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Lorentzian fermionic action by twisting Euclidean
spectral triples

Pierre Martinetti and Devashish Singh

Abstract. We show how the twisting of spectral triples induces a transition from a Euclidean to
a Lorentzian noncommutative geometry at the level of the fermionic action. More specifically,
we compute the fermionic action for the twisting of a closed Euclidean manifold, then that of a
two-sheet Euclidean manifold, and finally the twisting of the spectral triple of electrodynamics in
Euclidean signature. We obtain the Weyl and the Dirac equations in Lorentzian signature (and in
the temporal gauge). The twisted fermionic action is then shown to be invariant under an action
of the Lorentz group. This permits us to interpret the field of 1-form that parametrises the twisted
fluctuation of a manifold as the (dual) of the energy-momentum 4-vector.

1. Introduction

Noncommutative geometry [12] offers various ways to build models beyond the standard
model (SM) of elementary particles, recently reviewed in [6,21]. One of them [22, 23]
consists in twisting the spectral triple of SM by an algebra automorphism, in the sense of
Connes—Moscovici [17]. This provides a mathematical justification to the extra scalar field
introduced in [7] to both fit the mass of the Higgs and stabilise the electroweak vacuum.
A significant difference from the construction based on usual spectral triples without first-
order condition [9, 10] is that the twist does not only yield an extra scalar field, but also a
supplementary 1-form field (in [23], this field was improperly called vector field) whose
meaning was rather unclear so far.

Connes’ theory of spectral triples provides a spectral characterisation of compact
Riemannian manifolds [15] along with the tools for their noncommutative generalisa-
tion [14]. Extending this program to the pseudo-Riemannian case is notoriously difficult.
Although several interesting results in this context have been obtained recently, see e.g. [2,
24,25,36], there is no reconstruction theorem for pseudo-Riemannian manifolds in view,
and it is still unclear how the spectral action should be handled in a pseudo-Riemannian
signature.

Quite unexpectedly, the twist of the SM, which has been introduced in a purely Rieman-
nian context, has something to do with the transition from the Euclidean signature to the
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Lorentzian one. In fact, the inner product induced by the twist on the Hilbert space of
Euclidean spinors on a four-dimensional manifold M coincides with the Krein product
of Lorentzian spinors [20]. This is not so surprising, for the twist p coincides with the
automorphism that exchanges the two eigenspaces of the grading operator (in physicist’s
words: that exchanges the left and the right components of spinors). And this is nothing but
the inner automorphism induced by the first Dirac matrix y° = ¢(dx?). This explains why,
by twisting, one is somehow able to single out the x( direction among the four Rieman-
nian dimensions of M. However, the promotion of this x¢ to a “time direction” is not fully
accomplished, at least not in the sense of Wick rotation [19]. Indeed, regarding the Dirac
matrices, the inner automorphism induced by y° does not implement the Wick rotation
(which maps the spatial Dirac matrices y/ to W(y/) := iy/) but actually its square:

p(y)) =7y’ = —y/ = W2(y/), forj =123 (1.1)

Nevertheless, a transition from the Euclidean to the Lorentzian does occur, and the xo
direction gets promoted to a time direction, but this happens at the level of the fermionic
action. This is the main result of this paper, summarised in Propositions 4.5, 5.13, and
their lorentz invariant version propositions 6.7 and 6.11.

More specifically, starting with the twisting of a Euclidean manifold, then that of a
two-sheet Euclidean manifold, and finally the twisting of the spectral triple of electro-
dynamics in Euclidean signature [37], we show how the fermionic action for twisted
spectral triples, proposed in [20], actually yields the Weyl and the Dirac equations in
Lorentzian signature. In addition, the extra 1-form field acquires a clear interpretation as
the dual of the energy-momentum 4-vector.

The following three aspects of the twisted fermionic action explain the change of
signature.

» First, in order to guarantee that the fermionic action is symmetric when evaluated
on Gralmann variables (which is an important requirement for the whole physical
interpretation of the action formula, also in the non-twisted case [8]), one restricts the
bilinear form that defines the action to the +1-eigenspace # & of the unitary operator
R that implements the twist; whereas in the non-twisted case, the restriction is to the
+1-eigenspace of the grading, in order to solve the fermion doubling problem. This
different choice of eigenspace had been noticed in [20], but the physical consequences
were not drawn. As already emphasised above, in the models relevant for physics,
R = yo, and once restricted to # g, the bilinear form no longer involves a derivative in
the x direction. In other words, the restriction to # & projects the Euclidean fermionic
action to what will constitute its spatial part in Lorentzian signature.

» Second, the twisted fluctuations of the Dirac operator of a four-dimensional Rieman-
nian manifold are not necessarily zero [23, 28], in contrast with the non-twisted case
where those fluctuations always vanish. These are parametrised by the above-men-
tioned 1-form field. By interpreting the zeroth component of this field as an energy,
one recovers a derivative in the x¢ direction, but now in a Lorentzian signature.
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e Third, we show that the twisted fermionic action is invariant under an action of the
Lorentz group. From that follows the interpretation of the whole 1-form field (not
only its zeroth component) as the dual of the energy-momentum 4-vector.

All this is detailed as follows. In Section 2, we review the known material regarding
twisted spectral triples, their compatibility with the real structure (Section 2.1) and the
new inner product they induce on the initial Hilbert space (Section 2.2). We discuss what
a covariant Dirac operator is in the twisted context, and the corresponding gauge invari-
ant fermionic action it defines (Section 2.3). We finally recall how to associate a twisted
partner to graded spectral triples (Section 2.4).

In Section 3, we investigate the fermionic action for the minimal twist of a closed
Euclidean manifold, that is, the twisted spectral triple having the same Hilbert space and
Dirac operator as the canonical triple of the manifold, but whose algebra is doubled in
order to make the twisting possible (Section 3.1). In Section 3.2, we show that twisted
fluctuations of the Dirac operator are parametrised by a 1-form field of components X/,
first discovered in [23]. In Section 3.3, we recall how to deal with gauge transformations
in a twisted context, along the lines of [29]. We then compute the twisted fermionic action
in Section 3.4 and show that it yields a Lagrangian density similar to that of the Weyl
equations in Lorentzian signature, as soon as one interprets the zeroth component of X,
as the time component of the energy-momentum 4-vector of fermions. However, there are
not enough spinor degrees-of-freedom to deduce the Weyl equations for this Lagrangian
density.

That is why in Section 4 we double the twisted manifold (Section 4.1), compute the
twisted-covariant Dirac operator (Section 4.2), and obtain Weyl equations from the fermi-
onic action (Section 4.3).

In Section 5, we apply the same construction to the spectral triple of electrodynamics
proposed in [37]. Its minimal twist is written in Section 5.1, the twisted fluctuations are
calculated in Section 5.2, for both the free part and the finite parts of the Dirac operator.
The gauge transformations are studied in Section 5.3 and, finally, the Dirac equation in
Lorentzian signature (and in the temporal gauge) is obtained in Section 5.4.

Section 6 deals with Lorentz invariance.

We conclude with some outlook and perspective. The appendices contain all the re-
quired notations for the Dirac matrices and for the Weyl and Dirac equations.

The Lorentz metric is (41, —1, —1, —1). We use Einstein convention for summing on
alternate (up/down) indices: for instance, y**9,, stands for 3, y*0,,.

2. Fermionic action for twisted spectral geometry

After an introduction to twisted spectral triples (Section 2.1), we recall how the inner
product induced by the twist on the Hilbert space (Section 2.2) permits building a fermi-
onic action (Section 2.3). The key difference with the usual (i.e., non-twisted) case is that
one no longer restricts to the positive eigenspace of the grading I', but rather to that of
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the unitary R implementing the twist. Finally, we emphasise the twist-by-grading proced-
ure that associates a twisted partner to any graded spectral triple whose representation is
sufficiently faithful (Section 2.4).

2.1. Real twisted spectral triples

Twisted spectral triples have been introduced to build noncommutative geometries from
type III algebras [17]. Later, they found applications in high energy physics describing
extensions of SM, such as the Grand Symmetry model [22,23].

Definition 2.1 (from [17]). A twisted spectral triple (A, H, D), is a unital *-algebra A
that acts faithfully on a Hilbert space # as bounded operators,' along with a self-adjoint
operator 9 on J with compact resolvent, called the Dirac operator, and an automorphism
p of # such that the rwisted commutator, defined as

[D,a], := Da — p(a)D, 2.1

is bounded for any a € 4 (thatis, [D, a], is well defined on the domain of £ and extends
to a bounded operator on #).

A graded twisted spectral triple is one endowed with a self-adjoint operator I on 4
such that
=1, TO+Dr =0, Ta=al, Vac k. (2.2)

The real structure [13] easily adapts to the twisted case [28]: as in the non-twisted case,
one considers an antilinear isometry J : # — J, such that

J2=¢l, JD=DJ, JI =¢"TJ, (2.3)

where the signs ¢, &/, ¢” € {1} determine the KO-dimension of the twisted spectral
triple. In addition, J is required to implement an isomorphism between # and its opposite
algebra A°,

b b°:=Jb*J7', Vbe A 2.4)

One requires this action of 4° on J¢ to commute with that of 4 (the zero-order condition),
[@,b°] =0, Va,be A, (2.5)
in order to define a right representation of 4 on J:

Va:=ay = Ja*J Wy, Yy eH. (2.6)

"Wherever applicable, we use a to mean its representation 7 (a). Thus a* denotes 7(a*) = n(a)T,
where * is the involution of # and 7 is the Hermitian conjugation on #¢.
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The part of the real structure that is modified is the first-order condition. In the non-
twisted case, itreads [[D, a],b°] =0, Va, b € A; while in the twisted case, it becomes [23,
28]

[[D.d],.0°] . :=[D.alpb® — p°(b°)[D.al, =0. Va.b e A, 2.7

P
where p° is the automorphism induced by p on the opposite algebra:

0°(b°) = p°(Jb* T ) := Jp(b*)J L. (2.8)

Definition 2.2 (from [28]). A real twisted spectral triple is a graded twisted spectral triple,
along with a real structure J satisfying (2.3), the zeroth and the first-order conditions (2.5),
Q.7.

In case the automorphism p coincides with an inner automorphism of B(J), that is,
n(p(a)) = Rr(@RT, Va e A, 2.9)

where R € B(H) is unitary, then p is said to be compatible with the real structure J, as
soon as
JR=¢"RJ, fore" =+. (2.10)

The inner automorphism, hence the unitary R, is not necessarily unique. In that case, p
is compatible with the real structure if there exists at least one R satisfying the above
conditions.

Remark 2.3. In the original definition [17, eq. (3.4)], the automorphism is not required
to be an *-automorphism, but rather to satisfy the regularity condition p(a*) = p~(a)*.
If, however, one requires p to be an *-automorphism, then the regularity condition implies
that

0% =1d. (2.11)

Other modifications of spectral triples by twisting the real structure have been pro-
posed [4]. Interesting relations with the above real twisted spectral triples have been
worked out in [5].

2.2. Twisted inner product

Given a Hilbert space (#, (-, -)) and an automorphism p of B(H), a p-product {-,-), is an
inner product satisfying

(¢, 08), = (p(©)¢.8),, YO € B(H)and ¢, & € J, (2.12)
where § is the Hermitian adjoint with respect to the inner product (-, -). One calls

ot = p(O)f (2.13)
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the p-adjoint of the operator @. If p is inner and implemented by a unitary operator R on
J — that is, p(0) = RORT for any @ € B(H) — then, a canonical p-product is

The p-adjointness is not necessarily an involution. If p is an x-automorphism (for
instance, when p is inner), then T is an involution iff (2.11) holds, for

O = pO")" = p((0M)) = p(p(0)). (2.15)

Remark 2.4. The regularity condition in Remark 2.3 (written as p(b)* = p~'(b*) for
any b = a* € A) is equivalent to the p-adjointness a* := p(a)* being an involution, for

@t = (p@*) " = (p(p@)*))" = (p(p (@) = (@)* = a. (2.16)

Given a twisted spectral triple (4, #, D), whose twisting automorphism p coincides
with an automorphism of B(#), any choice of the unitary R implementing this auto-
morphism induces a natural twisted inner product (2.14) on J. These products are useful
to define a gauge invariant fermionic action.

2.3. Twisted fermionic action

The fermionic action for a real spectral triple (A, #,D; J, ') is [1, 8] S(Dy) :=
Ap, (§.§), where

Ao, (9.5) := (Jp. DuE). ¢.9 € H, (2.17)
is a bilinear form defined by the covariant Dirac operator D,, := D + w + &' JwJ 7! [14],
where o is a self-adjoint element of the set of generalised 1-forms

QL (A) = {Zai[@,bi], ai bi € A}; (2.18)

while 1Z is a GraBBmann vector in the Fock space J?Jr of classical fermions, corresponding
to the positive eigenspace #4+ C J of the grading I'; that is,

Joy = 1{E, €€ Hy), where H, :={& € X, Tt =E¢). (2.19)

The fermionic action is invariant under a gauge transformation, that is, the simultaneous
adjoint action of the group U (+4) of unitaries of #4, both on # > ¥,

Adw) Y = uyu* =u@*)°y =uJuJ ' ue UA) (2.20)
and on the covariant Dirac operator: D, — (Ad u)Dg (Ad u)T.

Remark 2.5. The form (2.17) is antisymmetric in KO-dimensions 2, 4 (Lemma 2.7
below), so Agp, (£, §) vanishes when evaluated on vectors. However, it is non-zero when
evaluated on Gra3mann vectors [16, §1.16.2]. In particular, for the spectral triple of SM (of
K O-dimension 2), the fermionic action contains the coupling of matter with fields (scalar,
gauge, and gravitational).
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In twisted spectral geometry, the fermionic action is constructed [20] substituting D,
with a twisted covariant Dirac operator

Do, =D +wp+&Jw,J ", (2.21)

where w,, is an element of the set of twisted 1-forms [17],

wp € QA p) = { Y a;[D.1j1,. a;.b; € A}, (2.22)
J

such that D, is self-adjoint,” and by replacing the inner product with the p-product (2.12).
Instead of (2.17), one thus considers the bilinear form

Ap, ($.6) 1= (J¢. D ) - (2.23)

A gauge transformation is given by the same action (2.20) of U(A) on F, but the
Dirac operator transforms in the following twisted manner [29]:

Do, = (Ad p(u)) Do, (Ad u™). (2.24)
The r.h.s. of (2.24) is still a twisted covariant Dirac operator D, where [29, Prop. 4.2]
wy = p)([D,u], + wpu™). (2.25)

The transformation w, — wj is the twisted version of the law of transformation of the
gauge potential in noncommutative geometry [14].

In case the twist p is compatible with the real structure in the sense of (2.10) for
some unitary R, the bilinear form (2.23) is invariant under the simultaneous transform-
ation (2.20)—(2.24) [20, Prop. 4.1]. However, the antisymmetry of the form 2[;)‘0 is not
guaranteed, unless one restricts to the positive eigenspace of R, that is, ’

JHg = {£ € Dom D, RE = &}. (2.26)

This has been discussed in [20, Prop. 4.2] and led to the following definition.

Definition 2.6. For a real twisted spectral triple (4, #, D; J),, the fermionic action is
So(Da,) 1= UG, (.5). (227)

where gis the GraBmann vector associated to £ € Hg.

>The domain of D, coincides with the one of D (being w, + Fwp,d~1 in B(J)). By Kato—Relish
theorem, D, is self-adjoint iff w, + Jw,J ~! is self-adjoint. In [23], we required w, + Jw,J ! to be self-
adjoint without necessarily imposing the self-adjointness of w,. This is discussed in detail after Lemma 3.2
below.
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In the spectral triple of SM, the restriction to J¢ is there to solve the fermion doubling
problem [30]. It also selects out the physically meaningful elements of # = L2(M,S) ®
Hg, that is, those spinors whose chirality in L2(M, ) coincides with their chirality as
elements of the finite-dimensional Hilbert space ##. In the twisted case, the restriction
to g is there to guarantee the antisymmetry of the bilinear form ?Ig)w . However, the
eigenvectors of R may not have a well-defined chirality. If fact, they camqot have it when
the twist comes from the grading (see Section 2.4 below), since the unitary R implement-
ing the twist (given in (2.35)) anticommutes with the chirality I' = diag(Ig, , —I5_), so
that

HiNHg ={0}. (2.28)

From a physical standpoint, by restricting to # & rather than #, one loses a clear
interpretation of the elements of the Hilbert space: a priori, an element of # g is not phys-
ically meaningful since its chirality is ill-defined. However, we show in what follows that
— at least in two examples: a manifold and the almost-commutative geometry of electro-
dynamics — the restriction to # g is actually meaningful, for it allows to obtain the Weyl
and Dirac equations in the Lorentzian signature, even though one starts with a Riemannian
manifold.

Before that, we conclude this section with two easy but useful lemmas. The first recalls
how the symmetry properties of the bilinear form 2p = (J-, D-) do not depend on the
explicit form of the Dirac operator, but solely on the signs ¢, ¢” in (2.3). The second
stresses that once restricted to # g, the bilinear forms (2.17) and (2.23) differ only by a
sign.

Lemma 2.7. Let J be an antilinear isometry on the Hilbert space (¥, (-,-)) such that
J? = ¢l, and D a self-adjoint operator on ¥ such that JD = &' DJ. Then

(J¢.DE) = e (JE. D¢), V. € J. (2.29)

Proof. By definition, an antilinear isometry satisfies (J¢, J&) = (¢, &) = (£, ¢). Thus
(Jo, DE) = e(J¢, J>DE) = e(JDE, ¢) = ec'(DJE, ¢) = e'(JE, D). u

In particular, for KO-dimensions 2, 4 one has that ¢ = —1, &’ = 1, so A p is antisym-
metric. The same is true for A p, in (2.17), because the covariant operator O, satisfies
the same rules of sign (2.3) as D.

Lemma 2.8. Given D, and a unitary R compatible with § in the sense of (2.10), one has
that

AT (P, &) =" Ap(¢p.£), V.& € Hag. (2.30)
Proof. For any ¢, & € #H g, we have that

AL (¢.8) = (Jp. RDE) = (RTJ¢p, DE) = " (J R, DE) = ¢ (Jp, DE), (2.31)

where we used (2.10) as RTJ = ¢”JRT and (2.26) as RT¢ = ¢. m
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2.4. Minimal twist by grading

The twisted spectral triples recently employed in physics are built by minimally twisting
a usual spectral triple (A, #, D). The idea is to substitute the commutator [D, -] with a
twisted one [D, -],,, while keeping the Hilbert space and the Dirac operator intact, because
they encode the fermionic content of the theory and there is, so far, no experimental indic-
ations of extra fermions beyond those of the SM. However, for the spectral triples relevant
for physics, [, ] and [D, ], cannot be simultaneously bounded [28, §3.1]. So in order
to be able to twist the commutator, one needs to play with the only object that remains
available, namely the algebra.

Definition 2.9 (from [28]). A minimal twist of a spectral triple (4, H, D) by a unital *-
algebra B is a twisted spectral triple (4 ® B, H, D),, where the initial representation 7
of # on J is related to the representation 7 of A ® B on H by

w(a®lg) =mola), Vae A, (2.32)
where [ g is the identity of the algebra B.

If the initial spectral triple is graded, a natural minimal twist may be obtained as
follows. The grading I' commutes with the representation of «+, so the latter is actu-
ally a direct sum of two representations on the positive and negative eigenspaces #,
H_ of T (see (2.19)). Therefore, one has enough space on K = H @ H_ to rep-
resent twice the algebra s. It is tantamount to taking 8 = C? in Definition 2.9, with
A® C?2 ~ A® A > (a,a’) represented on H as

’ ’ my(a) 0
= _ = , 2.
Jr(a,a ) p+7t0(a) + P T[O(a ) ( 0 n_(a’)) ( 33)
where p+ = %(]L;g £ I') and w4 (a) := mo(a) . are, respectively, the projections on

J+ and the restrictions on H+ of mg. If 74 are faithful, then (4 ® C2, ¥, D) 0> With p
the flip automorphism

pla,a’) = (a',a), V(a,a") e A®C? (2.34)

is indeed a twisted spectral triple, with grading I". Furthermore, if the initial spectral triple
is real, then so is this minimal twist, with the same real structure [28].°

The flip p is an *-automorphism that satisfies (2.11), and coincides on (A ® C?)
with the inner automorphism of B(H) implemented by the unitary

R = (]IO H‘B“) with I g, the identity operator in 4. (2.35)
F_

3The requirement that 4 are faithful was not explicit in [28]. If it does not hold, then (A4 ® C2,
H, D), still satisfies all the properties of a twisted spectral triple, except that 7 in (2.33) might not be
faithful.
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As recalled in the next section, the canonical p-product (2.14) associated to the min-
imal twist of a closed Riemannian spin manifold of dimension 4 turns out to coincide
with the Lorentzian Krein product on the space of Lorentzian spinors [20]. The aim of this
paper is to show that a similar transition from the Euclidean to the Lorentzian also occurs
for the fermionic action.

We first investigate how this idea comes about by studying in the next section the
simplest example of the minimal twist of a manifold. Then, in the following sections,
we show how to obtain the Weyl equations in the Lorentzian signature by doubling the
twisted manifold and, finally, the Dirac equation by minimally twisting the spectral triple
of electrodynamics in [37].

3. Preliminary: minimally twisted manifold

We compute the fermionic action for the minimal twist of a closed Euclidean spin mani-
fold M. Since we aim at finding back the Weyl and Dirac equations, we work in dimen-
sion 4, assuming that gravity is negligible (hence the flat metric). This is tantamount to
choosing in (2.3)

e=—1, &=1, & =1. (3.1)

3.1. Minimal twist of a Riemannian manifold
The minimal twist of M is the real, graded, twisted spectral triple

(C®(M)® C?, L*(M,S), B) (3.2)

pv
where C (M) is the algebra of smooth functions on M, L2(M, S) is the Hilbert space
of square integrable spinors with inner product (dj the volume form)

(V. ¢) = /M duy g, fory.p € L2(M. ). (33)

and 0 := —i y*d,, is the Euclidean Dirac operator with y* the self-adjoint Euclidean Dirac
matrices (see (A.2)). The real structure and grading are (c¢c denotes complex conjugation)

~2
_ .02 . _ - (0 0 s _.1.2.30_ (I2 0
#—IVVCC—Z(O az)cc, )’—)’VVV—(O —1[2)' (3.4)
The representation (2.33) of C®°(M) @ C? on L2(M,S) = L2(M,S)y S L2(M,S)_
is
n o f]IZ 0

where each of the two copies of C°°(M) acts independently and faithfully by pointwise
multiplication on the eigenspaces L2 (M, $)+ of y°. The automorphism p of C*° (M) R C?
is the flip

p(f f=(f" 1) VL feC®M). (3.6)
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It coincides with the inner automorphism of B(J¢) implemented by the unitary

(0 I
JR_(HZ 0), 37

which is nothing but the Dirac matrix y° (this choice is not unique, as will be investig-
ated in [3]). It is compatible with the real structure (2.10) with

g = —1. (3.8)
Lemma 3.1. Foranya = (f, f') € C®(M) ® C? and u = 0, 1,2, 3, one has that

yta = pla)y", y*pla) =ay", y"g =—cgy*. (3.9)

Proof. The first equation is checked by direct calculation, using the explicit form of y#,
along with (3.5) and (writing p(a) for T (p(a)))

pla) = (f ;)HZ fo]Iz) ) (3.10)

The second follows from (2.11) and the third from (2.3), noticing that § commutes with
0,., having constant components:

0=ygo—¢dg =i(gy" +&y"d)ou. "
Corollary 3.1.1. The boundedness of the twisted commutator follows immediately:

[8,al, = —i(y*0ua — p(a)y"d,) = —iy*[0u.a] = —iy"(dua) Ya e C®(M)® C2.
(3.11)

3.2. Twisted fluctuation for a manifold

Substituting, in a twisted spectral triple, D with the twisted covariant D,,, (2.21) is called
a twisted fluctuation. The minimally twisted manifold (3.2) has non-vanishing self-adjoint
twisted fluctuations (2.21) of the form

dx (=0 +X, (3.12)
where
X :=—iy*X,, with X, := f,y°, forsome f, € C®(M,R). (3.13)

This has been shown in [28, Prop. 5.3]; in contrast with the non-twisted case, where the
self-adjoint fluctuation of ® always vanishes, irrespective of the dimension of the manifold
M [14].

In [28], the self-adjointness of 8x was guaranteed by imposing the self-adjointness of
wp + Jwpd ™1, but not necessarily the one of w,. One may worry that the non-vanishing
of X is an artefact of this choice, and that X might actually vanish as soon as w, = a); .

The following lemma clarifies this point.
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Lemma 3.2. The twisted 1-forms w, (2.18) and the twisted fluctuations w, + w, ¢~ of
a minimally twisted four-dimensional closed Euclidean manifold are all of the kind

wp = —iy*W,, with W, = diag(h, I, h’ullz), (3.14)

W+ Jwod ™t = =iy Xy, with X, = diag(fula. f;12). (3.15)
where hy, b}, € C®(M), f =2Rhy, and f,, =2Rh),. They are self-adjoint, respectively,
iff

B, =—h, and f, =—/fy. (3.16)

Proof. By Lemma 3.1 and its corollary, one obtains for a; := (fi, f/), bi := (g, g}) €
C®(M)® C2,

wp =Y bild,ailp = =iy Y p(bi)(Bpai)

_ gl 0 (0, /)12 0
- WMXI_:( 0 giﬂz)( MO (all«fi/)]b)’

which is of the form (3.14) with /1, := Y, g{(3,, fi) and b}, := Y gi(3,, f;). The adjoint
is

of = iWiy* =iy pW]), (3.17)
where the last equality follows from (3.9), applied to W, viewed as an element of
C®(M) ® C2. Thus w,, is self-adjoint iff y“p(WJ) = —y*W,, that is, going back to
the explicit form of y#,

o"hy =—c"h), and G h), = —G"h,,. (3.18)

Multiplying the first equation by o and using Tr(c*o*) = 28* yield the first part of
(3.16). Obviously, the latter implies both equations of (3.18). Hence, w, = a)g is equivalent
to the first equation of (3.16).

Further, we have that

Fwpd ™t = gy W)gT =g WG = -yt W gt = —iy* Wl (3.19)
using y* = —y* g (from (3.1) and (3.9)), along with WH = WJ;’ (from (3.4) and the
explicit form (3.14) of W),). Therefore,

wp + Jwod ™ = —iy (W + W), (3.20)

which is nothing but (3.15), identifying X, :=W,,+ WJ = diag((hﬂ—f—h_u)l[z, (h;L—i—h_;L)Hz).
One checks as above that w, + $w,$ ! is self-adjoint iff the second equation of (3.16)
holds. ]

Consequently, imposing that @, # 0 is self-adjoint, that is, imposing (3.16) with
h,, # 0, does not imply that X, vanishes (it does vanish only if /,, is purely imagin-
ary). In other words, as long as h;, ¢ iR, the self-adjointness of w, does not forbid a
non-zero twisted fluctuation.
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3.3. Gauge transformation

For a minimally twisted manifold, not only is the fermionic action (2.27) invariant under
a gauge transformation (2.20), (2.24), but so is the operator @wp (in dimensions 0, 4)
[29, Prop. 5.4]. We check it explicitly by studying how the field /,, parametrising w,, in
(3.14) transforms.

A unitary of C®(M) ® C2 is u := (e!?, ¢!?") with 6,0’ € C®°(M, R). It (and its
twist) acts on K according to (3.5) as (we omit the symbol of representation)

eI, 0 1, 0
u:( 0 e,.g,l[z), p(u):( 0 eigﬂz). (3.21)

Proposition 3.3. Under a gauge transformation with unitary u € C®(M) @ C2, the
fields hy, and h), parametrising the twisted 1-form , in (3.14) transform as

hy—h,—1i9,0, h;L —>h;t—i8M9/. (3.22)
Proof. Under a gauge transformation, the twisted 1-form w,, is mapped to (see (2.25))
w, = —ip)([y" du. u*lp + " Wyu™) = —ipu)y* @ + Wyu™
= —iy*udu* +W,),
where we used (3.11) for ¢ = u*; namely
[y 0, u™], = y*(@,u™), (3.23)

as well as (3.9) for a = u, together with uW,u* = W, since u commutes with W,,.
Therefore, W,, — W,, 4+ ud,u*, which with the explicit representation of W, (3.14) and

u (3.21) reads
h, I, 0 ) ((hu —id,0), 0 )
— . , . ]
( 0 h;LI[Z 0 (h;L - Z8M9 )Hz

Although 7, h;L transform in a nontrivial manner, their real parts % Jus % f;i remain in-
variant. This explains why the fluctuation X in (3.14) is invariant under a gauge transform-
ation (2.24). Furthermore, by simultaneously transforming spinors according to (2.20), the
twisted fermionic action is invariant by construction. So one expects that any ¥ € Hg is
unchanged under the adjoint action of Ad u. This is true, as one checks from (3.4) that
ugug =" =1 for any unitary u.

3.4. Twisted fermionic action for a manifold
Let us first work out the positive eigenspace #g (2.26) for R = y° asin (3.7).

Lemma 3.4. An eigenvector ¢ € Hg is of the form ¢ = (ﬁ ) where ¢ is a Weyl spinor.
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Proof. The +1-eigenspace of y° is spanned by v; = ({) ® (1), v2 = (9) ® (}). There-

fore, a generic vector ¢ = ¢1v; + ¢v; in Hg is as in the lemma, with ¢ := (g; ) [
We now compute the fermionic action (2.27) for a minimally twisted manifold.

Proposition 3.5. Let 8x be the twist-fluctuated Dirac operator (3.12). The bilinear form
(2.23) restricted to H g (antisymmetric by Lemma 2.8) is

3
AL, (9.8) =2 /M dng’on (z‘fo -9 8j)é, (3.24)

J=1

where @, ¢ are, respectively, the Weyl components of the Dirac spinors ¢, § € Hg, and fy
is the zeroth component of the twisted fluctuation f, in (3.13).

Proof. One has that

. (3% 0\ [P\ .[(5%@
weire()=i(0 DO-CY ow

. ¢ (0 o\ (D ("3,
=t ()=1(3 D)) () o

X¢ =—iytX, (g) =—i (50M Goﬂ) (fuo}12 —Jgﬁz) (g)

. —fua”“é')
= 5. (3.27)
( SuG"e
Hence, noticing that (52)" = —io» and 02" = io, (see Appendix B), and using
ot 45" =20,6M°, ot —GF = 2i§M g, (3.28)
one gets
et — ota
s (¢, §) = (9,08) = — (9757, gT0) (w “5) (3.29)
GHaug
3
=i / dp gToa (o™ — 540, L = 2/ dwitor > 0958 (3.30)
M M j=1
_f ook
Ax(p,£) = (§¢.XE) = — (9757, gT0) ( f‘i‘i é) (3.31)
Juo™ ¢

=—i /M duw @' o fu (o™ +54)0,¢ = —2i /M dp fo@'tos t. (3.32)
From Lemma 2.8 and (3.8), it follows that

A5 (9.8) = —Asy (¢.8) = —As(¢. §) — Ax (9. §). (3.33)

Hence the result. [
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The fermionic action is then obtained by substituting ¢ = £ in (3.24) and replacing
the components ¢ of & by the associated Gramann variable ¢, ¢:

~ 3 ~
Sp(Bx) = A§ (£.§) =2 /M dp [E*az (ifo - 0 a,-)z}. (3.34)

Jj=1

The striking fact about (3.34) is the disappearance of the derivative in the x, direction,
and the appearance, instead, of the zeroth component of the real field f,, parametrising
the twisted fluctuation X. This derivative, however, can be restored by interpreting —i fo¢
as do{, i.e., assuming that

¢ (xo0, xi) = exp(—ifoxo) (x;) (3.35)

with f independent of xo. Denoting by o3, = {I», 0;} the upper-right components of the
Minkowskian Dirac matrices (see (A.4)), the integrand in the fermionic action then reads
(with summation on the y index)

~ {Tof (ofy T, (3:36)
which reminds of the Weyl Lagrangian densities (B.7)
Lhy = iV (0 9,)P,, (3.37)

but with the 01%,1 matrix that prevents to simultaneously identify E with W, and —ETGZ%,I
with i W) .

To make such an identification possible, one needs more spinorial degrees of freedom.
They are obtained in the next section, multiplying the manifold by a two-point space.

4. Doubled manifold and Weyl equations

In constructing a spectral triple for electrodynamics, the authors of [37, §3.2] first con-
sider, as an intermediate step, the product of a manifold with the finite-dimensional spec-
tral triple

Ay =C2, Hgy =C2, Dg =0. 4.1)

This model describes a U(1) gauge theory, but fails to describe classical electrodynamics
for two reasons, discussed at the end of [37, §3]: first, the finite Dirac operator is zero, so
the electrons are massless; second, #¢ is not big enough to capture the required spinor
degrees-of-freedom.

However, none of the above arises as an issue if one wishes to obtain the Weyl Lag-
rangian, since the Weyl fermions are massless anyway, and they only need half of the
spinor degrees-of-freedom as compared to the Dirac fermions.
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4.1. Minimal twist of a two-point almost-commutative geometry

The product — in the sense of spectral triple — of a four-dimensional closed Euclidean
manifold M with the two-point space (4.1) is

A=CPM) ®C2 H=L*MS)®C: D=08xL, 4.2)

with real structure J = ¢ ® J# and grading I' = y° ® yz, where d, , y°> are as in (3.4),

while
0 1 1 0
Jg = (1 0) ce, Yy = (0 _1), 4.3)

in the orthonormal basis {e, &} of #3 = C2. The algebra 4 > a := (f. g) acts on ¥ as

wo(a) == (f(])l“ gO]I4) . VfigeC®M). (4.4)

Following Section 2.4, the minimal twist of (4.2) is given by the algebra 4 ® C?2,
acting on J as

fI, 0 0 0O

0 fI, 0 0 F 0
a,a) = =: , 4.5
m@.a) 0 0 gL 0 (0 G’) @5)
0 0 0 gl
fora := (f,g),a’ := (f’',¢g') € A; with twist
f'l, 0 0 0
0 fI, 0 0 F' 0
Vi _ / _ .
n(pla.a")) = n(d' a) = 0 0 L o | (O G) . (4.6)
0 0 0 g
In both of the equations above, we have denoted
Fo=nau(f f), Fi=au(f' f),
4.7

G:=nu(g.8) G :=naug. g).

where 74 is the representation (3.5) of C®(M) ® C2 on L2(M, S).

4.2. Twisted fluctuation of a doubled manifold

We begin with some notations and a technical lemma. Following (3.13) and (4.7), given
any Zy, = wy(fu, f,;) with fy, f,; € C®(M), we denote Z), = ([, fu) and

Z:=—iy'Z,, 1 :=-iy'Z,. L:=-iy*Z,. (4.8)
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Notice that Z is not the complex conjugate of Z, since in (4.8), the complex conjugation
acts neither on i nor on the Dirac matrices. This guarantees that ~ and ' commute not
only for Z,,, i.e., Z_/’L =(Z,) = au(f], fu).butalsoforZ, ie.,

2z =27. (4.9)
The notation Z/ is thus unambiguous and denotes indistinctly the two members of (4.9).
Lemma 4.1. Forany F, G, Z,, as in (4.7), (4.8), one has that
F[3,Gl, = —iy*F'3,G, 924~ =17, 7' =-7. (4.10)

Proof. Equation (3.11) for a = G yields [0, G], = —iy*9,,G, while (3.9) for a = F’
gives

Fyt = ytF'. 4.11)

Thus F[0,Gl,=—iFy"d,,G=—iy*F’'d,G. The second equation in (4.10) follows from

LI =igy'Z, 947 = —iy* 42,97 = —iy*Z, =L, (4.12)

where we used (3.9) as well as (recalling that in K O-dimension 4, one has that ™! = —¢)

_ (5% 0 fuls 0 (3% 0
97,97 = —i (0 OZ)CC( MO fli]lz)l (O Uz)cc, (4.13)
52 0\ (ful O 52 0 fula 0 -

_ _ - 2 )\=Z,, .14

(5 o) (%% f,:ﬂz) (5 2)=("% f,;ﬂz) o (19

noticing that 2 = 2 and 32 = 02, so that 5262 = 6262 = —1I,. The third equation in
(4.10) follows from

' =izZiyt =iZy" =iyM(Z,) =iy'Z), = -7, (4.15)

where we notice that Z;l =Z w» from the explicit form (3.5) of m ¢, then use (4.11). m

With this lemma, it is easy to compute the twisted fluctuation w, + {,’a)pgl_l for a
generic twisted 1-form

wp = m(a,a")[d @I, n(b,b’)]p (4.16)
fora=(f,g).,d =(f".g),b=(v,w),and b’ = (v',w’) in 4.
Lemma 4.2. One has that
wp+Jo,d T =X®L +iY ® y7, (4.17)
withX = —iy*X,, Y = —iy*Y, for
Xy = wn (S 1) Y= wa(gu- 8- (4.18)
where f,, f;i and gy, g;L denote, respectively, the real and the imaginary parts of

zyp = flv + 8o W' and z, = fo,0" 4 g'0,w". (4.19)
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Proof. Define
Vi=au,v), V i=a4u@,v), W:i=ayuw,w), W =y, 6 w). 4.20)

From (4.5)—(4.6), one gets

[6® L, n(b.0)], = ([6’(;/]” 5 I?V,]p), “4.21)

so that, for (@, a’) as in (4.5) and using (4.10), one finds that

. F 0 [6,V] 0 _ _l'y,uP 0 B P 0
wp 1= (0 G')( 0 P [69W/]p)_( 0 H —iy“Q;L)_(O Q,), 4.22)

with

P, :=F'9,V, Qi; =G, W', (4.23)
The explicit form of the real structure and its inverse,
0 _ 0 -1
along with the second equation of (4.10), yield
o1 (9Q¢7! 0 _(Q 0
Jw,J7 = ( 0 qrg-1) =0 ») (4.25)
Summing up (4.22) and (4.25), one obtains (4.29)
_ Z 0
opt ot = (5 7). 20

where Z :=P + Q' = —iy*Z, with
Z,=Pu+ 0, =F3,V+GaW

(0 + 2, 0o o
0 (fov +go,w)l,

(the last equation follows from the explicit form (4.20) of V, W' and (4.7) of F’, G). By
(4.19), this reads as

Zy = im0 2) = T (fru £1) + imac(8u 81) = Xpu + Y0, (4.28)
Similarly, Z= —inZM with ZM = X, —iY,. Hence, (4.26) yields

—iyH( Xy +iYy) 0 )

-1 _
wp + Jw,d 7" = ( 0 iy —iY) (4.29)

which is nothing but (4.17). |
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Proposition 4.3. The self-adjoint twisted fluctuations of the Dirac operator of the doubled
manifold are parametrised by two real fields f,, and g, in C®°(M,R), and are of the form

Ox®Ir + guy” ® vz, (4.30)
where Dy is the twisted-covariant operator (3.12) of a manifold.

Proof. A generic twisted fluctuation (4.26) (adding a summation index i and redefining
Z =Y, 7;) is self-adjoint iff Z = Z and Z = Z. By (4.9), and the third equation in
(4.10), both conditions are equivalent to Z = —Z/; that is, —i y*(Z,, + Z;L) =0. As
discussed below (3.18), this is equivalent to Z,, = _Z[/,L' From (4.27), this last condition
is equivalent to z,, = _Z//L; that is,

fu=~—f, and g, =g,. 4.31)

Substituting in (4.18), one obtains
Xy = (S =) = Juy®s Yuo = ma(8ugu) = gulla. (4.32)
so that (4.17) gives
wp + Jwpd ' =iy  fuy’ ® L + guy" ® vs- (4.33)
The result follows adding 8 ® I,. |

Self-adjointness is illustrated directly into the bold notation: by (4.31), X ® I, +
i'Y ® yy is self-adjoint iff X’ = —X and Y’ = Y. Since X = X, Y = Y by construction,
this is equivalent by the third equation of (4.10) to X = X" and Y = —YT.

4.3. Weyl equations from the twisted fermionic action

We show that the action defined by the component 8x ® I, of the twisted covariant Dirac
operator (4.30) of the doubled manifold (i.e., we assume that g, = 0) yields the Weyl
equations. Non-vanishing g,, will be taken into account in the spectral triple of electro-
dynamics.
Following the choice made in (3.7), we take as a unitary implementing the action of p
on K
R=y"®1,. (4.34)

It has eigenvalues +1 and is compatible with the real structure in the sense of (2.10)
with ¢” = —1. A generic element 7 in the +1-eigenspace g is

n=¢Qe+EQe, Withgﬁ::(z),é::(g), (4.35)

where ¢, £ € L?(M, §) are Dirac the eigenspinors of y° (Lemma 3.4), with Weyl com-
ponents ¢, .
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Proposition 4.4. The twisted fermionic action induced by 8 ® 1, on the doubled manifold
is

3
Sp@x ® 1) =25 ($.5) =4 /M dy [5* 02 (ifo -9 8;)2}. (4.36)
j=1

Proof. Forn,n' € #g given by (4.35), remembering that J#e = € and J¢¢é& = e, one has
that
JIn=9d¢p e+ FERe, Bx )y =0x¢d' ® e +0x& Qe.

So, Lemma 2.8 with &’

AL o, (1:1) = —(In, @x @ [2)1) = —(d¢, OxE') — (4£,0x¢"), (4.37)
= —Wpy (¢, &) — Ay (£,¢") = AG (9. &) + A (5.¢)),  (4.38)

where the first inner product is in J# and the second is in L2(M, S). The action is then
obtained substituting 7” = 1 and promoting ¢, ¢ to GraBmann variables. The antisymmet-
ric bilinear form ?ng becomes symmetric when evaluated on GraBmann variables (as in
the proof of [37, Prop. 4.3]), hence

AL or, (7.7) = 2U5 ($.5). (4.39)

The result then follows from Proposition 3.5. ]

= —1 yields

Identifying the physical Weyl spinors as
w = E, -(p-T = :tl(”?TO'Z (440)

(the sign is discussed below), the Lagrangian density in the action (4.36) becomes

£ = :F4in(if0 - Zaja,)w. 4.41)
j

The Euler-Lagrange equation for ¥ yields the equation of motion
(ifo -3 a_,)xp — 0. (4.42)
J

Proposition 4.5. For fy, a non-zero constant, a plane wave solution of (4.42) coincides
with the left-handed solutions of the Weyl equation with momentum py = — fo, or with the
right-handed solution with momentum p = fy.

Proof. A plane wave solution (B.8) of (4.42) satisfies (fo + Zj o;p;j)¥1 = 0. This is
equivalent to the first equation of (B.9) with py = — fp, or to the second one of (B.9) with

po = Jo- "

One may also identify directly the Lagrangian (4.41) with the Weyl Lagrangians £/,
&£}, (B.6). Choosing the minus sign in (4.40) (that is the plus sign in (4.41)), then &£
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coincides (up to a global factor 4) with :wa as soon as one imposes do ¥ = i foy (meaning,
for a plane wave solution, pg = — fp). Choosing instead the plus sign, then £ coincides
with £}, as soon as one imposes do = —ifoy (meaning pg = fo).

Proposition 4.5 gives weight to the observation made after Proposition 3.5: identifying
Xo with the time coordinate of Minkowski spacetime, then the fermionic action S,(3®15)
of a twisted doubled manifold — without fluctuation — yields the spatial part of the Weyl
equations (that is the Lagrangian (4.36) with fy = 0). For a non-zero but constant fo,
the twisted fluctuation does not only bring back a fourth component, but allows its inter-
pretation as a time direction. It also provides a clear interpretation of fy as the zeroth
component of the momentum, that is, an energy.

Even though the Lagrangian density is Lorentzian, one may argue the action is not the
Weyl one, for the manifold over which one integrates is still Riemannian. We come back
to this in the conclusion.

In these two examples — manifold and doubled manifold — the main difference between
the twisted and the usual fermionic actions does not lay so much in the twist of the inner
product than in the restriction to different subspaces. Indeed, by Lemma 2.8 the twist of
the inner product just amounts to a global sign. As stressed in the following remark, this
is the restriction to J g instead of # that explains the change of signature.

Remark 4.6. The disappearance of do has no analogous counterpart in the non-twisted
case. In that case, ¥ € #+ and there is no fluctuation X, so that

» for a manifold, the usual fermionic action (2& 61}) vanishes since 8y € H_ while
Fv € Hy,

« for a doubled manifold, #y is spanned by {§ ® e, ¢ ® &} with § = (). ¢ = ().
Then

SE®1,) = 2(4¢,0E) = —2 /M dp gt6259,.C. (4.43)

By (4.40), the integrand is the Euclidean version £%, := i\IJ}LE‘LBM\IJI of the Weyl
Lagrangian éﬁfu.

Following the result of Section 3.3, one expects that the field f,, remains invariant
under a gauge transformation. In order not to make the paper too long, we do not check
this here, but we will do it for the spectral triple of electrodynamics in Section 5.3. We will
also give there the meaning of the other field g, that parametrises the twisted fluctuation
in Proposition 4.3. As in the non-twisted case, this will identify with the U(1) gauge field
of electrodynamics.

5. Minimal twist of electrodynamics and Dirac equation

We first introduce the spectral triple of electrodynamics (as formalised in [37, 38]), then
write down its minimal twist (Section 5.1) following the recipe prepared in Section 2.4.
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We compute the twisted fluctuation in Section 5.2. Gauge transformations are investigated
in Section 5.3: in addition to the X, field encountered already for the minimal twist of the
(doubled) manifold, we obtain a U(1) gauge field. Finally, we compute the fermionic
action in Section 5.4 and derive the Lorentzian Dirac equation.

5.1. Minimal twist of electrodynamics

The spectral triple of electrodynamics is the product of a Riemannian manifold M (still
assumed to be four-dimensional) by a two-point space like (4.1), except that Dg is no
longer zero (since fermions are massive). In order to satisfy the axioms of noncommutative
geometry, this forces to enlarge #¢ from C2 to C* (see [37,38] for details). Hence

Ao = CP(M) ®C2, H =L*(M.S)®C* D=0+ ®Ds;

s 5.1
J=9®Jr, T=y"Qvys,
where 8, g, > are as in (3.4), d € C is a constant parameter, and
0 d 0 0
Do _ d 0 0 0
710 o o al’
0 0 4 0
0 0 cc O
Jo — 0 0 0 cc 52)
7 ee 0 0 o '
0 cc 0 O
1 O 0 0
|0 -1 0 0
=10 0 -1 of
0 0 0 1

written in an orthonormal basis {e; , eg, er, eg} of H5 = C*. The algebra Agp > a :=
(f, g) acts on J as

fl, 0 0 0

0 fl. 0 0
= , Yf.geC®(M). 5.3
mo(a) 0 0 gl 0 fe (M) (5.3)

0 0 0 gl

Inner fluctuations are parametrised by a single U(1) gauge field Y, € C®°(M, R) [37,
eq. (4.3)]:

D—Dy,=D+y*®B,, B,:=dag(Yy, Y, Y. Y., 54
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carrying an adjoint action of a unitary u := e’ € C*°(M, U(1)) on D,,, implemented by
Yy =Y, —iudu*=Y,—9,0, 0eC®MR). (5.5)

Computing the action (fermionic and bosonic, via the spectral action formula), one gets
that this field is the U(1) gauge potential of electrodynamics.

A minimal twist is obtained by replacing Agp by A = Agp ® C? along with its flip
automorphism p (2.34), with the representation 7y of 4 defined by (2.33). Explicitly,

1 0 0 O
I O 0 -1 O
=y° =
v ®re (o —112)® 0 0 -1 0
0 0 0 1
I, O o o0 o0 o0 o0 o
o -, o0 O O 0 o0 O
o o -I, 0 O O O O
0 o 0 I, 0 O 0 O
1o o 0 0 -I, 0 0 o0 | (5-6)
0 o0 0o 0 o0 I, 0o o0
0 o o 0 0 0 I, o
0 o0 o 0 0 0 0 -I
so that the projections p+ = %(]Im =+ I') on the eigenspaces H#+ of # are
p+ = diag(]Iz, 02, 02, ]12, 02, Hz, ]12, 02),
5.7

p— = diag(02, I, I, 02,15, 0,, 02, I).

Therefore, for (a,a’) € A, where a := (f,g),a’ := (f',g’) with f, g, /', g € C®(M),
one has that

n(a.a") = pymola) + p-mo(a’)
fI, 0 o 0 0 0 0 0
0 f1, 0 0 O O 0 0
0 0 fI, 0 O O O O
1o o 0 fI, 0 O O O
“lo o 0 0 gL 0 0 0
0 0 0 0 0 gl, 0 O
0 0 0 0 0 0 gl 0
0 0 o0 0 0 0 0 gl
F 0 0 0
0 F' 0 0
1o o G ol (5:8)
0 0 0 G
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where F, F’, G, and G’ are as in (4.7). The image of (a,a’) € 4 under the flip p is
represented by

F' 0 0 O
0O F 0 O
Ny ’ _
n(p(asa)) _n(ava)_ 0 0 G O (59)
0 0 0 G
In agreement with (3.7), we choose as unitary R € B(H) implementing the twist
0 I
R=9y"Q1, = ( 2) R L. (5.10)
I, 0
It is compatible with the real structure in the sense of (2.10) with ¢” = —1, as before.

5.2. Twisted fluctuation of the Dirac operator

The twisted commutator [D, a], being linear in D, we treat separately the free part 8 ® I4
and the finite part y°> ® D# of the Dirac operator. The results are summarised in Propos-
ition 5.6.

5.2.1. The free part. We show (Proposition 5.3 below) that self-adjoint twisted fluctu-
ations of 8 ® I4 are parametrised by two real fields: X, arising from the minimal twist
of a manifold (3.12) and the U(1) gauge field Y, of electrodynamics. To arrive there, we
need a couple of lemmas.

Lemma 5.1. Fora = (f,g), b = (v, w) in Agp, and similar definition for a’, b’, one has
that

P O O O
O P 0 O

Wpp 1= Jr(a,a/)[?) ® L4, JT(b,b/)]p =10 o o ol (5.11)
00 0 Q

where we use the notation (4.8) for
P, :=F'9,V, P[{l, =Fa, V', Qu:=G"9,W, QLL =Ga, W, (5.12)
with F, F', G, G' asin (4.7), and V, V', W, W' as in (4.20).

Proof. Using (5.8)—(5.9) written for (b, b’), one computes

[0, V1, 0 0 0
0 B, V'], 0 0
01y, m(b,b)| =: 5.13
[6® 1, 7(b,b))], 0 o Wl o (5.13)
0 0 0 B, W],

The result follows multiplying by (5.8), then using (4.10). ]
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Lemma 5.2. With the same notations as in Lemma 5.1, one has that

Z 0 0 0
_ 0 Z 0 0
Z:=wpy + Jwp, J = o 0 7 ol (5.14)
0 0 0 Z

withZ =P+Q,2 =P +QZ:=P+Q,andZ =P + Q.

Proof. From (5.11), Lemma 4.1 and the explicit form of J/ = § ® J¢ with J# asin (5.2),
one gets

00g o\ /PO 0O 0 0 g1 o0
Jo. 1|00 0 g]]oP 00 0 0 0 g!
pu “lgoo0o0]looQo]lgt o o o |
0400/\00 00Q 0 gt 0 o0
gQg=' o 0 0 Q 000
B 0 gQg~' o 0 ~loQoo (5.15)
- 0 0 gPg' 0 “lo oPoO :
0 0 0 gpPg! 0 00FP
Adding up with (5.11), the result follows. ]

Proposition 5.3. A self-adjoint twisted fluctuation (5.14) of the free Dirac operator d @ 14
is of the form
Z=XIl'+iY®I”", (5.16)
where X = —iy*X,, Y = —iy"Y,, I ;== diag(1,—1,1,—1), I” := diag(1, 1, -1, —1)
with
Xu:i=fur’, Yu:=gula,  fu, gu € CO(M,R). (5.17)

Proof. From (5.14), it follows that Z is self-adjoint iff Z = ZY.72 =77, Z =77, and
Z' = 7'". From (4.9) and the third equation of (4.10), these four conditions are equivalent

toZ =-7';ie.,
Zy=-Z),. (5.18)

By Lemma 5.2, one knows that

- zPT 0
Zy=P,+0) = ( 0 > y ]12) (5.19)
w

with z, = f'9,v + gd,w’ and z;, = f9,v" + g'd,w. Denoting f,, g, the real and

imaginary parts of z,, (and similarly for z,), then (5.18) is equivalent to f; = — f}, and

g;L = g,; that s,
(fu +igwla 0 )
7, = . . (5.20)
. ( 0 (=futigwl

In other terms, Z,, = X, + iY,, with X, := f,¥°, Y, := gula.
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Going back to (5.14), one obtains

Z 0 0 O —iy*Z, 0 0 0
2|0 -2 0 0] _ 0 iyhZy, 0 0
1o o zZ o | 0 0 —iy*Z, 0
0 0 0 -Z 0 0 0 iyhZ,
—iyH (X +iYy) 0 0 0
_ 0 iyM (X, —iYy) 0 0
) 0 0 —iyMX—iY) 0 2D
0 0 0 iyM( X +iYy)
=—iy*X, @I +i(—iy"Y,) ®I". L]
Remark 5.4. Imposing the self-adjointness of the twisted 1-form w, ,, amounts to
Pi=pP, Qf=0Q. (5.22)

This implies — but is not equivalent — to imposing the self-adjointness of Wy +Fwopm -1
7" =17 (5.23)

As discussed below Lemma 3.2 for the minimal twist of a manifold, the relevant point
is that the stronger condition (5.22) does not imply that the twisted fluctuation Z is zero.
The final form of the twist-fluctuated operator is the same, whether one requires (5.22) or
(5.23).

5.2.2. The finite part. In the spectral triple of electrodynamics, the finite part y° ® Dg
of the Dirac operator D (5.1) does not fluctuate [37], for it commutes with the represent-
ation g (5.3) of #Agp. The same is true for the minimal twist of electrodynamics.

Proposition 5.5. The finite Dirac operator y°> & Dg has no twisted fluctuation.

Proof. With the representations (5.8)—(5.9), one calculates that

[y° ® D5, n(a.d)], = (y° ® Dy)n(a,a’) —n(d'.a) (y° ® Dy)

0 dyS 0 0 F 0 0 0
dy> 0 0 0 0 F 0 0
I o dy|lo o ¢ o
0 dy5 0 0 0 0 G
F' 0 0 0 0 dyS 0 0
o0 F 0 olfldy® o o o
B 0 G 0 0 0 0 dys
0 0 G 0 0 dy° 0
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L0 dpSF 0 0
avs. o N
B 0 0 0 dly*,G]|
0 0 dly>, G 0
where F, F’, G, G’ (denoted in (4.7)) being diagonal, commute with y°. n

The results of this section summarise as follows.

Proposition 5.6. The Dirac operator D =8 ® 4 + v°> ® Dy of electrodynamics, under
the minimal twist (5.8)—(5.10), twist fluctuates to

Dz =D+ Z, (5.24)
where Z is given by Proposition 5.3.

Remark 5.7. Expectedly, substituting p = Id, one returns to the non-twisted case: the
triviality of p is tantamount to equating (5.8) with (5.9), that is, to identify the “primed”
functions with their “unprimed” partners. Hence, Z' = Z. Imposing self-adjointness, the
third equation of (4.10) gives Z = —Z. Going back to (5.20), this yields Jfu = 0. Therefore,
X, vanishes and remains only the U(1) gauge field Y. The latter is

1Y® 1" = )/MYI/« X 17 = y/‘b ® gILH” (525)
and coincides with the gauge potential y* ® B, of the spectral triple of electrodynamics
(5.4) in the non-twisted case.

5.3. Gauge transformation

We discuss the transformation of the fields X and Y parametrising the twisted fluctu-
ation Z, along the lines of Section 3.3. A unitary u of Agp ® C? is of the form u =
(v,v'), where v := (e!?, e'f), v/ := (¢!, ¢'#") are unitaries of Agp, with o, o/, B, B’ €
C®(M,R). It (and its twist) acts on L?(M, S) ® C* as

A 0 0 O A 0 0 0
0 A 0 0 , 0O A 0 O
() = o o B ol m(p(u)) = w(v',v) = o o B ol (5.26)
0O 0 O B 0O 0 0 B
where we denote
A= (e, '), A = p(A) = mu(e'?, e'?),
M ( ) p(A) M ( ) (527)

B :=rmy(e® &), B :=p(B)=mu(e? ).

Proposition 5.8. Under a gauge transformation (2.24), X remains invariant while Y is

mapped to
9,01 0
P D (5.28)
0 0,01,

for0 :=a—-p,0 =a —B.
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Proof. Since yg ® D g twist commutes with the algebra, in the transformation (2.25) of
the gauge potential it is enough to consider 0 ® 4. So w,,, in (5.14) transforms to

wp, = P)([0® La, u™], + wpuu™) = pu) (B @ L4 + wp, Ju, (5.29)

where we used [0 ® 4, u*], = (0 ® [4)u™* as in (3.23). By (5.26) and Lemma 5.1, this
transformation writes

P O 0 0 AB+P)A 0 0 0
0O P 0 0 0 AD@+P)A 0 0
o0 Q ol 0 0 B®+Q)B 0
0 0 0 Q 0 0 0 B'®3+Q)B

Since A’, B’ twist commute with y* and A commutes with P, (and B with Q ), one has
that P, is mapped to P, + A9, A and Q) o O, + B'0,B'. Thus Z, = P, + Q_;L in
(5.18) is mapped to Z,, + (49, A + B’d,, B’). With the representations (5.19) of Z,, and
(5.27) of A, B, this means

(z,,ﬂz 0 ) N ((zu —i0,0)l, 0 )
0 Z;LI[Q 0 (Z;L—l‘aue/)]lz '

The result follows remembering that X* and Y# are the real and imaginary parts of Z*.
L]

By imposing that both Z and its gauge transform are self-adjoint, that is, by Lemma

41,2z, ==z and z;, —id, 0" = —z, — 9,0, one is forced to identify 6 = 6 + constant.
Then (5.28) means that Y,, = g,I4 undergoes the transformation
u—> &u—0u0, 0 e CP®(M,R). (5.30)

This is a U(1) gauge field, formally similar to the one in (5.5) of the (Euclidean) non-
twisted case. By computing the twisted fermionic action, we show that this actually iden-
tifies with the U(1) of electromagnetism, but now in Lorentzian signature.

Remark 5.9. For 6’ — 0, a non-zero constant, the gauge transformation preserves the self-
adjointness of the twisted fluctuation, even though u is not invariant by the twist. This is
because such a u satisfies the weaker condition for preserving self-adjointness — pointed
out in [29, §5.1] — namely p(u)*u twist commutes with D.

5.4. Lorentzian Dirac equation from twisted fermionic action

To calculate the action, we first identify the eigenvectors of the unitary R implementing
the twist.

Lemma 5.10. Any 7 in the positive eigenspace Hg (2.26) of the unitary R (5.10) is of
the form
Nn=¢1®eL +¢®er+§ Qer + & Vep, (5.31)

where ¢r—1:= (g’;) and §x—1,2 = (?;) are Dirac spinors with Weyl components @i, Cx.
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Proof. R has eigenvalues 1 and its eigenvectors corresponding to the eigenvalue +1 are
g1 =v1®erL, & =vQeL, & =V Q®eR, & =2 QeR,
& =v1QeL, & =128e€, & =V ®eR, & =1Qe€L,

where v := () ® (1), v2:=({) ® (1) denote the eigenvectors of y°. Thus

8
n= ijgj = (A1v1 + A2v2) ® e + (A3u1 + A412) ® er
= + (Asvr + Agv2) ® er + (A7v1 + Agvz) ® er,
=$1®eL +P2Q®er +E& ®ep + & Qer,
with g1 = (51). 02 = (). &1 = (52). &= (3])- .

The following lemma is useful to compute the contribution of y°> ® D and Y to the
action.

Lemma 5.11. For Dirac spinors ¢ := (g), &= (2:) in L2(M, S), one has that
W6 =2 [ o Vog )t Ne@o==2[ wios 62
J

Proof. Using (5.17) for Y, and (A.2) for the Dirac matrices, one gets

. _ é‘ _ 0 ot g,u]IZ 0 ¢ _ gMO”“é'
g = VMYM (E) B <5M 0) ( 0 gu]IZ) ({) B (guﬁ“{)'

Along with (3.25), recalling that 02" = i, and 527 = —i o, yields

~o i 1
Ay (9.6) = (9) (I YE) = —i (“ ‘f) (g““ Z)

02¢) \gudh¢

= / du g’ (3*To* + 02764 gt
M
- /M a0 (—0% + 5)g,t

=2i /M dp @sz(;ajgj)é,

where we used (3.28) and obtained the first equation of (5.32). The second one follows
from

p\ T
Uys (. 6) = (49)T (%) = —i (Zé) (f;)

—i [ (@70 = 2 [ anglont .
M M
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Proposition 5.12. The fermionic action of the minimal twist of electrodynamics is the
integral

$,(Dz) = W, .7 =4 [ o

of the Lagrangian density
L= 5102(l'f0 — ZUj@j)El — 5;02<i_f0 + ZUjS)j)EZ
J J
+ (dﬂazfz + d(ﬁgazfl), (5.33)

with ®,, 1= 0, — ig, the covariant derivative associated to the electromagnetic four-
potential (5.30).

Proof. Let ?Ig)z be the antisymmetric bilinear form (2.23) defined by the twisted-covariant
Dirac operator (5.24). It breaks down into four terms:

P _ 9P P P o
UAp, = User, + Axer + Wiver + Aysgp,, - (5.34)

For n,n’ € #g asin (5.31) one gets
Jn=yg¢p1 ®@er + I @ er + &1 ®eL + F&2 @ er,
B4 =0¢| ®er + 0y ® er + 0E; ® ef, + dE, R eg,
(X @) =X¢| ® e, — Xy ® e + X&| ® o — X&) ® 2k, (5.35)
(YQI" =iYP| Qer +iYp Qer—iYE; ®er —iYE, Qer,
(Y’ @ Dg)y =y, @der + y>dy, @ der + y°E, @ deg + y &, @ d er,
where the first and last equations come from the explicit forms (5.2) of J# and D #, while
the third and fourth follow from the explicit form (5.16) of X and Y. These equations allow
to reduce each of the four terms in (5.34) to a bilinear form on L2(M, §) rather than on
the tensor product L2(M, §) ® C*. More precisely, recalling Lemma 2.8 with ¢ = —1
(and noticing that 3 ® I4, X ® I',iY ® I, y° ® Dy are all self-adjoint), one computes
Abor, . 1) = —User,(n, 1) = —(Jn, @ @ L)1),
= —(J1.0]) — (§¢2,885) — ($£1,0) — ($62,8¢5),
= —Us(¢1. &) — s (h2. &) — s (51. ¢)) — As(£2. ¢3): (5.36)
Ao (1.1) = —Axer(n.7) = —(Jn. X 1')7'),
= —(F¢1.XE)) + (362, X&) — (F61. X)) + (F62.X5),
= —Ax(¢1, &) + Ax(92. &) — Ax (€1, @) + Ax (&2, ¢3); (5.37)
A o (0.1 = —Wiver (n.7') = —(Jn. (Y @ 1)),
= (Fd1 IYE) + (Fba. i YED) — (FE0. 1Y) — (962, 1Y)).
= Wiy ($1.£) + Wiv (2. &) — Wiv (51, ¢)) — Wiv (52, b3): (5.38)
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Wsop, 1:1) = ~Aysgp, (1.1) = ~{Jn. (v ® DF)n)
= —d($¢1,v°6) — d(Fd2. v &) — d(FE1, y>P5) — d($E2, V> 91),
= —d Wys (1. 85) — d Ays (ha. £1) — d Uys (61, ¢5) — d Ays (62, 91).
(5.39)

Substituting n = 7/, then going to GraBmann variables, the sum of (5.36), (5.37), and
(5.39) is

—2Us(¢1, &1) — 2 Ws(ha, &2) — 2 Ax(h1. &1) + 2 Ax (2, £2)

—2d W5 (1, E2) — 2d Wys (¢, 1), (5.40)
where we used that g, Ax, and A5 are antisymmetric on vectors (by Lemma 2.7, since
9,X, y° all commute with ¢: 8 and y° by (2.3) in KO-dimension 4; and X by (4.10)), and
so symmetric when evaluated on Gramann variables. On the other hand, (5.38) is sym-

metric on vectors (since i Y anticommutes with &), while it is antisymmetric in Gralmann
variables, so that (5.38) is equal to

2iy (1.61) + 2 Win (. £2). (5.41)
The Lagrangian (5.33) follows substituting all the bilinear forms in (5.40) and (5.41)
with their explicit expressions given in (3.29), (3.31), and Lemma 5.11. [ ]

In order to get Dirac equations, we have two possibilities for identifying the physical
spinors:

. v 3 -
either W= (wi) = (Z’;) VA (W;r wj) = (—lfpjaz, lwgaz) (5.42)

Imposing the complex parameter d to be purely imaginary as d = im, m € R* (in agree-
ment with the non-twisted case [37, Rem. 4.4]), the Lagrangian (5.33) becomes

either &£ = iwj(ifo — Za,-@,-)vn + i!ﬁj(ifo + ZUj@j)Wr
+m(yfy, er vl ] (5.44)
or £ = iw’i(z‘fo - Zojz)j)x//; + iw’f(ifo + Z%@j)wz'
v+ ) J (5:43)

The Euler—Lagrange equations for 1//;r , w;r and v/, f ;T yield the equation of motion

i(ifo — Zo]@j)w, +my, =0, i(l’fo + Zo,-i)j)w, Fmy; =0,  (5.46)
J J
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i(ifo + Zojz),)w; +myl =0, i(ifo - Za,-@,-)w; Fmyl=0. (547
J J

Which identification (5.42) or (5.43) is meaningful is fixed by the sign of m.

Proposition 5.13. If m < 0 (resp. m > 0), then a plane wave solution of (5.46) (resp.
(5.47)) coincides with a plane wave solution of the Dirac equation with electromagnetic
potential g, in Lorentzian signature and within Weyl temporal gauge (i.e., Do = 0dy),
with momentum p such that py = — fo (resp. po = fo).

Proof. A plane wave solution (B.3) of (5.46) satisfies
i<ifo +i) oi(p+ gj))l,/fz =—my, i<ifo —iY oj(p; + gj))llfr =—my;.
J J

(5.48)
For fo = —po, this is equivalent to the system of equations (B.5) satisfied by a plane wave
solution of the Dirac equation with mass —m > 0, having previously substituted in (B.2)
the spatial derivative d; with the covariant one ©;. Similarly, a plane wave solution of
(5.47) satisfies

i(ifo =1 0i(pi+ &) v = —myl, i(ifo+10i(ps + 8w = —myy.
J J

(5.49)
For fo = po, this is equivalent to the Dirac equations (B.5) for mass m > 0. ]

Identifying x° with the time direction # of Minkowski space, then p is the energy of
the plane wave. As for the double manifold, the zeroth component of the twisted fluctu-
ation of the spectral triple of electrodynamics gets interpreted as an energy.

As for the Weyl equations, one may directly identify the Lagrangian density (5.33)
of the twisted fermionic action of Euclidean electrodynamic with the Lorentzian Dirac
Lagrangian (B.1) (with covariant derivative ®,,, in the temporal gauge D¢ = 0o):

— either considering (5.42) and imposing that dg = ifoy, so that (5.44) coincides
with (B.1)

— orusing (5.43) and imposing that dgyr =—i foi, so that (5.45) coincides with (B.1).

Remark 5.14. The physical interpretation of fo, g, is gauge invariant. From (5.26), one
gets

~

no

U:=a@)Jru)J !
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where © := diag(e’? ¢'?"), © := diag(e’? ¢!?) with 6, 6’ as in (5.28). Imposing the gauge
transformation to preserve self-adjointness, that is, 6 = 6’ (disregarding the constant), then
U is simply the multiplication by a phase. This means that Un is still in #g, so that the

computation of the fermionic action ?I‘Z) - (Un, Un) is similar as above.
P!

5.5. Identification of the physical degrees of freedom

The relation between the components £ :=+( g ), ¢ := (§) of the eigenvector 7 of R and

the physical spinors ¥ = (:/Q ), Wi = (1/’

L ) is encoded within the rule of identification
(4.40) (with the sign discussed below Prgf)osition 4.5) for the double manifold, that we
write equivalently as B

v=¢ W =i(ge", (5.51)

and within the rules (5.42), (5.43) for the spectral triple of electrodynamics, that we write
equivalently

V=8 =i - (Cl) (<P1)
~ - - with & := , = . (5.52)
v =y'8, VT =igd’ =-i(gy°d", & ¢2

In any case, the physical spinors are completely determined by the projection 74 of n on
the +1 eigenspace H#+ of the grading operator; that is,

Ny = (‘8’) Qe+ (?) ®e projecting (4.35), (5.53)
_ (¥ 0
n+ = (0) Rer + (@2) ® er
0 _ '3 __ L
+ ¢ ®er + 0 ® er projecting (5.31). (5.54)
1

This is similar to the non-twisted case, where the physical spinors are determined by an
eigenvector in J.

6. Lorentz invariance

So far, our results do not say anything on the components f; of the twisted fluctuation for
i = 1,2, 3, because they do not appear in the Lagrangian (5.33). Since f identifies with
an energy, it is tempting to identify f; with a momentum. This is actually achieved by
acting with Lorentz transformations on the twisted fermionic action.

More precisely, we first define in (Section 6.1) an action of Lorentz boosts on the twis-
ted spectral triple, which leaves the twisted fermionic action invariant. We then investigate
the action from the point of view of boosted observers, both for the double manifold in
Section 6.2 and for electrodynamics in Section 6.3. In both cases, we obtain equations of
motion in which the components f; of the twisted fluctuation get interpreted as momenta.
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6.1. Lorentz invariance of the twisted fermionic action

As recalled in Appendix C, the Dirac equation on Minkowski spacetime is invariant under
the action (C.3) of boosts simultaneously on spinors and on the Dirac operator. From a
mathematical point of view, this action makes sense on a Euclidean spin manifold M as
well: although this might seem physically non-relevant at first sight, we let boosts act on
Euclidean spinors and on the Euclidean Dirac operator as

¢ — oD = S[A]lp, V¢ € LE(M,S), 6.1)
80— 0% = S[A]BS[A]7L. (6.2)

As an element of B(L?(M, S)), the boost operator S[A] is acted upon by the inner
automorphism p induced by R = y° given in (3.7); namely

_ofA= 02\ o_ (At O
p(SIA]) =y (02 A+)V —(O2 A_). (6.3)

Since A4, A_ are inverse of one another and self-adjoint, one has that
p(S[A]) = S[A]™',  S[A]tT = S[A]. (6.4)
Lemma 6.1. The real structure & (introduced in (3.4)) twist commutes with boosts:
gS[A] = S[A]"' 4. 6.5)
Proof. Since 0, anticommutes with 01, 03 and commutes with itself, one has that
(- 0)02 = 02(—n101 + 1202 — n303) = —02(n - 0), (6.6)

where we use 01,03 =01,03, 0, =—03,. Hence, A L0, =02 A . With § =diag(—o0,,07)cc,
one gets

_ —0'2[‘7 0 L —A+O’2 0 o 1
FS[A] = ( 0 02K+) cc = ( 0 A_@) cc= S[A] G |

The inner product on L2(M, S) is not invariant by (6.1); the twisted product is
(STAJp. SIAJE), = (9. STIAISIAJE), = (¢, SIAT'SIAE), = (6.8), (67

for any ¥, ¢ € L%(M, S). This is not a surprise, being the twisted product of the Krein
product of Lorentzian spinors (see Section 2). Yet, the bilinear form %Ig is not invariant:

AL, @, E%) = (g S[Alg, 5AS[A]5)p = (S[A]™" 4. S[A]as)p
= (90, SIAP°BE) # AG(. £).
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This can be corrected by making boosts act on the physical spinors W, W' (5.51). Namely,
U — S[A]¥ = S[A]L, (6.8)
v WrSIA = i(gd) SAlT = i(S[Alg) = i(gS[A17'D)T. 69
Consequently, in order to “boost the fermionic action,” instead of ¢ one should consider
¢~ = S[A] . (6.10)
As a matter of fact, one checks that
AL (@4 EN) = (¢ S[A] 79,84 S[AJE),
= (S[A] g¢. SIAJOE),
= (§¢.85), = As(¢, ), (6.11)
and the same holds true for the operator
8% = S[A]Bx S[A]7! =82 + XA with XA := S[A]X S[A] 7, (6.12)

obtained by the action of boosts on the twisted-covariant Dirac operator dx. Therefore,
the following proposition holds.

Proposition 6.2. The twisted fermionic action on a Euclidean manifold (3.34) is invariant
under the boost action

E—E 99t By > By, (6.13)
followed by the identification ¢® = ¢ that is,
G, (E.8) = 6, (F71 %), (6.14)

Our claim is that the right-hand side of the equation above is the action as seen from
a boosted observer. Of course, in order to get the Weyl and Dirac equations, one needs
to double the manifold as before, then add a mass matrix. Still, the main features of the
boosting are visible on (6.14). In particular, by computing explicitly the bilinear form
QIQ > one sees all the components f), of the twisted fluctuation appearing in the action. To
thisX aim, we use the following notations for the boosted spinors.

Definition 6.3. Given £ = (Cg ). ¢ = () in Hg, welet ¢ », {; » be the components of

et ()= (4)

o= (128) ()
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Proposition 6.4. Let o := A_o"A_ and 5\ := A;G"Ay. Then

Wy 068 = =i [ gl T+ 0k + O S0t (619)
Proof. Defining
0 A_olrA_ 0 N
yl = SIAlSIA = A Y P R TS
A+O'MA+ 0 UA 0

one has (remembering that d,, and y°> commute with S[A]) that

aj(aﬂg,)

6A§A — _lyl/«a EA — <~
A Oxaufl

_ M
XN = iy fur 8 = i ( o é“’) :
0, ¢

Since () = g¢~2, one gets with (3.7)

A7 (¢_A EA) = ((3¢)A ﬁﬁAEA) = —i/ dH((ﬁT @'T)yo axaﬂ«é‘r
" | | M g XY

- i /M A (@1510,8 + 7ol aut,).

w
P —A gAy _ AgA\ _ —t —t\. 0 —0p Julr
AL, (PN ER) = ((99)a, RXAED) szdu(wl,sor)y (F&fm)

— i [ aw(@l5k futi ~ Gk ).
The results follow summing these two equations. ]

Remark 6.5. One checks that for S[A] = I (no boost), Proposition 6.4 gives back Pro-
position 3.5. One then has that §; , = ¢ while g = @0, and @, = @' o, s0 by (3.28)

Wy (068 = =i [ =TT @+ S+ T2 0 )8

- / dw @l oa((0" =5")d, — (" + o) fu)¢
M

3
= 2/ dugETaz(—Zajaj —l—ifo)é'.
M j=1

The twisted fermionic action (6.14) on a Euclidean manifold, as seen from a boosted
observer, is obtained putting $~* = ¢~ in (6.15), then turning the entries of the spinors
into Gra3mann variables. As in Section 3.4, there is not enough spinor degrees of freedom
to identify a physically meaningful action. We thus consider the boost of the action (4.36)
of the doubled manifold.
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6.2. Weyl equations for boosted observers

In agreement with (6.8) and (6.10), we define the action of a boost on L?(M, S) ® C? as
pRe+yYe— (S[A]'¢) ® e + (S[A]¥) ® &, in such a way that n € Hg in (4.35)
is mapped to

" =¢ ettt e 6.17)

Proposition 6.6. The action of a double manifold (4.36), as seen from a boosted observer,
is

g, (747" = 25, (348"
Y /M AWl 5% O+ )G + GO — f)Gr. (6.18)

Proof. Following the analysis below Proposition 6.2, the twisted fermionic action from a

boosted observer is ?Ig Ael (7, 7%™). By a calculation similar to the one of Proposition
X 2

4.4, one obtains
?Ipz\ (77As U/A) = 91pA (¢_A7 S/A) QIPA (EAv ¢/_A)- (6.19)
32 QI o8 o8

By boost invariance (6.11), the terms in the r.h.s. have the same symmetry as the corres-
ponding expression without A, that is, symmetric on graBmanian vectors. Thus, similar

to (4.39), one gets QIQA@H @, gt = 27, (¢, ). The result follows from Proposi-
X @12 X

tion 6.4. [

We identify the boosted physical degrees of freedom W = § [A]E, vt =i(gS[A] 1)t
following (6.8), (6.9). In components (see Definition 6.3), one has that

Vir=0p ¥, =if],. (6.20)

The Lagrangian density in (6.18) then reads
LA = _Z(W;LgX(au + fu)‘/fl + 1/frT0K(3u - f;l,)l/fr) (6.21)

Treating ¥y, ¥y, W;T ,and w; as independent fields, the corresponding equations of motion
are

GN@Op + )1 =0, 0@ — fu)yr = 0. (6.22)

Proposition 6.7. For a constant twisted fluctuation f,, a plane wave solution of the first
(resp. the second) equation of (6.22) coincides with a plane wave solution of the left- (resp.
right-) handed Weyl equation whose (dual) momentum p* has components p, = Al DPu
in the boosted frame, where

po=—Jfo. pj=Ji, resp. po=fo. pj=-—f. (6.23)
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Proof. By (C.5), (C.6), a plane wave solution (B.8) of the first equation of (6.22) satisfies

(A3 (—ipo + fo) —i NGy (=ipj + fi))¥1.  (6.24)
=~y (AS(Gipo — fo) + AL (pj +if))) V. (6.25)

0= 6%(‘@# + S

Similarly, a plane wave solution v, of the second equation of (6.22) satisfies

0=—op (ASGipo + fo) + Alal (p; —ifi)) V. (6.26)

If (6.23) holds, these two equations become

0=—(1+i)5y(Adpo + Alpj)Wor = —(1 + )Gy Phvor, (6.27)
0=—(1+i)oy (Adpo + A pj)or = —(1 +i)ay; P, Vor, (6.28)

which coincide, up to a constant factor, with the Weyl equations of motion (B.9) for a
boosted observer. ]

Proposition 6.7 is the boosted version of Proposition 4.5: now, the whole field f,,dx*
(and not only its zeroth component) identifies with the dual p* of the energy-momentum
4-vector. Nevertheless, the interpretation of the Lagrangian density (6.21) is delicate,
because of the sign difference in (6.23):

Jo=—ido, f; =1i0; versus fo=1ido, f; =—i0;. (6.29)

Substituting the first (resp. second) of these equations in the left- (resp. right-) handed part
of (6.21), one obtains

20 — V(¥ 548w + Yok d, ) with 9, = ALD,. (6.30)

This agrees with the equations of motion (6.27), (6.28), remembering that 9, = —i p/, and
the factor —2 that was ignored from (6.21) to (6.22), thus suggesting that £  is the sum —
up to a complex factor — of the two Weyl lagrangians £/, &£’ (B.6). The point is that
Yy, ¥, come from the action of A on the same Weyl spinor ¢, and this action leaves the
exponential part of the plane wave unaltered. So v, ¥, should describe two plane waves
with the same momenta, in contradiction with (6.29). We comment on this point in the
conclusion.

Remark 6.8. The no-boost limit of the action (6.18) yields back the action (4.36) of the
double manifold (along the lines of remark (6.5)). As well for the Lagrangian: identifying
Y1, ¥y — ¢ with ¢ in (4.40), ¥, = i@ — —igto, with yT, and v = i@} — igto,
with — T, then (6.21) becomes 4i (VT (i fy — ZJ- 0;0;)), in agreement with (4.41) (the
expression with the opposite sign is obtained identifying the no-boost limit of w;r with ¥,
and the one of W; with —).
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6.3. Dirac equation for boosted observers

A boost S[A] acts on the twisted covariant Dirac operator Dz of electrodynamics (5.24)
to give

D8 = SNDzSA] ' =32 @14 +y° @ Dy + XA @1 +iYA®1”, (6.31)

where 8%, X? are defined in (6.12); we used S[A]y°S[A]™! = I and defined (using
notations (6.16))

Y2 = S[A]Y S[A]! = —iS[Aly* g LaS[A]™! = —iykgula. (6.32)

Similarly to what has been done for the double manifold in (6.17), we make the boost acts
on L2(M,S) ® C*in such a way that n € H in (5.31) is mapped to

A—gprh Qe+ @er+ i @er + L ®@er. (6.33)

Proposition 6.9. The fermionic action from the minimal twist of electrodynamics, as seen
from a boosted observer, is the integral

b T = =2 / dn 4 (6.34)
of the Lagrangian density
La =i(0], 3D+ fi) Tu + 0fp oW ( Dy — fi)T1r) + d (@3, 51r — 03,8
11 9%A w61l P1r OA( " f,U«)Clr) + (‘pyglr 902r§1l)
+ (751 54 (Dp ) Tt + 33 O Dyt fi)Gar) +d (7)) Tor= 5], 82). (639)
where D, = 0, — i gy
Proof. The computation is similar to the one of Proposition 5.12. One obtains
AL (TN = 205, (BN E) + 295, (5 8N +2 %pA@;A &
— 2L, @M EY) - 20, (BB - 20, (@, 6
+2d W0 (P A B + 2d U0 (65 éi—A),

- P o P P T—A FA
where we used that the bilinear forms Ay, , Ay 4, QIy5, and U}, valued on ¢; %, {;

have the same symmetry properties of the corresponding expressions without A (by the
invariance (6.11), that holds also for X2, %, and i YA). Substituting %A s and ?IX A with
their explicit form given in the proof of Proposition 6.4 and calculatlng (with o= =
(§¢)™ given in Definition 6.3)

A, (DL = (gD Yo YAEN) = (?) (g“"#')

r g;LUAé-l
- /M a8 (7155 + Brott,),

—\ T
P (a—A sA\ _ —A 5:A _ [ 91 0.5 (% _ —Te =
W = ot e = (9) 2 () = - [ aniel ),

one obtains the result. [
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Again, taking the no-boost limit as in Remark 6.5, one checks that (6.34) yields back
the fermionic action (5.33) for the minimal twist of the spectral triple of electrodynamics.
Boosting the rule of identification (5.52) in the line of (6.9), one identifies the physical

spinors
) IPl) = Cu
V= =S[AlE=(2 ],
(Wr [ ] (g'zr)
ot (6.36)
i

(6.37)

using Definition 6.3 to write the components. The Lagrangian density (6.35) becomes
Ea = V] N Du+ fi) Vi + ¥ oDy + f)¥r +id W] vy + v

— v, N (D — f) ] =¥ N (D — f¥] —id W]+ vy, (6.38)
Remark 6. 10 In the no-boost limit, 1//1 s 1//1 , in (6.36) coincide with vy ,, 1//1 ,in(5.42),
and 1//1 e 1//l 10 (6.37) with ¥, 7, wrl in (5. 42) This allows to retrieve (5. 44) as the no-
boost limit of (6.38), imposing d = im and taking into account the factor —21in (6.34) and
4 in Proposmon 5.12. Conversely, 1//l P 1//1'1 , 1n (6.36) and ¥ ,, wl . in (6.37) coincide
with 1//1 P 1//1 - and 1/fr I 1// in (5.42), allowing to retrieve (5.47) as the no-boost limit of
(6.38).

Treating all the fields independently, one obtains the two pairs of equations of motion:
61\(‘@# + fu)l/fl = idyy, UX(@M + fu)l/fr = myy; (6.39)
Gu(Du — f)¥; = —idyy, O (D~ Sy = —id . (6.40)

The generalised energy-momentum 4-vector P := p + g” is the sum of the energy
momentum p with the musical dual of the 1-form g = g, dx*. In practical, this means
that

Dy e P = —jp,, (6.41)
where P, are the components of P". This leads to our final proposition.
Proposition 6.11. For a constant fluctuation f,, a plane wave solution of (6.39) (resp.
(6.40)) coincides with a plane wave solution of the Dirac equation with mass m =

—(1+i )% (resp.m = (1 +1i )% ), whose (dual) generalised momentum P has compon-
ents P} = Ay Py, in the boosted frame, where

=—fo, P;j=/f;, resp. Po= fo, Pj=—Ff. (6.42)
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Proof. From (C.5) and (C.6), a plane wave solution (B.3) of (6.39) satisfies

idWr = 5A(1)M + fM)V/l = &X _iPu + fu)Wl
=Gy (AS(=iPo + fo) —i A (=iP; + f)) V.

and a similar equation with o*, inverting ¥; and . If the first part of (6.42) holds, then

these equations are equivalent to o, P/, {/; = %wr and a similar equation for 6*. These
coincide with the Dirac equation (B.5), with mass m = —(1 + i )%. Similarly, a plane

wave solution of (6.40) satisfies

—iC?‘/fr/ = 6K(°OIL - fu)‘/fl/ = SA(_iPM - fu)l/fl/
=Gy (AA(=iPo — fo) —i AL(—iP; — f;)) V],

which becomes G, P/ /) = f—fil//; if the second part of (6.42) holds. Together with a

similar e_:quation for o, these coincide with the Dirac equations (B.5), with mass m =
(1+i)2. -

To guarantee a positive mass, one should impose that d = m(i & 1) with m € R™.
Identifying the imaginary/real axis of the complex plane with the space/time directions of
two-dimensional Minkowski space, the set of all physically acceptable values of d is the
future light cone, while in the non-boosted case, it was the imaginary axis d = im, m € R.

7. Conclusion and outlook

The twisted fermionic action associated to the minimal twist of a doubled manifold and
that of the spectral triple of electrodynamics yield, respectively, the Weyl and the Dirac
equations in Lorentzian signature, although one started with a Euclidean manifold. The 1-
form field parametrising the twisted fluctuation gets interpreted as an energy-momentum
4-vector. It was known that fluctuations of the geometry generate the bosonic content
of the theory (including the Higgs sector). What is new here is that they generate also
the energy momentum. In other terms, the dynamics is obtained as a fluctuation of the
geometry.

It should be checked that a similar transition from the Riemannian to the pseudo-
Riemannian also takes place for the minimal twist of the SM. This will be the subject of
future works, as well as the extension of these results to curved Riemannian manifolds.

Some points that deserve to be better understood are the following.

» s the twisted fermionic action really Lorentzian, since the manifold M under which
one integrates remains Riemannian? Actually, this is not a problem if one takes as
domain of integration a local chart (as in quantum field theory: the Wick rotation is
usually viewed as a local operation), up to a change of the volume form (see [19]
for details). Nevertheless, one may hope that the twist actually changes the metric on
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the manifold, through Connes distance formula for instance (relations between causal
structure and this distance have already been worked out in [26, 27, 33], but without
taking into account the twist).

* The twisted fermionic action is invariant under an action of the Lorentz group, and the
equations of motions in the boosted frame coincide with those derived from the Weyl
and Dirac equations in the boosted frame as well. But the boosted Lagrangians do
not agree, because of the difference of sign in the definition of the physical left/right
spinors. As stated in the text, this sign difference is not compatible with the initial
restriction to . To overcome this difficulty, one may relax this restriction. Whether
this still permits to define an antisymmetric bilinear form, that yields a physically
meaningful action, will be investigated elsewhere.

In any case, the results presented here suggest an alternative attack to the problem of
extending the theory of spectral triples to Lorentzian geometries. That the twist does not
fully implement the Wick rotation (it does it only for the Hilbert space but not for the
Dirac operator) is not so relevant after all. More than being able to spectrally characterise
a pseudo-Riemannian manifold, what matters most for the physics is to obtain an action
that makes sense in a Lorentzian context. The present work shows that this happens for
the fermionic action.

The spectral action in the twisted context is still an open problem. The interpretation
of the 1-form field f, dx" as the energy-momentum 4-vector might be relevant in this
context as well.

Contrary to most approaches in the literature (e.g., [1,35]), we do not obtain a Lorent-
zian action by implementing a Lorentzian structure on the geometry. The latter somehow
“emerges” from the Riemannian one. This actually makes sense, remembering that the
regularity condition imposed by Connes and Moscovici (see Remark 2.3) has its origin in
Tomita’s modular theory. More precisely, the automorphism p that defines a twisted spec-
tral triple should be viewed as the evaluation, at some specific value 7, of a one-parameter
group of automorphism p;. For the minimal twist of spectral triples, the flip came out as
the only automorphism that makes the twisted commutator bounded. It is not yet clear
what would be the corresponding one-parameter group of automorphisms. Should it exist,
this will indicate that the time evolution in the SM has its origin in the modular group.
This is precisely the content of the thermal time hypothesis of Connes and Rovelli [18].
So far, this hypothesis has been applied to algebraic quantum field theory [31, 32], and
for general considerations in quantum gravity [34]. Its application to the SM would be a
novelty.

A. Gamma matrices in chiral representation

Let 0j=1,2,3 be the Pauli matrices:

0 1 0 —i 1 0
0'12(1 0), 0'22(1, O), 032(0 _1). (Al)
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In a four-dimensional Euclidean space, the Dirac matrices (in chiral representation) are

0 o 1 0
wo_ 5._.,1.2.3.0_ (12 A2
% (aﬂ 0), e O (o —112)’ (A2)

where, for © = 0, j, we define

o= {l,,—iog;}, oH:={ls,io;}. (A.3)
In Minkowski spacetime with signature (+, —, —, —), the Dirac matrices are
" 0 o) 5 . .1.2.3.0 5
Ym =\ge o ) VM T VYMYMYMYM = UV (A4)
oM

where, for © = 0, j, we define

oy =10}, Ty i={l,—0;}. (A.5)

B. Weyl and Dirac equations

A Dirac spinor W = (://Z ) € L?(M, 8) is the direct sum of two Weyl spinors v; and ;.
With our definition of the chiral representation, a left-handed spinor is an eigenspinor of
the +1-eigenspace L2(M, S) of the grading operator y>, and a right-handed spinor an
eigenspinor of the —1 eigenspace L2(-M, S)_ (in the physics literature, the convention is
usually opposite).

The Dirac Lagrangian in Minkowski spacetime is

Ey = —VU@y +m)¥

B " + 0 I, 0 iO'IIlfIaM B (Iﬂl)
- (% Vfr) (]12 0) { (ianl;au 0 "y,
= iy, 5oy du v + iyl ohe e —m(w v + viw), (B.1)

where W := WTy%and 8 = —i y#9 w- The equations of motion are derived by a variational
principle, treating ;,, and their Hermitian conjugates w;r /r as independent variables. In

particular, the Euler-Lagrange equations for w;r , w;r yield Dirac equations (written in
components)

By (A.5) one retrieves the familiar form [11, Section 19.77]:

i(ao + Zojaj)w,/, =my,.
J

A plane wave solution of (B.2) is

W(x%, x7) = Wy e P with ¥y = (gg’ ) , (B.3)
r



P. Martinetti and D. Singh 44

where p,, := n,,p" are the components of the 1-form p*, dual of the energy-momentum
4-vector (p°, p/) induced by the Lorentz metric, and Wy is a constant spinor solution of

3 3
i(—ipo+iZojpj)woz=mwo,, i(—ipo—iZajpj)wrzmwz. (B.4)

j=1 j=1

The components ¥/, = Yoy /,e_ipﬂx” of the plane wave (B.3) are solutions of

3
Gy = (o= Y0y )vr = o,

/=t (B.5)

3
Oy Pulr = (PO + Z%’Pi)% =my;.

J=1

For m = 0, the Dirac Lagrangian is the sum of two independent pieces, the Weyl
Lagrangians

3
thy = iv]alyn =] (0 - Lo Jun
/=1 (B.6)

3
£y = ivloyduy, = il/f:(ao + Zﬂjaj)l/fr,

Jj=1

that describe Weyl fermions (massless spin—% particle). The corresponding Weyl equations
of motion are [11, eq. (19.40), (19.41)]

3 3
Gaydun = (ao = Zojaf)wz =0, opdu Y, = (80 + Zo_/a/)wr =0. (B.7)
j=1 ji=1

Their plane wave solutions,
V(0 x7) = Yor e P Y (20, x7) = Yo €T (B.8)

with V7, Yo, momentum-dependant spinors satisfying (B.4) for m = 0, are solutions of

3 3
(Po - Za,-p,-)vfoz =0, (Po + Zojpj)wr =0. (B.9)
j=1

Jj=1

C. Spin representation of boosts

The spinor representation of a boost of rapidity »/2 in the direction n is given by

b
S[A] = (AO+ AO_) ,  where Ay :=exp(+a-o) witha:= En. (C.1)
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Collecting the terms with even and odd powers in the expansion of exp(+a - ), one
checks that AL = A; + A,, where A := (cosh|a|)I,, A, := (sinh|a])n-o. Thus A,
A _ are both self-adjoint and inverse of one another. Meaning that S[A] is self-adjoint but
not unitary,

SIA]T = S[A] # S[A]7L. (C.2)

Under such a boost, a Lorentzian spinor and the Lorentzian Dirac operator transform
as
Ym — S[AlYm. By — S[A]Ba S[A]7". (C3)

By construction, the spin representation of the Lorentz group is such that (see e.g. [11,
Section 20.78])
Gap)a := S[AIGY, SIA]™" = A5y, (oh)a = S[A]oy, SIA]™! = Atoy,, (C4)

where {A}'} is the matrix representation of the Lorentz group on Minkowski space. Since

~0 _~0 0 _ 0 ~j _ .~] i~ C_
6" =0,,0° =0y and 6’ = —ioy,, 0’/ = —ioy, for j = 1,2, 3, one gets

5% = S[A]GOS[A]T = A%Gy,, 0% = S[Alo®S[A]™! = Aoy, (C.5)

54 := S[AIG7S[A]™" = —iAiGy, o) = S[AlG'S[A]"! = —iAla),.  (C.6)
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