Max-Planck-Institut
fiir Mathematik
in den Naturwissenschaften
Leipzig

On Spin Structures and Dirac Operators on the
Noncommutative Torus

by
Mario Paschke, and Andrzej Sitarz

Preprint no.: 49 2006







On Spin Structures and Dirac Operators
on the Noncommutative Torus

Mario Paschke
Mazx-Planck-Institut fiir Mathematik in den Naturwissenschaften
Inselstr. 22, 04103 Leipzig, Germany

Andrzej Sitarz*
Institute of Physics, Jagiellonian University
Reymonta 4, 30-059 Krakow, Poland
and
Mathematisches Institut, Heinrich-Heine-Universitat
Universitatsstrasse 1, 40225 Dusseldorf, Germany

Abstract

We find and classify possible equivariant spin structures with Dirac
operators on the noncommutative torus, proving that similarly as in
the classical case the spectrum of the Dirac operator depends on the
spin structure.
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1 Introduction

Unlike classical differential geometry, in Noncommutative Geometry there
seems to be no well-established, commonly accepted notion of spin struc-
tures over noncommutative manifolds. The notion of a real spectral triple
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[2], which provides a noncommutative counterpart of the spin manifold def-
inition incorporates in the classical case both spin structure and the Dirac
operator. In the known examples, it is a priori difficult to separate these
two ingredients. On the other hand, one would expect that possible spectral
triple constructions should - like in the classical case - depend on some pos-
sible choices of the reality structure J. The resulting Dirac operators might
then have different spectra.

In the paper we investigate the simplest and most studied example of
the two-dimensional noncommutative torus. In the classical limit, it is well
known that there are four different spin structure on the torus and the Dirac
operators have different spectra [1]. We recover this result in the noncommu-
tative case, showing that out of several a prior: admissible reality structures
only some admit reasonable Dirac operators.

For the details of the spectral triple axiomatics we refer the reader to
[3]. In our approach we use equivariance under the global symmetry of the
noncommutative manifolds as defined in [4, 5].

2 Spectral triples on Noncommutative Torus

2.1 Equivariant representation and a real structure

Let U,V be unitary elements generating the algebra of polynomial functions
on the noncommutative torus A(7T)), A a generic complex number, |A\| =1,

UV = \VT, (1)

and d1, 9 be the basis of derivations acting on A(T)), which represent the Lie
algebra type symmetry (denoted later by £) of the noncommutative torus:

519[]:[]7 52[>U:O, (2)
51[>V:0, (52[>V:V

We look for all possible equivariant representations with an equivariant
real structure J and, since the spectral triple for a two-dimensional torus
should be even, for a Z, grading . Note that in this case the Hilbert space
must be graded and we need to find two equivariant representations 7, ms.
First, we assume that V is a vector space on which we have a well-defined
star-representation p of the derivations and that e, , are their mutual eigen-



vectors:

/0(51)6#,1/ = KHeuy, /0(52)6u,1/ =Ve€uv, (3)

where p, v € R are arbitrary numerical labels.
The equivariance condition, for [ € £ and a € A(T)), v € V:

p(O)m(a)v = (7((>a) + 7(a)) v, (4)
gives us the following result
T(U)euy = Upy €1, T(V)euw = Vpp €ppi1- (5)
Further, from the commutation relation (1) we get

Up 41Uy = AUpp Vit o

Since the eigenvectors e, , can always be rescaled by a suitable phase we
might choose,
Uy =1, v, =AM (6)
Therefore, the minimal irreducible equivariant representation would con-
sists of a linear span of €4, ,1n for all m,n € Z:

V#J/ - @ V#o+m7V0+n7 (7)
m,neL

where each V,, 1m vo4n = C.

Note that we have obtained no restriction for the values of pg, vy and,
a priori, the values for each of the two representations might be chosen
independently and be completely different. We shall label the two eigenspaces
of the grading V™ and V~ and take V=V, @ V_.

Next, we look for an antilinear unitary operator J on V), such that:

JP=—1, Jy=—9lJ (8)

The latter condition means that J maps Vy onto Vy. We use the equivariance
condition for J, which, in the case of Lie-algebra symmetry, reads:

—Jp(l*)v = p(l)Jv, Yv eV L e L. (9)

Writing it explicitly for the derivations 4y, da:
_(Ml + ml)‘]eﬂ1+m1,l/1+n1,:|: =01 (‘]6#1+m1,l/1+n1,:‘:) ) (10)
_<V1 + nl)‘]eul+m1,l/1+n1,i = 52 (J6M1+m1,vl+n1,i :

Hence, we immediately get:



Lemma 2.1. An equivariant J : V — V satisfying (8) exists only and only
if the spectrum of the derivations 61,0 on spaces Vi is a symmetric image
(with respect to x — —x) of the spectrum on V_. Then:

Je,u,u,i = iJ(M; V) € p,—v,F> (11)
where j(p,v) is an arbitrary phase and e;,,,1+ € Vy.

Proof. The equation (11) is direct consequence of (10). Clearly, if x is in the
spectrum of 9; on V, then —u must be in the spectrum of §; on V_. O

Next, by requiring that J maps the algebra to its commutant, we have
Lemma 2.2. J maps the algebra A(T}) to its commutant if and only if
iy, v) = eitnriviH \ .
where ¢, and 0 are arbitrary real numbers.

Proof. First, observe that J is of the form J = AJ,, where J; is antilinear
and A is diagonal and unitary:

JOeN/:’/vi = :l:eiuzfyz:‘:7 Ae/uﬂyaj: = j(_u’ _V)6M7V7i'

Taking first j(u,v) = A" we verify explicitly that such canonical J.
maps the algebra to the commutant:

0 *T T —v
U Cup+ = JCU Jce,u,y,i = A Cut+ip,+, (12)

o *Y ¥
V Cup+ = JCV Jce,u,y,i = €uuv+l+, (13)

and it is easy to verify that U° V° are indeed in the commutant of A(T)).
Now, assume that there exists a different diagonal unitary A’; such that
J' = AJy maps the algebra to the commutant. Consider the map W = J'J,.

J' Jeppr = wi(p,v)e,, 1.

Clearly, W = J'J. is unitary. Both W*UW and W*VW should commute
with U° and W?, for instance:

(J'J) U ), JSUT) = JX[(J)UJ, U] J. =0,



since we assumed that J" also maps A(7)) to the commutant. Let us calculate
(W*UW, Vel

WUW, U epps =27 (we(p+ 1, v)we(p + 2, v)"

A RPN DA
Therefore, using the unitarity of W:
(we(p +1,0))" = wa(p, v)ws (p+2, o),
This recurrence relation has the following solution:
w(p, v) = e =wi (v), (15)

where ¢ are arbitrary constants and w9 an arbitrary unitary function of v.
Next:

(WVW VT epps == A" (wep, v)ws(p, v +1)°

oy s +2) Y eping D
Using (15) this leads to:
(v + 1) = Wl (v +2) (17)
which yields the final general solution:
we (p,v) = elPrptihrrvtifs (18)

It is an easy exercise to see that the remaining commutators vanish as well.

The relation between ¢, and ¢_ (and similarly for ¢4, 01) can be fixed
using the requirement of unitarity of J’ and the first relation (8). Hence, one
gets that: J' = —WJ must be:

Jleu,u,i = iei(i(wﬂwuﬂe))\7’“}67#,71/?- (19)
The constant 6 is a global phase and can be fixed to 6§ = 0. U

It is interesting to observe what the map W is doing. Clearly W*r(a)W
commutes with the commutant of A(7)) but is not in the chosen represen-
tation of A(T)). In fact, the conjugation by W induces an automorphism of
A(T)) but only when restricted to the single representation 7, or 7_:

(U)W =7y (e7°U), Wir_(U)W- = 1_(*U),
Wim (VIW, =7y (e7™V), Wir (V)W_ = _(e"V),

where W denotes the respective diagonal components of WW.

(20)
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2.2 The equivariant Dirac operator

We proceed now with the construction of an equivariant Dirac operator.
Assume the existence of an equivariant graded linear operator, that is an
operator, which commutes with derivations and anticommutes with . From
this we infer that:

De/.l,,l/,:t - d,u,,zl,:i: Cuv,F- (21)

Therefore, D intertwines vectors of the same eigenvalues of the derivations
01, 02 and in both subspaces such vectors must be present. On the other hand,
from the action of J we know that for each vector with eigenvalues u, v in
one space there exists one with eigenvalues —u, —v. Hence, we must have:

Inne€Z:p=—p+m, v=—v+n. (22)

so u, v are either integers or half-integers.
We summarize the result

Lemma 2.3. There are four possible classes of inequivalent real spectral
triples over the moncommutative torus, given by the following data. Let
€1, €6 € {0, %} Then V. = V_ is a linear span of the orthonormal vectors
euy labelled by (p,v) € (Z + €1,Z + €3), the grading v being:

Vepp+ = Tepup+, (23)
the real structure J:
Jep 4 = eFontvrtO e (24)
and the equivariant hermitian Dirac operator D,
Deypr = dil,ew,,;, (25)
which is determined by the order-one condition.

Proof. First let us prove the existence and uniqueness of an equivariant D
satisfying the order-one condition. From the fact that D = D' we learn

dr,=(d,,)".



The order one condition gives the equations:

(d:—i-l,z/ d;—,z)ew = e_w(d:,z/ - d:—l 1/)7 (26)
(d:+1 v d:,l/)ezw = 6_1w<d:+1 v—1 d,u 1/—1)7 (27)
(d;—,y-‘,—l - d;y)e’@ = B_Zd)(d:—l v+1 d,u,—l 1/)7 (28)
(d;—:u—i—l - d;:y)e“/’ = e—ZTb(d;:V - d:,u—1)7 (29)

whose only solutions are:

e 2ion=2r | o when ¢ # 0,1 # 0,
Tip 4+ Toe 2 4 ¢, when ¢ = 0,9 # 0,
ToU + Toe” 2 4 ¢, when ¢ # 0,7 = 0,

TIH + ToV + €. when ¢ = 0,9 =0,

dt =

wv

Finally, demanding that JD = D.J we have, in each of the possible cases:
« $£0,4 A0
() feintivy _ gremin—ity _ (p yremidn—iby | (c)idictivy
which holds if 7y = —e,
¢ ¢9=0,97#0

—(1) e — (7o) €™ — e = — (1)) p + e + e,

which holds for arbitrary 7 and 75 = —e,
e p£0,9=0
— (1) v — (10)* e — €'eT I = —(1y)*v + Toe P 4 e,
which holds for arbitrary = and 75 = —e,
« 6#0,0#£0

—(n)'n = () v =€ =—(n)'nt —(r)v+e,

which holds for arbitrary 71, 7 and ¢ = 0.



The necessary final condition to fix the spectral data comes either from the
requirement of the spectral properties of the Dirac operator or the Hochschild
cycle condition. In the first case, it is obvious that only for ¢ = ¢ = 0,
the growth of eigenvalues of the Dirac operator corresponds to the required
axioms and D has compact resolvent. The Hochschild cocycle condition is
more complicated, and we prove it next.

Lemma 2.4. The Hochschild cycle condition, that s, that there exists:
c=Y RGR @ E LA AR A),

such that
v =m(c) = m(co)(J 7 (c§) T)D, w(eL)][D, 7(er)],
is satisfied only if ¢ =1 = 0.

Proof. To prove it, we start with the case ¢ # 0, ) # 0 and observe,
[Da 7T<U)]:t - (6:':2i¢ - ]')UD/i7 [Da 7T<V)]:t - (eiFin - 1)UD/iJ

where the sign denotes the restriction of the operators to V4, and D' = D+7.
Moreover:

D'r(U) = e™*x(U)D', D'n(V) = e™*¥7(v)D .

Any expression of the type: w(ao)[D,n(a1)][D,n(az)], where ag,ay,as are
homogeneous polynomials in U, V' (since we are working with the algebra of
polynomials, we can always restrict ourselves to this case), must therefore be
proportional to:

C((Il, ag)’f(’(ao)ﬂ<a1)7r<a2),

where C(ay, ag) is a complex number depending only on multi-degree of poly-
nomials a1, as and the ¢ and ¢.

Now, assuming that the cocycle condition holds, we would have a de-
composition of 1 (when restricted to V,) as a finite sum of homogeneous
polynomials in U, V, U°, V°. This, however, is not possible, unless the poly-
nomials are all of degree 0. Hence ¢ from the cocycle must be 1.

Assume next that the cocyle ¢ is trivial, i.e. ¢ = bc. It can be easily
verified that in such case its image 7(c) is a sum of commutators of the type
[7(ap)[D, w(a})][D, m(ab)], m(a})]. Using the previous result, we can decom-
pose it into the sum of commutators of homogeneous polynomials and we

8



immediately see that for the algebra of the noncommutative torus commu-
tators cannot give a polynomial of degree 0. Hence, no trivial cocycle can
have v as its image.

On the other hand, using the results on the Hochschild homology of the
noncommutative torus [6] we explicitly verify that for the unique nontrivial
cocycle (up to multiplication):

o=UV"VeU-VU"@U®V,

its image, m(co) vanishes. Therefore, in this case, the Hochschild cocycle
condition cannot be satisfied.

In the remaining case (¢ = 0 and ¢ # 0, for instance) we use similar
arguments. We have:

[D,7n(U)]s =7, UL, [D,7(V)]s=(e™"—1)UDL,

where [, + = €= and D'e, s = € 2%e, 0 =
Repeating the arguments from previous considerations, we obtain that
for any expression of the considered type, it might have three components:

Clay, ag)m(ag)m(ar)w(az) + C'(ay, ag)mw(ag)w(ay)m(az) I, D’
+ C"(ay, az)w(ag)w(ar)m(az)D'I,,

with three complex coefficients, depending only on the multi-degree of aq, as
and 1.

The difference here is the appearance of D’, but again, it is sufficient
to verify that no such finite sum can be proportional to the identity, when
restricted to V., unless all C’, C” vanish and the degree of agaias is zero.

We can further follow the same arguments for the commutator presenta-
tion of trivial Hochschild cycles, checking again explicitly that for the non-
trivial ¢g, its image has non-zero coefficients C’ and C” and for this reason
its image cannot be 7.

For the v = 0, ¢ = 0 case, we calculate that

V= (@ (V)R(U)D. 2 U)ID, (V)

TiTy — TuTy,

(U )x(V)ID, x(V)I[D, w(U)]) .

provided that 7,7 # 7,7,. O



We can now state:

Theorem 2.5. There are four inequivalent equivariant spin structures on
the 2-dimensional noncommutative torus, with a unique choice of equivariant
Dirac operator for each spin structure:

Ay, = T+ T, (31)

which satisfies the Hochschild cycle condition, provided that 7,7 # 7,7,. The
spectrum of the equivariant Dirac Operator depends on the spin structure.

Proof. As the previous lemmas showed the construction of the spectral data,
we only need to show their inequivalence and the dependence of the spectrum
of the Dirac operator on the choice of the class.

In order to see that the different reality structures we found are not
equivalent we need to find the same presentation of the spectral geometries.
This is achieved by relabelling the indices so that their are all integers.

We obtain, on the Hilbert space with the basis labelled by integers m, n:

€ | € Jlm,n, £) D|m,n,+)

010 A" —m, —n, F) (rim + mn)| — m, —n, £)
0|3 AT | — i, —n + 1, F) (mm + mn+ 3)| —m, —n, +)
10 A FD| — 41, —n, F) (nm +mn+ 3)[ —m, —n, +)
z |3 A MFDOF) | 41, —n+1,T) | (mm+7mn+ 1) —m, —n, +)

So two of the above cases have clearly a different spectrum of the Dirac op-
erator than the other two (for instance, for €, # €,, 0 is not in the spectrum
of D). Tt is thus immediately evident that the two pairs corresponding to
the different spectra of D are not unitarily equivalent.

Let us prove the mutual inequivalence of the two cases within each pair.
We shall show that there does not exist a unitary operator W on V, such
that JELEL =WJe,e, W*, and which leaves the remaining data of the spectral
triple unchanged, in particular

WAW* = ~ (32)
Wr(a)W* = 7(a) Va € A(T)) (33)
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From the first of these equations, (32), it follows that W is blockdiag-
onal, W : V4 — V.. To make use of (33) we first observe that e, , + =
7(U™)m(V™)ep 0+ for all n,m. We shall denote

+
Wepo+ = E Wi €t

kel
Using (33), we have

Wen,m,i = WW(U”)W(Vm) 60707i = W(U")W(Vm)W 60707i

= W(Un)ﬂ(vm) <Z wkil ek,l,i) (34)

—mk, .+
= E A Wy €k4n,l+m,+-
Kl

Thus W is completely determined by the coefficients w,jfl. The requirement
We,e, W* = Jae , gives the following equation:

€pcy

wfk’_l jeu,eu,ﬂ:<n + k7 m + l) - )\ka wz:,l jE’ ,E{,,:ﬁ:(n7 m)7 Vn, m, k7 le Za (35)

"

where

Joenms = j(n,m)e_p mz, L= {(6#61,), (ELEL)}
Taking the j,(n, m) from the table above and inserting them into the equation
for the wkil one easily sees that there only exists a solution if Jer e, = J in

v Cur€r
which case W = +id. Thus there does not exist a unitary that intertwines
distinct reality structures J, . [

Finally, it is interesting to note that, were W not required to commute
with v and the algebra representation, there would exist such a unitary. For
example, an unitary W which intertwines Jyy and JO%,

JO% = W*JooW,
is given by:

1
=m
Wemm+ =A"emn1-, Wemn— = €mn+-
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Indeed, then

W* JooW e = W TogA2™ €ni1,— =
— WA\ €—m,—n+1+ (36)

1
—m(n—1
= A (n=3) €_m,—n+1,—»

and
* wW* W*\—mn
" JOD” Emn,— = J00€m,n,+ = A €—m,—n,—

= ATEA T e (37)

_\—m n—&—l
=A ( Q)e—m,—n—l-l,—l—-

3 Conclusions

We have shown that the noncommutative torus has, similarly as in the clas-
sical A = 1 case, four inequivalent spin structures. It is not surprising that
the spin structures are closely related to the reality structure J. It is quite
instructive, however, that the pure algebraic conditions for J and the Dirac
operator are not sufficient and one needs either the Hochschild cocycle con-
dition or the restriction due to the spectral properties of the Dirac operator.
Note that in [4] this was also shown to rule out spin bundles with the wrong
topology over the commutative sphere S?, leaving precisely one (real) Spin
structure in that case.

The "nonexisting” spurious classes of the reality operator J, which do not
lead to true Dirac operators have no classical (commutative) counterpart. For
this reason, it is hard to compare the construction with the steps of Connes’
reconstruction theorem for spin geometries [3] in order to see whether their
existence is a shadow of some other structures.
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