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The canonical approach for finite density lattice QCD has a numerical instability. This instabil-
ity makes it difficult to use the method reliably at the finite real chemical potential region. We
studied this instability in detail and found that it is caused by the cancellation of significant digits.
In order to reduce the effect of this cancellation, we adopt the multiple precision calculation for
our discrete Fourier transformation (DFT) program, and we get the canonical partition function
Zc(n, T) with required accuracy. From the obtain&gl(n, T), we calculate Lee—Yang zero dis-
tribution varying the number of significant digits. As a result, some curves surround the origin
in the fugacity plane, but they are moved by varying the number of significant digits. Hence, we
conclude that these curves are pseudo phase transition lines, and not real ones.
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1. Introduction

For a long time, the QCD phase diagram has been studied using a perturbation theory, some
models, and heavy ion collider experiments. However, in these methods, we can explore only a
limited range of temperature and density. Therefore, we have not exactly known the QCD phase
diagram yet.

A numerical simulation of the lattice QCD is a powerful tool to study the QCD phase diagram
because this may explore finite temperature and finite density regions. But, in the finite density
region, a famous problem —the sign problem— occurs. Hence, we cannot calculate physical
guantities in a satisfactory manner.

In this paper, we study the canonical appro@kh[This method may drive away the sign
problem; however, a humerical instability alternatively arises in a finite density simulation. We
will denote that we can reduce this instability, which is necessary to calculate thermodynamic
guantities at the finite real chemical potential (finite density) region.

2. Sign problem

In order to calculate thermodynamic quantities, let us consider the grand canonical partition
function,
Zac(i,T) = [ DU [detd (e, )] e, (2.1)

whereA(x, X', p) is the fermion matrixSs is gauge actiony is chemical potential, an¢ is the
number of flavor. In this study, we use &fa) improved Wilson fermion&] and the Iwasaki
gauge actioff].

By the definition of Wilson fermions, we can deri{@getA(u)]* = detA(—p*). This equation
means that, if chemical potential is zeyo £ 0) or pure imaginaryy{ = i), detA(u) is real, and
otherwise deh(u) is complex. Thus, in a finite density simulation when chemical potential is real,
[detA(u)]™ in Eq.20) becomes complex, and therefore the standard Monte—Carlo method does
not work. This problem is called the sign problem.

3. Canonical approach and its numerical instability

It is well known that the grand canonical partition function can be represented with the canon-
ical partition functionZc(n, T) as the following equation,
had n
Zoc(T)= 3 Ze(nT)(e/T), (3.1)
N=—o0
wherenis net quark number. Then, because(gxfI) is fugacity, this relation is called the fugacity
expansion. We can use the fugacity expansion when we calculate the grand partition function
for arbitrary chemical potential. Such a method —to calculate grand canonical quantities from
canonical quantities— is called the canonical approach.
The canonical approach can drive the sign problem away from the front. This is because, when
we calculate the canonical partition function, we can use the following equation,

Ze(nT)= [

21 .
[d (ﬂ) Zoc(p =ip, T)e/Tn (3.2)

T
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This equation is just the Fourier transformatiorZgt(u, T) for pure imaginary chemical potential
u =iy 1. Note that, in a numerical simulation, we use the discrete Fourier transformation (DFT)
as

N-1 _
Zc(n,T) = % Z) Zoc (.PT" = .2,’\?‘) g i(@2mk/N)n (3.3)
k=

For pure imaginary chemical potential, the fermion determinami@et= iy, ) becomes real, and
no sign problem occurs if the number of fermiddsis even. Therefore, we may calculatg(n)
using Eq. B2 without the sign problem.

However, it is known that the canonical approach has a numerical instddity[his insta-
bility occurs when we perform the discrete Fourier transformation if323).( Figll shows that
this instability arises when net baryon 100 = : : . .
numberng becomes large. We can cal- - B=15

culate the canonical partition function < 107 S T/T;=0.83 1
Zc(n) with enough accuracy whew is 5 1020 " ]
small (up tong ~ 15), but, for largemn, E ] T R T TR
we can not control them well. This phe- ‘Na 10730

nomenon is called a numerical instabil-
ity of the canonical approach. Because  107% |

this instability arises when we calculate 0 1'0 20 30 4'0 5'0 60
Zc(n), the canonical approach does not np
work actually. Figure 1: Normalized canonical partition function

On the other hand, we can use the |Zc(ns)/Zc(0)| as a function of baryon numbeg at 3 =
reduction formula for the fermion deter- 15 (belowTc).
minant when we calculatéc(n)[4 B . Using this method, we can calculaZe(n) exactly be-
cause it solve a characteristic equation of the determinant and then its eigenvalues #&jate. to
However, this method requires large numerical cost and its result often overflows. The origin
of this overflow is that the magnitude @g(n) varies drastically when changimg Double preci-
sion floating point variables can represent real numbers fromi®®@ 10°°8, but the magnitude
of Zc(n) varies beyond this range. We can reduce this overflow by increasing the range of num-
ber. Specifically, we can use wide—range numbgrsf the multiple precision calculatiddl[[5];
however, the numerical cost becomes even larger.
In this paper, we will study how to g&(n) with enough accuracy from a different viewpoint.

4. Solution of numerical instability

Since Eq[B.2 can be proved analytically, we can consider that this numerical instability is
caused by numerical errors. Numerical errors can be classified into following types of error (see
also Refs[@] and []).

(1) Rounding error: for a numerical calculation, numerical values are always rounding when
they are assigned to each variable since variables have only the finite precision. Hence, there
is a difference between a numerical value and its exact mathematical value; this difference is
called the rounding error. For example, this error arises in the following type of calculation:

legs B and B2 look like tautology, but EGZ) holds for any numbep and EqB2) holds only for pure
imaginaryu =iy . They are not equivalent at all.
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)

®3)

(4)

assignment to a variable,
0—1

1
3= 3.333333--x1 3.333333x 10°L.
(Exact mathematical value) (Numerical value; 7 digits)

(4.1)

In above case, the exact mathematical value has infinite significant digits; however the nu-
merical value has only seven significant digits. The numerical result is less than the exact
mathematical one as33--- x 1078, Then, to perform rounding exactly, computers usually
have a guard dig[].

Truncation error: when we estimate an infinite series numerically, we must truncate it. Then,
there is a difference between the exact mathematical result and its truncated one. This dif-
ference is called the truncation error. We can estimate the effect of this error by varying a
truncation point of a series.

Cancellation of significant digits: when we calculate a subtraction between two nearly equal
values, a lot of higher significant digits are cancelled, therefore the result has only a few
significant digits since the number of significant digits is limited for numerical calculation.
This phenomenon is called the cancellation of significant digits. Specifically, it occurs the
following type of calculation:

1.234567-1.234566= 0.000001

(7 significant digits) (1 significant digit) (4.2)

In this case, variables have seven significant digits, and six significant digits are lost in this
subtraction. If we want to reduce the effect of this cancellation, we should increase the
number of significant digits. For instance, we can consider the following calculation instead
of above one:

1.2345674444444444444441.23456611111111111111F 0.000001333333333333333
(22 significant digits) (16 significant digits)

(4.3)
Six significant digits are similarly lost in this calculation, and yet 16 significant digits still
remain in the final result.
Loss of trailing digits: when we calculate an addition or subtraction between a huge number
and small one, many lower significant digits of the small number are cut since variables hold
only the finite precision. Then, the numerical result is underestimated than the mathematical
result. This phenomenon is the loss of trailing digits. Specifically, it arises the following type
of calculation:

o assignment
_—

3x 10142 x 10° = 3.000000002< 10 3.000000x 10%°.
(Exact mathematical result)  (Numerical result; 7 digits

(4.4)

In this case, variables have seven significant digits, and the numerical result is underestimated
than the mathematical one asxA0~. As the cancellation of significant digits, we should
increase the number of significant digits if we want to reduce this loss.

assignment

3x 101+ 2 x 10° = 3.000000002¢ 10*° ——=——=" 3.000000002000008 10°.
(Exact mathematical result)  (Numerical result; 16 digitsS '

In this calculation, by increasing significant digits, we can reduce an error between the math-
ematical result and numerical one.
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In order to make the method to be reliable and promising tool, it is important to realize what occurs
in the canonical approach.

Let us consider each type of error. Among these, we can neglect the rounding and the trunca-
tion error because of following reasons.

(1) Usually, the rounding error is not transmitted to higher significant digits since computers
have a guard digft If this error seems to be transmitted to higher significant digits, then the
cancellation of significant digits or the loss of trailing digits take place. In this paper, we
consider that the transmission of rounding error is just an effect of the cancellation and loss.

(2) We do not truncate Fourier series in E53). However, if we use the hopping parameter
expansion or the winding number expansion when we calculate the fermion determinant
A(u), we should truncate an infinite series of these expansion. Then, a truncation error
arises, but we can control it by changing a truncation point of this series.

Therefore, this numerical instability is caused by the cancellation of significant digits, the loss of
trailing digits, or both.

In this work, we actually monitored the behavior of all variables in our DFT program to study
the effect of these two errors. As a result, we found that this numerical instability is caused by
the cancellation of significant digits. This cancellation arises mainly at the last addition of the
summation in EqRZ.3); specifically,

Ze(nT) = E [(Niz Zoc (2’7\1'[k) e_i(znk/N)n> + Zoc (27'[('\'_1)) e—i(2n(N—1)/N)n] . (4.6)
k=0

N N
1 This addition.
Fig[2 shows how many digits are lost at 100
this addition in Eq.6). For example, % sol * B=1.5,T/T-=0.83
atng = 50, about 90 significant digits & % B=1.9,T/Tc=1.77 L
are lost belowf and about 50 digits are ED B 60 | X
lost aboveT,. From this figure, we can %
see that, in both temperature, this can—% Eo d o
cellation becomes serious whep be- é © 20}
comes large. © I . . .
As explained above, the cancella- 0 10 20 30 40 50

n
tion of significant digits can be reduced ?

by increasing the number of significant
digits. Fig3shows the relation between
a result ofZ¢(n) and the number of sig-
nificant digits. From this figure, we can see that, by increasing the number of significant digits, we
can getZ¢(n) very reliably in both temperature.

Zc(n) becomes small rapidly when increasing net quark numbéthen, the cancellation of
significant digits becomes severe. Siizggn) is just a residue of this cancellation, the number of
cancelledsignificant digits in Fig@ directly relates to a magnitude @¢(n) in Figl3

Figure 2: Cancelled significant digits of DFT program as
a function of net baryon numbeg. Upper red points are
data belowT. and lower green points are data abdye

2See Ref[@ for the guard bit; it is a detailed review for modern floating point arithmetic.
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Figure 3: Normalized canonical partition function as a functiomngfand the number of significant digits.
Left panel shows data beloW and right panel shows data abole In both temperature, red, green, blue,
and cyan points are calculated with 16, 32, 48, and 64 significant digits, respectively.

When we change the lattice volurdewith fixing the number of significant digits, a saturation
point (kink) of Zc(n) moves. This is because the net quark number dengityvaries when we
changeV and fixn. Whenn/V is increased and temperatures fixed,Zc(n,V,T) becomes smalll
since it then corresponds to an occurrence probability of excited states. If we inoraaddixV
andT, Zc(n,V, T) becomes small as FHi§j. However, if we increas¥ and fixnandT, Z¢(n,V,T)
becomes large. This means that a kinkZgf(n,V,T) moves toward largen region when we
increase lattice volumé.

5. Lee-Yang zero distribution using multiple precision canonical approach

5.1 Our numerical setup B Csw K T/Tc  myz/m,  #Conf.

15 11 0136 083 075613) 100

19 11 0125 177 071415) 600
Table 1: Parameters of each simulation.

We use the lwasaki gauge acti@h[
and a clover improved Wilson fermiofg[
When we calculate d&fu) at pure
imaginary chemical potential, we use the winding parameter expafifjarid a reweighting tech-
nique (see Refl[]). The number of flavor is set t; = 2.

We use the APE stout smeared gauge [2k[ Tabll shows parameters of each simulation.
The multiple precision calculation is applied only in our DFT program and Lee—Yang zero explor-
ing program, where the number of significant digits is set to 400. In other words, we make gauge
configurations and calcula¥é, with double precision variables (16 significant digits). In our DFT
program, the division number of an integration intervallis- 512.

5.2 Results of Lee—Yang zero distribution

Lee—Yang zeros (LYZIJ are zeros of the grand partition function on the complex chemical
potential or fugacity plane. These points represent phase transition points, and we can thus extract
some informations of phase transition from their distribution.

Figdl shows LYZ distribution belowl, and aboveT, (lattice size: 8 x 4). AboveT, three
straight lines extend radially to origin. Cross points of these lines and the unit circle correspond
to the Roberge—Weiss phase transifidhfthat is a characteristic phase transition in the deconfine-
ment phase at pure imaginary chemical potential. In both temperature, there are some curves which
are surrounding the origin. We might usually think that these curves are phase transition lines and

6
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Figure 4: LYZ distribution of 8 x 4 lattice on the fugacity expi/T) plane. Left panel shows data below
T and right panel shows data abdke Here, black circles are just unit circles.

the inside and outside of these curves are different phase. However, as described below, it is an
artifact.

1.0 1.0 1.0

. ;lsﬁdllgsltsTTc:) SSM . iSdllgSItsT/TC ossw . g(;old?glt];/Tc ossw
0.0 | 1 0.0 1 0.0 ¢ 1
-0.5 ¢ 1 -0.5 \\J -0.5 \ /
-1.0 -1.0 o ‘1.0 S

-1.0 -05 0.0 05 1.0 -1.0 -05 0.0 05 1.0 -1.0 -05 0.0 0.5 1.0

Figure 5: LYZ distribution of 12 x 4 lattice belowT, on the fugacity exu/T) plane. Red, green, and
cyan points are calculated with 16, 48, and 400 significant digits, respectively. Here, black circles are just
unit circles.

FigBE shows LYZ distribution belowl, when varying the number of significant digitglattice
size: 12 x 4; this is a preliminary result). Such curves are moving when we vary the number of
significant digits. Thus, we conclude that these curves are pseudo phase transition lines, and not
real ones.
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3Then, we checkc(n) results which are calculated with 16, 48, and 400 significant digits, and if the saturation
(kink) of Zc(n) appears, we then truncate eatf(n) at this point, respectively. After these processing, we calculate
Lee-Yang zeros using EB.{) with 16, 48, and 400 digits.
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