A-rings defines an endomotive over Q. This has an integral
model if at each finite level the A-rings have an integral model in the sense of Definition 4.3.

Proof. We have a direct system of finite dimensional reduced algebras A, over Q. Consider
the crossed product algebra A x N, where the commutative A is the direct limit A = li_n)la A,
and the crossed product with N is implemented by

pn(a) = pn a iy,
where the p,, are isometries satisfying
N:L a by = O'n(a)'

Unlike the o, the p, do not preserve levels A,. This is the noncommutative algebra of an
algebraic endomotive over Q, according to the definition given in [14]. Notice moreover that
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A-rings given by finite-dimensional reduced commutative algebras over Q have a continuous
action of the Galois group G = Gal(Q/Q) on

X, = Hom(Aa,@),

as observed in [9]. The induced action on X = Hom(A4,Q) is the action of G defined for
endomotives in [14] given by composition

A5Q2Q
for x € X and v € G. The analytic endomotive is then obtained as the C*-algebra C'(X) x N
with the induced action of G by automorphisms.
If the A rings A, have an integral model R,,, then the compatibility of the action o,, with the
maps of the injective system implies that we have an induced action on R = lii>nRa. Now

the noncommutative algebra for the integral model can be defined by adding generators ),
and fi, with the relations (2.15) and

fna=0n(a)py, and afin = fnon(a),

for all @ € R and all n € N. This is an integral model for the algebraic endomotive algebra
A xN. t

It would be interesting to investigate more closely what this relation between A-rings and en-
domotives can say in the original case of A-rings in the context of Chern classes as introduced
by Grothendieck in [27].

An interesting characterization is given in [9] of when a A-ring defined over Q has an integral
model in the sense of Definition 4.3. Namely, this is the case if and only if the action of
G x N on X = Hom(A, Q) factors through a (multiplicative) action of Z. In the case of the
BC endomotive, this property can be seen explicitly as follows.

Lemma 4.7. The multiplicative action of Z on Hom(Z[Q/Z],Q) is given by the symmetries
of the BC' system, together with the action of N by the endomorphisms o,,.

Proof. For a € 7 we set
(4.2) a:e(r)—e(a(r), VreQ/Z,

where we identify Z = Hom(Q/Z,Q/Z). This gives a multiplicative action of Z on the abelian
part of the BC endomotive, Q[Q/Z] and its integral model Z[Q/Z]. For a« = n € N this action
reduces to the action of the endomorphisms o,, described above, while for o € 7* it agrees
with the action of the automorphisms group of the Bost—Connes system. This action of Z*
corresponds to the Galois action of G = Gal(Q/Q) as the latter factorizes through the action
of Gal(Q®/Q) given by the cyclotomic character, i.e. through the action of 7* of the form
(4.2), under the class field theory isomorphism Gal(Q/Q) ~ Z*. O

Thus, the action of Z is given by the action of the symmetries 7* of the BC algebra (which
preserve the integral model) combined with the action of the endomorphisms N. The following
observation then links the notion of integral structure of a A-ring to Haran’s proposal [34]
for a notion of Frobenius over the field with one element.

Corollary 4.8. For the BC endomotive, the action of 7 on Hom(Z[Q/Z), Q) that determines
the integral structure on the inductive limit of A-rings agrees with the “Frobenius over Fie”
of [34].
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Proof. As observed in §6.1 of [16], the action (4.2) corresponds to the notion of Frobenius over

Fi~ as defined in [34] as follows. Given a set with a free action of roots of unity (regarded

as a “vector space over Fi~), and an element o € Z, one obtains a new action on the same
set by

(4.3) ¢:az— (%,

which corresponds in fact to the action (4.2). O

In order to relate the multivariable BC endomotives to A-rings, we first observe that, as in
the one-variable case, these admit integral models constructed as in [16]. Namely,

the integer model of the multivariable BC endomotive algebra Apgc,, is the ring Az pcp
generated by the elements e(r) of Z[Q/Z]®" and by generators fi, and pf, with the relations

fraflp = fag, Vo, 3 € My (Z)*

HAHS = [ Vo, 8 € Mp(Z)*

phia =det(a)  Va € M,(Z)*

ot = det(@)fiy, for B =ay € Mu(Z)".

replacing the relations (3.13), and with the additional relations

(4.4)

(4'5) :u:;x = er(x) NZH and T fiq = fla Ua(x)'

for all x € Z|Q/Z)®™ and all o« € M,,(Z)". As in the one-variable case, the i, are no longer
adjoints to the p’: they satisfy fi, = det(a)pq.

We can then prove that the results of [9], when rephrased in our setting, show that the BC

endomotive and its multivariable analogs considered in the previous section are universal
with respect to the (torsion free) A-rings of Definition 4.1 that are finite over Z.

Theorem 4.9. Let A = li_n)la Ay be a direct limit of A-rings, with an integral model R =
li_n)la R., where the R, have finite rank as abelian groups an have no non-zero mnilpotent
elements. Then the associated endomotive A with the semigroup action of N that gives the
A-ring structure embeds in a product of copies of the BC endomotive Q[Q/Z] compatibly with
the action of Sy diag C Mn(Z)T.

Proof. Rephrased in our setting, Corollary 0.3 of [9] shows that every torsion free finite rank
A ring embeds in a A-ring that is a product of copies of Z[Q/Z], which is the integral model
of the abelian part of a multivariable BC endomotive. The fact that this is an embedding
of A-rings implies that the semigroup action of N on R is compatible with the action of
the semigroup Sy, diag C My, (Z)" of the multivariable BC endomotive, so that one obtains
an induced embedding of the crossed product algebras compatible with the integer model
Az Bc,n described above. O

This result shows how the (multivariable) BC endomotives bridge between the Soulé approach
to varieties over [, with respect to which the BC endomotive embodies the tower of Fi» as
in [16], and the approach of Borger via A-rings, where they provide universal A-rings in the
sense of Theorem 4.9 above.

The examples considered in this paper of crossed product constructions both in the case
of Habiro rings and of the original BC system and its multivariable versions suggests that,
more generally, one should be able to associate an endomotive to a A-ring, in the form of a
crossed product, which we loosely write here as A x N. While we do not give here a general
construction for such crossed products, one can see that the statement of Theorem 4.9 should
then give a natural map, in the case of the crossed product of a A-ring that is finite rank as



CYCLOTOMY AND ENDOMOTIVES 33

an abelian groups an has no non-zero nilpotent elements, from the crossed product algebra
A x N to a multivariable BC algebra, compatibly with the integral models.

As recalled in §4.1 of [44] (see also [8] and [10], §2) the affine ring scheme of big Witt vectors is

defined by considering the polynomial ring Z[A1, A2, ..., A, ...] in the elementary symmetric
functions Ay = z1 + zo + -+, Ao = x12x2 + 123 + Tox3 + - -+, etc. This can be equivalently
written in the set of generators Zluy,us, ..., up,.. .|
d
(4.6) Yo =3 du)/,
din

where the ghost coordinates are ¢, = z}' +% +- - - and the u,, are determined by (4.6). For a
commutative ring R, the ring of big Witt vectors is W(R) = [],,~; R, with the addition and
multiplication given by componentwise addition and multipication in the ghost coordinates.
The truncated Witt scheme W®) is obtained by considering the subring Z[u,, ... ,uy]. As

shown in §4.1 of [44] the W) define gadgets WéN) over F; in the sense of Soulé [52], by

setting ng) (R) to be the points of W®)(R) with ghost coordinates that are either zero
or roots of unity. The A-ring structure is given by the Adams operations ,, which by
(4.6) satisfy the requirement (4.1). Thus, in particular, one can use the result of Theorem

4.9 to relate the gadgets WéN) to the gadgets over F; associated to the multivariable BC
endomotives in the same way as done in [16] for the original BC algebra, with compatible A-
ring structure. This may provide the compatibility between the idea of realizing the missing
Spec(Z) X, -+ Xp, Spec(Z) in terms of the quantum statistical mechanics of multivariable
BC endomotives, as sketched in §3.4 above and the idea of [7] to realize them via the spaces
of big Witt vectors.

In this light, the multivariable BC endomotives constructed here should also be regarded
as basic building blocks for a more general class of noncommutative spaces with quantum
statistical mechanical properties that can be constructed from the data of toric varieties and
possibly of other varieties over F; in the sense of [17], [18], [43]. We intend to return to this
topic in future work.

5. QUANTUM CHANNELS AND ENDOMOTIVES

This section contains a quick side remark on the general quantum statistical mechanical
formalism of endomotives, aimed at showing that, while one usually concentrates on studying
equilibrium (KMS) states for quantum statistical mechanical systems such as the BC system
and its generalizations, one can also get some interesting information by considering states
that are not equilibrium states under the dynamics, but which are defined by particular
density operators. Given endomotives consisting of an abelian part of the algebra and a
semigroup of isometries acting on it, it is interesting to see how density matrices of states
transform under the semigroup action.

In quantum computing a formalism that describes the phenomenon of decoherence, the evo-
lution of pure states into mixed states, is obtained by replacing the group action by unitaries
that gives the evolution of density matrices by an evolution given not by a semigroup action
by isometries, which is given in the operator-sum representation or Kraus representation in
the form p +— Zf\i 1 Hippty, where the p1; are isometries satisfying >, pufp; =1 (see e.g. [49]).
The case of a single p with p*u = up*™ = 1 gives back the unitary evolution. In the terminol-
ogy of quantum computing such data are said to describe a quantum channel. We show here
how a similar formalism can be applied in the context of endomotives using the semigroup
action and the induced action on states to obtain a transformation of the convex space of
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density operators. It is important to distinguish the finite dimensional case, where a quantum
channel realized by a single isometry would have to be given by a unitary, and the infinite
dimensional case we are considering here, where it is possible to have a single isometry with
¥ = 1 but with pp* = e = e # 1 a projector. We consider here the isometries in the family
s with s € S a semigroup acting by endomorphisms on an abelian algebra of observables
and we consider the quantum channels p — uspu’ determined by these isometries.

Given a semigroup S acting by endomorphisms on the abelian part A of an endomotive in
the sense of [14], consider the action of endomorphisms on states given as in [20] by

N p(s(a))

(5.1) (s"¢)(a) = :
p(s(1))
where s(a) = usap? and pspu’ = eg is a non-zero idempotent in the algebra A, €2 = e, = e,
such that ¢(es) # 0. Suppose that we consider states on A of the form

Tr(ao)
5.2 pla) = )
where ¢ is a positive density operator, i.e. a positive trace class operator. Then we have

plpsapso)  Tr(apgops) Tr(e)
o(es o) Tr(e)  Tr(usons)

This means that we have

. Tr(ags) . .
s a) = ——-, with gs = psops.
(s"¢)(a) Tr(oy) [is0p

Notice that, while the action a — plaus is an algebra homomorphism only on the compressed
algebra a = esxes, with x € A and e; = pgu’ the idempotent that gives the projection onto
the range of pg, so that (ulaps)(uibus) = plaesbus = phabus, for a = esres and b = egyes
with 2,y € A, using 2 = e;. However, when considering an action on density operators,
one does not need the compatibility with the multiplicative structure, as the only operation
one performs on density operators is that of taking convex linear combinations. Thus, one
obtains a semigroup action of S on the convex space of density operators by

(5.3) 0 Hs0ps.

We now sketch some examples of how this point of view may be useful.
Recall that a rational convex cone C is a convex subset of R" is the span

(5.4) C=Ryv;+---+Ryv,, with v;,€eQ" i=1,... 7

The cone is simplicial if the v; are linearly independent. Terasoma [53] constructed multiple
zeta values for rational convex cones by setting

(5.5) Gl b X) = Y &

veCONZ™

where the ¢; are Q-linear forms on Q" that are strictly positive on the interior C° of the cone
C, £;(v) > 0 for all v € C°, and x € Hom(Z",C*) is a character of Z".

Let then A = Q[Q/Z]®" be the abelian part of one of the multivariable Bost—Connes systems
considered earlier in this paper. Let C be a rational convex cone in R™ with the property
that C°NZ" is preserved by the action of a subsemigroup S¢ C M, (Z)*. We consider special
cases of states of the form (5.2) where we set

(5.6) Tr(ap) = Z Xa—(v)

veCoONZ™
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where the density matrix o is defined as the operator on the Hilbert space ¢2(C° N Z") given
by
1

Qev = el(v) "'gk(’l))e,l”

and the character y, is defined by the choice of an element o € GL,,(Z) that maps (Q/Z)"
to Z™ and then defining, for a = e(r) ® - - ® e(ry,),

k n
Xa(v) = (1" G,

for v = (k1,..., k) €CONZ" and (; = ale(r;)) € Z.
Under the action of (5.3), for s € S¢, we have

(l1,....0k) — (L1os,..., 0 05)
so that

_ Xa(v)
o) = D TEE) GGy

A quantum channels p — g5 thus gives a “change of variables” in the multiple zeta values of
cones, which preserves relations, in the sense that if a polynomial relation of the form

(5.7) R(Ce (i lryis Xar)) = D or [ [ Tr(aier) =0
I

el

holds for some a; € (Q/Z)", and if a; = s;(b;) for some s; € S¢ then

(58) R(CC(El,i O 8jy.n. agk/‘i,i © 4, sz)) =0.

This follows immediately from the fact that, for a; = s;(b;) = s, bifts;, we have Tr(a;0;) =
Tr(bios, i) with 0s,; = s, 0ifts,-

6. HOMOLOGY 3-SPHERES

We now discuss briefly how Habiro’s universal Witten-Reshetikhin-Turaev (WRT) invariant
may be used to lift some of the results described in the previous sections to the world of
3-manifolds. This section will mostly contain some questions about 3-manifolds motivated
by the circle of ideas considered in the previous sections.

The idea of relating certain categories of 3-manifolds to convolution algebras and quantum
statistical mechanical systems was developed, in a different context, in [46], where instead of
relying on the description of 3-manifolds in terms of surgeries on links in the 3-sphere, which
one uses to define WRT invariants, one works with the description as branched coverings of
the 3-sphere. While the considerations we outline here are different from the setting of [46],
the underlying principle and philosophy are similar.

6.1. Habiro’s universal WRT invariant. The WRT invariants of 3-manifolds were orig-
inally introduced by Witten [57] in terms of Chern—Simons path integrals, and then defined
rigorously by Reshetikhin and Turaev [50] using representations of quantum groups at roots
of unity. Restricting to the case of 3-manifolds that are integral homology 3-spheres, one has
a family of WRT invariants parameterized by roots of unity

(6.1) T(M):Z2 —C, (— 1c(M),
with consistency conditions, such as Galois equivariance

o) (M) = a(re(M)), Vo € Gal(Q™/Q), V¢ € Z.
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Moreover, the Ohtsuki series provides an expansion near ( = 1 of the WRT invariant, with
coefficients that in turn are invariants of 3-manifolds,

(6.2) POM) =143 A(M)(g— 1),
n=1

The recent work of Habiro [31] provides a universal formulation for the WRT invariants, in
terms of a single functions Jjs(¢q) in the Habiro ring

(6.3) Jum(q) € Zlg],
with the properties that its evaluations at roots of unity recover the usual WRT invariants
for 3-dimensional integral homology spheres,

(6.4) eve(JIm) = 1c(M),

and such that one has an analog of the Ohtsuki series at every root of unity, given by the
Taylor expansion of Habiro functions, which recovers the Ohtsuki series at ( =1,

(6.5) t1(Jar) = 70 (M),

where t:(f) denotes, as before, the Taylor expansion of f € Zq] at ( € Z.

The universal WRT invariant is obtained in [31] by defining the invariant for an algebraically
split link L in S® with framing 1. Then one uses the fact that any integral homology 3-
sphere has a presentation as surgery on an algebraically split link in the 3-sphere with framing
+1, where two such presentations give rise to the same homology 3-spheres if and only is they
differ by Fenn—Rourke moves. One then shows the invariance under Fenn—Rourke moves to
obtain a well defined Jy.

Let ZHS denote the free abelian group generated by the orientation-preserving homeomor-
phism classes of integral homology 3-spheres. This is a ring with the product given by the
connected sum M # M.

The universal WRT invariant defines a ring homomorphism

(6.6) J:ZHS — Z|q),
since it satisfies the properties
(6.7) Innn (@) = Ian (@) Ian (@), Jsa(q) =1, J-m(q) = Julg™).

Moreover, to express the fact that the WRT invariants have some “finite type” properties,
one can consider, as in [31], the Ohtsuki filtration on ZH S,

(6.8) ZHS=FyDF D ---DF;, D,

where F}, is the Z-submodule spanned by the alternating sums

(6.9) M Ly,....Lil= Y (-)FIMy,
L'C{L1,....Ly;}

with |L| the number of components and the L; algebraically split links of framing +1. This
is generalized in [31] to a filtration by submodules Fy, for d : N — Zx( finitely supported,
where now L = {Ly,... Ly} is an algebraically split link with framings in the set {+1/m |m €
Z~{0}} and in the expressions (6.9) there are d(n) components of the link that have framing
with m = +n.

Habiro conjectures in [31] that the universal WRT invariant will induce a ring homomorphism

(6.10) J: ZHS — Z|q),
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where

(6.11) ZHS = lim ZHS/F,.
d

Notice that the universal WRT invariant takes values in the single-variable Habiro ring and
one may wonder whether there are similar 3-manifolds or link invariants that give rise natu-
rally to functions in the multivariable Habiro rings of [44]. The multivariable link invariants
constructed in [26] may provide such objects.

6.2. Homology 3-spheres and the field with one element. We recall the notion of truc
or gadget over the field with one element Fy, as defined by Soulé in [52].

Definition 6.1. A gadget over Fy is the datum (X, Ax, e, ) of a covariant functor X : R —
S from the category of commutative finite flat rings R to the category S of sets, a complex
algebra Ax and evaluation maps given by C-algebra homomorphisms ey o : Ax — C, for all
x € X(R) and all homomorphisms o : R — C, such that, for any given ring homomorphism
f:R — R,

(6.12) ef(y),g = eyﬁof.

Affine varieties V7 over Z give rise to associated gadgets X = G(V7z) over Fy, by taking
X(R) =Hom(O(V),R) and Ax = O(V) @ C.

According to the definition of Soulé [52], affine variety over [y are gadget over F; where all
the X (R) are finite and for which there exists a variety X7 over Z and a morphism of gadgets

X — G(Xz)

such that all morphisms of gadgets X — G(V7z) come from morphisms of varieties Xz — V7
over Z.

In particular, in the Soulé approach to F; geometry, it is a consistency condition on the
cyclotomic points of a scheme over Z that determines whether it comes from an underlying
Iy structure. This replaces the consistency condition on lifts of Frobenius that is used in the
A-ring approach we discussed in §4 above. In particular, as observed in §1.7 of [44], one can
probe the presence of an Fy structure on a Z-scheme, in the Soulé setting, by restricting to
the case where the rings R are group rings of finite abelian groups, such as the Z[Z/nZ).
For example, as discussed in [16], the affine varieties p™ over Fy given by roots of unity
assemble as a direct limit, with Ay = C(S!), to give the multiplicative group G,, over Fy
(as in [52]) or as an inverse limit, with Ax = C*(Q/Z), the abelian part of the BC algebra,
to give the structure of (pro)variety over F; to the BC endomotive.

A generalization of this notion of variety over Iy that covers certain important classes of
non-affine cases was recently given in [17].

We now show how to use integral homology 3-spheres and the universal Witten—Reshetikhin—
Turaev invariant to construct a gadget over F; in the sense described above.

Lemma 6.2. For R € R let Hom(ZHS, R) denote the set of ring homomorphisms and define
(6.13) Xzus(R) == {¢ € Hom(ZHS,R)|3¢ : Zlg) — R, ¢ = dpo J}.

Then Xyzps defines a covariant functor Xzgs: R — S.

Proof. Let f: R’ — R be a ring homomorphism, for R, R’ € R. Let Xzus(f) : Xzus(R') —
Xzrs(R) be given by Xzus(f) (W) = fo. If there exists ¢ : Z[g] — R’ such that ¢ = oJ,

then setting ¢ = f o1} satisfies ¢ = ¢oJ for ¢ = f o). This suffices to see that Xzpyg defines
a covariant functor as described. O
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The set Xzps(R) defined as in (6.13) describes the set of all R-valued invariants of integral
homology 3-spheres that are coarser than the Witten—Reshetikhin—Turaev invariant, in the
sense that they factor through this invariant. This means that they do not distinguish
homology 3-spheres that are not already distinguished by the WRT invariant.

We define the complex algebra Azg as follows. Consider the complex algebra ZHS ® C and
let Azps be the C*-completion with respect to the norm || M|| = ||Jas]|z, where the latter is
the norm defined as in Lemma 2.12, using the evaluations ev¢(Jys) € Z[(] viewed as complex
numbers after embedding Z C C. The supremum is taken over Z identified with Z, so that it
is a compact set. With the involution defined by M +— — M, the algebra Azpg is an abelian
C*-algebra.

Lemma 6.3. Given ¢ € Xzps(R) and 0 : R — C, then there exists a unique C*-algebra
homomorphism

(6.14) €po Azgs — C,
that extends oo ¢ to ZHS @ C and to Azps. This satisfies the property (6.12).

Proof. Suppose given a ring hoomorphism o : B — C. Then go¢ determines a homomorphism
Z =o00¢: Zlg] — C. Notice that any homomorphism Z : Z[q] — C factors through the
evaluations at roots of unity. Namely, assigning such a homomorphism is equivalent to
assigning a family of homomorphisms =, : Z[q]/((¢)m) — C, compatible with the maps of
the projective system. A homomorphism Z,, : Z[¢] — C such that Z,,((¢)m) = 0 has the
property that =,,(¢) = ¢ € C is a root of unity, since

En((l=q)-(1=¢")=(1-0--(1-¢")=0.
Thus, Z,, factors through ev, and so, by the compatibility of the =, with the maps of the
projective system, does =. One can then define ey, : Azps — C to be given by ey (M) =
eve(Jar). By the choice of the norm | M|| = ||Ja]|z on Azus we see that these are continuous
maps. Moreover, they satisfy by construction the property (6.12). O

This means that one uses the WRT invariants as cyclotomic coordinates on the gadget Xzps.
The results of Lemma 6.2 and 6.3 directly imply the following.

Proposition 6.4. The data (Xzus, Azus,es.0) define a gadget over Fi.

It seems then reasonable to ask whether, as in the Habiro conjecture recalled above, the
analogous data (Xzpg/r,, AzHs/F,» €4,0) constructed using the quotients of the Ohtsuki fil-
tration, can be used to define a directed system of affine varieties over F1, which gives rise

to a direct limit (XZ/H\S, At €4.) as varieties over [Fy.

6.3. Semigroup actions on homology 3-spheres. It is also natural in this context to look
for semigroup actions of the multiplicative semigroup N of positive integers on the ring ZH S
of integral homology 3-spheres. The question is whether one can produce an endomotive,
constructed out of the ring ZHS (or of the ZHS/F; and ZHS ) in such a way that a suitable

invariant « : ZHS — Z[q], obtained from the universal WRT invariant, gives an algebra
homomorphism of the semigroup crossed product to the Bost—Connes algebra.

The construction of the universal WRT invariants given in [31] is based on the description
of homology 3-spheres via a special kind of surgery presentations, as in [32]. Using a surgery
presentation of integral homology 3-spheres as surgeries M = SE’L’t), with L=L;U---ULy
an algebraically split link in S and framings t = (1/m;)i=1,...0, mi € Z.

In the case of integer framings, it is well known that different surgery presentations that
give rise to the same 3-manifold up to an orientation preserving homeomorphism differ by
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F1GURE 1. Rolfsen move for links with rational framings.

Fenn—Rourke moves or equivalently by the two Kirby moves (see §VI.19 of [48]). In the case
of rational instead of integer framings, the analog of these Kirby moves are the Rolfsen moves
described in [51]. The main result of [51] states that two surgery presentations with links
L and L' and rational framings r and 7’ give rise to orientation-preserving homeomorphic
3-manifolds if and only if the surgery data are related by a sequence of moves of the following
types (Rolfsen moves):

e Introduce or delete a component of the link with framing oc.

e Replace a linked component L; with framing r; with a number 7 of full twists of the
remaining components with new framings

! 1
(6.15) T
ri= ri+70(Ly, L)% i £,

)

where ¢(L1, L;) is the linking number. This move is illustrated in Figure 1.

It was conjectured by Hoste in [35] that this should in fact be possible, that is, that two surgery
presentations by algebraically split links with framings in the set {1/m|m € Z,m # 0}
give rise to orientation-preserving homeomorphic homology 3-spheres if and only if they are
related by a sequence of Rolfsen moves through links of this same type. The conjecture was
then proved by Habiro in [32], Corollary 5.2. More precisely, Habiro defines an admissible
link to be an algebraically split link with framings in the set {1/m|m € Z} and defines a
rational Hoste move as a Rolfsen move between a pair of admissible links (see Figure 2). It is
shown in Corollary 5.2 of [32] that two admissible links yield a pair of orientation-preserving
diffeomorphic homology 3-spheres if and only if they are related by a sequence of rational
Hoste moves. In these moves a component L; with framing 1/m surrounding a number of
other components L;, arranged in such a way that ¢(L;, L1) = 0 as in the figure, is replaced by
—m full twists of the remaining pairs of strands. The framings of the remaining components
are unchanged by (6.15) with 7 = —m and ¢(L;, L) = 0.

We can then formulate the following question, suggested by the constructions described in
the previous sections in terms of endomotives and Habiro rings.

Question 6.5. Is there any natural (semi)group action
(6.16) M o,(M), on(My#Msy) = op(My)#0,(Ms)

of the multiplicative semigroup N or of the group Q% , by symmetries of the ring ZHS? If
so, s it then possible to obtain a suitable modification Y p; of the WRT invariant Jyr such
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1/m -m full twists
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Z

FIGURE 2. Rational Hoste move between admissible links.

—

that it is still a ring homomorphism Y : ZHS — Zlq|, or possibly a ring homomorphism
Y :ZHS — Z[q], with the property

(6.17) Yo, n) = on(T ) € Z[q]

that it intertwines the semigroup actions? More generally, are there semigroup actions (not
necessarily by N) on 3-manifolds that induce corresponding actions on the WRT invariants?

In the more general form stated above, one knows that there are such examples, at least for
suitable classes of 3-manifolds. For instance, in the case of mapping cylinders and Seifert 3-
manifolds (see [1], [33], [41]) an action of the mapping class group on the surface translates into
a linear action on the corresponding space of invariants. In the more restrictive form of the
question formulated above, that is, whether one can construct an action of the multiplicative
semigroup N, and whether this can be done in a way related to the action on the Habiro ring,
the question is more complicated to address.

More precisely, the problem of defining an action M +— o,(M) can be formulated as the
question of defining an action on link diagrams, which is well defined under the equivalence
via Reidemeister moves and in addition preserves the Hoste moves, so that it induces a well
defined action on the homology 3-spheres.

In view of the result of [31], §15.3, on the universal WRT invariant of 1/m surgery on a
knot in a homology 3-sphere, and of the effect of changes of framings on the WRT invariants
as analyzed in [39], it would seem that an ingredient in the construction of a semigroup
action of the form (6.16) may be given by a multiplicative change of the framings, that is,
a semigroup action on the set of admissible framed links of the form (L,t) ~— (L,n"'t),
where L = Ly U--- , Ly with framings t = (1/m1,...,1/my), m; € Z, m; # 0, and n™ 't =
(1/(min),...,1/(myn)). However, while changing the framings multiplicatively as in gives
a well defined action on the set of admissible links, the Hoste move shows that this does
not translate directly into a well defined semigroup action on the set of homology 3-spheres
unless one operates also on the full twists. In fact, different surgery presentations for the same
homology 3-sphere can replace a component with 1/m framings by —m full twists of the pairs
of strands linked by the components, and the operations can only become independent of the
surgery presentation if the number of full twists is also changed multiplicatively to —mmn full
twists. However, the number of twists is a property of a planar projection of a link and can
be changed by Reidemeister moves: by a Reidemeister move one can change a crossing into
a full twist followed by a crossing in the opposite direction. (This simple observation leads
to the description of crossings changes via Hoste moves.)

One can, in fact, approach the problem of Question 6.5 in a slightly different way. In the
formulation we gave of Question 6.5 we considered ring homomorphisms ZHS — ‘R, in

—

particular with ring of values R = Z[q] the Habiro ring. The generators of ZH S are homology
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3-spheres up to oriented homeomorphisms, or equivalently admissible links up to Reidemeister
and Hoste moves, and the multiplication operation is connected sums, or equivalently disjoint
unions of links. Instead of working with equivalence classes of admissible links, both under
Reidemeister and Hoste moves, one can follow the usual method for handling equivalence
relations in noncommutative geometry, which is to keep the equivalence relations explicitly
in the form of a groupoid or a category, instead of passing to the set of equivalence classes.
In this sense, the situation resembles more closely the approach followed in [46] using 3-
manifolds as coverings and then cobordisms between them, assembled first in a 2-category
and then into an associative algebra.

In terms of admissible links with equivalences given by Reidemeister and Hoste moves, one
can proceed in the following way.

Definition 6.6. Let CL®? be the 2-category whose objects are admissible framed link diagrams

(D, ), the 1-morphisms are sequences of Hoste moves (D, t) B (D',') between diagrams, in-

cluding the identity move, and 2-morphisms H; R Hy are sequences of pairs of Reidemeister
moves R = (R, R') between the resulting diagrams so that the squares commute

(6.18) (D1, v1) —2= (D}, ¥))

CO
H-
(D27t2) — (Dé7t/2)

There is an associated convolution algebra of functions Ay, given by functions with com-

pact support f : Mor® (Cﬁ(2)) — C with two different associative products corresponding,
respectively, to the horizontal and vertical composition of 2-morphisms,

(6.19) (e f)R)= D filR1)fa(Ra),
R=Ri10Rz2

(6.20) (e f)R)= D filR1)fa(Ra),
R=Ri1eR2

where the horizontal composition is given by Ry = (R, R') and Ry = (R', R") with

H H{
(D1,v1) — (D}, ¢)) — (DY, *{)

l R l i l RY
H/

H.
(D2, v2) —= (Dj, ty) —= (Df,15)

and the vertical composition is given by Ry = (R1, R}) and Re = (Re, R}) with
H
(Dlvtl) — ( /17t/1)
lRl Rll
H.
(D27 t2) — (Dé7 t/2)
N

H.
(D3, t3) — > (D4, v})
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The algebra A, .2 has an involution f*(R) = f(R~1), where R™! = (R'™!, R™!) is defined
by the diagram

ooy 2
(D3, 5) (D2, 12)

lRll lRl
—1

! H,
( 17tl) (D17t1)
This involution satisfies

(fiof)" =f' o fi's and (fiefo) =fief)

One can pass from the 2-category CL® to a category CL where one “collapses the 2-
morphisms”, that is, one uses the 2-morphisms to generate an equivalence relation on objects
and 1-morphisms. The category one obtains in this way is the following.

Definition 6.7. Let CL be the category whose objects are admissible framed link types (L,t)
in S and whose morphisms are sequences of Hoste moves between link types (that is, Hoste

moves up to Reidemeister moves), (L,t) £ (L',¥"). The corresponding convolution algebra
Acr is given by functions with compact support f : Mor(CL) — C with the convolution
product

(6.21) (o fo)(H) =Y fi(H1)fa(Ha),
H=Hi0H>

where the sum is over the compositions of arrows given by Hoste moves:
(L) 2 (I,¥) = ((Lyv) 2 (L,9) o (L,¥) 2 (I,¥)).

One can, for instance, construct a time evolution on the algebra A¢, by setting

(6.22) of(f)(H) =™ f(H), with m=(—1,

if H is a sequence of Hoste moves between links L = Ly U--- ULy and L' = L} U--- U Lj,.
This manifestly satisfies o¢(f1 o f2) = 0¢(f1) o o¢(f2).

Let S(1v) be the set of sequences of Hoste moves H transforming some link types (L, t) into
(L,t). Let Hp ) = KQ(S(L,t)) and define the action of Acc on Hy, ) by setting

(6.23)  (rro(NOLH L (L)= Y FULH B (@) e ") B (L),

H=HioH>
In this representation the time evolution (6.22) is generated by a Hamiltonian § of the form
(6.24) Hog =mdy, HeE S(L7t),

where (L, t) Zil (L,t) with m = ¢ — ¢ the difference between the number of components of L
and L. Thus, Spec($)) = Z and the eigenspace F,, of ) is spanned by all the sequences of
Hoste moves that have final result (L, t) and change the total number of components by m.
To see that § is the Hamiltonian in the representation 7y, ), notice that we have

(Lo (0e(f))E)(H) = Z "™ f(Hy)&E(Ho)
H=H,0H>
which agrees with

(eiﬁtﬂ—(L,t) (f)e_mtﬁ)(H) _ eimt Z f(Hl)e_imzté'(HQ).

H=H10H>
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In [46] we introduced the notion of horizontal and vertical time evolutions on convolution
algebras associated to 2-categories, i.e. time evolutions with respect to either the horizontal
or the vertical convolution product. Since Reidemeister moves do not change the number of
components, the time evolution o; of (6.22) can be lifted to a horizontal time evolution on
the algebra A, 2). Vertical time evolutions can be obtained similarly, by considering, instead
of the number of components, quantities such as the self-linking number with respect to the
blackboard framing of the link diagram, which is altered along Reidemeister moves.

In view of passing from links and Hoste moves to 3-manifolds, we can introduce a refinement
of the algebras A, and Ac, considered above. In fact, the convolution products of these
algebras are designed to account for the compositions of Hoste and Reidemeister moves but
not for the product of links given by disjoint union, which in turn will determine the product
in the ring ZHS of integral homology 3-spheres given by the connected sum. One can
introduced variants A, £2) U and Acg,u where the convolution product is modified to include
also the product operation of disjoint union. We explain in detail how this can be done in
the simpler case of Acg u, while the case of A, is similar.
We define Acg i to be the algebra of functions with finite support f : Mor(CL) — C with
the modified product

H ., Hij = ~ Hzo _,
(6.25) (fix fo)(L = L)) = > fi(L = L) fa(La = L),

H=(H1,1UH1,2)(H21UH22)

where one sums over all possible splittings into connected components as well as over com-
positions of Hoste moves, with

L=L UL, =08 o,

Notice in particular, that in the case where H = id one obtains in this way the product

(frx f2)(L) = > S1(Hy) fa(H2),

id:(Hl,lUH1,2)(H2,1UH22)

and the sum splits into a term of the form » 7, _; ;. fi(L1)f2(L2), corresponding to the case
where all the terms have H; ; = id, and a term containing nontrivial Hoste moves and their
inverses Hy 1 = H2_ 11 and Hyg = H2_ 21 Thus, this can be seen as a modification of the group
ring product

(fisfo)(L)= > fL1)fa(L2)

L=L1UL>

of the group of links with the product U given by disjoint union.

Lemma 6.8. The product (6.25) is associative.

Gt
Proof. Consider a triple composition of morphisms L; 7 Ljiq, j = 1,2,3, with corre-

sponding possible splittings into connected components of the form

UE (1 U2 U H®Y

UiL1; — Uila; — UjLz; — ULy,

for i = 1,2,3. We then have

(fix(for )L B Ly= S AEM) (fox f3)(HSY),

H=H12)of(24)
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(24)

where H®Y = H®) o HGY with Ly ULys 25 LysU Lys. This gives then

(fix(forf)a Sy = 30 AU BH) fo(5),

H=H12)cH(23)c (34
where

H§:234) HéQS) UH?()ZS) H§34) UH?()34)
LooULgys = LyoULyz=LooULys — L3oU L33 — LioU Lys.

On the other hand, we have

(frxf)* f)(Li D L) = Y (fix )HSY) f3(HSY)
H=H13)o [ (34)
H(13)
with L1 1 ULj2 3 L3 1 U L3, so that we have

H 12 23 34
((fr % fo)  fa) (L1 25 L) = > AH) f2(HED) fa(HPY),
H:H(12)OH(23)OH(34)
with
H(13) g2 @23
LinULig 3 L3gULga=L11ULs ' —? LoyULys ' —° L3i1UlLso.
Thus, we still have an associative product. O

One can similarly refine the algebra A ) to a version A, , that incorporates the product
of link diagrams by disjoint union. Then, in this setting, an analog of Question 6.5 can be
formulated in terms of homomorphisms from one of the algebras Acz, Acc,u, Acr@, Ae £2) U
to a suitable ring R of values (e.g. the Habiro ring), viewed as “categorified” versions of
invariants of homology 3-spheres usually defined as ring homomorphisms ZH S — fR.

One can introduce other variants of the convolution algebras of link diagrams, Hoste and
Reidemeister moves. We discuss here a variant that is related to the possibility of defining
an action on links by a multiplicative change of framings.

We recall that given a link L with ¢ components and a vector n = (n;) € N, the cabling
¢n(L) has each component of L replaced by n; parallel components, where parallel is defined
with respect to the Seifert framing of the link, i.e. the one obtained using a Seifert surface
> for L and moving the link components to parallel copies lying on a collar neighborhood
of the boundary of the Seifert surface. Notice that if L is an admissible link, so that all
the linking numbers are trivial, (k(L;, L;) = 0, then cy(L) is also an admissible link. In
fact, the Seifert framing has the property that the parallel components L; ;, for k =1,...,n;
have zero linking numbers (k(L; i, L; i) = 0, while for i # j the linking numbers remain
lk(Li7k,Lj7k/) = lk‘(Li,Lj) =0.

In the variant we describe here below, we also impose an orientation on the Hoste moves, so
that an oriented Hoste move is directed towards reducing the number of components of the
link. We still consider the identity move as part of the oriented Hoste moves. Working with
morphisms that are oriented Hoste moves will give rise to a convolution algebra that is only
a semigroupoid and not a groupoid algebra and is no longer involutive.

Definition 6.9. The category of cabled links CCL has objects of the form (L,v,n) where L is
an admissible link with components L = Ly U ---U Ly, and framings v = (1/m;);=1,.. ¢, and
with n € N the datum of a cabling co(L) of L obtained as above, where all the components
Li of ca(L) are given the same framing 1/m;. The morphisms are given by sequences of
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“cabled oriented Hoste moves”. These are oriented Hoste moves cy(L) Eil cw (L") that come

from an oriented Hoste move L B 17 in the sense that one has a commutative diagram

enl(L) — e (L)

Cn T Cn/ T
H

L———1I

The corresponding convolution algebra Accr is given by functions with finite support on the
objects of this category with the associative product

(rixfo)(H) = Y fi(H)fo(H)

H=Hi0H>
where the sum is over composition of cabled oriented Hoste moves.

Notice that we can also modify the product to obtain an associative algebra Accz where
the product also involves the product by disjoint union of links as in (6.25). In particular,
notice that in this case, since we work with oriented Hoste moves, if H = id and H = H1H>s
also Hy = Hy = id. Thus, in Accr,u, when we restrict to H = id we recover the group ring
product

(fi* f2)(L,n,v) = Z Ji(Ly,ny,e1) fa(Lo, n2,v2)

L=L1ULs

of the group of (cabled) framed links with the disjoint union operation.

We then make the following observation.

Lemma 6.10. Suppose given an admissible framed link L = L1 U ---U Ly, and a positive
integer n > 1 such that n|m; for all the integers m; such that L; has framing 1/m;. Then
if a link L' is obtained from L by applying a sequence of oriented Hoste moves, one still has
n|m} for all the framings 1/m] of the components of L'.

Proof. This is an immediate consequence of the fact that an oriented Hoste move eliminates
a component, inserting a number of full twists of the remaining components, but does not
alter the framings of all the remaining components. O

Notice that the same property clearly does not work for Hoste moves with the opposite
orientation, namely those that replace a number of full twists with an additional component.
In fact, even if n|m; for all components of L’ this does not imply that the same condition will
be satisfied for L because, depending on the number of twists on the components of L, the
extra component of L may have a framing 1/m with n fm.

Lemma 6.11. Let (L,t) be an admissible framed link. Suppose given n > 1 such that nlm;
for all the framings 1/m; of the components L;. Let L,, denote the cabling cy(L) of the framed
link L with n = (n,...,n). Then, if there is an oriented Hoste move H transforming (L,t)
into another framed link (L',v"), there exists an oriented cabled Hoste move H, relating the
link (Ly,nt) to the link (L, nt').

Proof. 1t suffices to take the case of two links that differ by a single Hoste move as in Figure
2, with L having one more component than L', since the Hoste move is oriented. If we denote
by Lg the component of L that is removed in the Hoste move, with framing mg, then the
remaining components of the link acquire —myq full twists by effect of the Hoste move.

By Lemma 6.10 n|m; for all components of both L and L'. In the link (L, nt), the component
Lg of L is replaced by n parallel components, all with framing n/mg. On the other hand,
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the link (L!,,nt’) consists of the n-cabled L! with components of framings nt’ = (n/m;).
Notice then that, if we apply a Hoste move to each of the n components parallel to Ly in
(Ly,nt) with framing n/mg we obtain a link where we replace each of these components by
—mg/n full twists. After performing this operation on each of the components parallel to L
we therefore obtain —myg full twists on the n-cabled version of the remaining components of
L\ Ly, with framings n/m;, which is (L, nt’). O

We can now define a transformation on the algebra Accs u given by

6.26 o — f(Hyp) nlmg, Vi,
o Pl = 0 otherwise,

where H is a cabled oriented Hoste move
(L,n,¢) & (L,0,Y),
the framing of L is v = (1/m;), and H, is the cabled oriented Hoste move obtained as in
Lemma 6.11 with
(L, nn,ne) 22 (L', nw, nt)).
Notice that nt’ is still an admissible framing by Lemma 6.10.

Proposition 6.12. The p,, of (6.26) give an action of N by endomorphisms of Accr,u-

Proof. The product (f1+ f2)(H) in Acer,u is given by a sum over compositions H = Hj o Hy
and splittings into disjoint unions of components Hy = Hy 1 U Ha; and Hy = Ho 1 U Ha .
Consider a composition

(Lon,v) B (L a,7) 22 (/v Y).

We show that p,(f1 * f2) = pn(f1) * pn(f2). One first can observe that p,(f1 * f2) is nonzero
if and only if L has the property that n|m; for all the component. This is the same property
that determines whether p,(f1) is non-zero. If p,(f1) # 0 then Lemma 6.10 implies that L
also has the property that n|m; hence p,(f2) # 0. One then sees that, when non-zero, the

product p,(f1) * pn(f2) gives
(pn(f1) * pn(f2))( Z,ﬁ n1,1) fa(Hp22),

where the sum is over the splittings
H,=Hy,10Hp2= (Hp11UHp12)0 (Hpo1UHp22),
while p,, (f1 * f2) gives
pu(f1x f2)(H) =Y fu(Hy ) fa(Ha),
where here the sum is over all sphttmgs
H, = HyoHy= (Hy 1 UH;5)o0 (HyUHys).
Since we use cabled oriented Hoste moves as morphisms, we know that H, ; = H, ; ; must be

obtained as the n-cabling of a Hoste move H; ;, so that the two sums agree. O

This gives a partial answer, in this more general setting of convolution algebras of links
and Hoste moves, to the question of defining an action of N by endomorphisms of a ring
generalizing ZHS. It would be interesting to construct actions of N on the other algebras
Ace, Acc,us Acr@, Acpe  described above.
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We discuss briefly another possible approach towards constructing endomorphisms actions on
3-manifolds, using closed braid representations of links and endomorphisms of braid groups.
We only sketch the construction, but we do not fully develop these ideas in the present paper.
The problem can once again be summarized as trying to construct an action on (framed)
links, which is well defined under the usual equivalence of planar diagrams via Reidemeister
moves, and which can be constructed locally at crossings, and which moreover preserves the
Fenn-Rourke moves (or Rolfsen moves in the case of rational framings), so that it induces a
well defined action at the level of the 3-manifolds, mapping equivalent surgery presentations
to equivalent surgery presentations.

First recall quickly the relation between links and braids (see the references in [4]). It is
well known by a classical result of Alexander that all link types can be represented by closed
N-braids, for some N. A closed braid representation of a link is obtained by a choice of
a braid axis A and an open braid is obtained from the link by cutting it open along a
half-plane Hy originating from the axis A. Link types correspond to equivalences of braid
representations via conjugation and Markov stabilization/destabilization operations. These
give a reformulation in braid terms of the usual equivalence of link diagrams via Reidemeister
moves. It is known by a result of Morton that an equivalence class of closed braid diagrams
corresponding to a link type consists of an infinite family of conjugacy classes in braid groups
By, for varying N, or in B, the union of the By. The main result of [4] extracts from this
set of conjugacy classes a finite number of elements of minimal complexity, with respect to a
complexity function. The complexity function constructed in [4] is obtained from geometric
data, which in turn admit a combinatorial formulation. Namely, given a link L and a choice
of an axis A, one considers an oriented (in general not connected) embedded Seifert surface of
maximal Euler characteristic with boundary 0¥ = L and a fibration H of R3 \ A with fibers
Hy, with good assumptions on how tubular neighborhoods of A and the fibers Hy intersect
Y. The complexity function is then defined as the triple (#(L N Hy), #(ANX), #T(H, X)),
where T'(H,Y) is the set of singular points of the foliation induced on ¥ by H. The latter
is known as the braid foliations. The complexity function defined in this way takes values in
Zy X Zy X Zy ordered lexicographically, and it only depends on the conjugacy class in By
determined by the data (L, A), with N = #(L N Hy). The advantage of using representatives
of minimal complexity is that one can avoid Markov stabilization moves, which is the basis
for the more recent “Markov’s theorem without stabilization” of [5]. We discuss below the
reason why this approach may be useful to our problem.

We first need to recall also some properties of braid groups and their endomorphisms. It
is known by [2] that braid groups (for N > 4) are Hopfian but not co-Hopfian, where the
Hopfian property follows from the fact that braid groups are linear (see [3]) and it means that
a surjective endomorphism of a braid group By is in fact an automorphism. Automorphisms
are rather easy to describe, as they are combinations of the inner ones and the inversion that
sends each generator to its inverse. The fact that the braid groups are not co-Hopfian means
that there are injective endomorphisms that are not automorphisms. In fact, a complete
description of injective endomorphisms is given in [2]. They come from homeomorphisms
h: Dy — Dy of the N-punctured disk, by setting

e(h m
(6.27) Phm(5a) = Sy TR

where €(h) = +1 according to the orientation preserving/reversing property of h, while
sq are the half-twists switching two punctures along an arc a, which generate the group
By, and Ty is the generator of the center of By, namely the full twist of the n strands,
TN = (81 s SN_l)N.
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Suppose then that one defines an operation on closed braid diagrams of links by considering a
simple class of such endomorphisms of braid groups, namely those of the form p(s,) = soTW',
for some m € Z. This means that one obtains a new braid diagram from a given one by
replacing the open braid v € By by p(y) € By and closing the diagram again. A different
opening and closing of the braid diagram gives rise of an element in the same conjugacy class
C(v) in By, which will in turn be mapped to an element in the conjugacy class C(p(7))

so that the action is well defined on conjugacy classes. In fact, even more precisely, since

the element Ty is in the center, one has p(aya™!) = ap(y)a™?, since p(a) = aT]If,(a) with

k(o) = ml(«), where £(«) is the length of « defined as the image under the homomorphism
¢ : By — Z that sends all the generators s; to 1.

Thus, we can define in this way an operation of p € End(By) on conjugacy classes in
Bp. For it to induce an action on the link types we would need it to be compatible with
the Markov equivalence between braid representatives, realized by conjugations and Markov
de/stabilizations. It is easy to see that the operation is well defined under conjugation, or
equivalently under the second Reidemeister move. In fact, if two braids v and ~/ differ by
a twist s; and an opposite twist s; 1 their images p(v) and p(v) will again differ in the
same way, again because of the fact that T is in the center. However, the case of Markov
de/stabilizations is more delicate, since these change the number of braids and the extra
crossing that corresponds to the first Reidemeister move has the effect that, if v € By and
~" € By differ by a Markov stabilization, that is 4/ = ysy, then the images satisfy

pn+1(7) = pnr1(Mpnsi(sn) = pN-i-l(’Y)SNT]TVn—l]YIJrl

which is off from a Markov stabilization by my41 full twists.

This is where the existence of minimal complexity representatives may become useful in
trying to make this kind of action well defined on link types. Selecting the finitely many
minimal complexity representative conjugacy classes, one eliminates the need for Markov
de/stabilizations. However, iterating the transformation defined by p on these classes requires
the image of a minimal complexity representative to be still of minimal complexity for the
link type obtained after applying the transformations. The new link is in each case obtained
from the old one simply by inserting (it does not matter where, since it is an element in the
center of By) a number my{(y) of full twists.

A first question is the following: if v and 7/ in By represent the same link type, do the
corresponding elements ’yTK,ﬁbN ‘0 and o T;\? N also represent the same link type? Notice
that a positive answer to this question would follow, if we knew that two equivalent v and
~" will have the same length. This is certainly not the case if one is allowed to use Markov
de/stabilizations. However, it is a well known conjecture of Jones (see [36] p.357) that the
algebraic crossing number (or writhe) of a minimal braid (with braid index N equal to the
minimum value for the given knot type) is a link invariant, hence if v and 4/ in By are braid
representatives with N minimal, then ¢(y) = ¢(+"). Evidence for this conjecture is given, for
instance, in [38].

If we assume the Jones conjecture that minimal braids have a unique writhe, then it is clear
that, if v and 4" are two such braid representatives of a given link type, then the transformed
YT N® and 4"TN™ also represent the same link type, where w is the writhe of both y and +/.
In fact, both are obtained from equivalent braids by composing them with the same number
mpyw of full twists of the N strands, which still yields equivalent braids. Minimal complexity
braid representatives are in particular minimal braids, so if we apply our transformation to
these elements only and we assume the Jones conjecture holds, we do get a positive answer
to the question above, which in turn implies that the link type of the image is well defined
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regardless of which minimal complexity representative we choose among the finitely many
available for a given link type.
We can then ask the next question, which is needed in order to be able to iterate the transfor-
mation we defined by applying the braid group endomorphism p to braids that are of minimal
complexity in the sense of [4].

()

Question 6.13. For what classes of links does the operation v +— Tt preserve the
Y e

minimal complexity property?

To understand the answer to this question one needs to understand how inserting full twists
in a given minimal complexity braid diagram alters the properties of the Seifert surface X
and of the braid foliation determined on it by the fixed fibration H. Notice that neither the
choice of the axis A nor the number N are changed by the operation above. However, the
fact that NV is unchanged does not a priori imply that it will still be minimal for the new
link type. We do not at present know of an answer to Question 6.13. Thus, we can, for
the sake of this discussion, define L, to be the class of link types that admit a minimal
complexity braid representative for which the answer to the question is positive. Notice that
the set Ly is non-empty. In fact, it contains at least the torus knots T'(a,b), which have
a unique minimal braid conjugacy class, which is determined by the braid (s1 - --s,_1)?. On
these minimal braids the action described above is of the form

p : (81 “ e sa_l)b — (81 “ e Sa_l)ngnb(a_l) p— (81 “e Sa)b(l—"_ma(a_l))’

which has the effect of transforming T'(a, b) into T'(a,b(1 + ma(a — 1))).

Thus, modulo obtaining a better answer to Question 6.13, we will be restricting our attention
to the subring L, of £. One can use the complexity arguments of [6] to check that the ring
multiplication, which is given by the disjoint union of links, is well defined on this subset.
Notice then that if we have two endomorphisms of the same type

il .
P () = AT )= 1,2,

they satisfy

N(N-1))¢
PN,n2PN,nq (’Y) = 7T1$11+n2+n1n2 ( D) = PN.,n1PNny (’Y)

Thus, upon choosing an endomorphism py,,, for each generator p of the multiplicative semi-
group N one obtains an action of the abelian semigroup N on the links of £jp.

We are then left with the question of implementing the surgery equivalence of links. Since we
are working with closed braid representatives, it is best to think of the equivalence relation
generated by the Fenn—Rourke moves (let us restrict to the original case of integer framings
for simplicity here) in terms of braid groups. This was done in [42], see also [25] and [29]. We
give here the formulation of [29], which is closer to the form we need. In this form, the set
of surgery equivalence classes of N-strand braid representatives is the quotient of the braid
group By by its normal subgroup P(N)s, which is the third term in the lower central series
of the pure braid group P(N) defined by the exact sequence

1— P(N)— By — Sy — 1,

which maps the braid group to the symmetric group acting as permutations of the endpoints
of the braid. This point of view has the advantage of formulating the equivalence relation
in a way that is manifestly compatible with the braid group structure and compositions of
braids. Thus, in particular, if our transformation is given by the braid group endomorphism
p 2y o AT
on(V)on(Y) =~ . In particular, if v and «/ are surgery equivalent and
have £(y) = £(v') then py(y~1v') = y~14' € P(N)3, so their images under py are also surgery

, then if v and +' are surgery equivalent so that vy~ 14" € P(N)3, we have
Ly (L") —£(v))



50 MATILDE MARCOLLI

equivalent. This only takes care of implementing surgery equivalence among representatives
with the same number of strands and with the same writhe. Since v and 7’ here belong
to different link types, the Jones conjecture for their minimal braid representatives need no
longer imply that ¢(y) = ¢(v) even if they have the same N. Thus, this argument alone does
not suffice to implement surgery equivalence. A more refined argument along these lines may
be obtained, in the case of algebraically split links, in terms of the Milnor invariants obtained
from triple intersections of Seifert surfaces as in [42].

A different way to approach the question of implementing the surgery moves is to proceed
as in [54], where one works with multiplicative invariants of links and obtains from these
invariants of 3-manifolds only after a suitable averaging over repeated cabling operations and
a thermodynamical limit. We only make some preliminary observations on what questions one
needs to address for this approach to be indeed compatible with the action on links defined
using the braid group endomorphisms and the minimal complexity braid representatives.
Essentially, we are again asking a question similar to Question 6.13 above, on whether certain
operations, in this case cabling, preserve the minimal complexity property. There are some
indications to this effect, at least for what concerns the first entry of the complexity function
of [4], that is, the braid index. In fact, it is shown in [56] (see also [38]) that the braid index of
the n-cabling of a link L is n-times the braid index of L, so the n-cabling of a minimal braid
for L is a minimal braid for the n-cabling of L. Also, by [38], if the Jones conjecture holds
for L, it also holds for its cabled versions. The question of whether this property of the braid
index extends to the rest of the complexity function of [4] depends on the Seifert surface of
the cabled link and its braid foliations. Since this will locally look like n copies of the original
Seifert surface and foliations, it seems likely that the rest of the complexity function should
also behave well under the cabling operations, but this requires a more careful investigation.
If one can indeed extend in this way the action from a link to all its n-cabled version, one
can take the resulting action as being the one that induces the action on the 3-manifold
invariants, when the latter are constructed according to the procedure of [54].

One can also, in this approach based on braid representatives of links, introduce the same kind
of categorical constructions discussed in the first part of this section, with categories of braid
representatives, 1-morphisms given by surgery equivalences and and 2-morphisms by Markov
de/stabilizations and conjugations. For a categorical framework using braid representatives
of links see for instance [58].

At this stage it is not clear how far one can develop this point of view. It would be interesting
to interpret the universal WRT invariant as a morphism from a suitable “endomotive of
homology 3-spheres”, which means a crossed product A x N by an action of N on an algebra
A of admissible links and Hoste moves implementing the surgery equivalence between them,
to the endomotive constructed out of the one-variable Habiro ring earlier in this paper. Such
a construction would make it possible to import the techniques of noncommutative geometry
developed in [14] for the theory of endomotives to the context of 3-manifold invariants.
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