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We discuss the naive lattice fermion without the issue of doublers. A local lattice massless fermion action
with chiral symmetry and Hermiticity cannot avoid the doubling problem from the Nielsen-Ninomiya
theorem. Here we adopt the forward finite-difference deforming the ys-Hermiticity but preserving the
continuum chiral symmetry. The lattice momentum is not Hermitian without the continuum limit now.
We demonstrate that there is no doubling issue from an exact solution. The propagator only has one pole in
the first-order accuracy. Therefore, it is hard to know the avoiding due to the non-Hermiticity. For the
second-order, the lattice propagator has two poles as before. This case also does not suffer from the
doubling problem. Hence separating the forward derivative from the backward one evades the doublers
under the field theory limit. Simultaneously, it is equivalent to breaking the Hermiticity. In the end, we
discuss the topological charge and also demonstrate the numerical implementation of the hybrid

Monte Carlo.
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I. INTRODUCTION

Itis hard to have an analytical solution in strongly coupled
systems. For studying physics, people adopted lattice regu-
larization for putting the systems on a lattice. In the high-
energy community, many fundamental problems rely on a
study of the quantum chromodynamics (QCD) model.
However, due to a lack of analytical tools, people need to
rely on a lattice method for exploring the QCD model.

Published by the American Physical Society
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The gauge sector of lattice quantum chromodynamics
(LQCD) keeps the gauge invariance for any finite lattice
spacing (a) [1]. The lattice gauge symmetry leads to a
practical simulation method. However, LQCD is still time-
consuming due to the Nielsen-Ninomiya theorem [2-4].
This theorem prohibits a Hermitian construction of
d-dimensional fermion lattice action Sg:

(i) D(x) is exponentially local, which implies that the

operator is bounded by ~ exp(—|x|/c), where ¢ x a;

(i) D(p) = iy,p, + Olap?) for p < z/a;

(iii) D(p) is invertible for p # 0 (no massless doublers);

(iv) ysD + Dys = 0 (continuum chiral symmetry),
where D(x) is a Dirac matrix satisfying

Sp =a? Z

all lattice points

@(D+m)y. (1)

The D(p) is a Dirac matrix on a momentum space, the
and y are independent Dirac fermion fields, and y, and ys
are the gamma matrices. The m, x, and p, are the fermion
mass, position, and momenta, respectively. We label the
spacetime indices by g =1,2,...,d. A Dirac fermion
lattice theory should require the first three conditions.
People could avoid the no-go by modifying the chiral
symmetry condition (like overlap fermion). However, it is
necessary to accept the square root operation with a lattice
chiral-symmetry. Another way is to introduce the non-
physical degrees of freedom but lose chiral symmetry (like
Wilson-Dirac fermion). It should be problematic for study-
ing a light fermion mass. Hence the no-go provides a strong
constraint to the construction of lattice fermion. The
square-root operation or losing chiral symmetry all intro-
duce practical problems about simulation time or error bar.

In Refs. [5,6], one used a one-sided lattice difference
with the first-order accuracy to show the naive lattice
fermion with a chiral symmetry. In this explicit example,
the lattice momentum operator is not Hermitian, except
for the continuum limit [5]. The lattice action loses the
Hermiticity without violating the no-go. Hence breaking
the Hermiticity seems to be the successful reason for
solving the fermion doubling problem. However, the
first-order accuracy only provides one pole to the propa-
gator. It is also hard to argue that one pole is due to the non-
Hermiticity. The one-sided lattice difference breaks the
hypercubic symmetry [5]. Therefore, the lattice interacting
field theory suffers the issue of nonrenormalizability [7].
Hence it is necessary to impose the averaging over all
possible one-sided derivatives [5] to remove the non-
renormalizable terms [7].

The central question that we would like to address in this
paper is the following: How to construct and implement
naive lattice fermions without the doubling problem? For a
1d lattice fermion system, we can calculate all integration
exactly for each finite size. Hence we can explicitly study
the doubling problem of the first-order accuracy and the

second-order accuracy for the forward finite-difference.
Both cases lose Hermiticity on a lattice. The second-order
provides rwo poles to the propagator. Hence it should be the
best way to justify the non-Hermiticity. Ones also proposed
that using the biorthogonal basis realizes the index theorem
[8—10] on a lattice [11]. The index theorem helps extract the
zero-modes of a Dirac matrix to obtain a topological
charge. One already showed that a consistent construction
of the Dirac matrix does not necessarily generate a correct
topological charge on a lattice [12]. The exponentially-
local, doublers-free, and a correct continuum behavior in
the Dirac matrix should just guarantee a correct homo-
geneous-solution of topological charge density under the
field theory limit (infinite size and continuum limits) [13].
For studying nonperturbative physics in the QCD model,
nontrivial topological charges should not lose [14]. Hence
analyzing the definition of topological charge is necessary
for a numerical implementation [15].

In this paper, we show that the second-order accuracy
evades the fermion doubling problem without breaking the
chiral symmetry. From the study of the exact solution, we
understand that the doubling problem occurs due to a
combination of forward and backward finite-difference.
After we only adopt one finite-difference scheme, it is
equivalent to decoupling the nonphysical poles from the
physical one (under the field theory limit). This approach
also directly brings a broken of the Hermiticity. Therefore,
we conclude that breaking the Hermiticity should be an
elegant idea for escaping the doubling problem. We also
show that the lattice index theorem only brings the trivial
topological charge. In the end, we demonstrate a numerical
implementation by the hybrid Monte Carlo for two lattice
fermions with a degenerate mass in 1d.

II. 1D LATTICE FERMION

We first review the continuum theory. We then show
exact solutions for forward finite-difference in 1d lattice
fermion. The result is consistent with the continuum
physics avoiding the fermion doubling problem.

A. Continuum theory

We first introduce the 1d Dirac fermion continuum theory.
The Euclidean action is Spc = [ dx y(x)(y,0, + m)y(x),

where
1 0 0
71=<0 _1>, 81=a- (2)

The propagator satisfies (y;(d/dx) + m)S(x) = &(x). The
solution is

S(x) = /“d_Pe,»px R <e(x) 0

oo 2T iy1p+m: 0 O(—x)

)e‘m", ()
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where

17
07

x>0

0(x) <0

{

The fermion doubling problem generates one nonphysical
pole in the 1d lattice fermion. This pole gives a nonvanishing
contribution even under the field theory limit. Therefore, we
cannot obtain a correct continuum limit. Later we will
compare the result of a forward one to the continuum result.

4)

B. 1st order

Now we adopt the forward finite-difference with the
first-order accuracy to write the following naive lattice
action:

_ yn+1)—y
Spi=ay_p(n) <r1 nr 1) =wln) ml//(ﬂ))
n=0
=a l/_/(nl)a] (D(nl’ n2)a| a + mén] nzéal (lz)
ny,ny5a,a
X l//(nZ)(zz’ (5)
where D(nl’ n2)a1,a2 = (}/l)al.az (5n1+1,n2 - 5n1,n2)/a- We

label the matrix components of y; by a;,a, =1, 2. The
N is the number of lattice points. The lattice fermion field
satisfies the antiperiodic boundary condition y(0) = —w (N).

We first show the lattice propagator for x = na > 0 as
the following:

| = e 0
Z ( 2] + 1)71’ ) exp(i (2’“) =) —1+ma
1
J=0 0 —exp(i (2” I =)+ 14ma
-1
expaim) +1
d 2wr exp(i E‘”’) 14+ma 0
w €x iI—n
N P N 0 PO
—exp(iZZ)+1+ma
(1—ma)"!
. (1-ma)N+1 0
B (14+ma)"!
0 T (l+ma)¥+1
_ (S”(x) 0 > (6)
a 0 S (x) .

The closed loop C; encloses the poles w=1/2,3/2---

,(N=1/2). For x <0, we need to replace exp(2ziw) with

exp(—2ziw) without a divergent boundary. The lattice propagator becomes:

1 2
S (x) :Nfc dw exp(i%n)
(l—ma)”_1
. T (=ma)V+1 0
(14+ma)™!
0 (14+ma)™N+1

We include all poles by the contour C, (as shown in Fig. 1).
Because the contour integration of S; is invariant under
w — w + N, the contour integration alone the C, vanishes.
In other words, we use another pole to calculate the contour
integration alone Cy. For analyzing the number of poles, we
first take the infinite size limit (N — o). Here we are
interested in the continuum result. Therefore, we only
consider ma < 1 in this paper. The lattice propagator in the
infinite size limit is

exp(— 21(m)+] 0
exp(iZZ)—1+ma
1
exp(=2ziw)+1

0 —exp(iZZ)+1+ma

(7)

(I=ma)"', x>0

st~ { w0,
S 0, x>0 g
2(x) > { (1+ma)™~"', x<0 ®

Here we show that the nonphysical contribution vanishes
under the infinite lattice size limit. We then take the
continuum limit (ma, a/x — 0). The lattice propagator is
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FIG. 1. We show the complex contours C; and C,. The length
of horizon direction for each contour is N, where N is the number

of lattice points. The boundary of vertical direction for the C,
tends to oo and —oo.

{
— N -

I 20 & 4

the same as the S(x). From the study, we now only have one
pole. Because we replace isin(pa) with exp(ipa), the
number of poles reduces by half compared to the doubling
case. The sine function appeared before due to a combi-
nation of the forward and backward finite-difference. Each
dimension has only one pole now. Therefore, considering
the general d-dimension also evades the doubling problem.

It is easy to show that the Dirac matrix of the naive lattice
fermion satisfies the chiral symmetry condition

vsD + Dys = 0. )

In the 1d case, we choose

}’55<(1) (1)> (10)

It is necessary to apply a nonsymmetrized way to define a
lattice derivative for a naive fermion. Indeed, it leads to a
breakdown of the ys-Hermiticity. We demonstrate this fact
explicitly in 1d case:

ysDys ==D; D' —ysDys=D+D".  (11)

Because the Dirac matrix is at the order of 1/a, we cannot
take the continuum limit to recover the ys-Hermiticity in
general. Now we show that the ys-Hermiticity can recover
for the physical modes of the fermion field (the eigenvalues
of D are finite under the continuum limit). To give general
proof, we first introduce the gauge field as in the following:

N-1 —win
S0 =ad_ pn) (1 LWLV VD)),

a

(12)

The Dirac matrix becomes D(j.k) =y, (U;(n)8;. 1 x—58;x)/ a.
The gauge link is [1]

U,(n) = eiamin), (13)
where A; is the gauge field. We show that
(D + D"y = O(a) (14)
from the following expansion:

U(j£1)=1+iaA(j) + O(a?);
w(j£1) =w(j) £ ay'(j) + O(a?), (15)

where ' is the derivative of a fermion field.

For evading the no-go, people used a Ginsparg-Wilson
relation defining a lattice chiral-symmetry. Under the
continuum limit, the Ginsparg-Wilson relation reducing
to chiral symmetry is only for physical modes. Now we use
the Wilson-Dirac fermion to demonstrate the problem of
nonphysical mode

N-1

Swp=aY w(n)(yy ® (D-D")+1® (D+D"+m)).
n=0

(16)

where D is the forward finite-difference of 0, at the first
order. The backward finite-difference of 9, with the same
accuracy is equivalent to —D'. The D + DT is the familiar
Wilson mass term. Therefore, we can find that the first
diagonal block of the Dirac matrix corresponds to the
forward finite difference. The second diagonal block
corresponds to the backward finite difference. We know
that the Wilson term introduces a mass to the nonphysical
mode, which has a nonvanishing contribution of the Wilson
term. This mode does not vanish under the continuum limit
but will decouple due to an infinite mass. Because the
Wilson term is at the same order of a with the chiral
symmetry condition, a nonphysical mode does not respect
the chiral symmetry. Here the difference of forward and
backward finite-difference provides the Wilson mass term.
If one only adopts one finite-difference scheme, the
nonphysical mass goes away. The Dirac matrix has a
manifest Hermiticity but violates the chiral symmetry
condition. Here we choose to modify ys-Hermiticity.
Preserving the chiral symmetry should be an advantage
point compared to the Wilson-Dirac formulation. Realizing
the chiral symmetry without a square root should reduce
the simulation time.

094505-4
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One cannot apply the Nielsen-Ninomiya theorem [2—4]
to this approach due to the non-Hermiticity. However, it is
hard to connect the non-Hermiticity to the number of poles.
In the second-order, the propagator has two poles. The
lattice theory still loses Hermiticity. We will show that only
a physical pole survives under the field theory limit. It is
|

one nontrivial example for showing that the non-
Hermiticity avoids the fermion doubling problem.

C. 2nd order

Using the second-order formula shows the lattice action

N-1
_ 1 3
Sra = w001 (= 3wl 20+ 20+ 1) = S0 )+ )| (17)
n=0
For x > 0, the lattice propagator is
N-1 ( ) @Dx 1 e 0
1 «— 2ji+ 1)m —Lexp(2i22E7) 12 exp(i 7’“ L) 34 ma
S =— ——————
(x) N;exp (1 N n) 0 o -
J= Jexp(2i ” SR =2 exp (i) 434+ ma
1 2w —5exp(212x,”)+2exp(iz‘#)—%era
dw expli——n B
N N 0 el
Lexp(2i25) -2 exp(iBE) +3+ma
<F1(n,m,N)—F2(n,m,N) 0 ) (18)
B 0 Fy(n,—m,N) = F,(n,—m,N) )’
where
(2=+1+42ma)" 1
Fi(n,m,N) = ;
(2 =V1+2ma)¥ +1(2=+/1+2ma)\/1+2ma
2+ 1+ 2ma)" 1
Fy(n,m,N) = 2+ VI 4 2ma) . (19)
2+ V1+2ma)¥ +1(2++/1+2ma)y/1+ 2ma
For x < 0, the lattice propagator is
1
exp(—2miw)+1 O
1 2wr —1exp(2i2E)+2 exp(iZE)—3+ma
St(x)==@ dwexp|i——n ]
N Je, N 0 e}
exp(212“") —2exp(i 2‘”‘)+3+ma
B <—F1(n,m,—N)—|—F2(n,m,—N) 0 ) (20)
B 0 —F,(n,—m,—N) + F\(n,-m,=N) )’

We first take the infinite lattice size limit for observing the
contribution of poles. The lattice propagator becomes:

(2—v/1+2ma)™!
V1+2ma ’ .

(2+v1+2ma)""! x <0 ’
V14+2ma ’

x>0

Si(x) =

0, x>0
S (x) = { 2—V1=22ma)"~"  (2+v/1=2m)*! : (21)

<
V1-2ma Vi-2m , x<0

The nonphysical poles contribute to the lattice propagators
as before. We then take the continuum limit, and the lattice

[

propagator becomes the S(x) as in the first-order case.
The nonphysical modes vanish only under the field theory
limit. For a generalization of the higher dimensions, the
conclusion is the same as the first-order accuracy. Hence we
expect that breaking the Hermiticity or ys-Hermiticity
should be proper for evading the fermion doubling prob-
lem. Our study also shows that one can use a higher-order
accuracy to decrease the lattice artifact.

III. TOPOLOGICAL CHARGE

The motivation of lattice formulation is due to an interest
in nonperturbative physics. Using the zero-mode of Dirac

094505-5
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matrix does not guarantee to generate a correct topological
charge [12]. Therefore, it is necessary to discuss the
topological charge before implementing the simulation.
Here we show that using the biorthogonal basis [11] cannot
give any nontrivial topological charge.

The biorthogonal basis satisfies the
relations [11]:

Z( (Zjl(x)) R]z( x) = 0j, jrs
Z((bz,jl(x))*‘l}fe,jl (y) = 6aﬂ6x.y;

following

Y D), () = 4 e j, (0);
v.p
Zcf)‘ih )y Dra(y, x) = 4, (d5, ()" (22)

where ¢ ) is the left (right)-eigenstate of D. Ones can
show that only zero-mode has a nonvanishing contribution

for  (vs)g, [111:

;{;ﬁ(qﬁ X)) (rsD) (x.y)dh ; (v
y = —va;ﬁ 0% ()" (Dys) P (x.9)dr ;(v)
Ay (rs)e, = ﬂj;ﬂwz,xx))*(m“%,-(x)
= —Ajf);(Zlﬂ(zz»z,j(x))*(m“ﬁqbéé,,,»(x) (23)
We then show that:
D (@00 (r5) Py (6) =D (rs)Pbap =0 (24)

x.j.a.p x.a.f

Therefore, we obtain the chirality sum rule n, + N, =
n_+ N_, where n, (n_) is the number of zero-mode of
positive (negative) chirality, and N, denotes the nonzero

0015
e 16x32
0010
0005
& 00001 ® ° © L] @ @ L] e ° ©

-0.005

-0.010

-0.015

o4
=

0 2 4
Q

FIG. 2. We show the inconsistency between Q; and Q for (L,L,) =

mode case. Because we only have the zero-mode contri-
bution, the lattice topological charge vanishes:
Q,=n_—n,.=0. (25)
Our proof only requires that a Dirac matrix satisfies the
continuum chiral symmetry condition. Therefore, the result
also holds when considering all possible forward and
backward derivatives in an interacting theory [5,7].
When one applies Fujikawa’s method [14] to investigate
the measure, the lattice measure is invariant under a chiral
transformation. Indeed, obtaining the chiral anomaly is
necessary to deform the chiral symmetry. The Ginsparg-
Wilson relation introduces a topological charge on a chiral
transformation. Therefore, Fujikawa’s method on a lattice
model will generate a chiral anomaly or topological charge
term. The generation of nontrivial topological charge is
also due to the nonvanishing contribution of L (ys) &, from

nonphysical modes. We confirm this proof from the
following gauge configuration [15] in Fig. 2. The gauge
configuration is

2ﬂ'Q.X2.
LiL,’

A(x) = - Ay(x) =0, (26)

where @ is the topological charge, L, = N,a, and

x, =0,a,..., (Nﬂ — 1)a. Here we choose the gauge links:

Ug,(x) = exp(iA;(x)a);

Uga(x) = exp <iA2(x)a +i

2w Qx
L ! 5x2,(N2—l)a> . (27)

For a 2d lattice fermion, we remain the anti-periodic
boundary condition on the temporal direction (x;). The
fermion field satisfies the periodic boundary condition in
another direction (x,).

The topological charge only depends on a gauge con-
figuration. If one uses plaquettes to define a topological
charge, it can be nontrivial. Therefore, one cannot use the
lattice artifact of fermion to imply that this lattice model

0.015
e 32x64
0010
0.005
& 00001 @ ° @ © °© ° o ° ° °

-0.005

-0.010

-0.015

0 2 4 6 8
Q

(32,16); (64,32).
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only has a trivia sector. Hence our proof only suggests that
this lattice model necessarily combines other methods of
defining a topological charge.

IV. HYBRID MONTE CARLO SIMULATION

One lattice model is necessary to show how practical a
simulation is in the end. As in our discussion, the Dirac
matrix of the forward finite-difference cannot recover the
ys-Hermiticity for nonphysical modes. In other words, the
Dirac matrix does not have a continuum limit in general.
The Monte Carlo simulation, in general, relies on the
determinant of a Dirac matrix for an importance sampling.
Now we hope to fill the gap between the theoretical
formulation and practical implementation. For two fermion
fields in 1d with a degenerate mass, the lattice action is

Sep=a > (1 (n)(D(n) + my (n)

+2(n) (=D (n) + m)y(n)). (28)

Here we adopt the forward finite-difference with the

finite-difference with the same accuracy is for the y,.
After we integrate out the fermion fields, we obtain a non-
negative determinant:

det(D+m)det(—D +m) =det(D+m)det(ys(—=DT +m)ys)
— |det(D+m)[. (29

We can introduce the pseudofermion field (bosonic field ¢5)
to rewrite the partition function as in the following

| Ppvesp(=sim)

~ / Dby w D1 exp(—p (D + m)(DF +m)) ),
(30)

where ¢y = s g + ipy ;. We then implement the hybrid
Monte Carlo algorithm to calculate:

1 .

aff a B WP ga

oY = 5 (D5 + D)
(

. = T (lﬁ
first-order accuracy for the y;. Adopting the backward = ((D+m)(D +m) )J'k ’ (31)
2+ ' H 2fF ‘ pw
i 1D Fermion, ma=0.5 1 I 1D Fermi 05 |
i B HMC, N=16, Ngeps=4 1 L ermiof, ma=t 1
B HMC, N=32, Ngteps=16

r B HMC, N=16, Ngeps=8 7 r . 1
s ) — 11— B Exact Solution —
L B Exact Solution ] L ]
5t 1 =F 1
Sl 18 ~
0 \ ’ \
-t . 1 -t . 1

0 1 0 1

n n
4+ ' H 4HF ' H
r 1D Fermion, ma=0.5 1 M 1D Fermi 05 1
| B HMC N=16, Nyepsmt ] L ermion, ma=0. ]
L ] L B HMC, N=32, Ngeps=16 ]
B HMC, N=16, Ngeps=8
ol — ol — B Exact Solution —
B Exact Solution

N_i L 4 “LZ L 4
S | 1S |
0 \ 0 \
-2t . 17 -2t . 1

0 1 0 1

n n
FIG. 3. We use the hybrid Monte Carlo (HMC) to get the consistent result with the exact solution. The number of measurement is 2!

sweeps with thermalization 2° sweeps and measure intervals 2° sweeps. The error bars are less than 1%. The N steps 18 the number of

molecular dynamics steps.
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o FF ' I ' A efF ' I ' A
+ 1D Fermion, ma=0.5 1 r 1DF . 05 ]
. B HMC N=16, Ngeps=4 | | ermion, ma=" .
i ] L B HMC, N=32, Ngieps=16 4
L ®  HMC, N=16, Ngeps=8 ] L . g
[ . ] [ B Exact Solution ]
s B Exact Solution ] 2l _
SoL 15T ]
6_: i ] ‘6—“ [ o
0 — 0 =
o ] ol i
-4 —f § l \ + -4 ’f L l 1 +
0 1 2 0 1 2
n n
10 FF ' x ' A ofF ' x ' 1
: 1D Fermion, ma=0.5 : : 1DF . 05 :
I B HMC, N=16, Nyrops=4 1 L ermion, ma== .
B HMC, N=32, Ngeps=16
r B HMC, N=16, Ngeps=8 7 [ . ]
51— — 50— B Exact Solution —
| B Exact Solution ] L ]
~E ¢ 1~ .
0 — 0 —
-5 H ) | § +H -5H N L H
0 2 0 1 2

n

n

FIG. 4. We use the hybrid Monte Carlo (HMC) to obtain the consistency from the exact solution. The number of measurement is 2!
sweeps with thermalization 27 sweeps and measure intervals 2° sweeps. The error bars are less than 1%. The N. steps 18 the number of

molecular dynamics steps.

where j,k =1,2,...,N; a, p = 1, 2. We compare the exact
solution to the numerical result for N = 16 and 32 in Fig. 3.
We replace the first-order derivative with the second-order
derivative and show the comparison in Fig. 4. The analysis
shows that the numbers of thermalization and autocorrela-
tion time are not high. Therefore, we expect that this lattice
model can have a practical implementation. The issue of
nonphysical modes should not give trouble to the
Monte Carlo simulation. When including the interaction
between fermions and gauge fields, it is necessary to average
over 2¢ possible orientations [5,7]. For even flavor cases,
one can apply our numerical algorithm to avoid the sign
problem.

V. OUTLOOK

We know that the transition of topological charge (defined
by the index theorem [8—10]) is problematic in an overlap
formulation. People still have not figured out the problem.
The continuum limit in the lattice topological charge is
subtle [12,13]. As in our study, the Dirac matrix of a forward
lattice formulation always shows a zero topological
charge. The lattice chiral-symmetry cannot go back to the

continuum symmetry for a nonphysical mode under the
continuum limit. Now one can extend our study to the 2d
Schwinger model for solving this issue. The 2d theory has
various ways to define a topological charge (like plaquette or
index theorem). One can compare the result of continuum
chiral symmetry to the lattice chiral symmetry case. Hence
the issue due to the lattice artifact in topological charge or
chiral symmetry should be clear. In 2d, one can also obtain
all eigenvalues of a Dirac matrix without restricting to a low-
lying mode. Hence the Schwinger model should be proper
for a clean test before implementing a nonsymmetrized
finite-difference to LQCD.
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