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Transfer matrix for Kogut-Susskind fermions in the spin basis
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In the absence of interaction, it is well known that the Kogut-Susskind regularizations of fermions in the
spin and flavor basis are equivalent to each other. In this paper, we clarify the difference between the two
formulations in the presence of interaction with gauge fields. We then derive an explicit expression of the
transfer matrix in the spin basis by a unitary transformation on that one in the flavor basis which is known.
The essential key ingredient is the explicit construction of the fermion Fock space for variables which live
on blocks. Therefore, the transfer matrix generates time translations of two lattice units.
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I. INTRODUCTION

The naive discretization of the Dirac equation on the
lattice [1] leads to a replication of the fermionic states,
known as lattice fermion doubling [2]. The doublers appear
as spurious poles in the fermion propagator at the nonzero
corners of the Brillouin zone. The Wilson way of removing
the doublers is to give them a mass which becomes infinite
in the continuum limit, at the cost of an explicit breaking of
chiral invariance on the lattice [2].

In the Kogut-Susskind [3-6] lattice formulation for rela-
tivistic fermions ([7], Chap. 4) the doublers are instead
interpreted as physical fields by the introduction of addi-
tional quantum numbers. This has been done in two ways.
In the former approach, first the fermion field is reduced
to a single component per site by a procedure called
spin diagonalization, and, for this reason, this method is
referred to as the one in the spin basis. Afterward, spin and
flavor degrees of freedom are associated to different cor-
ners of an elementary hypercube on the lattice [8—10], and,
therefore, sometimes fermions in this formulation are said
to be staggered. In the latter approach [11-13], said in the
flavor basis, the additional quantum numbers, called raste,
are associated, together with the spin, with blocks corre-
sponding to the hypercubes of the spin basis of size twice
the lattice spacing.

In the absence of coupling with gauge fields, these forms
are changed into one another by a linear transformation on
the fermion fields, but in the presence of gauge fields, they
are not equivalent, as we shall make clear in the following.
Their difference is of consequence in the construction of
the corresponding transfer matrices.

For Kogut-Susskind fermions in the flavor basis, a
simple operator realization of the transfer matrix is known
[14]. It has been built in close analogy with the case of
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Wilson fermions [15-19] (see also Ref. [20]), the only
difference being that it performs time translations by one
block instead of one lattice spacing.

The situation is more complex for Kogut-Susskind
fermions in the spin basis [11,12,21] because all attempts
at constructing a positive definite transfer matrix that per-
forms time translations by a single lattice spacing failed.
The difficulty was circumvented by looking at time trans-
lations by two lattice spacings. Here, we meet with a
subtlety. We must distinguish whether the transfer matrix
acts on a Fock space built on one or two time slices. In the
first case, we can get the operator which translates by one
lattice spacing by taking the square root of the transfer
matrix which translates by two lattice spacings. In the
second case, instead, translations by one lattice spacing
are not defined at all. This seems to be the case with Kogut-
Susskind fermions, but the necessary construction of the
Fock space on blocks, in the spin basis, has not been
explicitly performed.

We became interested in a formulation of the transfer
matrix in the spin basis in the framework of relativistic
field theories of fermions whose partition function is
dominated by bosonic composites [22]. We deem that
this question is of more general interest. First, a positive
transfer matrix means that unitarity is guaranteed also at
finite lattice spacing. We will show that this requires that
the gauge fields be defined on blocks, not only in the flavor
basis but in the spin basis as well. Hence, fermion fields
should transform, under gauge transformations, accord-
ingly. As a practical consequence, correlation functions
will not show oscillations. Moreover, a positive transfer
matrix provides a Hamiltonian formulation directly on the
lattice. Therefore, for example, it can be adopted as the
starting point for the study of the spectrum. Or, as we shall
see, it can be used to derive approximations based on a
variational principle.

This subject became for us more relevant in the develop-
ment of an approach to QCD hadronization (meant as the
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replacement of the QCD degrees of freedom by hadronic
ones), called the nilpotency expansion, that makes use of
the operator form of the transfer matrix [23-26]. It is based
on the use of a Bogoliubov transformation on the fermion
operators whose parameters depend on time and gauge
fields in such a way that gauge invariance and other sym-
metries are trivially preserved. These parameters then
become dynamical bosonic fields. At the lowest order in
an expansion in the inverse of the number of fermion
degrees of freedom entering in the bosonic composites
(nilpotency index), interestingly enough, we got, after
the integration of the fermion degrees of freedom, a
statistical weight on gauge configurations, which does
not suffer from the sign problem, also with a finite chemi-
cal potential [26].

We remark that, in spite of the mentioned approxima-
tions, our formulation at the lowest order in the nilpotency
parameter has the features of a variational calculation, thus
providing an upper bound for the ground-state energy.

Using Kogut-Susskind fermions, because of the lack of a
convenient formulation of the transfer matrix, we were able
to express our results only in the flavor basis. Numerical
simulations are, instead, usually performed in the spin
basis because they are much faster. We were thus motivated
to find an operator form of the transfer matrix in this latter
basis as well. Since, apparently, in any case, we should
resign to time translations by one block, we decided to get
an expression of the transfer matrix in the spin basis by a
linear transformation from the flavor basis.

The presentation of our results is organized as follows.
In Sec. II, we remind, for the convenience of the reader and
in order to establish the notation, what is relevant to the
present issue about the Kogut-Susskind regularization. We
adopt the notations of Montvay and Miinster [7] with some
minor changes that will be specified. In Sec. III, we per-
form the transformation of the action from the flavor to the
spin basis. Most of the results, with some qualification, are
well known, but we think this section is a necessary prepa-
ration for Sec. IV, in which we perform the transformation
of the transfer matrix and of the coherent states.

II. KOGUT-SUSSKIND FERMIONS

Let x,, be the coordinates of hypercubic lattice sites,
0=x,=L,—1,0=pu =3 (Montvay and Miinster in
Ref. [7] use indices from 1 to 4), and y,, the coordinates of
hypercubic blocks. They are related by

Xy =2y, t My (M

with 0=y, =L, —1, L, =2L,, and n, =0, 1 the
position vectors within the block. The sum over lattice
points can be split into the sum over the blocks and the
sum over the sites within a block, that is

S35 o
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We denote by ¢, the fermionic fields on the lattice sites
and by g} the fields on the blocks. The latter have Dirac
spinor indices 1 = a =4, in Greek letters, and taste
indices 1 = a = 4, in Latin letters.

It is important to remark that the gauge transformations
in the first case act at the sites of the basic lattice and in the
second at the coordinates of the blocks

wx — 8x lpxr

While g, is the same transformation for all x in a given
block with coordinate y, g, will, in general, change also
within the same block.

q5" — g,qy". 3)

A. The flavor basis

The gauge link variables on the blocks are denoted
by U,(y). Under gauge transformations, they change
according to the rule

Uu(y) = &,U, (el s )

The action of the fermion fields in the flavor basis can be
written as

S(U) =2y L), (5)

where the factor 16 keeps into account the volume of the
elementary cell when using variables defined on the
blocks, and the Lagrangian in the flavor basis is

3
£,0=ng,08 g, + 3 3], 0DV + V)

=0

— (s ®f5fM)A,L:|C]}y- (6)

The flavour matrices 7, are defined for 4 = 0,...,3 and
m =35 by

t, =yl =1, )

and the other operators are defined in terms of translations
on the blocks

N 1
(T31), = 2°F 538y, af ) = f6 £ 4) - (®)
y/

and the identity on the blocks

1
[]lf]y = 242?8)”,)7.](()1) = f(}’) ©)
3
according to
1 _ 1 _
Vi = E(UMT,(f) -1, Vy):= 5= T, 'U}L)
(10)
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1 _ 1 _
A, = E(vﬁﬁ -V = Z(U,,j}ﬁ + 15Ul - 21).
(1)
We can recognize that the projections of the fermionic field

g+ =Piq gt =P_q (12)

where
1
Pi = E(]l ®1F YoYs ® t5t0), (13)

propagate forward/backward in time and, therefore,
describe particles/antiparticles, respectively. Accordingly,
we introduce creation and annihilation operators 51];, G+
They are defined at one and the same time, so that in
addition to spin and flavor, they depend on the spatial
position only, denoted by boldface letters. They satisfy
canonical anticommutation relations

1
N A b b,
{(gD)ae, () = gampi aa

{(@h)ee, g8y = 0.

As the factor % accounts for the spatial volume of the
blocks, the above anticommutation relations become
canonical in the basis in which P. are diagonal.

The transfer matrix corresponding to the flavor-

Lagrangian (6) in the gauge U, = 1 is [14,27]

(14)

Tt,t+l = eXp(c?,N,QJr)T exp(2,uﬁ3) eXp(@,N[+1Q+).
(15)

In the above equation, N, is a matrix which depends on the
time of the blocks only because it depends on the gauge
link variables

N, == N[U@®)] (16)
and w is the chemical potential

g =222(314. —4tq-)y (17)
y

that we omitted for simplicity in the Lagrangian. By keep-
ing into account the spatial volume factors,

G-NiGe = 64D (4 )y(N)yy(G1)y (18)
Y.y

3
Ny/y = _Z{m(’)/() ® H)Hy/y + Z(’yO’yk ® H)

k=1
[PV + P(kﬂvi_)]y’y}’ (19)
where
4 1
P = 5(]1 ® 1 % y,75 ® 151), (20)
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and
1 1
- (*) -
lyy = 3 Sy'ys (T Dyy = 3 8ty 1)
enter in the definitions of (V;')yy.
Notice that
giNg. = 0. 22)

B. The spin basis

For the sake of later comparison, we report the regulari-
zation of a Lagrangian in the spin basis. The gauge fields
on the hypercubic lattice are denoted by u,,(x) and trans-
form according to

u, (x) = g, (¥)gl 4. (23)
The Lagrangian in the spin basis is

-Ez//(u) = mlzlx‘ﬂx
1 g . v
+ E Zoax#[¢xuM(X)¢x+ﬂ - ¢x+,uu/t(-x)¢x]’
=

(24)
where the signs «,,, are defined for u =0, ..., 3 by

Qypy = (= 1) X, (25)

xp

There is no direct way of identifying forward and back-
ward movers. This is the difficulty encountered in the
construction of a transfer matrix in operator form for this
Lagrangian. Indeed, as far as we know, such a construction
has been achieved only after a reduction of the Lagrangian
itself, in which the fermion fields and their conjugates live
on odd and, respectively, even sites [11].

At the classical level, however, the fields in the spin and
flavor basis are related according to

1
g5 = g 2 naathayn (26)
n
= aa 1 ) t
qy = gszernrn;aa; (27)
n
where
L=y ' v v (28)
The matrices I' satisfy the relations
1
1 (I ,) = &, (29)
ISt
ernlbﬁrniaa = 6bu5/3a (30)
n

that allow us to invert Eqgs. (27),
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2tr(F,7qy) 31

lﬂ2y+~/]

=2u(g,I,). (32)

We will use these relationships in order to derive an action
and a transfer matrix in the spin basis from those in the
flavor basis.

¢2y+17

ITII. TRANSFORMATION OF THE LAGRANGIAN

In this section, we express the Lagrangian (6) in the spin
basis using the transformations (27)

Y L) =2 L) (33)
X y

While in the absence of gauge interaction L, coincides
with £¢, reported in Eq. (24), we shall see that this does
not occur, in general, in the presence of gauge fields.

The mass term of the action is proportional to

1 _
24251}'% 3 Z Z Z Poysy r(l
y y on 7
=D b

In order to derive the kinetic term, we shall use the
relations

n/rn)lp2y+1]’

(34)

16
ZZ Z{Q)(’)’M ® 1)[U,u,(y)qy+/l - U/-i,-c(y - la)qy*,&] - Qy(‘)/S ® t5)t,u,[U,u (y)q)Jrﬁ, + U,E(y - I['\L)qy7
y w

that is

(ZES S el

Yy u nn adad

- U};,(y - M)(’}’ZQM/‘Z + ’y_g/a(tSt,u,)a/a)rnZom ¢2y72,&+n + Zygla(tStp,)a/ar

which because of Egs. (35) and (36) becomes
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Z)’a S Som, Anul 'yt aiala
+ 617] CL,HLF-,] pa'a (35)
Dy tst,) T g = ~80n, ¥nul'yspiara
+ 81y, @nulypiaa (36)

From the definition, Eq. (28), the relation (35) soon
follows, and

rnyu = (_1)no+n|+nz+ns(_1)nﬂyﬂrn 37)
so that
[ys = (Dmtmemtmy (38)
Hence
Zyg/a(tStM)a’aFniaa = (75Fn Yu 75)(1’(1’
_('}/SI‘nFyS’}/,u)a’a’
= _(_1)17# (’}/urn)a'a’r (39)

which, together with Eq. (35), implies the relation (36).
The kinetic term is proportional to

—Z Z Z Z ‘/’2y+n’rn’ a’oz’a”’IIL[UV«(y)‘SO”']#Fn+,&:a/a'¢2y+2ﬁ,+17

Yy # nn adad

- U/t,(y - lu’)alnlurnf

and, performing the trace on spinor and flavor indices (30),

_ZZ Z Doy @nulUy (7003, O, n+a Woyr2a+n —

Yy Koy
+ (_5(]71/.L671,,T]+l2 + 61.,]

and, performing the sum over 7/,

praa Woy—2p+m + (=80y, Unspraa + 819, T

n'\n— M)¢2y+n]

1 - -
2 Z Z Z aw[aom ¢2y+n+ﬂUM(y) ¢2(y+ﬂ)+n + 5177” ¢2y+n—ﬂ ¢2y+n
y om o

- 617]# 'L-Zy#”r/fﬁ,UIc(y -

) oy-pyen

a—2q,15 (40
/ /[U (y)(’)’fiaisaa - ﬂyg!/a(%t,u,)a/a)r'r]:au lr//2y+2/l+'r]
n.aa l//2y+n]: (41)
n—p': a’a')¢2y+7]] (42)
U,I,(y - /*1)6117#517’,7/*,0, ¢2y72,0,+1]
(43)
507/” 1212y+'r]+/2 ¢2y+n]' (44)
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Remark that if we increase the component x,, of a site x,
we jump on a block different from that of x if x, is odd.
This is the case when x =2y + n + 4 and 5, = 0, but
not when x = 2y + 7 — 4 and n, = 1. Similarly, if we
decrease x,, we jump on a different block only when x,, is
even. This is the case when x=2y+ 7 — 4 and
M, = 1, but not when x =2y + n+ 4 and 7, = 0. If
x = 2y + 7 then

@ (45)

:ax

e e

Then the kinetic term has the same form as that of L, ('),
where

U for x =2y + and =1
() = () y+m up

(40)

1 elsewhere

that is, the gauge field couples only sites which belong to
different blocks.
In conclusion,

_ 1 g .
L) =mppe +5 3 g, ()
wn=0

— Yol (O, ] (47)

We have the constraint, however, that the fermion fields
within a block should all transform in the same way under
gauge transformations. One might think that we could
relax this constraint by a different transformation from
the spin to the flavor basis

1
C];” = g Zrn;aaCZy-Fn ¢2y+77
n
(48)

R
= gzwzﬁflcgﬁnrjﬁw'
7

Such a generalization, however, is only apparent because
the curvature for the plaquettes with all the vertices within
one and the same block vanishes. Indeed, such a general-
ization, as the particular ones chosen, for example, in
Refs. [9], Eq. (35), [27], Eq. (56), are pure-gauge trans-
formations of Eq. (27).

We conclude that, in the presence of a generic gauge-
field configuration, the Lagrangian in the spin basis £, (u)
and that in the flavor basis £, (U) are not equivalent.

The transformed Lagrangian L/, (') could also be
regarded, in the spirit of the previous quoted attempt
[11], as a modification of L (u), defined in Eq. (24), for
which a transfer matrix can be constructed.

The above construction refers to the case of vanishing
chemical potential. Its inclusion is, however, straightfor-
ward [27]. We only note that, at variance with respect to the
coupling with gauge fields, the chemical potential can be
attached to all links in the transformed Lagrangian L', ('),
provided its value be half the one in the flavor basis.
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IV. TRANSFORMATION OF TRANSFER MATRIX
AND COHERENT STATES

As a first step, we must transform creation-annihilation
operators from the flavor to the spin basis. To this end,
we must determine the expressions of the fields ¢g. in the
spin basis

1
(q+)y = P+ gzrn ¢2y+7]
! (49)

1
(6]1% =P_ gzrn lp2y+1r
n

Using the relation (39), we find

P+Fn = 607]01—‘.'7, P,Fn = 61 F (50)

Mo~ M

and similar relations hold for I'T.
We, therefore, have

1
(q+), = §Z50norn Woyiy
7
| (5D
(qi)y = gzélnorn Woyty-
n

Next, we define the operators corresponding to the ¢ fields
according to

R 1 .
(q+)y = g 2601701_‘7] ¢2y+7]’
n

1 (52)
(f?i)y = ngslnorn ¢2y+71
)
and assume that
{{p‘f o }=23/5/. (53)
2y'+7"> P2yt yy©n'n

This is obviously consistent with the second set of
equations in Eqgs. (14). Consistency with the first set
requires that

1 A n
t 1
64 Z 3077057776Fn':bﬁrniaa{ ¢2y’+7]” ¢2y+n}
nn'

1
=3 Byy8,r D 8ol T (54)
n
1 aa, Bb
= géy’y80'7'Pt ’ (55)

where o = 0, 1, respectively, when the index of the
projector is + or —. The second equality follows from
the equations
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101 1
+
Zpia aa Zrn Bt M a'ad — 4260n(,rn:hﬂrniaa
a,a' n

= pip? (56)

that can be proven using Egs. (30) and (50).

Some comments about our results are in order. We see
that the temporal component 7, of the fields in the spinor
basis corresponds to the * projection of the field in the
flavor basis. The 8 Dirac-taste degrees of freedom of
particles/antiparticles are spread on the 8 sites of the
even/odd time slice in the corresponding block. In this
connection, looking at Eq. (53), 1o can be regarded as a
quantum number. But this quantum number changes when
time increases by one unit in the original lattice, so that,
unlike the g projections, the fields ¢,y 1 ,, with 7, respec-
tively, 1 or O cannot be identified as forward/backward
movers. Changing time, we change a particle into the
hole of an antiparticle.

A. Transfer matrix

We first transform the baryon number

23Z(C]+¢]+ - )
= EZ[(lZT[p)Hﬂaono - (fﬂ @f)2y+n51no)] 57
y.n
S XUAI NS CAT N (58)

where we relabeled the operators i with the spatial

PHYSICAL REVIEW D 87, 014507 (2013)

in agreement with the relations (52) which show that when
Mo = 1, the operator ¢y, is a creation operator.
In this notation, the commutation relations (53) become

{kl’l/%, '7[’)(11(,}
Next, we must determine a matrix N! such that

642(@7 )y’ (Nl)y’y(g+ )y
YLy

28,8,/ 61)

x'x MoMo*

= Z z lz;yq_.,]/ tr(F;/(Nt)y’yP+Fn) lz2y+~q (62)

y.yn'n
= Z Z 'v[’;ywn'(N;)y’n’,yn Pay+n- (63)
y.yn'n

In the above equation, color taste and Dirac indices have
been omitted. We observe that

(Yoye ® DPYP.T,

1
= 5507,(,[(7’0% ® 1) * (yoys ® tst) T, (64)
15 (=)™
= Some@npp——5—— oy Ly ioi T 81n Ty 10-0)
(65)
and
[T (v ® DPLT, = 805,81 [T T, (66)
so that

T (voye ® PP,
15 (= 1)m

coordinates = 450n051n6ank (80m w.p+k + 01,06 ’,n—lé)
x=2y+nq (59 ©7)
and
and 7, and made the identifications +
tr[rn,(yo ® ]1)P+r7]] 460.’70617] 6 /9 (68)
A s Y
Pxo °= Yoy Uxi°= Yoy (60) Finally, we get the transformed N matrix
|
: (+) (=)
Ny ym = —860,01y, I:m‘sn’n]ly’y + Z anﬂ(‘SOm paVe 815,00, n- AV )yy]
= — 801,01y, {mé‘n/n vy t5 Z anul(= O0n, O+ + Otn, Oy )0y
+ 00y, 00 n+a Uu(y)8yy+p = 01 1, On'm—p #(Y)Syy’—ﬂ]}' (69)

Notice that the terms that involve the gauge variables refer to sites belonging to different blocks, while in the other terms,
the sites belong to the same blocks. The same operator can be relabeled by using the coordinates x and 7); then,

(N/)x B X0

507]0617] {maxx += Z ax,u[éx X— ”” (Xl) x X+A” T(X)]} (70)
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where the values 5, = 0, 1 simply control the presence
of the gauge field according to the definition of u’ given
in Eq. (46).

In conclusion,

4 -N:G+ = N
It should not be necessary to repeat that the expression of

the transfer matrix so obtained is positive definite and
performs time translations by two lattice spacings.

(71)

B. Coherent states

In order to complete our analysis, we perform the trans-
formation also on the coherent states. This will enable us to
make, as a cross-check, the derivation of the Lagrangian
(47) starting from the transfer matrix.

Let

|, B) = exp{—23Z STayah)y + ﬁ?(@i)m}lm

y vc

(72)

be a coherent state in the flavor basis, where @] and B°
are Grassmann variables, such that

(@:3"1a: ) = a'lac B), o3
@51 B) = Bt B)

Now,
23> al(gh)y = Y uhay)do, 0y, (74
y vc Y7
BN B @Y = DBy )81g, Payy  (T5)
y ve Y.
and, therefore, because of the anti-commutation

relations (61),

Ixola, B) = Y BaysnSonla, B) = 2T} ay)la, B)
70

(76)

Dale, B =3 95, 8inle B) = 2te(ByT (1 )l B).
Mo

(77)
This means that we can define
af =20l o), BLi=2u(B,Ly)  (78)

and rewrite
1 A A
@ = exp| 3 Tty + B o (9)
Notice that the Grassmann variables «a, 8, and o' as well

are defined at even times. The variable B’ instead,
because of the matrix F(l’,,) in its definition, must be

PHYSICAL REVIEW D 87, 014507 (2013)

considered attached at odd times. This is confirmed by
the evaluation of the partition function using the trans-
formed transfer matrix and coherent states. After the
identifications

(7/2)60 = (aéxo)*:

¢2xo+1 = :8l2x0+3;

'7[’2x0 =

¢2x0+1 =

(Bo+1)”

/
)y +20

(80)
we get the Lagrangian (47).

V. CONCLUSION

Numerical simulations with Kogut-Susskind fermions
are faster in the spin basis than in the flavor basis. Such
calculations are usually performed in the Lagrangian for-
mulation, but we are interested in numerical simulations in
the framework of the nilpotency expansion, which makes
use of the transfer matrix. So we need an expression of the
transfer matrix in the spin basis. In any case, the knowledge
of a positive definite transfer matrix in the spin basis is
per se interesting being related to the unitarity of the theory.

We found in the literature essentially two formulations of
the transfer matrix in the spin basis. In the first one, the
Lagrangian is reduced by defining fermion fields and their
conjugates at the odd, respectively, even sites, and a transfer
matrix is constructed that performs time translations by 2
lattice spacings [11,12]. The fermion determinant, even at
vanishing chemical potential, is, however, not positive definite,
which makes this way less suitable to numerical simulations.

In the second formulation [11], a positive definite trans-
fer matrix, called T2, was defined that also performs time
translations by 2 lattice spacings. As a consequence, the
corresponding Fock space must be constructed on blocks.
The explicit construction of such Fock space, however, is
not given.

If the Fock space is associated to a block, we can get the
transfer matrix in the spin basis by a unitary transformation
from that in the flavor basis, whose expression, together
with the construction of the Fock space, is known. The
transfer matrix in the flavor basis is expressed in terms of a
matrix N, and the transformed matrix is given in terms of
the matrix N/, given explicitly in Eq. (70). In order to do
numerical simulations in the nilpotency expansion, all we
need is to replace everywhere in the equations of the
nilpotency expansion N by N’ and remember that the
gauge fields are now defined on blocks.

It would be now natural to compare our result with the
expression of the previously derived transfer matrix [11].
One might expect that such a comparison should provide
the definition of the Fock space in the latter. Unfortunately,
this is not the case. The transfer matrix of Ref. [11] cannot
be related to ours in a simple way, the most remarkable
differences being that there is no requirement concerning
the gauge variables which remain defined on the links of
the original lattice, and creation and annihilation operators
appear not only in exponential form, but also as powers.

014507-7



SERGIO CARACCIOLO AND FABRIZIO PALUMBO

(1]
(2]
(3]
(4]
(5]

(6]
(7]

(9]

(10]
[11]

K. G. Wilson, Phys. Rev. D 10, 2445 (1974).

K. G. Wilson, Quarks and Strings on a Lattice, edited by
A. Zichichi, Erice Lectures Vol. 1975 (Plenum Press
Corporation, New York, 1977).

J. Kogut and L. Susskind, Phys. Rev. D 11, 395
(1975).

T. Banks, J. Kogut, and L. Susskind, Phys. Rev. D 13, 1043
(1976).

L. Susskind, Weak and Electromagnetic Interactions
at High-Energy, edited by R. Balian and C. H. Llewellyn
Smith, Les Houches Lectures, Session XXIX (North
Holland, Amsterdam, 1976).

L. Susskind, Phys. Rev. D 16, 3031 (1977).

I. Montvay and G. Miinster, Quantum Fields on a Lattice:
Cambridge Monographs on Mathematical Physics
(Cambridge University Press, Cambridge England, 1994).
H. Kluberg-Stern, A. Morel, O. Napoly, and B. Petersen,
Nucl. Phys. B190, 504 (1981).

H. Kluberg-Stern, A. Morel, O. Napoly, and B. Petersen,
Nucl. Phys. B220, 447 (1983).

F. Gliozzi, Nucl. Phys. B204, 419 (1982).

H. S. Sharatchandra, H.J. Thun, and P. Weisz, Nucl. Phys.
B192, 205 (1981).

[12]

[13]
[14]

[15]
[16]
[17]
(18]
[19]
(20]

[21]
[22]

[23]
[24]

[25]
[26]

[27]

014507-8

PHYSICAL REVIEW D 87, 014507 (2013)

C.P. van den Doel and J. Smit, Nucl. Phys. B228, 122
(1983).

M Golterman and J. Smit, Nucl. Phys. B245, 61 (1984).

P. Palumbo, Phys. Rev. D 66, 077503 (2002); 73, 119902
(E) (2000).

M. Liischer, Commun. Math. Phys. 54, 283 (1977).

M. Creutz, Phys. Rev. D 15, 1128 (1977).

M. Creutz, Phys. Rev. D 35, 1460 (1987).

J. Smit, Nucl. Phys. B, Proc. Suppl. 20, 542 (1991).

M. Creutz, Found. Phys. 30, 487 (2000).

P. Menotti and A. Pelissetto, Commun. Math. Phys. 113,
369 (1987).

T. Banks and A. Zaks, Nucl. Phys. B206, 23 (1982).

S. Caracciolo, V. Laliena, and F. Palumbo, J. High Energy
Phys. 02 (2007) 034.

F. Palumbo, Phys. Rev. D 78, 014514 (2008).

S. Caracciolo, F. Palumbo, and G. Viola, Ann. Phys.
(Amsterdam) 324, 584 (2009).

S. Caracciolo and F. Palumbo, Phys. Rev. D 83, 114504
(2011).

S. Caracciolo and F. Palumbo, Phys. Rev. D 85, 094009
(2012).

P. Palumbo, Nucl. Phys. B645, 309 (2002).


http://dx.doi.org/10.1103/PhysRevD.10.2445
http://dx.doi.org/10.1103/PhysRevD.11.395
http://dx.doi.org/10.1103/PhysRevD.11.395
http://dx.doi.org/10.1103/PhysRevD.13.1043
http://dx.doi.org/10.1103/PhysRevD.13.1043
http://dx.doi.org/10.1103/PhysRevD.16.3031
http://dx.doi.org/10.1016/0550-3213(81)90445-4
http://dx.doi.org/10.1016/0550-3213(83)90501-1
http://dx.doi.org/10.1016/0550-3213(82)90199-7
http://dx.doi.org/10.1016/0550-3213(81)90200-5
http://dx.doi.org/10.1016/0550-3213(81)90200-5
http://dx.doi.org/10.1016/0550-3213(83)90401-7
http://dx.doi.org/10.1016/0550-3213(83)90401-7
http://dx.doi.org/10.1016/0550-3213(84)90424-3
http://dx.doi.org/10.1103/PhysRevD.66.077503
http://dx.doi.org/10.1103/PhysRevD.73.119902
http://dx.doi.org/10.1103/PhysRevD.73.119902
http://dx.doi.org/10.1007/BF01614090
http://dx.doi.org/10.1103/PhysRevD.15.1128
http://dx.doi.org/10.1103/PhysRevD.35.1460
http://dx.doi.org/10.1016/0920-5632(91)90970-P
http://dx.doi.org/10.1023/A:1003630124933
http://dx.doi.org/10.1007/BF01221251
http://dx.doi.org/10.1007/BF01221251
http://dx.doi.org/10.1016/0550-3213(82)90486-2
http://dx.doi.org/10.1088/1126-6708/2007/02/034
http://dx.doi.org/10.1088/1126-6708/2007/02/034
http://dx.doi.org/10.1103/PhysRevD.78.014514
http://dx.doi.org/10.1016/j.aop.2008.10.006
http://dx.doi.org/10.1016/j.aop.2008.10.006
http://dx.doi.org/10.1103/PhysRevD.83.114504
http://dx.doi.org/10.1103/PhysRevD.83.114504
http://dx.doi.org/10.1103/PhysRevD.85.094009
http://dx.doi.org/10.1103/PhysRevD.85.094009
http://dx.doi.org/10.1016/S0550-3213(02)00827-1

