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ABSTRACT: We investigate color superconductivity on the lattice using the gap equation
for the Cooper pair condensate. The weak coupling analysis is justified by choosing the
physical size of the lattice to be smaller than the QCD scale, while keeping the aspect
ratio of the lattice small enough to suppress thermal excitations. In the vicinity of the
critical coupling constant that separates the superconducting phase and the normal phase,
the gap equation can be linearized, and by solving the corresponding eigenvalue problem,
we obtain the critical point and the Cooper pair condensate without assuming its explicit
form. The momentum components of the condensate suggest spatially isotropic s-wave
superconductivity with Cooper pairs formed by quarks near the Fermi surface. The chiral
symmetry in the massless limit is spontaneously broken by the Cooper pair condensate,
which turns out to be dominated by the scalar and the pseudo-scalar components. Our
results provide useful predictions, in particular, for future lattice simulations based on
methods to overcome the sign problem such as the complex Langevin method.
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1 Introduction

Elucidating the nature of quark matter is one of the long-standing issues in modern physics.
In fact, the phase structure of QCD at finite quark density is expected to be extremely rich
and its exploration has been challenged on both experimental and theoretical sides. The
experimental attempts include the heavy-ion collision [1] and the observation of neutron
stars by X-ray and gravitational waves [2]. On the theoretical side, the access to the
finite density region based on the underlying theory, QCD, has been restricted due to the
notorious sign problem, which represents the breakdown of importance sampling in lattice
Monte Carlo simulations; see, e.g., ref. [3]. However, the situation is changing drastically
thanks to the recent development of various approaches such as the complex Langevin
method [4-9], the Lefschetz thimble method [10-18], the path optimization method [19—
21] and the tensor renormalization group method [22]. In particular, the complex Langevin
method has been successfully applied to QCD at finite density [23-33].

One of the most intriguing phenomena in QCD at finite density is the color supercon-
ductivity (CSC) due to the formation of Cooper pairs by quarks [34-37]. This phenomenon



is predicted from the calculation of a one-gluon exchange diagram, which gives rise to an at-
tractive force in the color anti-triplet channel of quark pairs causing the Cooper instability
at low temperatures. Such weak coupling calculations are justified, for instance, when the
chemical potential is sufficiently larger than the QCD scale Aqcp ~ 200 MeV due to the
asymptotic freedom. However, this setup is not easy to realize in lattice simulations since
it requires the lattice spacing to be sufficiently smaller than the inverse of the chemical
potential and one typically has to use a huge lattice to suppress finite size effects.

Another possibility for validating the weak coupling calculations is to consider QCD
in a box which is sufficiently smaller than AE;CD ~ 1 fm. This setup is particularly useful
in testing the aforementioned methods for finite density QCD since the required lattice
size is quite modest. For instance, two-color QCD! in a small box was investigated by
lattice simulations at finite density [38]. Related perturbative calculations have been done
in QCD on S? x S! at one loop [39], where the quark number susceptibility, the Polyakov
line and the chiral condensate are found to have intriguing dependence on the chemical
potential. There are also lattice simulations of the Nambu-Jona-Lasinio (NJL) model at
finite density, which exhibit some evidence for BCS diquark condensation [40].

Although superconductivity is basically a weak coupling phenomenon, the analysis of
the Cooper pair condensate requires some methods to sum up infinitely many loop diagrams
as in the analysis of the chiral condensate in the NJL model. An established tool for that
is the gap equation, which is a self-consistent equation for the Cooper pair condensate that
can be derived from the Dyson equation. It is usually formulated in the continuum to obtain
useful information, for instance, on how the energy gap scales with the coupling constant;
see ref. [41] and references therein. In order to make quantitative predictions, however,
further simplification using an assumption on the form of the Cooper pair condensate is
needed since the gap equation is too complicated to be solved in full generality.

In this paper we study the CSC on a finite lattice so that the gap equation becomes
a finite number of coupled equations. Furthermore we focus on the vicinity of the critical
point, where the energy gap is small assuming a continuous phase transition, so that the gap
equation reduces to a linear equation. By simply solving an eigenvalue problem associated
with this linear equation, we can investigate the existence of a non-trivial solution and
make quantitative predictions on the CSC. In particular, no assumption on the form of
the Cooper pair condensate is required unlike similar calculations in the continuum [42].
We apply this strategy to the cases with staggered and Wilson fermions on a lattice with
the extent in the imaginary time direction being much greater than the spatial size in
order to suppress thermal excitations. Thus we identify the critical coupling constant that
separates the CSC phase and the normal phase, which exhibits many peaks as a function of
the chemical potential reflecting the discretized energy levels of quarks in a finite system.
We also obtain the form of the Cooper pair condensate at the critical point, and investigate
its momentum components and flavor structure. Part of the results has been presented in
a proceedings article [43].2

!This is an SU(2) gauge theory with fermions in the fundamental representation, which does not suffer
from the sign problem even at finite density.

2The result for Wilson fermions on a 4% x 64 lattice was presented already in this proceedings article as
figure 4. However, we found a mistake in the code used to generate that figure. The result after correction
is shown in figure 10 of the present paper.



The rest of this paper is organized as follows. In section 2 we explain the general
formalism which enables us to investigate the CSC on the lattice. In particular, we derive
the condition for determining the critical point from the gap equation. In section 3 we
present our numerical results for the critical coupling constant and the form of the Cooper
pair condensate in the case of staggered fermions and Wilson fermions. Section 4 is devoted
to a summary and discussions. In the appendices, we provide some details of the gap
equation and the method used to solve it.

2 The general formalism

In this section we derive the gap equation, which is a self-consistent equation for the Cooper
pair condensate. The critical point is obtained from it by assuming a continuous phase
transition, which implies that the condensate vanishes at the critical point.3

2.1 Derivation of the gap equation

The gap equation is a self-consistent equation for the Cooper pair condensate, which we
derive below. For that, it is useful to work in the Nambu-Gor’kov formalism [34, 36, 47]

based on the Nambu basis

Y(N)

o = o)

LT = () va(v)) (2.1)

and its propagator

s (v, — (s v — [ (BTN (U )

Here (...) implies taking the quantum and thermal average and the fermion fields are
represented by ¢ (N) and @Z(N ), where N and a are the indices for the lattice site and
color, while p represents the flavor and spinor indices collectively. Assuming that the lattice
translational symmetry is not spontaneously broken, the propagator in the momentum
space is given by

é%xnﬂ>—<@mm@3@@>—amﬂ5%xm (2.3)
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3Strictly speaking, phase transitions are obscured in finite systems due to statistical fluctuations, which
are suppressed by O(1/ VV ) for system size V. These fluctuations are ignored in the mean-field approach
like the one we adopt. In fact, one can incorporate these fluctuations by adopting the phenomenological
Landau prescription [44, 45] or the static path approximation [46]. Analyses based on such approaches are
left for future investigations.
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Figure 1. Diagrammatic representation of the one-loop contribution to the self-energy 3, where g

represents the bare gauge coupling constant and the curly line represents the gluon propagator.

where p and p’ represent the lattice momenta, and the Fourier components are defined as
p)=> e PNF(N)  for f=15, G, Ve, T (2.4)
N

The off-diagonal parts of the propagator correspond to the Cooper pair condensate. One
of the relations satisfied by the propagator is the Dyson equation

S, (p) = Dl (p) + i (p) - (2.5)

On the right-hand side, the first term is given by

~aa _ Dﬁb,l /(p) 0 . Da“//(p) 0
Dppl(p) o ( ’Sp Daa ( )) B ( ppo Dg:g(p)) ) (26)

22,pp’

where Dgg,, (p) = daar D,y (p) Tepresents the inverse of the free-quark propagator, and the
second term represents the self-energy

S0 (p) = (E%‘fpp< ) S <p>) | 27)

op

whose diagonal and off-diagonal parts are associated with the chiral condensate and the
superconducting gap, respectively.

Since S and ¥ are the unknowns in eq. (2.5), another relation is needed to determine
them. In the weak coupling regime, we obtain a relation depicted in figure 1 to the lowest
order in the loop expansion. This relation together with eq. (2.5) forms the gap equation.
In particular, the off-diagonal parts determine the superconducting gap 5112(21). When the
gap equation has a non-trivial solution X5(31) # 0 with the free energy smaller than that
for the trivial solution X5(31) = 0, the superconducting phase is favored.

2.2 Linearizing the gap equation

Let us focus on the vicinity of the critical point, where the non-trivial solution for 5112(21) is
close to zero. We assume that the chiral condensate 211(22) is zero and ignore higher-order
corrections to 512(21). Then, from eq. (2.5), we obtain

SR [—f)nl(p)ilz(p)f?gzl(p)}ZZ:+O(il2(21)(17)2) : (2.8)

S o (D) = {—152_21(19)221(39)151_11 (p)KZ: +0 (5312(21)(]0)2) ; (2.9)
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Figure 2. Diagrammatic representation of the gap equation for (a) the off-diagonal self-energy
E‘f;)/pp, (p) and (b) the S-independent matrix M,y (goor)y With 8 = 2N./g?. The colors of the
incoming and outgoing quark pairs are anti-symmetrized. The curly and solid lines represent the

gluon propagator and the free fermion propagator ﬁ;pl,’aa’(p), respectively.

Figure 3. Diagrammatic representation of the T-matrix.

which makes the gap equation linear in 212(21). For instance, the equation for 19 is given
diagrammatically in figure 2(a). Let us note that the vertex is proportional to g7'2,, where
B represents the color charge of the gluon and T, fl, represents a generator of SU(N.) with
N, being the number of colors. By using the identity

N.—1 N.+1
> TETE = ———(Sabbarty + Saty0arp) — —==— (SabOarty — Sy Oart) » (2.10)
E 28 28
where 8 = 2N, /g%, we can decompose the gap equation into those for the color-symmetric
part ig();;p,) and the color-antisymmetric part igg()ggp,) as
vaa! aa' (p) £ 298,
ES:)(GG L= 12,pp (p) 12,pp (p) . (211)
(Prp’) 2

The color-symmetric and antisymmetric terms in eq. (2.10) have different signs, which
reflects the fact that the interaction is repulsive (attractive) in the color-symmetric (anti-

symmetric) channel. Since the Cooper instability occurs in the attractive channels, we will
(—)aa’

12(ppp’)
from now on. Also, we will suppress the color indices because the equation has the same

concentrate on the off-diagonal self-energy in the color anti-symmetric channel &

form for any choice of colors. Thus, the gap equation becomes

(=) _ gy)
Z M(pﬂp’)(qw’)ElQ(qao') =0 E12(ppp') J (2.12)

qoo’



where the -independent matrix M, (qo0v) is defined in figure 2(b). The explicit forms
of M ppp)(go0r) for staggered and Wilson fermions are given in appendix A. The largest
eigenvalue \; of M is identified as the critical value of

Be = M [M] (2.13)

since no condensate occurs above this value; i.e., the system is in a normal phase at weaker
coupling. In order to obtain the largest eigenvalue, we use the power iteration method as
explained in appendix B. From the eigenvector corresponding to the largest eigenvalue S,
we obtain the form of the Cooper pair condensate at the critical point. Note also that the
use of Yoy instead of 1o leads to the same condition.

The condition (2.13) can be regarded as a generalization of the Thouless criterion [48],
which is given by the divergence of the T-matrix for specific types of interaction. Indeed,
the T-matrix given diagrammatically in figure 3 implies that eq. (2.12) is equivalent to the
divergence of the T-matrix.

3 Results for the critical point and the Cooper pair condensate

In this section we use the general formalism in the previous section to determine the param-
eter region for the CSC and the form of the Cooper pair condensate at the critical point.
Our results for the critical point include large values of 3, which correspond to a small
physical size of the system? compared to AééD. In that case, our weak coupling analysis is
justifiable and provides an excellent testing ground for non-perturbative approaches such
as the complex Langevin method. In sections 3.1 and 3.2 we discuss the case of four-flavor
staggered fermions, which has the advantage of maintaining some part of chiral symmetry
explicitly. In section 3.3 we show our results in the case of Wilson fermions, which has the
advantage of applicability to any number of flavors.

3.1 The critical point for staggered fermions

Here we identify the boundary of the normal and CSC phases characterized by . as a
function of the quark chemical potential y on lattices L3 x L; = 43 x 64, 8 x 128 and
163 x 256. The chosen aspect ratio Ls/L; = 1/16 is small enough to suppress the thermal
fluctuations that may destroy the CSC.

Figure 4 shows the phase diagram in the -8 plane for staggered fermions on an
83 x 128 lattice with quark mass m = 0 and 0.1 in lattice units. The existence of the CSC
is suggested below 5. although it may be affected by higher order corrections in the small

4Note that large 3 corresponds to small lattice spacing a through the relationship

2
Ne 1
8= %BO In ((IAQCD> (3.1)

with Sy = (11 —2N;/3)/4x in the weak-coupling regime according to the renormalization group of the QCD
coupling at the one-loop level. The system size decreases exponentially as [ increases, and for Ny = 4,
N. = 3 and A(S(ljD ~ 1 fm, the lattice spacing becomes a ~ 2 x 107!* fm at 8 ~ 20, which corresponds to
T ~ 8x 10 MeV for L; = 128 used in figure 4. CSC is realized even at high T’ due to a small spatial volume.
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Figure 4. The phase diagram in the -8 plane. The region above the critical coupling . corre-
sponds to the normal phase, whereas the region below (. corresponds to the CSC phase. The results
for staggered fermions on an 8% x 128 lattice with m = 0 (red solid line) and m = 0.1 (blue dashed
line) are shown. The solid gray line represents the quark number N, for free quarks with m = 0.

B region. The obtained . has many peaks as a function of u similarly to the results for the
NJL model in a finite box [49]. Each peak corresponds to the enhancement of the energy
gap that occurs when p is close to an energy level of the free quark

3
E(p) = sinh ™! J ZsinQ p; +m?, (3.2)
i=1
where the momentum in the first Brillouin zone is given by
21y 2mneo 277713) ‘ L L }
plp e Bz} = { (F71 57 ) e < e e (33)

The size of the momentum space is half (Ls/2) of the spatial lattice size since staggered
fermions correspond to Dirac fermions on a coarser lattice with twice as large lattice spacing
as the original one. Note that the peak at u = 0 that appears for m = 0 shifts for finite
m to the location corresponding to the lowest energy level E(0) = sinh~!m. This peak is
considered to be a finite-size artifact since it is caused by the condensate of quark-quark and
antiquark-antiquark pairs with each (anti)quark having zero momentum, which vanishes
in the thermodynamic limit L, — oc.
In figure 4 we also plot the quark number for free quarks given by

Ny = NepNeNt Y [ne(E(p) — 1) — ne(E(p) + p)] (3.4)
pEBZg

where Ny, = 2, N. = 3 and N; = 4 represent the spin, color, and flavor degrees of freedom,
respectively, and np(z) = [exp(xz/T) + 1]~! represents the Fermi distribution function at
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Figure 5. (a) The critical coupling 5. is plotted against the quark chemical potential p for staggered
fermions with quark mass m = 0 on various lattices Ly = 4, 8,16 with a fixed aspect ratio Ls/L; =
1/16. Appropriate normalization is used to reveal the expected scaling behavior at large Ls. The
gray vertical lines indicate the expected positions of the peaks in the Ly — oo limit. (b) The height
B./1In Ly and the position L,u/(27) of the peaks are plotted against 1/L for momentum modes p =
(2w/Ls)(1,0,0), (27/Ls)(1,1,0), (2m/Ls)(1,1,1). The lines in the plot below represent p = E(p).

temperature T. As p increases, the Fermi sphere becomes larger and includes more high-
momentum modes, which leads to the stepwise increase of Ny [50]; i.e., the quark number
Ng jumps when p reaches = E(p), a discrete energy level of quarks. The critical . has
a peak at u corresponding to the jump of Ny. This is consistent with the picture that the
condensate is mainly caused by the scattering of fermions near the Fermi surface.

Next, let us discuss the lattice-size dependence of .. By using the dimensional analysis
and the 8 function at the one-loop level, we expect a scaling behavior

A 1 L L
~ f(Lj, LT) In = (L ,S>ln — , 3.5
Be~ f (Lin, ET) (aAQCD> F(Ln ) Fron (3.5)
where a is the lattice spacing, f is a dimensionless function, while L = aL,, f = u/a and

T = 1/(aL;) are the dimensionful spatial extent, the quark chemical potential and the
temperature, respectively. Eq. (3.5) suggests

Be o< In L (3.6)

with the dimensionful quantities [, T and L fixed, or equivalently, Lsp, Ls/L; and L fixed.
Figure 5(a) shows the lattice-size dependence of 3. for a fixed aspect ratio Ls/L; = 1/16.
In figure 5(b) we show the Ly dependence of the height and the position of the peaks corre-
sponding to the momentum p = (27/L;)(1,0,0), (2n/Ls)(1,1,0), (27/Ls)(1,1,1). For all
momenta, 3./In Ly depends linearly on 1/L and converges to a finite value as Ly — oo,



representation condensate Ncomp

$19(p) = €ars (D3 ()T*04(—p))

scalar 1
I = ’}/50
S19(p) = €ans (DHP)TP4(~p))
pseudo-scalar 1
res=¢
$14,(p) = €ars (V3T (—p))
vector 4
" = Cysyw
558, (p) = ears (DHPITPP(~p))
pseudo-vector 4
[PV = Oy,
afg _ 7 tov Th(
self-dual antisymmetric S v/ (p) = €ab3 <¢? (p)I @Z’g( p)> 5
t /
ensor 67 = Cyso,
gfg ( ) — 7’Z}a( )Fpt,uu’,&b(_ )
pseudo-self-dual ptow’ \P) = €ab3 (PP g (—D ;

antisymmetric tensor o
ey = Caoy,y

Table 1. The irreducible representations of the Euclidean Lorentz group for the Cooper pairs. The
condensate and the number of components Neomp that correspond to each representation are also
shown. We use the Euclidean Dirac gamma matrices 7., 75 = v17273Y4, v = (4/2)[0, 7] and

the charge conjugation operator C' = 72y4. Note that Neomp = 3 for ggét) o

the constraints S{(it),uu/(p) = _Stj(%t),y’v(p) and Stf(%t)mug (p) = (i/2)eylyzyamé’{étmm ()

(p) is obtained from

which suggests that the height of each peak scales as In Ly for large L;. The peak po-
sitions agree with p = E(p) and converge to Lsu/(2m) = \/n? +n3 +nd (ni123 € Z) as
Ls — oco. In fact, we find that the peak height 5. at © = 0 is almost independent of L,
and it does not follow the scaling (3.6) unlike the other peaks,® which is consistent with
our aforementioned interpretation that the peak at p = 0 is merely a finite-size artifact.

3.2 The Cooper pair condensate for staggered fermions

The Cooper pair condensate at the critical point can be obtained from the eigenvector
corresponding to the largest eigenvalue (. of M through eq. (2.8) up to an overall factor.

5See the decrease of the peak height at p = 0 with increasing L.
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Figure 6. The three largest eigenvalues A; 2 3 of M for staggered fermions on an 8% x 128 lattice
are plotted against the quark mass m at pu = E(|p| = 27/Ls).

We define the Cooper pair condensate in the momentum space as

S Zeabc 12,( foz)(gﬂ) Zeabc<wfa %,@( )> (37)

a,b

where 1[1}&(])) is the four-flavor Dirac fermion field with the 4d momentum p = (p,p4)
constructed from the staggered fermion field with a, f and a being the color, flavor and
spinor indices, respectively; see eq. (A.3). We fix the color index to ¢ = 3 on the right-
hand side of eq. (3.7) since the following results do not depend on this choice. We have
confirmed that eq. (3.7) has large values when p satisfies u ~ F(p) and p4 is given by the
lowest Matsubara frequencies py = +m/L; [43], which is consistent with the fact that the
condensate is formed by quarks with momenta near the Fermi surface.

Since the Cooper pair is a product of two Dirac spinors, it can be decomposed into
irreducible representations of the Euclidean Lorentz group as

~ o~ 1 ~ v,
Si(p) = fzﬂsgfg(p) gLasS )+ ZF S50 ) + g ZF" Sl
4+ Z Ft R4 t VV, Z Fpt v pt o (p) , (38)
1/>z/’ l/>l/

where the quantities on the right-hand side are defined in table 1. Note that Fs(ps) nd

ny(gt)’w are anti-symmetric with respect to the exchange of o and 3, while F (pv)’

are
symmetric. Strictly speaking, the Euclidean Lorentz symmetry is broken to the dlscrete
rotational group on the lattice. However, the violation is expected to be small for 5. at p

corresponding to the peaks (See the values of . in figure 4.). The Dirac gamma matrices

~10 -



Orthogonal bases of degenerate space of the largest eigenvalue Eigenvector of the 2nd largest eigenvalue
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Figure 7. The components of the Cooper pair condensate R; (i = s, ps, v, pv,t,pt) for staggered
fermions on an 8% x 128 lattice with m = 0 at u = E(|p| = 27/Ls). The figures on the left and the
middle show the results for the two orthogonal bases of the eigenspace of the degenerate two largest
eigenvalues (. as described in the text. The figure on the right shows the result for the eigenvector
corresponding to the second largest eigenvalue.

are defined, for instance, by

0 o’ I, 0
Yi = ) , Y4 = 3.9
—iot 0 0 —1I (3:9)

with the Pauli matrices o’ and the 2 x 2 identity matrix Is.
To investigate the components of the Cooper pair condensate, we define

=AY S, \ , (3.10)
p.f.9
2
v(pv A Z v(pv 1, ‘ > (311)
pfgv
Rt(pt = Z Z‘ t(pt vv! ’ ’ (312)
v>v'p,f.g

where A is a normalization factor chosen so that 37, o ¢ ¢ i = 1. The results are
almost the same even if we restrict the sum over the momentum to the region p ~ E(p)
and py = +m/L;, where the Cooper pair condensate becomes large.

In figure 6 we plot the three largest eigenvalues A1 23 of M against the quark mass. As
one approaches m = 0, the two largest eigenvalues come close to each other, which implies
the double degeneracy at m = 0. As we discuss later, this degeneracy is related to the U(1)
chiral symmetry of staggered fermions, which is respected even at a finite lattice spacing.
In figure 7 we show the components of the Cooper pair condensate represented by R; for
the eigenvectors corresponding to the eigenvalues up to the third largest one for m = 0.
For the two largest eigenvalues, which are degenerate as shown in figure 6, we define the
corresponding two eigenvectors in such a way that either the scalar or the pseudo-scalar
component becomes zero. In general, the Cooper pair condensate at the critical point is
represented by a linear combination of the scalar and the pseudo-scalar components with
the rest of the components being small.

- 11 -
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Figure 8. The same as figure 7 except that the lattice size is 4% x 64.
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o the largest eigenvalue the 2nd largest eigenvalue the 3rd largest eigenvalue
A Staggered, 8% 128, m = 0.4
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Figure 9. The components of the Cooper pair condensate R; (i = s, ps,v,pv,t,pt) for the eigen-
vectors corresponding to the eigenvalues up to the third largest one for staggered fermions on an
83 x 128 lattice with m = 0.4 at u = E(|p| = 27/Ls).

In figure 8 we show the results on a 43 x 64 lattice. By comparing them with the results
on an 83 x 128 lattice in figure 7, we observe that the components other than the scalar
and the pseudo-scalar are suppressed as the lattice size increases. This suggests that the
existence of these components is due to the breaking of the Euclidean Lorentz symmetry
by the lattice discretization. The result that the scalar or pseudo-scalar condensate is
favored is consistent with the previous work [37, 51-55], which shows that pairing that
breaks rotational symmetry is weaker. Similarly, the result of R; for m = 0.4 is shown in
figure 9. The degeneracy of the largest eigenvalues is lifted due to the finite mass, and the
scalar condensate is favored at the critical point in contrast to the massless case. This is
consistent with a speculation that the effect of quark mass favors the scalar condensate
instead of the pseudo-scalar condensate [56].

Since the scalar and pseudo-scalar condensates are anti-symmetric with respect to the
spinor indices, they satisfy

51 () = =54 (-D) (3.13)

due to the anti-commuting property of the fermion fields. Eq. (3.13) can be rewritten as

Sty ) = T8 ). (3.14)
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where we have defined the spatially symmetric and anti-symmetric components as

510y w) £ 518 (—p)
&= s(ps s(ps
S ) = T P (3.15)
In order to determine which component is dominant, we calculate
() _ g a(E)fa/ |2
Rs(ps) =4 s(ps) (p)’ ) (316)
f.9.p
where A’ is a normalization factor chosen so that Ré;;)s) + Ré(_p)s) = 1. For both the scalar
and pseudo-scalar cases, we obtain Ri:;i) ~ 0.71 for an 83 x 128 lattice, which implies that

the spatially symmetric component Ss((gsj;g (p) is dominant.

Let us also comment (See ref. [43].) that S’S((J;)Sj)tg (p) do not depend on the direction

of p, which suggests spatially isotropic s-wave superconductivity. Note that the complex
phase of S ((JF)J;Q (p), which is independent of p, can take an arbitrary value, reflecting the
spontaneous breaking of the U(1)p baryon-number symmetry ¢ (p) — B4 (p) for fg € R.

Next let us focus on the flavor structure of Ss((p)s
respect to the exchange of f and g as shown in eq. (3.14), we can decompose it as

) (p). Since it is anti-symmetric with

Ss((;?sj)cg(p) = kl,s(ps)( )t{ + k3 s(ps)( )t3 + K13 s(ps)( )w{fg + R24,s(ps) (p)wgf
+ Rog s(ps) (P) (tat5) 9 + Foas 5(ps) (P) (tats) Y, (3.17)

where t1, t3, w13, wa4, tats and t4t5 are linearly independent anti-symmetric matrices defined
through ¢, = v, wuw = (i/2)[ty, t], t5 = titatsts. We calculate the coefficients 7;
numerically for m = 0 and m = 0.1 and find®

7,5(ps)

SIVI9(p) = Rigs(p)etd . SEDTI(p) = Ragps(p)wsf - (3.18)

Let us discuss the chiral transformation properties of the Cooper pair condensate
&(+H)fg
SS(pS)
remnant of the SU(N¢)r, X SU(N¢)r chiral symmetry of the continuum theory defined by

the transformation

(p). Here we focus on the U(1). chiral symmetry of staggered fermions, which is a

P(p) = PBSY(p), 6 €R, (3.19)

where v5 = v17277374 and t5 act on the spinor and flavor indices, respectively. It is straight-
forward to derive the transformation

S’fy—g)fg( ) - S(+)fg( ) + ibe (Z ls S5, aa’S i g Z S((l—g/fg p t5,gg’75,ﬁﬁ’
f/ / 75/
(3.20)

We obtain Zpll%13,s(p)|2/l%§umys = 1.000 and Zp|ff24,ps( )P/ R2umps = 1.000 with &2 =

sum,s(ps)
D D jm1.3.15.24.25.45 |%j,5(0s) ()], Which shows that &13,s(p) and &24,ps(p) are dominant.
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under eq. (3.19) for infinitesimal 6.. By contracting the spinor indices as in table 1 to
extract the scalar and pseudo-scalar components, one obtains the transformation

S{HF9(p) — SEHT9(p) + 2i0cFiza,ps (p)w]d | (3.21)
S{9(p) — ST (p) + 2ibers (Pl | (3.22)

R13.5(p) _ p2ifeo! R135(p) (3.23)
K24,ps () R24,ps ()

for a finite .. Thus we find that the Cooper pair condensate breaks the U(1). chiral
symmetry spontaneously, which is reflected in the double degeneracy for m = 0 in figure 6.

which amounts to

A finite mass explicitly breaks the symmetry and lifts the degeneracy of the scalar and
pseudo-scalar condensates.

In the continuum limit, it is expected that the degeneracy of the largest eigenvalues
in the massless case enhances from 2 to 12 due to the recovery of the original SU(4), x
SU(4)r chiral symmetry since there are six ways to select two flavors for anti-commuting
indices from four flavors. In other words, all the eigenvalues corresponding to the twelve
condensates Ry g(ps), - - - » F45,5(ps) Il €Q. (3.17) are expected to degenerate in the continuum
limit, which should be seen explicitly by using larger lattices than the ones used in this work.
Thus we expect that the condensate predicted in ref. [57] for four flavors can be realized.

3.3 Results for Wilson fermions

In this section we present our results for Wilson fermions, which have the advantage of ap-
plicability to any number of flavors at the expense of the explicit chiral symmetry breaking.
The analysis based on the gap equation is common to all Ny > 2, whereas the single flavor
N¢ = 1 case has to be treated separately since the absence of the flavor degrees of freedom
restricts the possible form of the condensate due to the anti-commutating property of the
fermion fields. Here we first discuss the N; > 2 case comparing the results with those for
Nr = 4 staggered fermions, and then discuss the Ny = 1 case.

Figure 10 shows the critical point 8. as a function of the quark chemical potential
p for Wilson fermions together with the result for staggered fermions. Note that the
largest eigenvalue [, is non-degenerate. Similarly to staggered fermions, we observe a peak
structure, where the peak positions correspond to the energy levels p = E(p) with the
dispersion relation

N2
Zf’zl sin? p; + (m +2 Zf’zl sin? %)

E(p) = 2sinh™!
4(14m+2y} sin?h)

(3.24)

Here we define m = 1/(2k) — 4 as the quark mass in the free theory with the hopping
parameter x and the Wilson parameter » = 1. The momentum p is chosen to be in the
first Brillouin zone, which is given for Wilson fermions as

27['711 271’712 27['713)‘ L L }

BZy} = _ B <n < 0
(wlp e Bz} = { (72T - < Panie

(3.25)
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(a) (b)
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14 ——  Wilson fermion (4% x 64, x = 0.12195) <0 —— Wilson fermion (8% x 128, x = 0.12195)
...... Staggered fermion (43 x 64,m = 0.1) ------ Staggered fermion (8% x 128, m = 0.1)

i

Figure 10. The critical coupling 3. on (a) 4% x 64 and (b) 8% x 128 lattices is plotted against the
quark chemical potential p for Ny > 2 Wilson (red solid lines) and staggered (blue dashed lines)
fermions, respectively. The hopping parameter for Wilson fermions is set to x = 0.12195, which
corresponds to m = 0.1 in the free theory. The mass of staggered fermions is set to m = 0.1 for
comparison.

Wilson, 4> x 64, k = 0.12195 Wilson, 83 x 128, k = 0.12195

06
a4
0.4
0.2
0.0 - . == HE — .
s ps v pv t pt s ps v pv t pt
i i

Figure 11. The components of the Cooper pair condensate R; (i = s,ps,v,pv,t,pt) for Ny > 2
Wilson fermions on 43 x 64 and 8% x 128 lattices with x = 0.12195 at u = E(|p| = 27/Ls).

The results for Wilson and staggered fermions agree in the small y region, which is under-
standable since they have the same low-momentum properties with the dispersion relation
E(p) ~ \/p?> + m2. Better agreement is observed for the larger lattice, which shifts the
peaks towards smaller p. On the other hand, the results exhibit some discrepancies at
large . Note, in particular, that the Wilson fermions have additional peaks there, which
is understood as a consequence of the difference in the size of the first Brillouin zone (See
egs. (3.3) and (3.25).).

In figure 11 we show the components of the Cooper pair condensate by calculating R;
(i = s,ps, v, pv,t,pt), which are defined in the same manner as in the staggered fermion
case (3.10)—(3.12). We find that the Cooper pair condensate is of the scalar type, which
agrees with the result for staggered fermions with a finite mass.

As in the staggered fermion case, we calculate (3.16) and find that Rgﬂ ~ 0.9997 for the
scalar case with an 83 x 128 lattice, which implies that the spatially symmetric component
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- Np=1 (8% x 128,k = 0.12195)
—— Ny >2 (8 x 128,k = 0.12195)

801

N; = 1 Wilson, 8% x 128, k = 0.12195

S ps \% pv t pt
i

Figure 12. (Left) The critical point . is plotted against the quark chemical potential for Wilson
fermions on an 83 x 128 lattice with £ = 0.12195. The blue dashed line corresponds to the Ny = 1
case, whereas the red solid line corresponds to the Ny > 2 case. (Right) The components of the
Cooper pair condensate R; (i = s, ps, v, pv, t,pt) for Ny = 1 Wilson fermions on an 8% x 128 lattice
with £ = 0.12195 and u = E(|p| = 27 /Ly).

gs(Jr)f 9(p) is dominant. Thus we find that the dominant Cooper pair condensate is anti-

symmetric with respect to the flavor indices, which implies two-flavor color superconduc-
tivity (2SC) for N = 2 and color-flavor locked color superconductivity (CFL) for Ny = 3.

Let us finally comment on the single-flavor case Ny = 1, which is realized by restricting
the eigenvector space so that the condensate satisfies the anti-commuting property of the
fermion fields without the flavor indices as described in appendices A.2 and B.1. Figure 12
shows a comparison between Ny = 1 and Ny > 2. From the left panel, we observe that
the CSC region shrinks in the Ny = 1 case due to the restriction of the eigenvector space.
From the right panel, we find that the scalar component is comparable to the vector and
pseudo-vector components unlike the Ny > 2 case. Note here that, in the case of Ny =1,
the scalar condensate is spatially anti-symmetric suggesting the p-wave superconductivity,
whereas the vector and pseudo-vector components are spatially symmetric suggesting the
s-wave superconductivity. Note, in particular, that the latter implies the color-spin locking,
which is predicted in ref. [53]. Which case is realized in the continuum limit remains to be
seen by calculations on a larger lattice. By the same token, the difference of 8. between
the Ny = 1 and Ny > 2 cases, which is visible only for p < 0.4 in the left panel, is expected
to extend to the larger u region in the continuum limit.

4 Summary and discussions

In this paper we provided analytic predictions for the CSC on the lattice, using the fact
that the gap equation reduces to a linear equation by focusing on the critical point. In
particular, we determined the boundary of the normal and CSC phases in the p-3 plane
for both staggered and Wilson fermions. The phase boundary shows characteristic peak
structure as a function of the quark chemical potential, which is due to the discretization
of the quark energy levels in finite systems.
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Furthermore, we investigated the form of the Cooper pair condensate at the criti-
cal point. In the case of four-flavor staggered fermions, we observed that the scalar and
pseudo-scalar condensates are favored in the massless limit of quarks owing to the U(1)
chiral symmetry of staggered fermions, which is a remnant of the SU(4)r, x SU(4)r chiral
symmetry in the continuum. The observed Cooper pair condensate of four-flavor staggered
fermions breaks the chiral symmetry spontaneously as well as the U(1)g baryon-number
symmetry. When the quark mass is finite, we found that the degeneracy of the scalar and
pseudo-scalar condensates is lifted and that the scalar condensate is favored. From the
momentum components of the condensate, we confirmed that spatially isotropic s-wave su-
perconductivity is realized by the Cooper pairs composed of quarks near the Fermi surface.

In the case of Wilson fermions, we find that the results for Ny > 2 are essentially the
same as staggered fermions with a finite mass. In particular, we find that the Cooper pair
condensate is anti-symmetric with respect to the flavor indices, which implies 25C and CFL
in the case of Nt = 2 and Ny = 3, respectively. The Nt = 1 case was discussed separately
and the results turned out to be different from the Ny > 2 case.

Our results obtained for QCD in a small box provides useful predictions for first-
principle calculations based on methods to overcome the sign problem such as the complex
Langevin method. Simulations in this direction are ongoing [32, 33]. Once our predictions
are reproduced, the next step would be to make the physical size of the box larger either
by decreasing § or by using a larger lattice in order to investigate the CSC in a fully
non-perturbative regime.

As an extension of our work, it would be interesting to include the chiral conden-
sate, which corresponds to the diagonal components of the Dyson equation in the Nambu-
Gor’kov formalism.
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A Explicit forms of M for staggered and Wilson fermions

In this appendix we give the explicit forms of M for staggered and Wilson fermions. We
also make some remarks on the numerical calculation of M.

17 -



A.1 Staggered fermions

Here we derive the form of M in the case of staggered fermions. The action of staggered
fermions with mass m and the quark chemical potential p in lattice units is given by

1 / A~ —a A — A a’
S=5 2 mn) (R Uy (WX (0 +9) = X0 = 2)e U oy (n = 2)x" (n) }

n,v,a,a’

—l—mZY“(n)X“(n) + 5S¢ . (A1)

Sg is the action for gluons, n is an integer vector labeling the position on the hypercube, a
and b are color indices, ¥ is the unit vector in the v (= 1,2, 3,4) direction, x(n) and Y(n)
are the staggered fermion fields, and U, (n) = 925 A7 (MT? g the link variable related
with the gluon field AZ(n). We have also introduced the usual site-dependent sign factor
n(n) = (—1)25’;11 ™' We impose periodic boundary conditions on y(n) and X(n) in
the spatial (v = 1,2,3) directions and anti-periodic boundary conditions in the temporal
(v = 4) direction. The lattice extent in the v direction is denoted by L, .

First let us derive the Feynman rules for staggered fermions. Following ref. [58], we
redefine the fermion field as

Xp(N) = Xx"(2N +p), (A.2)

where p is a four-vector with p, = 0 or 1, while N is a new lattice coordinate labeling the
sites on a lattice with twice as large spacing as the original one. This new field (A.2) is
related to the four-flavor Dirac fermion field through

UGa(N) ~ D (Tp)apx(N), (A-3)

p

where o and f are the spinor and flavor indices, respectively, and T, is defined by
Ty =155y (A.4)

with 7, being the Euclidean Dirac gamma matrices. In terms of x5(V), the free part of
the action is written as

Sfree — > XG(N)DS (N — N')x%(N'), (A.5)
N,N'.,p,p’ a,a’
aa’ v (P) v
Dy (N) = o =5~ {24 (815,080 + Spi O 10,0 (A.6)

-6, ~
- ¢ 4”(5p—ﬁ7p’5N,0 + 5p+ﬁ,p’5Nfﬁ,0)} + mqéa,a’épp’(;N,O )

where 71, (2N + p) = n,(p) has been used. Let us switch to the momentum representation
by using the Fourier transformation

fp)=>"e "N F(N)  for f=x% X2, (A7)
N
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and restrict the range of momentum p to the first Brillouin zone

2mny 2mng 2mng (2ng4 + 1)7r> ’ L,
BZ,} = _
{plp € BZ} { ( Ly’ Ly Lg’ Ly

using the periodicity f(p + 70) = f(p). Eq. (A.5) can then be written in the momentum

L,
4 Snl/<47nllez} ) (AS)

representation as

SEe= Y Y XD )R (). (4.9)
pEBZs p,p’,a,a’
D (p) = baur (Z it ,(2p) sinp, + m5pp,> , (A.10)

from which we obtain the fermion propagator

o N — >, i ,(2p)sinp, +md,y
D2 (p) = 80 DM (p) = baw A . (A.11)
PP " pp aa >, sin?p, +m?2
Here we have introduced p, = p, — iudy4 and
FZp’(2p) = eip.(p_p,)((;pﬂ?,p’ + 0p—s,0 )0 (P) (A.12)
which satisfies the same algebra as the Dirac gamma matrices as {I'V (Qp),FVI(Qp)} po =
20,110 pg -
: _ gy o AB(m)TE _ . . . .
By expanding U,(n) = e B with respect to g, we obtain the interaction term
0 - 1 (p)
stt=ig Y xS
NyN/7p7pl7a7a/7B v
x { e AL (2N + p)TE)(Spii,p 0N N + 6y On o) (A.13)

e O HAB N + p — )T (6, SN N7 + 5p+19,p/6N719,N’)} X4 (N') + O(g°),
which can be rewritten in the momentum space as

1nt

T o (0, )X (—P) AL (—R)XG (0 + F), (A14)

IceBZg p€EBZs p,p’ 0,0’ \B,v

using the three-point vertex IT2 , k) given by

op', 7 a0’ (P

. k,
02 1) = 0 cos (p, + 52 ) T, 20+ 1) T (A15)
Here we have introduced the momentum representation for the gluon field [58] as

AB( Z ezk n—l—zku/QAB(k) (A]_G)

V keBZg
where V = L1LoL3L4 and

27‘('711 271'712 271'713 27Tn4 LV LV
= ——< — . .
(kk € BZ,} {( g e )’ <, < 2,%62} (A7)

2
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pa p Pl s D) = 6 o Loy 2P S0Py MOy
. aa'Hpp aa 2, sin?p, +m?
/ / 1
B, v k B T 5BB/6VI//G(k) = BB o . ki
Q000000000000 45, sin® (%)
Tk’B’V = ZgTB/HV /(p k) = igTBle_ik‘p COs <p + k’”) FV / (2(p + k))
ol op , aa v 2 PP

Figure 13. Feynman rules for staggered fermions used in our calculation.

umklapp  normal normal umklapp
@
V3 7[ V3
- = qg - P 5 q+n

Figure 14. One-dimensional illustration of the two possible scatterings in the cases of (a) p < ¢
and (b) ¢ < p for the fermion momenta p and g.

Note that the range of momentum in the first Brillouin zone is different from eq. (A.8) for
the fermion field. The gluon propagator is given by [58]

kyk,

Gfﬁl(k) = 6]?Bl {5111/ - (1 - ao)kkkyl} = G(k)(sBB’ {(5,,1,/ — (1 —ap)—=

2 } ,  (A.18)

where k, = 2sin(k,/2) and ay is the gauge parameter. Since the results are independent of
the choice of g at the one-loop level, we choose the Feynman gauge oy = 1 for simplicity.
Figure 13 summarizes the Feynman rules used in our calculation. The other terms,
such as the multi-gluon vertices, contribute only to higher-order corrections and hence are
ignored in our calculation. Using these rules, we obtain M defined in figure 2(b) as

N, —|— 1
Mppp) (oo’ = Z Z 5 —p-kG(k
vy, k€EBZg
X Hz'y(pv k)Dwa (p + k)H;V)"y’(_p7 _k)D 10 ( —pP— k) (Alg)

Here we have introduced the periodic delta function

o (1 (kiqenz
5}3:{ (k1. 4 € 72) (A.20)

0 (otherwise),

which has the period 7 in each direction inherited from that of BZ¢ in (A.8). It should
be noted that the difference in the size of the first Brillouin zone between fermions and
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gluons allows two scattering processes, namely the normal and umklapp scatterings, in each
direction for any p and ¢. Figure 14 is a one-dimensional illustration of these processes.
Due to the range of the gluon momentum —7 < k£ < m, not only the normal process but
also the umklapp process, where p+ k exceeds the domain of the first Brillouin zone, always
occurs for any fermion momenta. In four dimensions, the existence of both scatterings in

each direction is represented by the solution of 5g_p_ g = 1in —m < k, < given by

k, =q, —p, — 7T10/V, SgnJr(QV - pl/) (p/z/, =0, 1) (A'Ql)
with
1 f >0
sgn, (z) = o= (A.22)
-1 forx<O.

After performing the sum over k in eq. (A.19), we obtain

N, —l— 1 .
M(ppp’)(qao = Z ZG q p,p (pv k(q p,p )) D (p + k(q p,p ))
vy e
X HZ’/\/’ (_pa _k(Qap7 p”)) ﬁ;,}r,(—p - k(Qapv p”)) ’ (A23)

where k(gq,p,p”) is defined by eq. (A.21). In the case of Wilson fermions discussed in
the following subsection, only one of the normal and umklapp scatterings occurs for a
given momentum transfer because there is no difference in the first Brillouin zone between
fermions and gluons.

A.2 Wilson fermions

Next let us derive the form of M in the case of Wilson fermions, where the fermion fields
on the lattice site N are denoted by w;a(N) and @?Q(N) with a, f and a being the color,
flavor and spinor indices, respectively. The action is given by

S = % Z {aia(N) (’VV)aa’e”&A Uu,aa’(N)w;cl/a’(N + 79) (A24)

/ /
N7a7a yOLQ 7f7V

~Tha(N 4+ 0) (W )aar € U] L (N (N) 4 3 0 (V) (N)

N,a,a, f

— LY TN, (N (N +0)

N,a,a’ o, f,v
— 2050 (NG00 ¥fo(N) + Bpa (N + 2)e U L (N)QF, (N)} + S,

where m and p are the mass and the quark chemical potential in lattice units, respectively,
and 7 is the Wilson parameter, which defines the hopping parameter as k = 1/(2m + 8r).

Similarly to staggered fermions, the Feynman rules are derived from the action [58]. In
figure 15 we summarize the Feynman rules in the momentum space used in our calculation.
According to these rules, M is evaluated as

N.+1

G(qg—p) > T, 9) D5 ()T (p, —q) D5 (—q)
VY

M prafrar)(ghpn sy = Ofnofn
(A.25)
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I 4 ! ~ - v ! i D —"_ M(ﬁ)d /
a,f,a p a,f.a =5 ,§nD"L Y S Zy'n/aa smp,, ao
P £ aar 055 Daar (P) = daw Os 51— ==K o 4 )2
! / 1
Bv kB 6,,Gk) = 0pp0, ;
\2000000000000/ A5, sin’ (%)

Tk,B,I/

_ , B, v /
p+k,a, f,a p,a,f,a - Zg(Sff Taa Haa (Q7Q)

!
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= —ig0sp Doy (%,aa/ cos 1 5 W §ouirsin q”2q”>

Figure 15. Feynman rules for Wilson fermions used in our calculation. We have introduced
G, = q, — iudys and M(p) = m +2ry. sin?(p,/2).

with V' = LiLoL3L4. As for the indices of M, let us recall that the indices p, p/, o and
o’ used in section 2 represent the flavor and spinor indices collectively. The first Brillouin
zone for Wilson fermions is given by the momentum region

2mny 2mng 2mng 27rn4> ’ L, L, }
€ BZy} = —— <ny, < —,n, €EZL . A.26
telp v { ( Ly 7 Ly’ Ly’ Iy " g " (A4.26)

5 =

Since M acts trivially on the flavor indices, i.e., Myrarar),(gngngry o< dndpnr, the
largest eigenvalue is independent of N; as far as the number of flavors is Ny > 2. For
the single flavor case Ny = 1, however, the largest eigenvalue can be different because of
the restriction on the eigenvectors ig;()p fafial) due to the anti-commuting property of the

, the eigenvector

fermion fields (See appendix B.1.). Namely, since f]g;()p fafial) = ig;()paa,)

must satisfy flg;()ma,) = f)g;()_pa,a) because of eq. (B.3). This is in contrast to the multi-

)
2pfafrar) €A1 DE

flavor case, where more general types of condensate are allowed since ig
anti-symmetric with respect to the flavor indices f and f’.

A.3 Some remarks on the calculation of M

Here we make some remarks on the numerical calculation of M that applies to both
staggered and Wilson fermions. First we point out that the elements corresponding to
zero momentum transfer diverge due to G(0), which is the contribution from the gluon
zero modes. This is an artifact of perturbation theory on a finite lattice, which disappears
in the large volume limit. Note also that the divergence does not appear in non-perturbative
treatments (See ref. [59], for instance). In this work, we simply omit the contribution from
G(0) by hand.

The next point concerns the memory consumption by M, which is a huge and dense
matrix. For instance, for staggered fermions, the number of elements is 256V 2 for the
lattice volume V', which amounts to 18TB for V = 82 x 128 with double precision complex
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numbers. Therefore, keeping all the elements in the memory is not practical. Instead, we
decompose M into parts whose memory consumption is at most O(V'), such as G and D1
in eq. (A.23), and calculate the elements of M from these parts every time they are needed.

B Details of the power iteration method

B.1 [Initial condition for the power iteration

In the power iteration method, one extracts the largest eigenvalue and the corresponding
eigenvector by multiplying M many times to a randomly selected initial vector. However,
in order to obtain eigenvectors with appropriate symmetry properties, one needs to impose

some condition on the initial vector.
(aa’)

Note that the anomalous propagator for fermions S}5 o (D) = <1/~Jg(p)1/~1;,, (—p)) satisfies

the relation

’

gllzél,pp’ (p) == ~112(,1;)’;2(_]9) : (Bl)
Similarly, the anomalous self-energy satisfies
%g,pp’ (p) - - %Q?p’p(_p) ) (B2)
as one can see from eq. (2.5). Therefore, we have

() _ (=)
E12(1}/)/)’) - E12(—:!?;)’;)) (B.3)

for ig()ppp') in eq. (2.12).

Let us decompose the vector space V on which M acts as V = Vg + Vg, where Vg,
is the vector space whose elements satisfy

VU(gpp') = V(=qp'p) for v € Vp, (B.4)

V(gpp') = —V(—qp'p) forve Vg . (B.5)
By using the relation
Mppp')(goo’) = M(—pp/p)(~qo70) » (B.6)
which is obtained from the representation in figure 2(b), one can show that

Mv € Vg if ve Vp, (B.7)
Mv e Vg ifveVy, (B.8)

which implies that Vg and Vg are not mixed by multiplying M. Therefore, the initial
vector must satisfy eq. (B.4) in order to obtain the eigenvector satisfying eq. (B.3).
The eigenvalue equation for Wilson fermions reduces to

/ () _ ax(=)
%z; Mipaar)@88) P12(a1878) = P P1aipsasiar (B.9)
q !
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where M’ is related to M given by eq. (A.25) as
Mpsagran @nswsr) = Sgnd s Mipaa),(gsp) -

As we mentioned in appendix A.2, the allowed forms of the eigenvector ig;()p fafiar) Ar€
different between the single- and multi-flavor cases for Wilson fermions. Let us decompose
(=)
Zia(pfafial)

viating the flavor indices, we denote the former and latter parts by ig;&: Zm/) and ig(;()m')’

into the symmetric and antisymmetric parts with respect to f and f’. Abbre-

respectively. In the single-flavor case, ig;(q%@/) does not exist, which forces us to choose
the initial vector to satisfy the condition

(=) (=)
Lia(gpsr) = Zi2(~g8') (B.10)

due to eq. (B.3).

B.2 Extension to the second and the third largest eigenvalues

In this section we extend the power iteration method to the calculation of the second and
the third largest eigenvalues as well as the corresponding eigenvectors. Let us assume that
the largest eigenvalue A; and the corresponding eigenvector v; of M defined in figure 2(b)
are obtained. If one defines ¥ by projecting out the v; component from v and applies the
power iteration to ¥, the second largest eigenvalue Ay and the corresponding eigenvector
v9 are obtained. By repeating this procedure, one obtains the third largest one as well.

If M were Hermitian, the projection can be made by using the orthogonality of the
eigenvectors. In fact, M is not Hermitian but pseudo-Hermitian [60-62]

T - -1
M(ppp’)(qcra’) = |:77M77 i| (Bll)

(ppp')(qoa’)

with a Hermitian matrix n for both staggered and Wilson fermions.

In order to make the projection in this case, we need to consider the relationship
among the eigenvectors under the condition (B.11). Let A, and v, be an eigenvalue and
the corresponding eigenvector, respectively, with the ordering |A\i| > |A2] > ---. The
eigenvalue equation reads

Muy, = Ay, . (B.12)
By using its Hermitian conjugate and eq. (B.11), we obtain
vinM = Xiwln . (B.13)
Acting this on vy, and using eq. (B.12), we have
Am — A5 vinu, =0 . (B.14)

From this, we find that the eigenvalue ), is real if vinv, # 0 and that the eigenvectors
satisfy vl v, = 0 if A\, # \*, which can be regarded as a generalization of the properties
in the Hermitian case.
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Suppose we have already obtained v, vo,...,v,,—1 for an integer m > 1, which satisfy
vinu, # 0 and vl nu, = 0 for all n,n’ < m. Then we can get rid of these components as

v=v— Z any, , (B.15)

n<m

where the coefficient a,, for n < m is given by

i
a, = % (B.16)

v;rmvn

As mentioned above, we can extract A, and v,, by applying the power iteration to 9. As
far as vjmvn = 0 is satisfied for the obtained eigenvectors, we can repeat the procedure to
extract other eigenvalues and eigenvectors. In the process of our calculations, we checked
vinv, # 0 for the obtained eigenvectors.
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