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Here, it is suggested that a four-point interaction of the tensor type may lead to spin polarization
in quark matter at high density. It is found that the two-flavor superconducting phase and the spin
polarized phase correspond to distinct local minima of a certain generalized thermodynamical
potential. It follows that a transition from one to the other phase occurs, passing through true
minima with both a spin polarization and a color superconducting gap. It is shown that the quark
spin polarized phase is realized at rather high density, while the two-flavor color superconducting
phase is realized in a lower density region.

Subject Index D30

1. Introduction

Under extreme conditions, such as high temperature and/or high baryon density, it is interesting
to study the behavior of quark and gluonic matter and/or hadronic matter governed by quantum
chromodynamics (QCD) in the context of the physics of relativistic heavy ion collisions and of the
interior of compact stars. In low temperature and high density regions [1] such as the interior of a
neutron star, it has been widely investigated and pointed out that various phases may be realized, e.g.,
various meson condensed phases in hadronic matter [2], the two-flavor color superconducting (2SC)
and color-flavor locked (CFL) phases [3—5], the quarkyonic phase [6], the quark ferromagnetic phase
[7-9] in quark matter, and so forth. In particular, we may conjecture that the quark ferromagnetic
phase exists at high density quark matter, since the existence of the magnetar was reported [10]. In
preceding work [7-9], the pseudovector-type interaction between quarks was considered and it was
pointed out that the quark spin polarization was realized. However, it was shown that the quark spin
alignment disappears if the quark mass is zero, e.g., in the chiral symmetric phase [11]. Thus, it is
interesting to investigate whether there is a possibility of spontaneous spin polarization under another
interaction between quarks.

Recently, the present authors have indicated that the quark spin polarization may occur at high
density quark matter even in the chiral symmetric phase due to the tensor-type four-point interaction
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between quarks, which leads to the quark spin polarization [12,13]. In these papers, it was shown
that a second-order phase transition occurs from normal quark phase to quark spin polarized phase.
However, in quark matter at high baryon density, it is believed that the two-flavor color supercon-
ducting phase appears. Thus, it is interesting to investigate the stability of the quark spin polarized
phase against the 2SC phase.

In this paper, we investigate the color-symmetric superconducting phase [14] and the quark spin
polarized phase and clarify which phase is stable by using the Nambu—Jona-Lasinio (NJL) model
[15,16], including quark-pair interaction [17] and the tensor-type four-point interaction [12,13]. The
quark-pair interaction is derived by a Fierz transformation from the original NJL model Lagrangian.
As for the color superconducting phase, many possibilities, such as the gapless superconducting
phase, which is still controversial for realistic situations, have been considered. However, in this
paper, the simple 2SC phase derived by the NJL model is treated. We thus consider the quark-pairing
gap A and the quark spin polarization F such that A % 0 and/or F # O leads to the 2SC phase
and/or quark spin polarized phase, respectively. In this paper, the system is treated by the mean field
approximation and the BCS state is introduced [18].

This paper is organized as follows: In the next section, the basic Hamiltonian is introduced and
expressions of the Hamiltonian under some basis sets are given. In Appendix A, one of the expres-
sions of the Hamiltonian is given, in which good helicity states are used. In Sect. 3, the BCS state
is defined, where a detailed derivation is given in Appendix B, and the thermodynamic potential is
derived. In Sect. 4, numerical results and discussions are given, together with Appendix C, and the
last section is devoted to a summary and concluding remarks.

2. NJL model with tensor interaction
2.1.  Basic Hamiltonian

Let us start with the following Lagrangian density:

L=Lo+ Ls+ LT+ Le,
Lo =iy oy,
Ls=Gs((y¥)?+ (Piysty)?),

Lr=-7 (WYY TV Wy Ty) + Wiysy vy ) i ysyun )
G - - C. = =
Lo=— Y (iysrnav @ imearny) + Traiay )T m2ham)). (1
A=257

Here, ¢ = CyT with C = iy?y0? being the charge conjugation operator. Also, 72 is the second
component of the Pauli matrices representing the isospin Su(2)-generator and A a are the antisymmet-
ric Gell-Mann matrices representing the color Su(3)c-generator. As is well known, the Lagrangian
density Lo + Ls corresponds to the original NJL model. We add L, which can be derived by the
Fierz transformation from Ls, and which represents the quark-pair interaction. Also, we introduce
LT, which represents the tensor-type interaction between quarks.

In this paper, we concentrate on quark matter at high baryon density where the chiral symmetry is
restored in the density region considered here. Thus, the chiral condensate, (1} ), is assumed to be
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equal to zero in this high density region. Under the mean field approximation, the above Lagrangian
density is recast into

LMF = £o 4 CMF 4 oMF,

. F2
LYF = —F (Y 2at3y) — =

_ 0
F=—G(JTaray), ¥3=—iyly2= (03 ) ,

0 o3
1 e 3A2
LMF = -5 > (AyCiystara+he) — TR
A=2,57 ¢
Ap= A) = —Ge(Viystoha¥), A= Az=As5= Ay, ()

where h.c. represents the Hermitian conjugate term of the preceding one. Here, we have used a Dirac
representation for the Dirac gamma matrices and o3 represents the third component of the 2 x 2 Pauli
spin matrices. The symbol (- - - ) represents the expectation value with respect to a vacuum state. The
expectation value F corresponds to the order parameter of the spin alignment that leads to quark
ferromagnetization. The expectation value A corresponds to the quark-pair condensate, which means
the existence of the color superconducting phase if A # 0. Here, in order to ensure color symmetry,
we assume that all quark-pair condensates have the same expectation values, A» = A5 = A7.
The mean field Hamiltonian density with quark chemical potential u is easily obtained as

Hue — uN = Ko + HYF + HYF,
Ko=v(—=y -V —uy)v,
HYF = —cYF, HlF=—r)F 3)

with N = sz/f. In the Dirac representation for the Dirac gamma matrices, the Hamiltonian matrix
of the spin polarization part, H,a',D: = d3x (Ko + H¥' Fy, is written as

h,\SAPF =p-a+ F3fX3

Fr3 0 P3 pL—ip2
_ 0 —Fw3 pi+ip P3 @)
P3 pr—ip2 —F3 0 ’
p1+ip2 —Ps3 0 Ft3

where o' = y9' and B = 9. For good helicity states, this Hamiltonian matrix is diagonalized with
F = 0. For simplicity, we rotate around the p3 axis and we set p» = 0 without loss of generality. In
this case, we derive k = U *1hap £U as follows:

P+ P3 p—p3 —v P+ p3 —/P—DP3
U 1 | pgvVP=P3 —pgv/P+P3 —5v/P—P3 |g—i|\/p+ps
2P P+ p3 —vP— P3 P+ p3 -VP—m |
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K = lh,\s,lp
p 0O 0 O 0 [pul —p3 O
O p O O Frs|psl O 0 ps
= +— S
00 —p O p |-p3 O 0 |pal ©
0 0 0 —p 0 p3 Iml O

Finally, in the original basis rotated around the pz-axis, | 1] is replaced with / p% + pg As for the

Hamiltonian matrix of the color superconducting part, H; MF = d3xHMF the result has already
been obtained in Ref. [17], based on Ref. [14]. As a result, on the basis of good helicity states,
the relevant combination of the mean field Hamiltonian Hyg = f d3xHmr and the quark number
N = [ d3x\ is given by

HMF - ,UvN = Z |:(p M) pmacpnnx - (p + M) pnracpnr(x]
it

+FEY ¢ [m(

pnra

Cpntacp nra +¢ nracp—nfﬂé>
P3 (.t = «t
B 77? (CpnmCP'IW + Cpnwcpnm>

A &t
+ 2 Z ( paC pnf o T Cpnm —pnt'd’

pnoa’a’tt’

+ Cpnr'a’ Cpnra + Cfpnr/a’épr)ra)¢1’6aa/a”€rr/
F2 3A2
+V.—<+V. ) 6
2G 2Gc¢ ©
where V represents the volume in the box normalization.! Here, C;,r,,m and é;,rnm represent the quark
and antiquark creation operators with momentum p, helicity n = =, isospin index T = =, and color
a. Further, ¢; = 1 for T = 1 (up quark) and ¢, = —1 for t = —1 (down quark). Also, €, and

€qa'q” Tepresent the complete antisymmetric tensor for the isospin and color indices. We define p =

pf + p% + p%, i.e., the magnitude of momentum.
For later convenience, we rewrite the above Hamiltonian as

- F2 3A2
Hwr — uN = Hyp = uN 4+ Ves + V- o= + V- 2G. @
with
t T
CP+ra Cptv'a
c C
- _.[/a/
HI\?ID: —uN = Z ~p o (k — - 187 8qer ~p ’
prtaa’a” CP+7-"1 el
~T ¢
Cp_ra Cp—r’a/

1 We hope that no confusion will occur, although notations Vs and V (p) appear later, which represent the
quark-pair interaction in (7) and a matrix in (A1) diagonalizing a certain part of the Hamiltonian matrix,
respectively.
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0 JPE+pE -3 0
0 pP1 + P3 p:
E \/p%+ p% 0 0 P3

o _p P —P3 0 0 J P2+ p3
0 P3 J P2+ P2 0

A <t &t < <
Ves = 5 Z © piraC pnr o T CopraCopyrar T Copnr'a’Cpnra + Copnr'arCpnra)
pnad’a’tt’

O O OoODT
o O7©T O
o O O

X ¢t€aa/a”€rr“ (8)

As for V¢s, we can easily sum up With respect to T and t/, which leads to

~T ~ ~
Ves = A Z €aa’a’ (G P'H‘Ol 1"7 —o =+ C 7)+05 —pn—ao’ + Cpn—a'Cpn+a —+ C—pn—a/Cpn+a)- ©)

pnaa’a”

2.2.  Expressions of the Hamiltonian under other basis sets

If the quark-pair condensate A is equal to zero, the operator given by Eq. (7) becomes H,a':,; — uN+
V F2/(2G). Since the quark number N is already diagonal, let us diagonalize the Hamiltonian matrix
k. First, we set up t3 = 1 because the contribution of 3 = —1 is the same as the contribution of
73 = 1, as was seen in (9), which results in a factor 2. Then, the Hamiltonian matrix « can be simply
expressed as

q e —g 0

c=| € @ 0 (10)
-g 0 -q e[’
0 g e —q

whereq = p,e=F pf + p% /P and g = Fpz/p. The eigenvalues of k are easily obtained as

+el® = +,/g2 + (e£q)2 =+ \/pg Fim>- (I

By introducing new fermion operators (8« , apr]‘[o[y Spnras aprr[a) by

ap+‘[0{ Cp—l—ra
— Cp—
ot | _wivt | P | (12)
ap-i—tot Cp—l—ra
& —ra Cp—ra

where the operators V (p) and W are given in Appendix A, the mean field Hamiltonian in which
both quark spin polarization and the quark-pair condensate are simultaneously considered can be
expressed as

Hvr — uN = Z [(81(]'7) - “)a;rnmai”if“ - (81()77) + “)é;ﬂmép”m]

pnra
- a al a &l h.c
+ E Z pnTa’ T—pnt'a” - pnta’ C—pnra” +n.c. Eaa’a”err’d)t
pntt’ac’a”
+V- F +V. 342 (13)
2G 2G¢’
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Here, the summation with respect to isospin indices 7 and 7’ is explicitly rewritten. The above
mean field Hamiltonian is the starting point for discussing the quark spin polarized phase and color
superconducting phase.

3. BCS state and thermodynamic potential
We introduce the BCS state following Ref. [18]:

W) =e3wg), |[Wo)= [[ al..l0.

prraley” <uw)

K
pn T t
S= Z 2 Z apnnxa_pm/a/eaa/a”err/d)r

PU(51(717)>P«) ad’a”tt!
Ko 14
+ T apntot a—pnr/a/eaa/a”‘grt/(pts ( )
() ad'a’tt!
PU(Ep <u)

where |0) is the vacuum state with respect to @y,r«, and Kp; = K_p; and k”,,n = K—pn are satisfied.
Here, the contribution of quark-pairing with negative energy is not considered in quark matter. Then,
the state |W) is a vacuum state with respect to new operators Oy, :

_ t .t ()
q B E Koy (a_pm/ﬂ a_pm/y) for " > u (15)
LA PN 4 (1) ’
Bpyre + Kpy @ ppep — 8 pyery) for & <pn
where («, B, y) is a cyclic permutation for color indices and t/ = —t. For the above operators, the
state | W) satisfies the following relation:
Opnre| W) = 0. (16)

The state | W) is identical with the BCS state.
In order to calculate the expectation value of the mean field Hamiltonian (13), it is necessary to
, . t t ot
obtain the expectation values of @y,ro3pnras Bpprad_ P—_—
|W). The detailed calculations are given in Appendix B. Thus, by summing up with respect to color
and isospin indices, we obtain the expectation value of the mean field Hamiltonian for the BCS

state as

and so on with respect to the BCS state

2
2KP7I + KPU i|
2 2
1+3K2, T TT1+3K2,

(WIHE —uNIW) =3 ) [(s},") ~ 1)

ey’ >u)

+3 Z ( (m y(1 ZIZPZU +2A lz’PVI
el — - —
A - 1+3K2,

(n)

pnt(ep <p)
+V F? +V 347 (17)
2G 2G.
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In order to determine the BCS state, namely, to determine the variational variables K, and IZI,,], we
introduce new variational variables 0, and épn instead of K, and K,:

1
[1+3K2 / 2’
Vi Kpn 1+ 3Kz,
K -
——P1_ cosbyp,

1
2 Ny
3K2, /1+3K2,

Thus, the Hamiltonian and color superconducting gap A can be expressed in terms of 6, and épn as

(18)

l
? &

(WHuE — uNw) =2 " [2(81§"> — 1) SN2 0, + 2v/3A SNy, cosepn}
()

pniep >p)
+2 Z [(813'7) — 1)(3—28in6p,) + 2v/3A sindp, cosépn]
ey’ <)
+V- F +V- 3a° (19)
2G 2GC’
1 Tt
A=Ay=As=A7==Cc 1 ) (Vlay,pal,, o, V)
pnByt
1 K 1 K
= —2G.| = — __ 4 - —
lv 2 1+3K2 TV 2 143K2,
pnr( (n)>l‘l’) p?’]f(é‘(")<ll.)
4G | 1 . 1 . ~
v kv > sinfp, costp, +y > sinfp,cosfp, | . (20)
() (n)
pn(s > W) pn(s <)

Here, in the first line in (19) and the third line in (20), the isospin indices are summed up and an extra
factor 2 appears with respect to the corresponding expression in Ref. [14]. Also, in the second line
in (20), the color indices 8 and y are summed up and an extra factor 2 also appears.

Next, we impose the minimization condition for (W|Hur — wN|W¥) with respect to A, 6, and
Op,. First, we impose the minimization condition with respect to A:

0

Y|HvEe — uN|¥) = 0. 21
A (PIHME — uNW) = ey
This minimization condition leads to the gap equation in (20) exactly. Secondly, we minimize
(W[HmE — N[ W) with respect to 6, and Opy:

d

3
W[HvE — uN|W) =0, ——(¥|Hur — uN|¥) =0, 22
89pn<|MF,U~|> 80(|MFM|) (22)

pn
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which lead to the following equations:

(57 — p) Sin20p, + v/3A cos 20y, =0,

. N (23)
—(e" — 1) Sin20p,) + ~/3A c0s 20, = 0.
Thus, we obtain tan 20, = —/3A /(g () _ 1) and tan 200, = /3A /(g (D _ 1), which gives
i () ]
. 1 —
smeg,7 =3 1— 1 :
V" — w2 +3a2 ]
_ (24)

8,(,") S

V& — w2 +3a2]

~ 1
. 2
smep77 =5 1+

Since the variational parameters 6y, and ép,, are determined completely, namely, K,, and IZ,,,, are
determined, the BCS state is obtained.

Thus, we can derive the thermodynamic potential ® (A, F, u) at zero temperature from (19) with
(24) as

DA, F, ) = Z(PIHvF — uN|D)

1
v > [2(81(,’7) )= ,u)2+3A2]
('7)<M)

1 A
2.5 ). [(s},’” — )=y — w2+ 3A2}

(n)

N <k

pn(ep

pn(ep” >u)
F2  3A2
+ G + = 2G." (25)

2
where 8( ) \/ ps + (F +./ pf + p%) . Here, we explicitly introduce and write a three-

momentum cutoff parameter A. The above derivation is nothing but that of the usual method in
the BCS theory. Therefore, it is possible to derive the same result using the equations of motion
by eliminating so-called dangerous terms in the algebraic method [18]. It may be interesting to
observe that Eq. (25) means, physically, that only two “effective colors” participate in the pairing
process, the third “color” remaining inert. The contribution of the active “colors” to the energy is

(2( n _ 2\/ e — w2+ 3A2> /2, both for ey < 1 and for &y” > w, while the contri-
(n) (n)

bution of the inert “color"is simply ¢,
0D (A, F, u)/dA = 0, is obtained as

— u, but only for &, < w. The gap equation in (20), i.e.

A
1 1 1
= — | =0 (26)
V n=-= \/( (1) _ M)2+3A2 GC
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4. Numerical results and discussions

In this section, first, we investigate the possible phases with F = 0 and A # 0 or with F # 0 and
A = 0 at high density, namely, two-flavor color superconducting phase or spin polarized phase,
separately. First, as an extreme situation in the quark spin polarized phase with A =0, the
thermodynamic potential reduces to

1 1 F2
(A =0,F,u)=6-= H _ 6-— (=) _ —, (27
( w=6-g (Z)j (7 =465 Y (G -wtos @D
&

p ey < p ey <

where it should be noted that ,/ (81(,") —n)?= 81(,'7) — u for 81(,"> > |L or —(81(,'7) — ) for 81(,") < W,
respectively, when (27) is derived from (25). Of course, the sum over momentum is replaced by the

momentum-integration as

1 d3p
V; — /—(2n)3' (28)

Then, the thermodynamic potential derived here is identical with the one that has been previously
obtained by the present authors, i.e., Eq. (3.1) in Ref. [1].2 Thus, the thermodynamic potential with
A = Ohas already been given in Ref. [12] in the analytical form as

FZ 1|:\//ﬁ

2
(BF21 + 2u®)+F uB arctan

F

2G  n2
O(A=0F, n = F4 u+Ju2—F2 . (29)
—In— for F<pu
4 F
F2_ 1 SF for F
26 27" —H

If the minimum of the thermodynamical potential exists in the range of F < w, the gap equation for
F is derived from 0®(A =0, F, u)/dF = 0O, which leads to

G F Ny
F=_2[2|:,h/u2—F2+M3arctan——|:3|n—“+ ‘; ] (30)
T

;LZ—FZ

In the other case, namely, the F = O case, the two-flavor color superconducting phase may be

realized with A # 0. When F = O, the quasiparticle energy 81(,77) = p is obtained for n = +£. The

thermodynamic potential (25) is then evaluated as

1
O, F =00 =4 3 (2= = /ip— w7+ 307)

p<u
1 3A2
R — _ _ 2 2
t4-g pE>u ((p ) \/(p w)?+ 3A ) + G (1)

2In Eq. (3.1) in Ref. [12], F-integration has to be carried out.
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Table 1. Parameter set.
A/GeV G/GeV?2 G¢/GeV~2
0.631 20.0 6.6

After replacement of the sum over momentum into momentum-integration in (28), the analytical
form of the thermodynamic potential is obtained with a three-momentum cutoff parameter A:

3A%2  pur A 2uAd
CAF=0m) =5 — 6zt 22 32

[(z,ﬁ — 39A%) (JMZ +3A2— /(u—A)2+ 3A2>

1272

+ (6A% +9AZA — 2A%0 — 2Au%)V (n — )2 4 3A2

A — — A)?+3A2
+3(1242,2 — 9aty In 21 Vi = A2+ } (32)
—n+ /MZ + 3A2
The gap equation becomes
1
= [—Su\/,uz +3A2+ (Bu+ AV (1 — A)2 + 3A2
A— — A)?243A2 1
1 (2u2% —3A%)In oA V= A2+ ]z — (33)
—u + /MZ + 3A2 GC
The quark number density p is calculated from the thermodynamical relation as
0D (A, F,
_ AR (34)
[

In our model Hamiltonian, the model parameters are G, G¢, and A. In the original NJL model, the
coupling strength G s appears where Gs = 5.5 GeV 2 is adopted [19], although this parameter does
not appear explicitly in the model considered here. Then, following Ref. [17], the strength of the
quark-pair interaction, Ge, is taken® as (G¢/2)/Gs = 0.6. Thus, we adopt G¢ = 6.6 GeV 2. As for
the three-momentum cutoff A, a standard value [19] is adopted here, namely, A = 0.631 GeV. If the
tail stretching beyond the Fermi momentum of occupation number should be fully taken into account
in the BCS theory, a larger value of three-momentum cutoff should be adopted, such as A = 0.8
GeV [18]. However, it will be later seen that the tail of the occupation number is already sufficiently
taken into account in the case A = 0.631 GeV. As for G in the strength of the tensor-type interaction
between quarks, we put G = 20 GeV 2, which was used in our previous paper [12]. As was discussed
in Ref. [12], if the effect of the vacuum polarization is taken into account, the coupling constant
G should be replaced with the renormalized coupling Gy, in which 1/G,; = 1/G — A?/72. Then,
Gr = 20 GeV 2 corresponds to the bare coupling G = 11.1 GeV~2 for A = 0.631 GeV or G = 8.7
GeV~2 for A = 0.8 GeV. Thus, the strengths of the quark-pairing and tensor-type interactions are
comparable. The parameter set used here is summarized in Table 1.

3In Ref. [17], Gc/Gs = 0.6 is adopted, where G¢ in Ref. [17] corresponds to G/2 here.
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(a) (b)
plGev?]
plGev']l —— sP (A=0)
0.00241 T 25C (F=0)
normal (F= A=0)

0.008

0.006 —— SP (A=0)
————— 2SC (F=0)
normal (F=A =0)

0.0022
0.0020
0.0018
0.0016
0.0014
0.0012

0.004

s
.
.
.-

0.002

0 01 02 03 04 05 06 0.41 042 043 044 045 0.46
0.442 U [GeV] 0.442 1 [GeV]

Fig. 1. (a) The pressures for normal (thin curve), two-flavor color superconducting (2SC) (dash-dotted curve),
and quark spin polarized (SP) (solid curve) phases are shown as functions with respect to quark chemical
potential p in the case of A = 0.631 GeV. (b) The details are depicted around u ~ 0.442 GeV.
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Fig. 2. The occupation number is depicted as a function of |p| in the cases u = 0.442 GeV and p = 0.30 GeV.

First, let us estimate the thermodynamic potential numerically in two phases, namely, color super-
conducting phase with F = 0 and A # 0 and quark spin polarized phase with F £ 0 and A =0,
separately. The state with (F = 0, A = Ag) gives a local minimum of the thermodynamic potential,
where Ap is the solution of the gap equation (26) with F = 0 or Eq. (33). However, the state with
(F = Fog, A = 0) gives a local minimum or a saddle point of the thermodynamic potential corre-
sponding to the value of u, where Fg is the solution of the gap equation 0®(A =0, F, u)/oF =0
or Eq. (30). This is shown in Appendix C. We compare the pressure in the color superconducting
phase (F = 0, A = Ag) with that in the quark spin polarized phase (F = Fg, A = 0). The pressure
p is given by

p=—-P(A, F, n. (35)

In Fig. 1(a), the pressures for normal (thin curve), two-flavor color superconducting (dash-dotted
curve), and quark spin polarized (solid curve) phases are shown in the case of A = 0.631 GeV as
functions with respect to quark chemical potential p. Up to u = e = 0.442 GeV, where (A =
Ao, F =0, uc) = (A =0, F = Fo, ), the two-flavor color superconducting (2SC) phase is
realized. However, above . = ¢, the quark spin polarized phase is favored. In Fig. 1(b), details are
depicted around . ~ 0.442(= 11c) GeV. As for the baryon number density, up to pg = 4.73pg, where
po = 0.17 fm—2 is the normal nuclear matter density, the color superconducting phase is realized.
Thus, it is enough to include the effects of the tail of the occupation number with the three-momentum
cutoff A = 0.631 GeV. In Fig. 2, the occupation number is depicted as a function of the magnitude
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Fig. 3. The contour map of the thermodynamic potential ® (A, F, ) is depicted in the cases (a) u© = 0.40
GeV, (b) u = 0.42 GeV, (¢c) u = 0.442 GeV, (d) u = 0.45 GeV, (e) © = 0.46 GeV, and (f) u = 0.48 GeV. The
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of momentum p(= |p|). It seems from Fig. 2 that the effects of the tail of the occupation number are
fully taken into account.

Secondly, let us consider the gap A and F simultaneously. Figure 3 shows contour maps of the
thermodynamic potential ®(A, F, u), where the horizontal and vertical axis represent F and A,
respectively, in the cases (a) u = 0.40 GeV, (b) u = 0.42 GeV, (c) u = uec = 0.442 GeV, (d) n =
0.45 GeV, (e) u = 0.46 GeV, and (f) u = 0.48 GeV. In case (a), the gap equations give F = 0 and
A = Ap. The point (F = 0, A = Ap) is a true minimum of the thermodynamic potential. Then, up to
w =~ 0.40 GeV, the color superconducting phase is realized. In the region with ©=>0.407 GeV, which
corresponds to the baryon number density p divided by the normal nuclear matter density po, being
p/po = 3.71, the gap equation 0P (A =0, F, u)/dF has a nontrivial solution with a nonzero F
value. Then, the true minimum of the thermodynamic potential moves to the point (F # 0, A & Ap)
from the point (F = 0, A = Ap), as is seen in Fig. 3(b). In Fig. 3(c) with u© = pc = 0.442 GeV, in
which ®(A = Ag, F =0, u = uc) = ®(A =0, F = Fg, u = i¢), the true minimum is located at
(F ~ 0.8Fg, A =~ 0.8A0). This state may be interpreted as a state in a mixed phase, in the sense that
this phase is intermediate between a pure spin polarized phase and a pure 2SC one. Further, in case
(d), u = 0.45 GeV, the true minimum is located at (F ~ 0.8Fg, A ~ 0.7A¢). In cases (e) and (f),
namely ©=>0.46 GeV, the point (F = Fg, A = 0) becomes a true minimum and the spin polarized
phase is realized. However, in case (e), two minima appear. As seen in case (e), it is most likely that
a jump occurs from (F = Fg, A = Ap) to (F = Fp, A = 0). Thus, starting from the 2SC phase, the
second-order phase transition starts at the onset of the spin polarization F = Fp, and finally it seems
that the transition occurs from intermediate phase to spin polarized phase.

5. Summary and concluding remarks

In this paper, it was shown within the mean field approximation that the quark spin polarized phase
may be realized after the two-flavor color superconducting phase and the mixed phase as the baryon
density increases. We first calculated the pressure of the two phases separately, namely, in the 2SC
(A # Oand F = 0) and the quark spin polarized (A = Oand F # 0) phases. As a result, in a certain
lower density region, the 2SC phase is realized. However, in rather high density regions, the quark
spin polarized phase is realized. If the large F expansion is carried out in Eq. (26), then the gap
equation for A is expressed approximately as

dp [, 2WPETRB-3A% |

(2m)3 2F2 4G (36)

For large F, the above equation has only the trivial solution A = 0. Thus, it is expected that in
fact the quark spin polarized phase with A = 0 and F # O is realized in the high baryon density
region with large F. The situation is the same even if another parameter is reasonably adopted. For
example, when we adopt G = 10 GeV~2, which is one-half of the value used in this paper, the
behavior of the phase transition is similar in the case of G = 20 GeV~2 except for the value of
chemical potential © = pc = 0.605 GeV, where (A = Ag, F =0, uc) = (A =0, F = Fo, ue)
is satisfied. But since ;¢ = 0.605GeV is close to the three-momentum cutoff A, it may be impossible
to draw definite conclusions about the phase transition.

It might be thought that, as a result, the spin polarized (SP) phase may be more favorable than
the two-flavor color superconducting (2SC) phase at high density. It should be noted that the
thermodynamic potential can be re-expressed as ® = — fou du N, which is proportional to —pu x
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(volume surrounded by the Fermi surface). In the quark matter with F = O at low baryon density
or small quark chemical potential, the thermodynamic potential depends on u? (= o x ), namely
® o —p, in which 143 is nothing but the volume surrounded by the Fermi surface because the shape
of the Fermi surface is a sphere. However, at very high baryon density or large quark chemical poten-
tial, in which the relation F > p is satisfied, the shape of the Fermi surface becomes a torus, namely,

(y/ pf + p% —F)?2+ p% = u2. Here, the volume of the torus is 27212 x F, where  is the smaller
radius and F is the other larger radius of the torus. In the case F > p, namely the full polarization
case, from Eq. (29), F = (G/(2r)) x ,us gives the minimum of the thermodynamic potential. As a
result, the thermodynamic potential is proportional to —u x (volume surrounded by the Fermi sur-
face) o« —p x u? x F o< —u8, as shown in our previous paper [12]. Thus, at high baryon density
or large quark chemical potential, the spin polarized phase is favored. It might be concluded that the
mechanism that causes the SP phase to be more favored than the 2SC phase at high densities is the
distortion effect of the Fermi surface.

For the three-momentum cutoff A = 0.631 GeV, it is sufficient to take into account the tail of the
occupation number since the values of the chemical potential on the phase transition point from
the 2SC phase to the mixed phase and from the mixed phase to the spin polarized phase are about
0.407 GeV and 0.46 GeV, respectively. In general, in the system with finite chemical potential, a
chemical-potential dependent cutoff may be used [20-22]. However, for the sake of comparison, if
a rather large fixed value of the three-momentum cutoff, A = 0.8 GeV, is adopted where the tail of
the occupation number is more fully taken into account, the critical chemical potential from the 2SC
phase to the mixed phase is unchanged. Above u = e = 0.491 GeV, the state with (F = Fg, A = 0)
is favored against the state with (F = 0, A = Ag). With this larger fixed three-momentum cutoff, it
is concluded that, up to pg = 7.4209, the color superconducting phase is realized. The use of a large
three-momentum cutoff leads to the shift of the phase transition density, i.e., the phase transition
density is higher with a larger three-momentum cutoff. However, if a larger A is used, it is necessary
to re-adjust the coupling constants.

Secondly, the quark-pairing gap A and the spin polarization F were considered simultaneously.
Under the present treatment, the phase transition behavior from the 2SC phase with A % Oand F = 0
to the quark spin polarized phase with A = 0 and F # O may be clear and the transition occurs
passing through the state with (F # 0, A # 0), which can be interpreted as the mixed phase.

In future work, it would be interesting and important to investigate the phase equilibrium at finite
temperature and in the presence of an external magnetic field. Also, matter in beta equilibrium
could be analyzed, while symmetric matter is considered in the present paper. Additionally, it is
important to investigate the interplay between the color-flavor locked (CFL) phase and the spin
polarized phase in higher density regions in quark matter. Further, it may be interesting to inves-
tigate the interplay between two quark spin polarized phases, namely, the quark spin polarized phase
originating from the tensor-type four-point interaction and that originating from the pseudovector-
type four-point interaction between quarks. In this paper, the mean field approximation for the
established BCS theory is adopted, under which the thermodynamic potential is considered in the
standard manner. Of course, there are other approaches to investigating the phase transition, such as
with the use of the CJT potential [23], the Landau potential [24], and so on. It would be interest-
ing to clarify the difference between the standard BCS mean field approach and the CJT potential
approach, including the effects of two-loop order as a general problem of the phase transition phe-
nomena. However, that is beyond the scope of the present paper. These topics are left for future
investigations.
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Appendix A. Mean field Hamiltonian in the basis of good helicity states

The following matrix is introduced in order to diagonalize the Hamiltonian matrix in Eq. (8) with
Eq. (10):

Jest +etq Jes ' —etq Vet —e—q ey +e—q

2,/sf? 2,/e&) 2,/s(? 2/sf)
/813+>+e+q m /8‘!<,+>_e_q \/s,(,‘)T—q
vor=| o V= ‘ﬁ ‘7 A
— 9 g
\/ <+>(8<+>+e+q) 2\/8},*)(5},*)—e+q) \/ ) <+> —e—q) \/ >(£p )ie—q)
9
\/ (D) (+>+e+q) 2\/61(1—>(81(,—)_e+q) 2\/ (h)( <+> —e—0) \/ ) >+e_q))

Then, we can diagonalize the Hamiltonian matrix « as V T«'V. Namely,

o\ b
pHTa pHTta
SpP b;—'[(x . bp—'[O{
Har=>_ | & diagk | - , (A2)
pra ptHTa pHTo
6;—1'01 bp—ta
where we define
e” 0 0 0
. 0 &) 0 0
diagk = p ,
X 0 0 —” o0
o o0 0 -
prr'[a Cp+7_'a
Op—re | _ iy | e | (A3)
l?p—l—ra Cp-l—‘[ot
bp—ra 617—10{

Secondly, let us consider the total Hamiltonian matrix with the quark-pair interaction term in the
basis derived above. In this basis, Vs in (9) is written as

+ T T
bp++0[ bprrfoz’
t t
b b ,
_+ —_p——
Ves=A > | 27 VIV ) | 7T [ awer (A4)
paa’a” b?—H—Ol —p+—a’
- T
B e 6.
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Here, if we replace p with —p, then g, €, g, and 81(,:|:)

and e},i). Thus, we obtain

in (10) are changed or unchanged to g, €, —Q,

+
50
o 5
T _ ép
14
19]
0 —y

(AS5)

Finally, let us diagonalize the above matrix VT(p)V (—p). We introduce the following matrix:

e},ﬂ +e+q 0
- 2:(H)
P
0 _ 8[(,_) —e+q
28(*)
W = P
19l 0
v/ 281(,+) (51(,+)+e+q)

0 19l

N 281(,7) (81(77) —e+q)

ép

P _e q

(+)
2¢,

281(,+)

0

[¢]

(e5F —e—q)

0

0

ey +e—q
26(7)
I4
0

]

N 281(,7) (s;f)-i-e—q)

(A6)

Then, by using the matrix W, the matrix VT (p)V (—p) that appears in the quark-pair interaction part
can be diagonalized as

10 O 0
01 O 0
WV (p)V(—pW = A7
PV (-p) 00 -1 0 (A7)
00 0 -1
By introducing new fermion operators (ay;zq, a;,rnm, Qyyras é;nm) by
ap+ra bp+tot
Bt | _ gyt | Do (A8)
ép—l—ra bp—H:a
ép—ra bp—‘[ot

the mean field Hamiltonian in which both quark spin polarization and the quark-pair condensate are
simultaneously considered can be expressed in Eq. (13).

Appendix B. Expectation values of bilinear operators with respect to the BCS state

The expectation values for the BCS state are summarized as follows:

Xpn = (W[a), w@pra V). (fOr o #d)

Npy = (¥1a0, o Bpnral V) .

Dpy = (Va_py—ra'@pyral V) (for a#a’)

Py = (¥12_py—raBpnral V), (B1)
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where we take o = 1 and o’ = 2 for the following calculations because color symmetry is retained.

We can easily calculate the above expectation values by using the relation (16) with (15).

For 81(,") > 1, the following relations are obtained:

2 2
Xpn = —Kp, + K5 (Npy — Xpyp),

2 2
Npy = 2K, — 2K, (Npy — Xpp),
2 2
Dpn = Kpn — 3K, Dpn + Ky Pons
2
Pon = —2K;, Pon- (B2)
In the same way, for 81(,'7) < W, the following relations are also obtained:
7 2
Xpn = =Ky (Xpn = Npp),
7 2
Npy = 1+ 2Kj5, (Xpn — Npp),
4 7 2 7 2
Dpn = Kpn — SKpn Dpy — Kpn Pon.

7 2
Pon = 2K, Pon- (B3)
As a result, the expectation values are calculated as

For 81(,”) >

K2 2K 2 K
Xpp = ——LL . Nppy=—22, Dpy=—bls, Pp=0 (B4)
P1 2 rn 2 pn 2 pn ’
1+3K2, 1+3K2, 1+3K2,
Fore\” < u
72 72 72
)(p)7 — KPU an _ 1+ KP’? 1 _ ZKPTI
~2 9 - 2 - ~2 )
1+3Kpn 1+3KM 1+3Kpn
K
Dpy = —2—, Py, =0. (B5)
2 pn
1+ 3KPTI

Appendix C. The states with (A #0, F =0) and (A =0, F #0)
It may be shown that (Ag, F = 0) is a local minimum of the thermodynamic potential ® (A, F, ),
where Ag is the solution of the gap equation 0® (A, F = 0)/d A = 0. Here, the states with (Ag, F =

0) and (A = 0, Fp) give extrema of the thermodynamic potential, where Fq is the solution of the gap
equation d®(A =0, F)/oF = 0:

A 1 1

DA, F, 1
4. F W LA
Ge

T BV
Pl \/(81(,") — )2+ 3A2

(CD
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P (Ao, F =0, )

=0, (gap equation)

JdA
1A =0F. ) _
A -
m _ (m
0D (A, F, w) _ 5. 1 Z 5 &p 0 dep
oF v P.Ep=<[L \/(81(,'7) — )2+ 3A2 oF
(m) ()
1 — ad F
2.2 Y 1o M ;’; +5 (C2)
PnEp> \/(81(,”) — 11)2 4+ 3A2
AD(A =0, F, n) .
= =0, (gap equation)
IO(A,F=0,u) 0
dF -

where the last equality is satisfied due to de (”)/a Flr=o =n,/ pl + Pz/ P, & ey = |p|, and n = £1.
The condition that the states corresponding to (Ag, F = 0) or (A =0, Fo) are a local minima is
that the eigenvalues are positive for the following stability matrix M (A, F), which consists of the

second derivatives:

PO(A, F, ) 920(A,F, p)

2
M(A,F) = A IFIA ’ )
2D(A,F, )  920(A,F, )
dAIF 9E2
where
2?® (A, F, 1A m 2 )
¥=3 2y ()( - te | (C4a)
oA Vo l(ep” — w2 +30732  Ge
2
F 2 1 2
DA, F, ) _,. 1 3 [ 3A2 } ( +”M)
oFe Vp,n,epfu [( o — )2 + 3A2)3/2 8(71)2
(n)
1
+2.= Z
()
2.2 % i }(qum)z
v - 2
v pnep>i L [(81(;77) M)z + 3A2]3/2 ()
i o _
! 1
“v T = C4b
eV 2 W _ 2 5 (n) (C4b)
Pzt L (ep” — m)?+3A
2D (A, F, 1) oA 1 zf\: glgn) _— = +nm o
—_— Y = R . ' .
oo o L(es? — )2 + 307372 &

Then, if (A = Ap, F = 0) is a local minimum, the eigenvalues of the stability matrix M (Ag, F = 0)
have to be positive. Here, it should be noted that M (Ap,0) is a diagonal matrix because
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Table 2. Numerical estimations.

9°®(Ag, F =0, )

/ GeV?

uw/GeV Ao/ GeV

dF?2
0.44 0.0375255 0.007743 56
0.44190 0.0377933 0.007492 14
Mc
0.44195 0.0378003 0.00748553
0.45 0.038 8851 0.006447 47

32®(Ag, F =0, 1)/dFIA = 0 due to 81(,'7) = |p| and n = £1. Further, by using the gap equation
for A(# 0), we obtain

920 (Ao, F = 0, 1) 1 i 3A2

842 V 2= 1(p— )2+ 3A3%/2

p:n

(C5)

As for the other diagonal matrix element, 32d(Ag, F =0, w)/o F2, the positiveness is not shown
analytically. Instead of analytical calculation, numerical estimation is useful just before and after
the chemical potential & = e with model parameters G = 20 GeV 2, G = 6.6 GeV~2, and A =
0.631 GeV used in our paper, where u¢ gives ®(Ag, F =0, uc) = (A =0, Fo, uc). From Table 2,
it is seen that the eigenvalues of the stability matrix M (Ag, F = 0) are positive together with (C5).
Thus, the state with (A = Ap, F = 0) is identified with a local minimum state of the thermodynamic
potential.

Next, let us consider the state with (A = 0O, Fg). The stability matrix M(A = 0, Fp) is also a
diagonal matrix. We easily obtain the inequality

92 (A =0, Fo, ) 1 ppo1
= =6 2(; w+6>o. (C6)
n

As for the other matrix element, 8ZCI>(A =0, Fo, n)/ A2 , humerical estimation, just before and
after the point © = ¢, may also be useful. However, the integral diverges at 81(,") = . This is not
surprising, in view of a well known “anomaly” of the BCS theory, according to which a perturbation
expansion in powers of the coupling constant G is not valid, even if this parameter is infinitesimally
small. As a result, the thermodynamical potential cannot be expanded in powers of A, even if this
parameter is infinitesimally small. We find that 9® (A = O, Fg, )/ A = 0, but the second derivative
diverges. We wish to see if, in the A direction, the extremum point (A = 0, Fp) is a maximum or
a minimum. Figure 3 shows that the point with (A = 0, Fp) is a minimum point in the F direction,
but is a maximum point in the A direction in the region u < 0.46 GeV. Thus, in this region, a point
(A = 0, Fp) is a saddle point. However, the case = 0.46 GeV, the extremum point with (A = 0, Fo)
is a minimum point in the A direction. Thus, it is concluded that the point (A = 0, Fp) gives a true
minimum of the thermodynamic potential ®, which results in the quark spin polarized phase.
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