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Abstract

A systematic procedure is developed for constructing fermion systems in discrete
space-time which have a given outer symmetry. The construction is illustrated by
simple examples. For the symmetric group, we prove that fermion systems exist
only if the number of particles satisfies certain constraints. When applied to physical
systems, this result shows that the permutation symmetry of discrete space-time is
always spontaneously broken by the fermionic projector.

1 Discrete Fermion Systems with Outer Symmetry

We briefly recall the mathematical setting of the fermionic projector in discrete space-time
as introduced in [I] (see also [2] or [3]). Let H be a finite-dimensional complex vector space
endowed with a non-degenerate sesquilinear form <.|.>. We call (H, <.|.>) an indefinite
inner product space. To every element x of a finite set M = {1,...,m} we associate a
projector E,. We assume that these projectors are orthogonal and complete,

E.E, = 04y By, > B, =1, (1)
zeM

and that the images of the F, are non-degenerate subspaces of H. We denote the signature
of the subspace E,(H) C H by (p., q.) and refer to it as the spin dimension at . We call
the structure (H, <.|.>, (Ey)zenm) discrete space-time. M are the discrete space-time points
and F, the space-time projectors. The fermionic projector P is defined as a projector on
a subspace of H which is negative definite and of dimension f. The vectors in the image
of P have the interpretation as the quantum states of the particles of the system, and f is
the number of particles. In what follows, we refer to (H, <.|.>, (E;)zenm, P) as a fermion
system in discrete space-time or, for brevity, a discrete fermion system.

We point out that in [T}, 2] we assumed furthermore that the spin dimension is equal
to (n,n) at every space-time point. Here we consider a more general spin dimension (p,, ¢..)
for two reasons. First, a constant spin dimension (n,n) would not be a major simplification
for what follows. Second, even if we started with constant spin dimension (n,n), the
corresponding simple systems (see Section H) will in general have a spin dimension which
varies in space-time, and therefore it is more elegant to begin right away with a non-
constant spin dimension (p,, ¢y ).

In this paper we consider discrete fermion systems which have a space-time symmetry,
as described by the next definition. We denote the symmetric group of M (= the group
of all permutations of M) by Sp,.



Def. 1.1 A subgroup O of the symmetric group S, is called outer symmetry group of
the discrete fermion system if for every o € O there is a unitary transformation U such
that

UPU™ =P and UEU ' = E,, VYzeM. (2)

Our aim is to characterize the discrete fermion systems for a given outer symmetry
group O.

2 Reduction of the Proper Free Gauge Group

The transformation U in Def. [Tl is determined only up to transformations which leave
both the fermionic projector and the space-time projectors invariant, i.e.

UPU' =P and UEU'!=E, VzeM. (3)

In simple terms, our goal is to “fix” such transformations, thereby making the transfor-
mation U in (@) unique. Then the resulting mapping o — U(o) will be a representation
of the outer symmetry group on H, making it possible to apply the representation theory
for finite groups (see Section Bl). In preparation, we need to study the transformations
of the form (@). As in [2], we introduce the gauge group G as the group of all unitary
transformations U which leave discrete space-time invariant, i.e.

UE,U' = E, VzeM.
A transformation of the fermionic projector
P — UPU! with U € G

is called a gauge transformation. Clearly, the transformations () are gauge transforma-
tions, and they form the following subgroup of G.

Def. 2.1 We define the free gauge group F by
F ={UeGuwithUPU'=P}.

The free gauge group describes symmetries of the fermionic projector which do not involve
a transformation of the space-time points, and which are therefore sometimes referred to
as inner symmetries. Unfortunately, the free gauge group is in general not completely
reducible, as the following example shows.

Example 2.2 Consider the case m = 2, spin dimension (1,1) and f = 1. As in [2] we
represent the scalar product <.|.> with a signature matrix S. More specifically,

<ulv> = (u|Sv) Vu,v € H |

where (.|.) denotes the canonical scalar product on C* and S = ST, §2 = 1. By choosing
a suitable basis, we can arrange that

1 0 0 0

o O = O
o O O =
O = O O

o O O



where for Ejp we used a block matrix notation (thus every matrix entry stands for a
2 x 2-matrix). We represent the fermionic projector in bra/ket notation as

P = —|u><u| with <ul|u> = —1. 4)

We choose u = (1,0,0,1). The free gauge group consists of all gauge transformations U
which change u at most by a phase. A short calculation yields that such U are precisely
of the form

1 iy 0 0
2o 1 0 o .
U=c¢e 0 0 €® 0 with o, 8,7 € R. (5)
0 0 0 1

Hence F is group isomorphic to S* x S x R (where R denotes the additive group (R, +)).
The subspace spanned by the vector (1,0,0,0) is invariant, but it has no invariant com-
plement (this is indeed quite similar to the standard example of the triangular matrices
as mentioned for example in [ Section 2.2]). Hence the group representation (H) is not
completely reducible. ¢

Our method for avoiding this problem is to mod out the subgroup of the free gauge group
which leaves every vector of P(H) invariant.

Def. 2.3 The trivial gauge group Fy is defined by
Fo = {U € G with UP = P}.

Taking the adjoint of the relation UP = P we find that P = PU~! and thus UPU ! =
UP = P, showing that Fy really is a subgroup of F. Furthermore, for every g € F,

9Fog ‘P = gFog ' P? = g(FoP)g 'P = gPg 'P = P,
proving that gFpg~! C Fy. Hence Fy is a normal subgroup, and we can form the quotient
group.
Def. 2.4 The proper free gauge group F is defined by
F=F|F.

In order to make F to a metric space, we introduce the distance function

d(g,h) = inf |lg—hlu, 6

@h) = inf_llg—hllm (©

where g and h run over all representatives of §,h € F, and |||l is the sup-norm corre-

sponding to a given norm on H. Clearly, the topology generated by this metric coincides
with the quotient topology.

Example 2.5 In the setting of Example L2 Fy consists of all unitary transformations U
of the form (B) with @ = 0. Hence the equivalence class U corresponding to a unitary
transformation of the form (H) is the set

i

2
O O

with 8,7 € R

SO O -
S O =
a
>
=
_ o O O



These equivalence classes are described completely by the parameter o, and thus F is
group isomorphic to U(1). Moreover, it is easy to verify that the topology induced by the
norm (@) coincides with the standard topology of U(1). Hence we can identify F with the
compact Lie group U(1). This group can be obtained even without forming equivalence
classes simply by restricting U to the image of P, because

Upany = € Lpa) ¢

The last example illustrates and motivates the following general constructions. It will
be crucial that I := P(H) is a definite subspace of H. Thus the inner product <.|.>
makes I to a Hilbert space. We denote the corresponding norm by

llullr == vV—<u|u>.

Furthermore, we denote the unitary endomorphisms of I by U(I). Choosing an orthonor-
mal basis of I, one sees that U(I) can be identified with the compact Lie group U(f). The
condition P = UPU~! in Def. Bl means that every U € F maps I to itself, and thus the
restriction to I gives a mapping

o F=UU) : U~Upy.

Since every Uy € Fy is trivial on I, the mapping ¢ is well-defined on the equivalence classes
F|Fo. Furthermore, p(U’) = ¢(U) if and only if U'U~! € Fy. Thus ¢ gives rise to the
injection

o FoUUI). (7)
Since every free gauge transformation U € F maps the subspaces E,(H) into themselves,
the corresponding ¢(U) € U(I) is locally unitary in the following sense.

Def. 2.6 A linear map U € U(I) is called locally unitary if for allu,v € I and allz € M
the following conditions are satisfied:

(i) Bpv=0 < E,Uv=0.

(il) <E,Uu|Uv> = <Eyu|v>.

The group of all locally unitary transformations is denoted by Ujye(1).
Lemma 2.7 U,.(I) is a compact Lie-subgroup of U(I).

Proof. Let A be the set of all symmetric operators A on I which satisfy for all u,v € I
and x € M the conditions

E,v=0 < E,Av=0 and <E,Au|v> = <E,u|Av>.

Obviously, A is a linear subspace of L(I) (where L(I) denotes the linear endomorphisms
of I). Furthermore, the above conditions are compatible with the Lie bracket {A, B} =
i[A, B], and thus A is a Lie algebra. The exponential map A — exp(iA) maps A
into Uec(I). In a neighborhood of 1 € U(I), we can define the logarithm by the power
series

log(V) = log(L - (1-V)) = -3

n=1

s ®



showing that the exponential map is locally invertible near 0 € A. Hence the exponen-
tial map gives a chart near 1 € Uj,.(I). Using the group structure, we can “translate”
this chart to the neighborhood of any Ve Uloc(I) to get a smooth atlas. We conclude
that Uec(I) is a Lie-subgroup of U(I). Finally, the conditions (i) and (ii) in Def. 228 are
preserved if one takes limits, proving that U (1) is closed in U(I) and thus compact. B

The construction of the next lemma allows us to extend every locally unitary map to a
free gauge transformation on H.

Lemma 2.8 (extension lemma) There is a constant C > 0 (depending only on I and
the norm ||.||g) such that for every locally unitary U € U(I) there is a V € F with
o(V)=U and

1=V|z < ClL-Ul:.

This V' can be chosen to depend smoothly on U, giving rise to a smooth injection
A Uloc(I) — fCL(H)7 (9)
which is a group homomorphism.

Proof. The first step is to “localize” U at a given z € M to obtain an operator
Uy : E.(I)— E.(I).

Introducing the abbreviations I, := E,(I) and H, := E,(H), we choose an injection
tg : Ip — I such that
By, = 15, . (10)

We define U, by
U,=FE U, : I, — I,.

Let us verify that this definition is independent of the choice of t,. For two different
injections ¢, and ¢/, we know from () that for all u, € I,

Using that U is locally unitary, we conclude from Def. 20 (i) that
0= FE, Uty —th)uy = (Up —UL)uy .

Let us collect some properties of U,. First of all, choosing for a given u € I the
injection ¢/, such that /,E,u = u, the above independence of U, of the choice of the
injection implies that for all u € I,

E.Uu =U,FE,u (11)

and thus for all u, € I,
E.Uipu, = Ugug . (12)

As a consequence,

(U™, Uy uy @ (U™ By U g uy Lsy B, U Uipuy = ug .



In a more compact notation,

(Ux)_l = (U_l)xa

and thus it is unambiguous to simply write U, !. By restriction, we can also consider the
norm ||.||z on the subspace H,. Since every unitary map in the Hilbert space I has norm
one, we can estimate the corresponding norm of U, by

1Ueller < NE[HIUr leall = [1Ez ] el

note that the resulting upper bound is independent of U,. Applying the same argument
to U !, we conclude that there is a constant ¢ independent of U, such that

1Ualler + U e < e (13)
Furthermore, we have the following estimates,

T —Uell = [[E:(X—=U) gl
- < U Uz -1

c1-U] (14)

<
< E-U|. (15)

Finally, U, is isometric on I,. Namely, using the properties of the space-time projectors
together with Def. (ii), we obtain that for all u,,v, € I,

<Upuy | Upvy> = <EUtpuy | Utyvy> = <Eplpuy | Lzvp> = <ug | vg> .

Our goal is to construct a unitary operator V,, : H, — H, which coincides on I,
with U, and satisfies the inequality
1=Vella < ClL-Uls. (16)

Namely, provided that the operator V, can be constructed for every x € M, we can
introduce V' by
V=>V,E :H—H.
zeM
This operator is obviously unitary and invariant on the subspaces H,, thus V € F. Fur-
thermore, for all x € M and u € I,

proving that (V) = U. Hence V really has all the required properties.

In order to construct V., we choose in I, a non-degenerate subspace of maximal di-
mension and in this subspace a pseudo-orthonormal basis (e;). We extend this basis by
vectors (f;) to a basis of I, (thus the vectors f; are all null and orthogonal to I;). Next we
choose vectors hj € H, which are orthogonal to the (e;) and conjugate to the (f;) in the
sense that <f; | hj> = 0;;. Then the span of the vectors e;, f; and h; is non-degenerate,
and we can choose on its orthogonal complement a pseudo-orthonormal basis (gx). We
thus obtain a basis (e;, fj, gk, hj) of H,. Using a block matrix notation in this basis, the
signature matrix takes the form

St 0 0 O

0 0 0 1
5= 0 0 S 0]’

0 1 0 O



where S7 and Sy are diagonal matrices with entries equal to £1. Without loss of generality,
we choose the norm on H, such that it coincides in this basis with the standard Euclidean
norm on CP=14,

We represent operators on I, as 2 x 2 block matrices in the basis (e;, fj). Since the
operators U, and U, ! are isometric on I, and inverses of each other, one easily verifies
that they must be of the form

W 0 _ W=t 0
Ux:<C A)’ U:c1:<D A—1>7 (17)

where D = —A~'CW~!. The matrix W is unitary, meaning that W~ = S;W1S;. We
choose V,, as

W 0 0 SDf
| ¢c A0 B . 1 t
V, = 0 0 1 0 with B = 2ADSﬂ). (18)
0 0 0 (AN

~

Obviously, V. coincides on I, with U,, and a direct calculation shows that V, is unitary

on H,, ie.
V,SVIS = 1.

Using that, according to (I3)), the norms of all the matrix entries appearing in (1) can
be estimated in terms of ¢, we find that

M=Vall < @+ (11 =W+ 1= A+ (1L = A+ (IO + [|1D])
< A+ (11 = Uall + 11 = U

Applying (I, (D) give the desired inequality (IHl).
Finally, it is obvious from the explicit formulas (7 [[¥]) that our choice of V' depends

smoothly on U and that the mapping A is a group homomorphism. [ |

The last lemma shows in particular that () gives a one-to-one correspondence between
proper free gauge transformations and locally unitary transformations. Since Uy.(I) is a
compact Lie group, one might expect that F is itself compact. This is really the case, as
We Now prove.

Lemma 2.9 F is a compact Lie group. The mapping
0 F — Upe(I) (19)
is a Lie group homomorphism.

Proof. We first consider the infinitesimal generators of the groups. We thus introduce
the following families of linear operators on H,

A = {Awith A*=A, [A,E;] =0Vx € M and [A, P] =0}
Ay = {Awith A*=A [A,E,]=0Vx € M and AP =0}.

Obviously, these families are linear subspaces of L(H) which, together with the Lie bracket
{A, B} = i[A, B], form real Lie algebras. Furthermore, Ay is a subalgebra of A, and the
calculation

[Ag, A|P = AgAP — AA)P = (AgP)A— A(AyP) = 0



shows that A is an ideal of A. Hence A := A/ Aj is again a Lie algebra. (Since Ais a
finite-dimensional vector space, we need not worry about introducing a norm or topology
on it.)

The exponential map a — exp(ia) gives a mapping from A to F which is obviously
continuous. Assume conversely that V e B.(1) C F (corresponding to the distance
function (@l)). Since restricting an operator on H the subspace I decreases its norm, we
know that for any representative V' € F of V,

M —eWlr < el =Via

(with ¢ independent of V and V), and taking the infimum over all representatives, we find
that

I —e(W)llr < ece.

Since the map cp(V) is locally unitary, Lemma 2.8 allows us to choose a representative V'
of V satisfying the inequality
I1—-Vl]g < Cce.

Hence, after choosing ¢ sufficiently small, the logarithm of V' may again be defined by the
power series (). We conclude that the exponential map is invertible locally near 0 € ft,
and that its inverse is continuous. Hence the exponential map gives a chart near 1 € F.
Using the group structure, get a smooth atlas. We conclude that Fis a Lie group.
According to Lemma Z§ the image of ¢ consists precisely of all locally unitary maps,
which by Lemma B form a closed subset of U(I). Furthermore, restricting the above
exponential map to I,
pexp(ia) = exp (i), (20)

we obtain precisely the chart near 1 € Uy (I) constructed in Lemma BTl Hence ¢ is a
smooth map from F to Uoe(I). Its inverse can be written as p~! = 7\ with \ as given
by @) and 7 : F — F the natural projection. Hence the smoothness of ¢~! follows from
the smoothness of A. [ |

The last lemma allows us to identify F with the compact subgroup Uy(I) of U(I). As
the next lemma shows, compactness implies complete reducibility into definite subspaces.

Lemma 2.10 Let £ be a finite group or a compact Lie group, and U a unitary represen-
tation of £ on an indefinite inner product space H of signature (p,q). Then H can be
decomposed into a direct sum of irreducible subspaces, which are all definite and mutually
orthogonal.

Proof. We introduce on (H, <.|.>) in addition a positive definite scalar product (.|.). By
averaging over the group,

#52 g)u|U(g)v) if £ is a finite group
(ufv)e = 9ee

gl / Ju|U(g)v)dg if € is a compact Lie group,

we obtain an invariant scalar product (.|.)e. Hence the representation U is unitary with
respect to both <.|.> and (.|.)¢.



In a suitable basis, (.].)¢ coincides with the Euclidean scalar product on CP*9, whereas
<.|.> takes the form

<ulv> = (u|Sv)g with S = diag(1,...,1,—1,...,—1).
—— ———
p times q times
Let HT™ C H be the positive definite subspace of all vectors whose last ¢ components
vanish. Then for every v € HT and every representation matrix U = U(g),

p+q

S = wlve = Uo|Uv)e = Y |(O0)[
i=1 =1

S iP = <vlv> = <Uv|Uv> = S |00)" = 3 |Ww)if
i=1 i=1

i=p+1

Subtracting the two lines, we find that

S Wit =0

i=p+1

and thus Uv € HT. We conclude that HT is an invariant subspace.

Similarly, the subspace H ™ of all vectors whose first p components vanish is also invari-
ant. In this way, we have decomposed H into an orthogonal direct sum of two invariant
definite subspaces. We finally decompose these invariant definite subspaces in the stan-
dard way into mutually orthogonal, irreducible subspaces. [ |

We are now ready to prove the main result of this section. We always endow the tensor
product C' ® H of C! with an indefinite inner product space H with the natural inner

product
l

<) [ (vj)> = ) <ui|vi>p . (21)

i=1
Theorem 2.11 There are integers (l,)i=1,... R,
1<l <+ < g,
such that F is Lie group isomorphic to the product of the corresponding unitary groups,
F o~ Uly) x---xU(lg) . (22)
The inner product space (H,<.|.>) is isomorphic to the orthogonal direct sum
R
H ~ HY ¢ (@Clr ®H(">> : (23)
r=1

where H") are inner product spaces of signature (p(r), q(’")). Under the isomorphism (Z3),
the projectors P and (Ey)zenm take the form

R
0 @ <@ I ® P(’“>> (24)

r=1

R
E, ~ EVa <@ Lo ® E;”) , (25)
r=1

P

12

9



where P(") and Eg(f) are projectors on H™ . None of the operators P") vanishes. Further-
more, F acts only on the factors C* in the sense that for every representative V. € F of
a‘VE:(Lﬁ,”.,D2)6.?}

R
V|I = @‘/r g FICR (26)
r=1

where we set I = P(H) and I") = PU)(H ")),
Choosing H® mazimal in the sense that every subspace J C H satisfies the condition

J definite, P(J)=0 and E,(J)cJ VzeM = JcHY, (27)
the above representation is unique.

Note that we do not exclude the case p@ = 0 = ¢©, and thus H® might be zero
dimensional. The situation is different if » > 1, because in this case we know that P(")
does not vanish, and therefore the dimension of H(") must be at least one, p(") + ¢ > 1.
We also point out that P vanishes on H(® and thus I©) = {0}; this is why in Z8) we
could leave out the direct summand corresponding to H ().

Proof of Theorem [ZI1l. The mapping A o ¢ (with ¢ and A\ according to (9 [@)) is a
unitary representation of F on H. According to Lemma B-T0, this representation splits
into irreducible representations on definite, mutually orthogonal subspaces. We denote the
appearing non-trivial, non-equivalent irreducible representations by V7,... Vg and let Vj
be the trivial representation on C. We let these irreducible representations act unitarily
on the respective vector spaces C', I, > 1, endowed with the standard Euclidean scalar
product. Collecting the direct summands of H corresponding to equivalent irreducible
representations, we obtain an orthogonal decomposition of the form

R
H~ PcreH (28)
r=0

with inner product spaces H™) of signature (p(T), q(r)) together with the representation

R

Aep)g) = PVl @lye  VgeF. (29)
r=0

Schur’s lemma yields that the operators P and E, take the form
R R
P~ @iceP”, B ~@PlceEl. (30)
r=0 r=0

By restricting to I, [29) gives

R

p(9) ~ PVilg) ® 10,
r=0

and according to Lemma this is simply the fundamental representation of Uy (7).
Suppose that P(") = 0. Then replacing V; by the trivial representation, we get a new
group homomorphism A : F — F with ¢ o A = Ay = A; = 1, for which the above

10



construction applies just as well. Then H) will be combined with H(®. In this way, we
can arrange that P(") # 0 unless r = 0.
Using the representation (28, Bl), it is obvious that every transformation of the form

R
Puv.®1,0 with U, €U(,) (31)
r=0

is locally unitary. Comparing with (Z28), one sees that the V,.(g) can be chosen indepen-
dently and arbitrarily in U(l,). However, one must keep in mind that if I = {0}, the
corresponding summand drops out of both (28] and (BII). We conclude that UlOC coincides
with the product of all those groups U(l,) for which I") # {0}. This implies that P(©)
must vanish, because otherwise V) = U(lp) would be a non-trivial representation. After
reordering the [, we obtain (22) as well the desired representations (Z3H26]).

It is obvious that every subspace J which satisfies the conditions on the left of (1)
can be combined with H(®. The only arbitrariness in the construction is the choice of
the embedding A. Choosing H(®) maximal corresponds to choosing \ equal to the iden-
tity on a non-degenerate subspace of maximal dimension. Then the signature of each
subspace Ex)\(]:" ) coincides with the signature of the smallest non-degenerate subspace
containing I, and is therefore fixed. As a consequence, two different choices of A can
be related to each other by a free gauge transformation. This proves uniqueness of our
representation. [ ]

We denote the signature of g (P™)) by (pé),qir)) and set f") = dim P"(H®).
Computing dimensions and signatures, we immediately obtain the following result.

Corollary 2.12 The parameters in Theorem [ZI1 are related to the spin dimensions
(Pzy qz), the number of space-time points m and the number of particles f by

R
Yo o= f
7‘;1 .
°)+Zl7«p(’") = pr, q(°)+zqu(’") = qu
r=1

zeM r=1 zeM
R R

0) + Z lr pg) = Pz 5 g(co) + Z lr q;(pr) = (g -
r=1 r=1

3 A Representation of the Outer Symmetry Group

The goal of this section is to construct for a given discrete fermion system with outer
symmetry a representation of the outer symmetry group defined as follows.

Def. 3.1 A unitary representation o +— U(c) of O on (H,<.|.>) is called a representa-
tion of the outer symmetry group if

U)PU(@@)™ =P and U(o)E,U(o)™ = Ey,) VaeM. (32)

A representation of the outer symmetry group is very useful because it allows us to split
up the discrete fermion system by standard methods into irreducible components:

11



Proposition 3.2 Assume that U is a representation of the outer symmetry group O.
Then there are inequivalent irreducible representations (Rl,(Cdl)l:L...7L of O such that H
has an orthogonal decomposition of the form

L
H~ Pcheoal,
=1

where HY are inner product spaces of signature (pm, q[l]). The representation of the outer
symmetry group and the fermionic projector take the form

L L
U(0) ~ P Rilo) ® Lyu , P~ @igy P,
=1 =1

where the PY are projectors in HY with negative definite image.

Proof. The proposition follows immediately from Lemma and Schur’s lemma. [ ]

Before entering the construction of the representation, we give two simple examples.

Example 3.3 As in Example we consider two space-time points and spin dimen-
sion (1,1), but now for convenience in the matrix representation

1 0 0 0
0 -1 0 0 10 0 0

=10 01 0 |’ El_(o 0)’ E2_<0 11)‘ (33)
0 0 0 -1

We choose the one-particle fermionic projector (@) with u = 273 (0,1,0,1) and thus

000 0
110101

P_§0000 (34)
010 1

The free gauge transformations are of the form
U = diag(e'®, e’ e, e¥) with a, 8,0 € R

and thus F = U(1)xU (1) xU(1). When restricting to P(H), this transformation simplifies

A

to U = €'¥ 1, and thus F ~ U(1). Theorem EZTT] gives the decomposition
H~ O g (C®H(1),
where F acts on the factor C and
HOY = {(a,0,¢,0) : a,ceC}, HW = {(0,,0,d) : b,d e C}

are both two-dimensional definite subspaces.

The system (B3, B2l) is symmetric under permutations of the two space-time points.
Thus we choose O = {1,0} with (1) = 2 and ¢(2) = 1. The corresponding unitary
transformations U as in Def. [[T] are of the general form

Ul) e F,  Ulo) € F- <2 %) (35)

12



The subspace H is trivial in the sense that it is invariant under E; and Es, and that P
vanishes on it. The fact that O has a representation on H(® boils down to the statement
that the subspaces E,(H () have constant signature on the orbits of @. Since this situ-
ation is very simple, we do not need to consider H ©) further. Thus, restricting attention
to H®) | the transformation U becomes unique up to a phase,

. . 0 1
U(l)\H(l) = e Lo, U(U)|H(1) = ¥ .

This phase can be fixed by imposing that U should have determinant one, U € SU (I (1)).
This yields the desired representation of the outer symmetry group on H®|

W) = . 000 = (§5)
|H®)

In our next example we consider in the discrete space-time (B3]) the two-particle
fermionic projector

00 00
0100

P= 00 00 (36)
0 001

Now the free gauge transformations are of the form
U = diag(e'®, e, e, e®) with o, 3,7,0 € R

and thus 7 = U (1)*. When restricting to P(H), the factors e’ and e drop out, and
thus F ~ U(1) x U(1). Theorem Tl gives the decomposition

H ~ HO g <<C®H<1)) ® <<C®H<2>),

where F acts on the factors C and
HOY = {(a,0,¢,0) : a,ceC}, HW = ((0,1,0,0)), H?® = ((0,0,0,1)).

This system is again symmetric under permutations of the two space-time points, O =
{1,0} with (1) = 2 and o(2) = 1. The corresponding unitary transformations U as
in Def. [Tl are again of the form ([BF). The subspace H® is again trivial. Restricting
attention to its complement HOL = H) @ H®) | there remains a U(1) x U(1)-freedom,

ef 1 0 ) < 0 ef 1 >
U(1 - , Ul (. _
( )‘H(O)J— < 0 67,6 1 HOL ( )|H(0)J- 67,6 1 0 HOL

In order to fix the phases, we impose that U should be of the form
U|H(0)J_ = V(U@ Us)

with U, € SUI™) and V a permutation matrix, i.e. a 2 X 2-matrix with the entries
Virk = Ok n(k), Where m € Sz is a permutation. Then the U become a representation of

the outer symmetry group on HO)L,
0 1
|H (0L

This example explains why it is in general impossible to arrange that the mappings U are
invariant on the subspaces H®). ¢
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These examples illustrate the statement of the following general theorem.

Theorem 3.4 In the representation of Theorem [Z 11, every unitary transformation U as
in Def. [L1l restricted to I can be represented as

R
Up = f-V- (@ Lei, ®Ur> (37)
r=1

with f € F and unitary operators U, € SU(I (’")). Here the operator V is a permutation
operator in the sense that there is a permutation ™ € Sg such that for all u, € Cr @ I("),

4 (@leur) = 69ﬁ:luﬂ(r) .
The permutation m satisfies the constraints
l7’ = l7r(r) y dim [(T) = dim [(77(7’)) , (38)

and we identify I with 1) via an (arbitrarily chosen) isomorphism. For a given
choice of these isomorphisms, the operators V and U, are unique.

Proof. For given 0 € O we let U be a unitary transformation satisfying ). Then for
every f € F, the conjugated matrix fU := U fU~! satisfies the conditions

fUP(f9~ = vfuTtPUSTIUT = P
fUE(f9™ = UFUT'EUf'U™ = UfE 1 f'U!
= UE,p»U™" = E,,
showing that fU € F. We write the relation between f and fU in the form
Uf =7U. (39)

According to (28], f and fY can be represented as
R R
fi = P heotw, fi=PHrelw wihf, fYeUl,).  (40)
r=1 r=1

We choose 7,5 € {1,... R}. Restricting U to C @ I (") and orthogonally projecting its
image to Cl @ I®), we get a mapping

U : Cr@I™ - Cl o1,
If this mapping vanishes identically, it can clearly be written in the form
UST == sr ® Asr (41)

with linear maps
Mg : Cr —Ch, Ay : I S 16) (42)

Our goal is to show that Uy, can also be represented in the form Il B2) if it does not
vanish identically. In this case, we define for any non-zero vectors u(” € I") and u(®) e 1(s)
the following injection and projection operators,

™) o CresT v veu
Ts(u®) T -Ch o owe <<ei ® ul®) \w>> ,

=100
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where e; denotes the canonical basis of Cls. Since Us, is non-trivial, we can choose u(™)
such that the product U, is not identically equal to zero. Thus we can choose u® such
that the operator

My, = 75U, : Cr — Ch

does not vanish identically. Using the representation () together with [Bd) and the
definitions of ¢, and 74, we obtain for every f € F,

s Utp fr = msUf 1, = stUULr = fsUﬂ'sULr

and thus
Mg fr = fY M, VfeF. (43)

Let us show that (@3] and the fact that My, # 0 implies that Mg, is bijective: We
choose a vector v € C which is not in the kernel of M, and set v = Msu. Then for
all f e F,

Mg fru = fst # 0,

and since f, € U(l,) is arbitrary, it follows that M, is injective. Moreover, for all f € F,

fsUU = M, (fru)y

and since fU € U(l,) is arbitrary, we see that M, is surjective.
The bijectivity of My, clearly implies that [; = [.. Furthermore, we can relate f,.
and fU by
ng = Msr f?” Ms_rl : (44)

Restricting both sides of {B3) to C" @1 (") and orthogonally projecting their image to Cl @
I we get the relation

Usr (fr ® ]l](r)) = (fsU ® ]l](S)) Usr .

Using (), we obtain
B (fr ® ]l[(r)) = (fr ® 11(5)) B

with B = (M;!' ® 1;i))Us. Now we can apply Schur’s lemma to conclude that B is
trivial in its first factor,

(Ms_r’l ® ]lI(S)) Usr = ]l(clr ® Agr

for some linear operator Ay, : I — I(5) Multiplying both sides by (Mg ® 1(s)) proves
the representations (Il E2).

Suppose that for a given r there are two s, € {1,..., R} with Us, # 0 # Ug,.. Then
we obtain from (#4]) that

MV My, = M S My, VfeF.

Since the fU € U(ls) can be chosen independently, this relation can hold only if s = .
Hence Uy, vanishes except for at most one s. On the other hand, the surjectivity of U
implies that for every r there is at least one r such that U,; Z 0. We conclude that the
mapping r — s is a permutation. We introduce m € Sg such that s = 7(r). We conclude
that

U|[(r) = Mw(r)r & Aw(r)r : Cr e 1M — e ® 1) )

15



and due to the unitarity of U, this mapping must be bijective and isometric. In particular,
I and 1) are isomorphic. Choosing an arbitrary isomorphism « : [ ) — () we
can write the above mapping as

Ure) = (Mrryr @ Lien) (Igie @ 5) (Lt @ Uy) (45)

with U, € U(I (r)). For fixed k, this representation is obviously unique up to the phase
transformation

M7r(r)r = eiﬁ Mﬂ'(T’)T’ 5 Ur = e_iﬁ Ur Wlth 79 € R.

These phase transformations can be fixed by imposing that U, € SU(I (T’)). This makes
the representation (@H) unique, and by restricting 7) to I("), one sees that it coincides
precisely with the desired representation of U|;. [ |

Corollary 3.5 Let (H,<.|.>,(Ey)zem, P) be a discrete fermion system with outer sym-
metry group ©. Provided that H®) is chosen mazimally (Z7), there are group homomor-
phisms A7) : O — U(H™) such that the operators

R
Ulo) = V(o)- <@ lew ® W(a))
r=1

form a representation of the outer symmetry group on H©L.

Proof. Let us choose a convenient basis in every subspace H;ET) = Eg(cr)(H (T)), x e M,
r € {1,...,R}. We closely follow the construction of the special basis of H, in the
proof of Lemma First, in every subspace Ig(f) = EQ(CT)P(")(H (T)) we choose a non-
degenerate subspace of maximal dimension and in this subspace a pseudo-orthonormal

basis (el(-x’r)). We extend this basis by vectors f;x’r) to a basis of I;S;T). Next we choose
vectors hg-x’r) € H;ET) which are conjugate to the f;x’r) in the sense that <fi(x’r) ] h§x’r)> =
0i5. Then (eix’r), f;x’r), hg-x’r)) is a basis of H;ET), as the following argument shows. Suppose
that u € Hg(cr) is a vector in the orthogonal complement of the span of (egx’r), f](x’r), hg-x’r)).
Then the vector space C'* ® {v} C H is orthogonal to I and thus in the kernel of P.
Furthermore, it is invariant under the projectors F,. Using that H®) is maximal £17), we
conclude that C ® {v} ¢ H® and and thus v = 0.

The calculation

U = (UEP)HD) = By PUHD) = By PYHT)) = 175

shows that U maps I;ET) to I&Tg)), and this mapping is clearly isometric and bijective.

Introducing the isomorphism & in (X)) by mapping the basis vectors (egx’r), f](x’r), hgx’r))
to the corresponding basis vectors (el(-a(x)’ﬂ(r)),f;a(x’ﬂ(r)),hg-a(x)’w(r))), the mapping U, €
U(I™M) in @) is locally unitary according to Def. Thus we can apply Lemma to

unitarily extend U, to H ("), More precisely, we choose the extension on the subspaces H. g(gr)
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according to (I8). The resulting mapping A") : U(I") — U(H ™) allows us to define U (o)
by
U@)ge = (e @ k) (len @ A(Uy)) -

Unfortunately, in this formula the mappings « and A depends on o. But we can remove
this dependence by redefining A\. Namely, for any given isomorphism kg, : 1) — I(5) we
rewrite U(o) as

U@ = (Lew @) (1w ©27(0))  with AD(0) i= ()™ 0 k() 0 A

and s = (7(0))(r). Since we fixed the bases (el(-w’T),fj(w’T),hg-x’r)) and constructed our
extensions simply by mapping corresponding basis vectors onto each other, it is obvious

that the mapping o — U(0) is compatible with the group operations. [ |

The just-constructed isomorphisms 1" ~ 1(™(") and H;E,T) ~ H:(rg)) immediately imply
the following relations between dimensions and signatures.

Corollary 3.6 Assume that in the representation of Theorem 2L the vector space H©)
is chosen maximally (Z7). Then the parameters in Theorem [ZI1 and Theorem are
related to each other for all x € M and r € {1,..., R} by

@ ,q) =

4 Simple Subsystems and Simple Systems

In the previous sections we constructed representations of the inner and outer symmetries,
and by completely reducing these representations we decomposed our discrete fermion
system (see Theorem XTIl Proposition and Theorem BA). Using these results, we
now turn attention to the opposite problem of building up a fermion system from smaller
components. Our goal is to give a systematic method for building up a general discrete
fermion system from smaller “building blocks,” which should be as simple as possible.

We always keep the discrete space-time points M = {1,...,m} as well as the outer
symmetry group O C S, fixed. We begin with the definitions of our smallest building
blocks.

Def. 4.1 Let (H,<.|.>,(Ez)zem, P) be a discrete space-time. Assume that the spin di-
mension is constant on the orbits of O,

Pe = Po(z)s Gz = do(z)  VEEM.

We set P =0. Then the system (H,<.|.>,(E;)zenm, P) is called a trivial system.
Since the spin dimension is constant on the orbits of O, we can choose pseudo-orthonormal
bases of the subspaces E,(H) and identify the corresponding basis vectors to obtain iso-

morphisms between E,(H) and E,)(H). This gives rise to a unitary representation U
of the outer symmetry group (see Def. BI).
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Def. 4.2 Let (H,<.|.>,(Ez)zem, P) be a discrete space-time. Assume that we are given a
subgroup N of O together with a unitary representation U of N on H. Assume furthermore
that the following conditions are satisfied:

(i) U represents N as an outer symmetry in the sense that for every o € N, the corre-
sponding U(o) satisfies the relations (32).

(ii) The system contains no trivial subsystems, i.e.

J C H definite, P(J) =0and E,(J)CJ Ve M — J = o.

(iii) The proper free gauge group is simply the U(1) of global phase transformations,

F = {1 with9 1} .
Then the structure (H,<.|.>, (Ey)zem, P,N C O,U) is called a simple subsystem.

We point out that only the subgroup N of O is a symmetry of the simple subsystem.

Our next step is to construct out of a simple subsystem a discrete fermion system which
has O as outer symmetry. We denote the cosets {o N with o € O} by C4,...,Ck; they
form a partition of the set O. Of each coset we choose one representative o € Cy. For
convenience, we set C1 = N and choose 01 = 1. Every o € N defines via 7N — (o7)N a
permutation of the cosets C, ..., Ck. This yields a homomorphism of O to the symmetric
group Sk, which we denote by ,

m™:0—S8k. (46)

Clearly, (w(ok))(1) = k, and thus the subgroup n(0) C Sk acts transitively on the set
{1,...,K}.

We introduce the inner product space H = CX @ H (with the natural inner prod-
uct (ZI)). On H we introduce the projectors P and E, by

p‘(e@@H = (1eP) ‘(ek>®H (47)

Eok(x)|(ek>®H = (1®E,) |<€k>®H ) (48)

where (ey,) denotes the canonical basis of CX. Furthermore, we introduce for all k,1 €
{1,... K} the canonical identification maps

Kl ° <ek>®HCﬁ — ()@ H : e, Qui— e Ru.

In order to define a unitary representation U of @ on H, we introduce for any o € O

and k € {1,..., K} the parameter | = ((c))(k). Then the group element T := o, 'ooy

satisfies the condition
(r(m)(1) = (x(oy 'oor))(1) = (n(o; o) (k) = (w(o; (D) =1

and thus 7 € . Hence we may define U(c) by

U = 1®U . 49
(o) (en)®H /ﬂ,ko( (7)) (en)®H (49)
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Lemma 4.3 the um’targ operators U . #3), are a representation of the outer symmetry
group O on (H,<.|.>,(Ey)zem,P). The definitions {7HEI) are, up to isomorphisms,
independent of the choice of the group elements oy, € O.

Proof.  We first verify that U is a representation of @. For given 0,5 € O we set | =
(m(0))(k) and [ = (mw(0))(l). Then

U(a)oU(o) = wp o (1@U(T))

oripo(l@U(T
o Lo (19 U()

(e)®H
= o (10U 50)) (1© Uo7 0ar)

(er)®H

(er)®H

= U(0)

= Ko (]1 ® U(Jl—_la’aak)) -

(en)®H

For the proof of (B2) we can restrict attention to the space-time projectors Ex, because
the fermionic projector transforms in exactly the same way, except for the simplification
that it does not carry a space-time index. We again choose any o € O and k € {1,..., K}.
We set | = (n(0))(k) and 7 = al_laak. Then, setting z = ak_ly, we have for all y € M,

U(o) E, U(o)™! = 1U@)A®E)AQU)™!

(e)®H (e1)®H

= (18 Erw) lepen = Floon@ = Eo)

where in the last line we used that 7 € N and that AV is a symmetry of the simple
subsystem represented by U.
Suppose that 65 € O is another choice of group elements with (7(5%))(1) = k. Then

(m(@; o)1) = (n(ax) " om(on)(1) = (n(ar) " )(k) = 1

and thus 7 := 5,;10% € N. Using that N is a symmetry of the simple subsystem, we find
that

B = (1e50)

()l <1 ®E<moo;1><z)>

_ <]l ® U(Tk)Eolzl(m)U(Tk)_l)

(er)®H

(ex)®H

showing that the objects defined using o and those defined using 7;, are related to each
other by the unitary transformation V' given by

Vlewer = M@U) |eyom -

Hence our definitions are unique up to isomorphisms. [ |

Def. 4.4 We call the system (ﬁ,<.].>,(Ex)xeM,]5,(’),U) the simple system corre-
sponding to the simple subsystem of Def. [{.3

Theorem 4.5 Let (H,<.|.>,(Eyz)zem, P) be a discrete fermion system with outer sym-
metry O. Then there is a trivial system (H© (Eg(co))meM, PO UO) as well as a collection
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of simple systems (ﬁ(“), (Eg(ga))xeM,p(“),U(“),Ka)azl,m,A, A > 1, together with parame-
ters ng € N such that we have the following isomorphisms,

A
H ~ HOg (@ Cna ®I§r<“>) (50)
a=1

A
E, ~ EDe (EB Icra ® Eé“’) (51)
a=1
A ~
P ~ Picn. P, (52)
a=1

The unitary operators

A
U) = U0 g <@ Icra ® W)(a))
a=1

are a representation of the outer symmetry group.

Proof. We present the discrete fermion system as in Theorem BTl with H(®) maximal &1
and represent the outer symmetry as in Theorem B and Corollary The orbits of the
permutation matrices V(o) form a partition of the set {1,..., R} into disjoint subsets.
Let @ C {1,..., R} be one of these orbits. By reordering the space-time points we can
arrange that @ = {1,..., K} with a parameter K in the range 1 < K < R. From (B8)
and Corollary we know that

Pcreor” = checkeHD. (53)
reQ

The action of V(o) on @ defines a transitive group homomorphism 7 : O — Pg. We
introduce the subsets C1,...Cg by

Cr = {c€0]|(n(0))1) =k}.

Clearly, N := (C is a subgroup of O. Let us verify that the C}, coincide with the cosets
of N in O: For 0,7 € C}, the calculation

shows that =17 € NV, and thus o and 7 belong to the same coset. If conversely o and 7
are in the same coset, we know that o~'7 € A" and thus (w(0)"'m(c))(1) = 1. In other
words,

meaning that o, 7 € Cj.

Identifying the C} with the cosets of S, the above homomorphism coincides precisely
with the action of O on the cosets as described by #f). According to (24, PH), the
projectors P and E, act only on the last factor in the decomposition (B3) and can thus be
regarded as operators on H (M. For the resulting subsystem (H @, p, E,), the group NV is a
symmetry, which is represented by U;. The maximality condition (27]) implies Def. (i),
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whereas Def. (iii) follows from the representation of the proper free gauge group (2.
We conclude that (H(V, E,, P, N,U}) is a simple subsystem.

Let (ﬁ W E,, P, ﬁl) be the corresponding simple system. Then the tensor product
of Ch with this system is obviously isomorphic to the restriction of our original system
to the subspace (B3)). Taking the direct sum of H () with the so-obtained systems corre-
sponding to the different orbits of V' yields our original discrete fermion system. [ |

Example 4.6 Let us build up the discrete fermion systems considered in Example
In both examples [B4]) and (B6l), we obtain the trivial system by restricting the fermion
system to the subspace

HOY = {(a,0,¢,0) : a,c€C} .

In the example (), the simple subsystem is constructed as follows. We set H = C?
with —<.|.> equal to the canonical scalar product on C? and introduce the projectors

10 0 0 1/1 1
E1_<0 0)’ E2_<0 1)’ P_§<1 1)'

We again let O = {1,0} with ¢(1) = 2 and ¢(2) = 1. We choose N' = O with the
representation

U = 1, U(a):<$ é) (54)

Then there is only one coset, K = 1. Furthermore, 7 is the trivial mapping 7(o) = 1.
This system is a simple subsystem according to Def. Since K = 1, this subsystem
coincides with the corresponding simple system. Obviously, the direct sum of this system
with H©) is isomorphic to the system (B3} 2.

In the example (BHl), we construct the simple subsystem by choosing H = C with
<u|v> = —uv. Furthermore, we choose

We again let O = {1,0} with o(1) =2 and ¢(2) = 1. But now we choose N' = {1} equal
to the trivial subgroup. Then its representation is also trivial, U(1) = 1 = U(o). There
are two cosets of N in O, K = 2. The mapping 7 : O = Sy — Sy is the identity map.
This system satisfies all the conditions in Def. Since K = 2, the corresponding simple
system lives in the inner product space H = C? x H ~ C2, where —<.|.> coincides with
the canonical scalar product on C2. The resulting representation U given by () coincides
with (B4]). A short calculation using (@S, E9) yields

10 0 0 10
C U B U It

This is a simple fermion system with outer symmetry O consisting of two simple subsys-
tems. Taking the direct sum with the trivial system H(®) gives precisely the system B3,

Ba). ¢

We finally give a useful characterization of simple systems which does not refer to
simple subsystems.
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Proposition 4.7 Let (H,<.|.>, (E:'x)wEM, P,0,U) be a discrete fermion system with outer

symmetry group O represented by U. This system can be realized as a simple fermion sys-
tem according to Def. if and only if the following two conditions are satisfied:

(a) The system contains no trivial subsystems according to Def. [f.3 (i1).

(b) The system cannot be decomposed into the direct sum of two non-trivial fermion sys-
tems (H', ELP' and (H?, E2P?),

H = H'@H?, FE, =E@E, P=Paopr?,
which both have O as an outer symmetry group.

Proof. 1t is obvious from Def. (ii) and our above construction that a simple system
contains no trivial subsystems. Furthermore, a simple subsystem cannot be decomposed
into non-trivial subsystems because otherwise the proper free gauge group would contain
independent phase transformations of both subsystems and thus F > U (1) x U(1), in
contradiction to Def. (iii). The corresponding simple system is by construction the
smallest system with outer symmetry group O which contains the simple subsystem, and
therefore it cannot be decomposed into smaller systems with these properties.

Assume conversely that a discrete fermion system (H,<.|.>, (Ey)sen, P, O,U) sat-
isfies the assumptions stated in the proposition. We again present the discrete fermion
system as in Theorem PZIT with H© maximal (27) and represent the outer symmetry as
in Theorem B4 and Corollary BA Then the assumption (a) implies that H© is trivial.
Furthermore, the group 7(0O) C Sg must act transitively on the set {1,..., R} because
otherwise the orbits of 7(Q) would give a splitting of the fermion system into non-trivial
smaller systems with outer symmetry O, in contradiction to assumption (b). Hence there
is only one orbit @ = {1,..., R}, and the construction in the proof of Theorem shows
how the system (H, <.|.>, (Ey)sen, P, ©O,U) is realized as the simple system correspond-
ing to a suitable simple subsystem. [ |

5 The Pinned Symmetry Group

In Def. we assumed a unitary representation U of a finite group N/ C O on an inner
product space (H, <.|.>) which satisfies for all x € M the conditions

U(o) B, U(o)™" = E (55)

plus the symmetry condition for the fermionic projector UPU~! = P. In this section
we disregard the symmetry condition for the fermionic projector and consider unitary
representations of A/ which only satisfy ([BA). Our goal is to use the gauge freedom to
bring such representations into a simple form.

Because of the completeness of the space-time projectors, we can consider instead
of U(o) the operator products E,U(0)E, for z,y € M. We denote the orbits of the action
of N on M by My,...,Mjy, J> 1. The orbits form a partition of M, and we can introduce
an equivalence relation x ~ y by identifying the points on the same orbit. Rewriting (B3)
as U(0)Ey = E,,)U(c) and multiplying from the left by FE,, we find that

E,U(oc)Ey, = 0 wunless z ~y. (56)
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Therefore, it suffices to consider the case that = and y are on the same orbit. Without
loss of generality we can assume that x,y € M;. In other words, it remains to consider
the following restriction of U,

Up, with Hi = P E.(H). (57)
xe My

Furthermore, it is no loss of generality to distinguish one point of M7, because this point
can be mapped to any other point of M; by applying N. For simplicity, we assume
that 1 € M;. We now form the subgroup of the outer symmetry group which leaves this
distinguished point invariant.

Def. 5.1 The pinned symmetry group R C N is the group of allo € N with o(1) = 1.

In the case when O is the group of all affine orientation-preserving transformations of R?,
pinching the origin gives the group of all rotations around the origin. This is the reason
for denoting the pinned symmetry group by the letter “R.”

For every o € R, we find that U(o)Ey = E,)U(c) = E1U(c). In other words, U(o)

maps the subspace H := F;(H) into itself. Hence
Vie) = U(0)|H is a unitary representation of R on H . (58)

The next proposition gives a procedure to reconstruct Uz, from a given representation V.

Proposition 5.2 Let (H,<.|.>,(E;)zen) be a discrete space-time. Assume that we are
gwen a group N C O such that the spin dimension is constant on the orbits of N.
Let My C M be the orbit containing the point 1 € M. Suppose that V is a unitary repre-
sentation of the corresponding pinned symmetry group R (see Def. [B1l) on H = Ey(H).
Then there is, up to gauge transformations, a unique unitary representation U of N on H,
(see [574)) which satisfies for all x € M the conditions (21) and which, when restricted
to R and H, coincides with V.

Proof. Since N acts transitively on M;, we can for every x € M; choose a group
element o, € N with the property that 0,(1) = x. For convenience, we choose o1 = 1.
Since the spin dimension is by assumption constant on the orbits of N, the spaces E,(H),
x € My, are all isomorphic. Thus for every x € M; we can choose an isomorphism k, :
H— E, (H). For convenience we choose k1 = 1. We define U(o,,) restricted to H by
U(O'x)|f{ c H— Ey(H) : ur— kg(u). (59)
Together with the given representation of R on H , (E9) uniquely determines a repre-
sentation of N’ on H. Namely, suppose that for a given 0 € N and z € M7, we want to
construct U(0)|g,(#)- Setting y = o(x), we rewrite o in the form o = oypoyt. Then p is
an element of R and, using that U should be a group representation,

U(@eam) = Uloy) g V) Ulow) g - (60)

All the operators on the right side are given. It is straightforward to verify that the
operators (G0) form a representation of N" on H satisfying (BH).

For the uniqueness question we let U be any unitary representation of N on H sat-
isfying (BH). Then for all x € M;, the operator U(ax)‘ 7 is a unitary operator from H
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to E,(H). By a local gauge transformation at z we can arrange that this operator coin-
cides with k,. Thus we can achieve by a suitable gauge transformation that U satisfies
the conditions (B9). But then U is uniquely determined according to (E0). |

6 Building up General Systems: A Constructive Procedure

The constructions of the previous sections yield a systematic procedure for constructing
all discrete fermion systems for a given outer symmetry group O and for given values
of the parameters (ps,q:), m and f. We denote the maximal spin dimension by n =
maXmEM{p:m Qm}-

1.

2.

Choose a subgroup N of O.
Determine the orbits My, ... My, J > 0, of the action of N on M.

Choose in every orbit one representative x; € M; and determine the corresponding
pinned symmetry groups R; (see Def. BII).

Choose a unitary representation of each pinned symmetry group on a corresponding
indefinite inner product space H ; of signature (p;, ¢;) and p;, ¢; < n. The irreducible
subspaces of this representation can be chosen to be definite (see Lemma[ZT0). Since
the dimension of the irreducible subspaces is bounded a-priori by n, there is only a
finite (typically small) number of possible choices of these representations.

The construction of Proposition gives a unitary representation U of N on a
discrete space-time (H, <.|.>, (Ey)zen) satisfying (BH).

After completely reducing the obtained representation U on each of the invariant
subspaces

one can characterize all projectors P which satisfy the condition UPU~! = P (see
Proposition B2).

Restricting attention to projectors P which satisfy the conditions Def. 2 (ii) and (iii),
we obtain simple subsystems according to Def. Carrying out the construc-
tion ([E7HAY) yields corresponding simple systems (see Def. E]).

According to Theorem EE0, a general discrete fermion system is obtained from simple
systems by taking tensor products with C* and by taking direct sums. We must
satisfy the conditions that the spin dimension of the resulting system must nowhere
exceed (n,n) and that the number of particles should be equal to f. These conditions
reduce the allowed constructions in this step to a finite (typically small) number of
possibilities.

For systems with few particles it may be easier to avoid simple subsystems by con-
structing right away the simple systems. This gives rise to an alternative construction
procedure, for which we only need to replace the above construction steps 1 and 7 by
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1’. Choose N = O.

7’. Restricting attention to projectors P for which the corresponding discrete fermion
system satisfies the conditions (a) and (b) of Proposition EE7, we obtain simple
systems.

7 Examples
We now illustrate the construction steps of the previous section in a few examples.

Def. 7.1 A discrete fermion system (H,<.|.>,(E)zen, P) with outer symmetry group O
is said to be homogeneous if O acts transitively on M.

Example 7.2 (homogeneous systems with Abelian outer symmetry)

Let us consider the case of a homogeneous discrete fermion system with Abelian outer
symmetry group. Then O acts transitively on M, and thus for every x € M we can choose
a group element o, € O with 0,(1) = z. The corresponding pinned symmetry group R is
trivial, because for every o € R,

o(z) = (0g00;)(x) = (0,0)(1) = 0,(1) = = Vo e M,

and thus ¢ = 1. As a consequence, for every x € M the choice of o, is unique. In
particular, the order #O of the symmetry group equals the number m of space-time
points, and we can use the mapping x — o, to identify M with O.

According to the basis theorem (see [, Chap. II, §10]), every finite Abelian group is the
direct sum of cyclic groups of prime power order. Thus there are parameters (I,,)n=1,.. N,
each being a power of a prime p,,, and corresponding group elements g, with the properties
that the (gn)n—1.. n generate O and that each of the groups {¢g¥ : k € Z} is cyclic of
order [,,. Introducing the group 7 = [4Z B - - - ®InZ, we can write O as the quotient group

O =7zN/T.

Identifying the points x € M with the corresponding group elements o, € O, we can
regard M as an N-dimensional lattice with side lengths [,,.

Let (ﬁ, <.|.>) be an indefinite inner product space of signature (p,q). Since R is
trivial, its only representation on H is V = 1. The construction of Proposition yields
that the corresponding discrete space-time (H, (E,)zen) and the representation U of the
outer symmetry group O can be given as follows,

H = CMeH, M = zN/T
E, : e ®@u i dzyey@u

Ule) @ ey@u = epu) Q@u.

In other words, H consists of H-valued functions on M , and U acts on these functions by
translating the points of M by the group O. It is convenient to use the short notation

u(z) = B € () ®H ~ H,

where in the last step we identify the vector spaces in the natural way.
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In order to completely reduce U, we first note that, since O is Abelian, its irreducible
representations are all one-dimensional. Thus our task is to decompose H into one-
dimensional subspaces which are invariant under the action of U. An easy calculation
shows that the subspaces spanned by the vectors

N
w(z) = i exp (Zanxn> with ¢ I, kne{o 12T 9 2m ..,(zn—1)§—”} (61)
n=1

ln ln ’ n

are invariant under the action of U. Also, counting dimensions one sees that these vectors
form a basis of H, and therefore the subspaces spanned by the vectors (EIl) completely
reduce U. The fermionic projectors which satisfy the conditions UPU~! = P must be
invariant on the irreducible subspaces, i.e.

P= > > kuyP® Eexp(Zk: ) (62)

r,yeM kel

where K is a set of vectors k = (k,)p=1,..,~ with components in the range as in (&IJ).
Here the P%) are projectors on negative definite subspaces in H , and k4 is the natural
isomorphism from E,(H) to E,(H).

Clearly, the vectors (1) are plane waves on the lattice M with periodic boundary
conditions, and (G2) is the general form of a projector which is “diagonal in momentum
space.” We conclude that the construction procedure of Section [l reduces to the usual dis-
crete Fourier transform on a finite lattice, with the only difference that the side lengths [,
are always prime powers. ¢

Example 7.3 (general systems with Abelian outer symmetry)

As in the previous example we consider an Abelian group O, but which now does not neces-
sarily act transitively on M. We denote the orbits of the action of O on M by My, ..., My.
We let K; be the subgroups of O which keep the sets M; fixed. Since every subgroup of an
Abelian group is normal, we can form the quotient groups O; = O/K;. Then the groups O,
can be regarded as a group of permutations on the sets M;, which act transitively. There-
fore, on each of the orbits M; we can use the construction of Example to construct a
discrete “sub-space-time” (Hj, (Ey)zenm,) together with a unitary representation U; of the
outer symmetry group O;. Since a representation of an outer symmetry is trivial between
different orbits (Bfl), the discrete space-time is obtained simply by taking the direct sums
of the sub-space-times.

In order to construct the fermionic projector, we first note that the irreducible sub-
spaces of H are precisely the span of the plane waves (EIl) of all the sub-space-times.
Let x be an irreducible representation of ©. We form the subspace H, C H spanned by
all those invariant subspaces on which U is equivalent to x. According to Lemma 10l H,
is a non-degenerate subspace of H. The most general fermionic projector satisfying the
symmetry condition UPU ™! = P is the operator which is invariant on the subspaces H,
corresponding to the different irreducible representations of O and is on each of these
subspaces a projector on a negative-definite subspace (see Proposition B.2). ¢

Example 7.4 (two-dimensional lattice with pinned symmetry)
To give an example with a non-trivial pinned symmetry group, we next consider a discrete
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space-time which, similar to Example [[Z, is a finite lattice, but now with a larger, non-
Abelian symmetry group. For a prime power [ > 2 we introduce the group 7 =1lZ G 1 Z
as well as the square lattice

M = 72)T.

We let S be the group of all isometries of R? which map the lattice points Z?> C R?
onto themselves (thus S is the group of all translations, reflections and rotations about
multiples of the angle 90°). A short consideration shows that 7 is a normal subgroup
of S. We let O be the corresponding quotient group,

0 =8/T.

This group has a natural action on M which corresponds to translations, reflections and
rotations on a square lattice whose opposite sides are identified.

Since O contains the translations, which act transitively on M, our system is clearly
homogeneous. Thus we can arbitrarily distinguish one point of M; for convenience we
denote the origin in Z2/T by 1. To construct the corresponding pinned symmetry group,
we introduce the two unitary matrices

() -G @

These matrices describe a rotation by 90° and the reflection at the zs-axis of R?, respec-
tively. Since they are compatible with the lattice structure of Z? and the action of 7,
they can be regarded as elements of @. Furthermore, they leave the origin of Z? fixed and
thus o, p € R. Since by composing 90°-rotations with reflections we obtain all elements
of the pinned symmetry group, It is obvious that R is generated by « and p. Note that «
and p do not commute and thus R is non-Abelian.

The next step is to construct a representation V of R on an indefinite inner product
space (ﬁ,<.|.>). The possibilities depend on the signature (p,q) of H. One possible
choice clearly is the trivial representation

V() = 1 = V(3). (64)
Another possibility is to choose the sign representation
V) =1, V(B = -1. (65)

If p > 1 or ¢ > 1, more complicated representations are possible. For example, one can take
direct sums of the one-dimensional representations (B4l BH). In this case, the corresponding
representation U of O will also split into a direct sum of representations corresponding to
the irreducible summands of V', and therefore this case is straightforward. Moreover, one
can choose higher-dimensional irreducible representations of R. To give a simple example,
we consider the two-dimensional irreducible representation by the matrices in (G3)),

v = (1 0) v = (5 5)- (66)

Let us construct the corresponding representations U on H. For every x € M, we
choose the unique translation o, € O with 0,(1) = . Carrying out the construction of
Proposition for the trivial representation (Gdl), we obtain H = C™ @ H and

Ey i ey@u = Ogyey@u,  U(0) 1 ey ®@u = () @ u.
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In the case of the sign representation (B3), we obtain the same discrete space-time as for
the trivial representation, with the only difference that the resulting representation U also
involves signs,

Uo) : ey ®@u + sgn(o) egr) @u,

where sgn(o) equals —1 if o changes the orientation and equals +1 otherwise. In the
case of the two-dimensional irreducible representation (Bl), we obtain the same discrete
space-time as for the trivial representation, but now with H = C? and the resulting
representation U given by

U(U) PeyQu €o(y) ® V(U)(u) )

where in order to define V(o) we compose o by a translation in order to arrange that the
origin is fixed. The resulting group element is in the pinned symmetry group, and taking
its representation matrix V' defines us V(o).

It remains to completely reduce U. To this end, we first note that for the subgroup
of translations, U coincides precisely with the representation U in Example Thus the
invariant subspaces of this subgroup are again the plane waves ¢y, 4 of the form

Pr,a(z) = 4 exp (i<k,z>)

with @& € H and <.,.> the canonical scalar product on R?. Here the momentum vector k =
(k1, k2) must be in the “dual lattice” IC,

o 2 27 ?
ke K= {0,1%,2%,...,(1—1)%} .

In order to get the invariant subspaces of the whole group O, we form the subspaces of
plane wave solutions which are mapped into each other by the action of R,

Hy = {¢p(k)7a|p67?,,&€f{} CH,

where p(k) is the action of R induced on the dual lattice via the relation <k,z> =
<p(k), p(x)>. If k = 0, the dimension of Hj, coincides with the dimension d of H (i.e.,
it is equal to one if V is the trivial or sign representation, and it equals two for the
representation (B6)). In the cases k; = 0, ko = 0 or k1 = ko (and k = (k1,k2) # 0), Hy,
is of dimension 4d. In the remaining case 0 # k1 # ko # 0, the orbit of R on k consists
of eight points and thus dim Hy = 8d. On these low-dimensional subspaces, U can be
completely reduced in a straightforward way; we leave the details to the reader. ¢

8 Spontaneous Breaking of the Permutation Symmetry

In this section we consider the case when O = §,, is the symmetric group describing
permutations of the space-time points. The discrete fermion system is clearly homogeneous
(see Def. [[T]). This implies that spaces E,(H) must all be isomorphic, and thus the spin
dimension is constant in space-time,

(pnym) = (’I’L,n) Ve e M.

We first give a physical motivation of our result. If a physical system is modeled by a
discrete fermion system, the parameter n is known (for example, n = 2 for the simplest
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system involving Dirac spinors [3]), whereas the number m of space-time points will be
very large. The number f of particles will also be very large, but much smaller than
the number of space-time points (note that we also count the states of the Dirac sea as
being occupied by particles, see [Il, B], and as these states lie on a 3-dimensional surface
in 4-dimensional momentum space, their number scales typically like f ~ mg) Hence the
case of physical interest is

n < f<m.

Theorem will show that in this case no discrete fermion systems with outer symmetry
group S, exist. In other words, the permutation symmetry of discrete space-time is nec-
essarily destroyed by the fermionic projector, and thus a spontaneous symmetry breaking
occurs. Our result can be understood in non-technical terms as follows: One possibility
to build up fermion systems with the required symmetry is to take fermions which are
“spread out” over all of space-time. The orthogonality of the fermionic states implies that
the number of such states can be at most as large as the spin dimension. Hence not all
the particles can be “completely delocalized” in this way. Another method is to “localize”
the particles at individual space-time points. But then the permutation symmetry im-
plies that there must be a particle at every space-time point, and the number of particles
will be as large as m, which is impossible. Roughly speaking, the arguments below show
that there is no other way of building in fermions and make the orthogonality conditions
precise.

The symmetric group has two obvious one-dimensional representations: the trivial
representation U(o) = 1 and the sign representation U(o) = sgn(o). The next lemma
gives a lower bound for the dimensions of all other irreducible representations.

Lemma 8.1 Suppose that U is an irreducible representation of Sy, on CV, which is neither
the trivial nor the sign representation. Then

Proof.  The representation theory for the symmetric group is formulated conveniently
using Young diagrams (for a good introduction see for example [0, Section 2.8]). Every
irreducible representation of S corresponds to a Young diagram with k positions. The
Young diagram A corresponding to U has more than one row (otherwise U would be
the trivial representation) and more than one column (otherwise U would be the sign
representation). The hook formula (see [B, Section 2.8 and Appendix C.5]) states that the
dimension N of the representation is given by

k!

N = :
[T (all hook lengths in \) ’

(67)

where the hook length of any position in a Young diagram is defined as the sum of positions
to its right plus the number of positions below it plus one.

We consider the subdiagram g of all the positions which are to the right of the last
column having more than one position. In the following example, the subdiagram g is
marked by stars:

*] +]

| Ot W
Q| O | D
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We denote the number of positions of u by [ and the number of its rows by r. Obviously,
I >r > 2. We compute the hook lengths of all positions of © and subsitute them into (&1),
k! 1
I(r— 1! —7)! ] (all hook lengths not in u)

N =

When computing the hook lengths of any position which is not in u, at most (I —r + 1)
of the “stared squares” of p contribute (because at most the stared squares in one row
are counted). Furthermore, ordering the positions of A\ p beginning from the upper left
corner as indicated in the figure, one can arrange that the hook length of any position
does not involve all the previous positions. Hence the hook length of the first position is
at most (k—1)+ (I —r+1) =k —r+1, the hook length of the second position is at most
k —r, and so on. We conclude that

- k! 1
- Il=-rNk=r+1)k—r)--(I—-7+2)

B K'(l—r+1) o l=r+1 k
ol -D(k—r+ 1) l <7‘—1>'

N

We consider two cases. If k = [, the diagrams A and p coincide, and since our Young
diagram has more than one column, we know that k > r. This allows us to simplify and
estimate the above inequality as follows,

N > <k_1> > k-1 > k|
r—1 2

In the remaining case k > [, we can exploit that the number of positions in each column
decreases from the left to the right to conclude that k — [ > r. In the subcase r = 2, we
obtain

N > 7 E >
If conversely r > 2, we have the inequalities 1 <r— 1< kaswellasl >r and k—1> L.
Hence

-1 k
5

N >
- l 2

lora k(=1 o gy koLk
= 2

k
> =
l -2

Theorem 8.2 Suppose that (H,<.|.>,(Ey;)zem, P) is a discrete fermion system of spin
dimension (n,n) with outer symmetry group O = S,,. Then the number of particles f
satisfies one of the inequalities

f<n or f >

Proof. We can clearly assume that

(68)

because otherwise there is nothing to prove. In particular, we can assume that m > 3.
Our aim is to get a contradiction to the assumption
m—1

n < f < 7 (69)

30



Distinguishing the point 1 € M, the corresponding pinned symmetry group R is the
group S,,—1 of permutations of the other points {2, ..., M }. Due to our assumption m > 3,
we can for every x € M choose an even permutation o, € O with o,(1) = =.

According to Corollary BH, we can construct a representation U of the outer symmetry
on H. Let V be the corresponding representation of R on H := E;(H) as given by (B3).
According to Lemma ELT0 the irreducible subspaces of V' can be chosen to be definite.
Using Lemma together with (B8)), one sees that V' must be the direct sum of trivial
and sign representations. Since H has signature (n,n), we can decompose it into a direct
sum of the one-dimensional invariant subspaces

n n
H=H o PH; (70)
j=1 j=1

where the spaces H;r and H ; are positive and negative definite, respectively.

Proposition allows us to reconstruct U from V. Let us consider what we get in the
two cases when V is the trivial or sign representation. For the trivial representation, we
can assume that H = C. The construction of Proposition yields H = CM and

Byt (Ug)zem (5my Ug)zeM U(o) : (uz)zem (ua(x))fEEM . (71)

In other words, U is the standard representation of O on the complex-valued functions
on M. Suppose that (u) C H is an irreducible subspace corresponding to the trivial or
the sign representation. Then, since the group elements o, € O are even,

E.u = E,U(oy)u = Uloy) Fru,

and using ([ZI) one sees that u is a multiple of the vector (1,...,1) € C™. Clearly,
U acts trivially on this vector. We conclude that H has a one-dimensional invariant
subspace where U acts trivially, and it has no invariant subspace corresponding to the sign
representation. According to Lemma Rl every other irreducible subspace has dimension
at least m/2. In view of (BY), the fermionic projector must vanish identically on each
of these irreducible subspaces. We conclude that the subsystem corresponding to our
one-dimensional representation of V' must contain either zero or one particles.

In the case when V is the sign representation, we can again assume that H = C.
The construction of Proposition yields the same discrete space-time as for the trivial
representation, but now, using that the permutations o, are all even,

U(0) : (tx)oers — (520(0) Ug(a)) ,cps -

Since changing the U (o) by the sign sgn(c) has no effect on whether a subspace in invariant,
this representation has the same irreducible subspaces as the representation corresponding
to a trivial V. Again, our subsystem must contain either zero or one particles.

The uniqueness statement in Proposition yields that H is, in a suitable gauge, the
direct sum of the scalar product spaces C™ obtained from each direct summand in ([Z0).
Since the spaces corresponding to the H]Jr are positive definite, they must not contain any
particles. As we saw above, each of the spaces corresponding to the H ; may contain at
most one particle. Hence the total number particles is at most n, contradicting (E). B
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