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It is shown that spin polarization with respect to each flavor in three-flavor quark matter occurs
instead of color—flavor locking at high baryon density by using the Nambu—Jona-Lasinio model
with four-point tensor-type interaction. Also, it is indicated that the order of phase transition
between the color—flavor-locked phase and the spin-polarized phase is the first order by means
of second-order perturbation theory.

Subject Index D30

1. Introduction

A recent point of interest in the physics governed by quantum chromodynamics (QCD) may be to
understand the structure of the phase diagram on a plane with respect to, for example, temperature
and baryon chemical potential or external magnetic field, isospin chemical potential, and so forth [1].
In particular, under extreme conditions such as high baryon density, it is interesting what phase
is favorable and is realized. In the region with high baryon density and low temperature in quark
matter, it is believed that there exists a two-flavor color superconducting (2SC) phase or the color—
flavor-locked (CFL) phase [2]. In the preceding study, it was indicated that the spin-polarized phase
may appear at high baryon density due to a pseudovector-type interaction between quarks [3-5].
However, in the limit of the quark mass being zero, it has been shown that the spin-polarized phase
disappears [6].

In our preceding paper [7], it was shown that the quark spin-polarized (SP) phase in the two-flavor
case is realized in the region of high baryon density by the use of the Nambu—Jona-Lasinio (NJL)
model [8,9] devised by four-point tensor-type interaction with chiral symmetry [10]. Further, since
the 2SC phase may exist in two-flavor QCD at high baryon density, it was also investigated whether
the quark spin-polarized phase is realized or not against the 2SC phase. As a result, it was shown
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that the quark spin-polarized phase is actually realized in the same two-flavor NJL model adding to
the quark-pair interaction [11].

In this paper, the possibility of quark spin polarization for each flavor is investigated in the three-
flavor case by using the NJL model with four-point tensor-type interaction. In the three-flavor case,
the CFL phase may be realized at high baryon density. Thus, the quark-pairing interaction is intro-
duced and it is investigated which phase, namely the CFL phase or the SP phase, is favorable
energetically and is realized at high baryon density. Also, if both phases exist, it is necessary to
discuss the order of phase transition between the CFL and SP phases.

This paper is organized as follows: In the next section, the NJL-type model Hamiltonian is
explained. In Sect. 3 with Appendix A, under the above-derived Hamiltonian, the CFL phase without
the condensate of the quark spin polarization and/or the SP phase without the color superconducting
gap are discussed. In Sect. 4, numerical results are given and the realized phase in certain density
regions is considered. In Sect. 5, based on the CFL phase and dealing with tensor-type interaction as
a perturbation term, the order of phase transition from the CFL phase to the SP phase is discussed.
Some expressions needed in the calculation of second-order perturbation are given in Appendix B.
he last section is devoted to a summary and concluding remarks.

2. Hamiltonian showing three-flavor color superconductivity and spin polarization
based on the NJL model

Let us start with the following NJL-type Lagrangian density:
> G - - G. -. -
L= Piy" oy — L@y Y M) Fvanh ) + S Givshd O @ iy v). - @)

where ¢ = CyT with C = iy?y? being the charge conjugation operator. Also, A,{ and A{, are the
flavor and color su(3) Gell-Mann matrices, respectively. Here, the NJL Lagrangian density con-
tains other four-point interaction parts which are not explicitly shown such as Go(y¥ ) (¥ ) and
is invariant under chiral transformation. However, in this paper, some terms are omitted because we
investigate only the condensates with respect to color—flavor locking and each quark-spin polarization
in high density quark matter in the mean field approximation. For example, at high baryon density,
the chiral condensate (V) is equal to zero. Further, in the three-flavor case, it is well known that the
Kobayashi—Maskawa—t Hooft (KMT) term [12,13] appears, which describes the U 4 (1) anomaly and
is represented by the six-point interaction with determinant-type form in the NJL model. However,
hereafter, since we adopt the mean field approximation, the KMT term only gives contributions such
as (&u Yu) (&a’ Va) (lﬁs VYs), (&d Va) (&s Vs) (‘ﬁu Vu), and so on, where ¥y represents the quark field
with flavor f and (- - - ) represents the condensate. Thus, at the high baryon density under investiga-
tion in this paper, there is no contribution of the KMT term because the chiral condensate (v Yy
is zero. As for the quark masses, although the strange quark mass with 0.1 GeV is certainly non-
zero compared with the up and down quark masses, we may safely ignore the strange quark mass
at high baryon density with the quark chemical potential being 0.4—0.5 GeV under consideration in
this paper. Thus, we ignore the quark mass term in (2.1).
Within the mean field approximation, the above Lagrangian density is expressed as

LM = giyta, o + LFF 4+ cMF

- 1
cff=-3%" Fk(l/fzﬁjflﬁ)—ﬁ > FL

k=3.8 k=38
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. o3 0
23=—1V1V2=<0 )
03

Fy=—GWSAlvy), Fy=—-Gsaly),

1 1 2
Fu=F+—7F, Fi=-F+-—F72F, F=—-——FF;,
! V3 V3 3
1 -~ 1
=2 3 (A i) e ) + 51wl
2G ¢
(a,k)=(2,5,7}
Aak = —Gel¥Ciysaiil ), (2.2)

where h.c. represents the Hermitian conjugate term of the preceding one. Here, we used the 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 values F3 and Fg correspond to the order parameter of the spin alignment which may
lead to quark spin polarization. The expectation value A, corresponds to the quark-pair condensate
which means the existence of the color superconducting phase if A,y # 0.

The mean field Hamiltonian density with quark chemical potential u is easily obtained as

Hyr — uN = Ko + HYT + HME,
Ko =¥ (—iy -V — uy)v,

HWE = —cME yME = _pMF (2.3)

with A = Ty In the Dirac representation for the Dirac gamma matrices, the Hamiltonian matrix
of the spin polarization part in Hy". = [ d®x (Ko + HMF) is written as

hi4PF=P‘(¥+Fr,323

Fz 0 P3 P1—ip2
_ 0 —}_.r p1+ips P3 ’ (2.4)
D3 p1—ip2 —F: 0
p1t+ip2 —D3 0 Fr

where o/ = y%y and g = y°. Here, we define F; as

Fe= Y Firl (F+ 1F>8 +( F3 + 1F)6 2 By 2.5)
T = kMg = 3 —=18 ) Otu — I3 —=1'8 ) Otrd — —=1801s. .

For good helicity states, this Hamiltonian matrix is easily diagonalized in the case F; = 0. For sim-
plicity, we rotate around the p3 axis and we set pp = 0 without loss of generality. In this case, we
derive k = U ”hif 7 U as follows:
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c=UhSEY

p 0 0 O 0 Ipl —=p3 O
f
_|(o P O O Ffiml O 0 ps 2.6)
00 —p O pl—-pr3 O 0 pil
00 0 -—p 0 p3 Iptl O

Finally, in the original basis rotated around the p3 axis, |p]| is replaced by ,/ p% + p%. Thus, the
many-body Hamiltonian can be expressed by means of the quark creation and annihilation operators
as is seen later.

As for the Hamiltonian matrix of the color superconducting part, HCM F - i d3xHéW F we can
derive another expression by using the quark creation and annihilation operators with respect to
good helicity states, similarly to Ref. [11]. As a result, in the basis of good helicity states, the relevant
combination of the mean field Hamiltonian Hy p = f d3xH prr and the quark number N = f d3x N
is given by
2

. 1 3
H = Hy— uN + V. v V.—(F2+F)H+V.—,
0 — uN + Vsp + VcrL + 2G( 3+ Fg) + 3G,

A ~t -
Hyp — uN = Z [(|p| - M)C;;ntacpnra —(pl+ l/v)cpnrozc;rmra] )

pnta
2 2
VPI TP G s P3 i i
Vsp = Z Fr T (Cpntacp—nra + C[T)nrotcp—nra> - Um ( [T)nrochnroe + C;f)nracpnta) ,

pnta

A P e ~ .
VerL = DI <Cpﬂafc—pna/r/ F C—pna'v Cpnar T CpnatC_pyqrer + C—pna/r’cpnocr>

PN aa’a” Tt/

X €qa’a”€rt'Ty, (bps 2.7)

where V represents the volume in the box normalization. Here, c;nm and Ej,nm represent the
quark and antiquark creation operators! with momentum p, helicity n = =, flavor index z, and
color «. It should be noted that o (=1, 2, 3) and t (= u, d, s) represent color and flavor, respec-
tively, and in particular we understand 7| = u, 70 = d, and 13 = 5. Hereafter, we will use p = (p, 1)
and p = (—p, n) as abbreviated notations. Also, €;;/¢» and €44/, represent the complete antisym-

metric tensor for the flavor and color indices. We define p =,/ p% + p% + p%, that is, the magni-
tude of momentum. In (2.7), the color and flavor are locked due to Vcpr. Namely, the combinations

'Here, it is necessary to introduce ¢ p in (2.7) for the character of fermion operator cp;ro and Cpyro. Namely,
for example,

1 .
S el _ o Py
Cpn‘[acfpr]f’a/¢p€aa/a”GTT,TD(N = 5 (Cpm—acfpm/ar(ﬁp + C_pnl—acpn.[/a/¢[7)€0101/0t”€‘[7."‘fa/r
prfal{r} pr{al{r}

1 .
_ § i ' _ ot ¥ _
) (Cpmacfpm'a'(»bp pr,r/a'C—pnza¢p)€aa’a”6n’rau
{faHr}

1 . .
_ + f N ] _
=3 E (cpnw c_pnm,¢> » ~ Cpyra c_pnm,¢> 5)€aa'a’ €xtit,
pn{a}{t}

Thus, we find ¢, = —¢; with p = (p, n) and p = (—p, ).
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(cprucpaa) — (Cpracpau) (CpaaCp3s) — (Cp2sCp3a), and (cp3sCpiu) — (Cp3ucp1s) appear in the CFL
condensate A, in which we define

Aa”rau =G, } E (C—pna/r’cpnar>6aa/a”€rt/ra//¢p,

pnaa’ Tt/

A=Ay =0y = Az, (2.8)

The symmetry su(3)crFL remains because the symmetry-breaking pattern is su(3), ® su(3) f —
su(3)CrL-

3. Color-flavor-locked phase without spin polarization and spin-polarized phase
without color—flavor locking

3.1.  Color—flavor-locked phase without spin polarization

Let us consider the case F; =0, which leads to the color superconductor without spin
polarization [14,15]. The Hamiltonian is expressed as

Hat = Ho— ¥ + Verr + V- 22
eff = 10 — W CFL ZGC’
Ho = ul = 3" [ (6] = Whyeacpnre = (P + Wepreatpnea |

pnta

A T + +
i St A . .
VerL = E Z Z Z (cpﬂafc—pna/r/ + C—pna’t'Cpnar + cpﬂafc—pna/r/ + C*PWU/T/CPUGT>

PN aa’a” T’

X Eotoz/ot”err/ta//‘Pp- (3.1

Hereafter, we use an abbreviated notation p = (p, n) and p = (—p, n). The commutation relations
are calculated as

[Hetr. cp1ul = —(€pu — m)Cp1u — AlChyy + €h3 )by,

[Hetr, €paul = —(€pu — )Cpou + Ach $p.

[Hetr, ¢paul = —(€pu — 1)Cpau + Acky 6.

[Hett, cpral = —(€pa — WCp1a + Ac;2u¢p,

[Herr, ¢paal = —(€pa = i)¢p2a = A (chs, +hy, ) b,

[Hetf, ¢p3al = —(€pa — W)Cp3a + chns(ﬁp,

[Hetr. €p1s] = —(€ps — WICp1s + Acks, dp.

[Hett, cpos] = —(€ps — W) Cp2s + Acl—ﬁd(bp,

[Hefr. cpas] = —(€ps — 1)Cpas — AlChy, + )by, (3.2)

where €, = €4 = €p; = |p| (= €p). Thus, (1u), (2d), and (3s) become combined with each other.
Further, the sets (2u, 1d), (3u, 1s), and (3d, 2s) are mixed each other. First, let us consider the case

5/22
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&pr > . Thus, for example, we are led to consider new operators such as the following one:

d) sy = XpCh + YpChid - (3.3)

Here, we demand that this operator should satisfy the following commutation relation in order to
diagonalize the Hamiltonian H,g:

[Hetr, dy,] = [(€pu — )X — AYpplchy, + [—(€pa — )Yy — AX pplcpia

Ea)dT

p2u 3.4)

Then, X, and Y, are determined from the following equation:

mm AP ) (X)) (XP) (3.5)
—App —(ep—w)) \ Y, Y,

As aresult, we can derive the following:

bp, (3.6)

Similarly, we can introduce new operators and the results are summarized as follows for |p| > u:

djm = x;g])(czlu + C;Zd + C;3s) + 5 (€ptu + Cpoa + cj3s)s
i 12 12
MO PR o_ L €p

e — 9 y R e—— * ¢ 9
Ve [&2 + 4n2 Ve fepan2| "
w] = ,/512, +4A2,

d;;z = X;,Z) (Cj,]u - C;M) + yéz) (Cpiu — Cp2d)s
1/2 172

1 € €
P C— 1+ P 2 _ ]— —P “bp,

1
—_— , y —
P 2 /=2 2 P 2 /=2 2
ep+A ep-i—A
wy = /€ + A2,

dyy = 35 €1+ Cpoa = 2053 + Y5 Cotu + cjoa — 2e).
12 12
1 € 1 €
3) _ P 3) _ p
3 _ 1 G- “Pp,

x TR R
23 J&2 + A2 T s /&2 + A2
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w3 =,/€2 + AZ,

dps=dy, = Xpc)

f i
pzu T Ypcpia,  dps=dpy = XPCpld + YpChou,

dp;6 = d;3u =X Cp3u +Ypcprs, dp7 = dT =X cpls + Ypcp3u,
dp;g = d;3d = Xl’cp3d + Ypcpos,  dpo= d;Zs = XPCpZS + Ypcp3a,
172 172
1 € 1 €
Xp=—7|1l+—=| . YVo=—F%|l-—E=| -9
T2 [ + A V2 farar|
= /€ + A2, (3.7)
where €, = |p| — u, y;’) y,(,l), and Y5 = —Y,,. Inversely, we can derive the following:

ot =Xy 30 4 5P — 03 g + 5P dpa + 5 dpa).
Chog =xWVdl = xPdl o +xPd] s — 6P = yPdpa + ¥ dps),

el =xVd = 2xPd) o — (yVdpy — 2P d),

p3s

T ¥ T
Cpou =X dp2u Ypdpia, Cpla = Xpdpld — Ypdpou, Cpau =X d1'73u Ypdpis,

+

iy = Xpd 1 = Yodisu,  Cozg=Xpdosy — Ypdias. €y =Xpd ) —Ypdza.  (3.8)

As for €, < p with €, = |p|, we can introduce the new operators in a similar way to the case of
€p > [t The new operators, d 5:i» satisfy diagonalized commutation relations such as

[Hett, dji] = —widp.i, (3.9)
where ws = w5 = - -+ = w9 = w. Then, the new operators can be derived as

diit = T + €poq + ) + 55 €+ epaa + ),
1/2 1/2

1 é 1 é
i = — |1 - ——L— y ) = —— [ 1+ L

i 9 y - T — ° ¢ 9
Ve [ 442 ! V6 [ tan| "
w] = ‘/EQ +4A2,

ci 2 —x(z)(cplu _szd) +yp (Cplu Cp2d),

1/2 1/2
1 € 1 €
-(2) _ P -2 _ P .

[+ A2 o2 [+ A2
= /€ + A2,

c7—3=x;< uF Chag = 20030 + 3 (Cpru + caa — 2¢p35).
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| i 12 | i 12
_ € _ €

<3)_; 1_\/6217 , (3>:m 1+\/Ezi_AZ bp-
w3 = 512, + A2,

I5:a = dpou = Xpc'y, + Vpcpra.  dis = dpra = Xpcyy g + ¥pciou,

56 = dp3u = chjﬁu +Ypcprs,  dpg=dpis = XPCLIS + Ypcpus

1/2 1/2
_ 1 € - 1 €
P P A R
2 EZ+A2 2 62+A2
VP VP
o=+ A2 (3.10)

The following inverse relations are obtained:

o =50 o1 + 3P 50 + 20 dss — GV + 3PN, + 50 ),

Cyoa = X1 = FP g2 + 7D dps — Gy, = TP, + 50 ).

¢y = ¥PDdg —289d55 — GV 25(3%1*.3),

T v 3 5t T v 3 St il v 3 o 3T
Cpou = Xpdpou Ypdpld’ Cpra = Xpdp —Y deu’ Cp3u = X pdp3u — Ypdpls’

i v 3 5 gt i e 3 5 3 i v 7 5

Cpls = XP pls — Ypdp3u’ cp3d = XP p3d Y p23’ Cp2s = Xpdﬁzs - Ypdp3d' (311)

By using the above operators, we rewrite Hegr as is shown in (A1) in Appendix A. Noting X, etc. in
(3.7) and (3.10), we finally obtain the following diagonalized many-body Hamiltonian without spin
polarization:

Hep = % 3 [9@,, - \/512, F4A2 — 8\/612, n AZ]

p (€p>p)
+ Y |:‘/612,+4A2dT ,,1+Z‘/62 + A2 d }
p(€p>M)
1
_ z z2 2 _ =2 2
+5 2 |oa -G +4n2-88 + 7]
p (ep<p)
. - - 3A2
+ Y |:‘/612,+4A2d;; d,,1+2‘/e2 A%ﬂ } TR (3.12)
P (ep<p) ¢

Next, let us derive and solve the gap equation for the CFL phase with F3 = Fg = 0 to obtain A.
The vacuum state is written as |®), which is a vacuum with respect to the quasi-particle operators
dp.q and c?l,;a:

dp:a|®) = dp.q| @) = 0. (3.13)

8/22
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Thus, the thermodynamic potential ¢ can be expressed as

1

Qg = v (@[ Hefr| D)
1
— E : z =2 2 z2 2
=37 [9ep— €, +4A —8\/ep+A]
p (ep>p)
1 3A?
: _ /g2 2_g /z2 2
2D [9ep \/ep+4A 8 ep+A]+2GC. (3.14)
p (ep<p)
The gap equation, 0®Py/dA = 0, can be expressed as
3 /A d’p 4 8
A _ + =0, (3.15)
3 Z -
Ge 7\ Jg+anr B+ a2

where A represents a three-momentum cutoff. Here, the helicity n = 41 is considered which gives
a factor 2. Namely, the above gap equation with A # 0 is written as

2G, /A 9 1 2
l==—= | dpp + : (3.16)
32 Jo V=2 +482 (p—w? + A

where p = |p|. Solving (3.16) with respect to A and substituting its solution into (3.14), the
thermodynamic potential (3.14) is obtained:

2

ol

A 3A
=57 ), dpp2<9(p—u)—\/(p—u)2+4A2—8\/(p—u)2+A2>+2GC (3.17)

The right-hand sides of Egs. (3.16) and (3.17) can be analytically expressed using the following
formulae:

2 A

A
+3
/dp p :[p M\/pz_zﬂp+M2+CA2]
0 V(p—mw?2+cA? 2

(2= 20
——]In
==

: 3p+5u
/0 dp pz\/(p — Wt cA? = [T(pz —2up + 1+ CA2)3/2]

0
A

],

2p—2,u+2\/p2—2up+,uz+cA2

A

0

4M2 —cA?
+ [T <(p - M)\/PZ —2up + p? + cA?
A
+ ¢A’In 2p—2u+2\/p2—2,up+uz+cA2 >:| .
0
(3.18)
Of course, if A = 0, the thermodynamic potential is given by
3 4
B(A = 0) = — . (3.19)
¥4
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3.2.  Spin-polarized phase without color superconducting gap A

In this subsection, we derive the thermodynamic potential with A = 0. In this case, it is only
necessary to diagonalize the Hamiltonian matrix (2.6), namely,

0 JPi+rs  —p3 0
» 0 0 0 —
0 p 0 0 Fe | VP11 0 0 p3
““lo o —p o |TH >
—D3 0 0 N St 4
00 0 —p bz
0 p3 N R 0

_| ¢ q 0 8t ’ (3.20)

-8 0 —q e
0 8t er —-q

where g = p,e; = F; p]2 + p% /p,and g; = F; p3/p. The eigenvalues of « are easily obtained as

2
el = +,/g2 + (er +19)? = i\/pg + (7-} +ny/pi + p%) : (3.21)

where F; are defined in (2.5) or (2.2). Since the Hamiltonian is diagonalized, the thermodynamic

potential with A = 0, which is written as ® , can be easily obtained as

P = 3% DD D (e o — ) + %(F% + F), (3:22)
P n=xt=ud,s
where the factor 3 represents the degree of freedom of color. Here, the sum with respect to the
momentum should be replaced by the integration of momentum: (1/V) - )" P [d 3 p. Hereafter,
we assume |F;| < u because we are interested in the phase transition from the CFL phase to the SP
phase. In the case 0 < F; < u, the ranges of integration are obtained as:

forn = —1,

0<pL=+/pi+ps<F:+u, —\/Mz—(fr —p1)?<p3=< \/Mz—(fz —p1)?
forn =1,

0<pir=ypi+p;<n-7F, —\/Mz—(frer)z <p3 5\/u2—(7:r+m)2.
(3.23)

In the case —pu < F; < 0, the ranges of integration are obtained as:

for n = —1,

0<pL=y/pi+p=pn—I|Fl —\/Mz —(Fel+p)? < p3 = \/,U«Z — (172l + p)?,
forn =1,
0= pr=/p 40} <1 Fl+n =12 = (Fel = p)? < p3 = 12 = (1Fel = pL)2.
(3.24)

Regardless of the sign of F7, positive or negative, F is regarded as the absolute value of F; since
we consider both n = 1 and n = —1. Thus, from (3.22) and (3.23) or (3.24), the thermodynamic
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potential can be expressed similarly to Eqn. (29) in Ref. [11]:

Op = ——(F2+ F)
2G 3 8

3 u=|Fr| NP =(Frl+p1)?
+—Z[/ dpJ_PJ_/ dp3(

53 PR+ (Fl+ pu)? - u)

wt | Fe N =(Fel—pL)? >
+ /O dpy PJ_/O dp3 <\/p3 + (|1 Fel = pr)? — M) ]

1
= —(F32 + F})

2 fr
27'[22|: (3f ,lL+2,LL)+F-[/,L arctan(ﬁ>
—_ T2\2
8 <<u+\/u2 f))} (3.25)

f’

where F, = F3 + F3//3, Fq = —F3 + Fg/+/3, and F;, = —2Fg/~/3. The simultaneous gap equa-
tions with respect to F3 and Fg are obtained through 0® /0 F3; = 0and 0®r/0Fg = 0 as

0dr F 1 ( 3 Fe

— =t 2Frpyf u? — F2 + p” arctan | ——

oF, G 2x? r:%’s \/7, o
.7:31 ((M‘F\/Mz—ffz)z)) dFz

2 OF

T

=0, (3.26)

where k=3 or 8 and 8F,/0F; =1, 0F;/0F;=—1, 8F;/aF3=0, 3F,/dF3 = 1//3,
8F;/dFy = 1/+/3, and 3.F,/d Fs = —2/+/3. Inserting the solutions of the simultaneous gap equa-
tions above into the thermodynamic potential @, we can estimate @y, which should be compared
with ®¢ in (3.17). By comparing (3.25) with (3.17), the realized phase is determined.

4. Numerical results

Let us calculate the thermodynamic potential &g with F; = 0in (3.14) and & with A = 01in (3.22)
or (3.25) numerically. If &y < ®¢, the SP phase is realized. However, in rather smaller u, the CFL
phase should be realized. The numerical results are summarized in Table 1. We adopt the parameters

A =0.631GeV, G, = 6.6GeV~2, and G = 20GeV 2. As is seen in Table 1, in the region of
U < 0.45GeV, &g < OF is satisfied and the CFL phase is realized. At u = 0.4558 GeV (= w.),
® ~ P issatisfied. Thus, the phase transition may occur. In the region of u > 0.46 GeV, &g > O
is satisfied and the realized phase is the SP phase.

As for the solutions of the simultaneous gap equations in (3.26), it seems that the relation
F3 ~ /3F3 may be satisfied. If F3 = /3 Fg, the relation F; = Fy(= —2F3/3) is derived. In this
case, F, = 4F3/3(= —2F,). As for another case, for example, F3 = 0 and Fg # 0, then F,, = F4
and F; = —2F, are satisfied. So, another local minimum may be obtained at (F3 = 0, F3).
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Table 1. The thermodynamic potentials @y with Fy = 0 and A # 0, and & with A =0 and Fj # 0 are
numerically given at each chemical potential 1.

w/GeV A/GeV ®y/GeV* F3/GeV F3/GeV & /GeV*
0.40 0.042640 —0.0020336 0 0 —0.0019454
0.41 0.045135 —0.0022509 0.048509 0.028007 —0.0021481
0.42 0.047509 —0.0024845 0.098544 0.056895 —0.0023753
0.43 0.049748 —0.0027352 0.136983 0.079087 —0.0026327
0.44 0.051841 —0.0030034 0.170908 0.098674 —0.0029245
0.45 0.053774 —0.0032897 0.202345 0.116824 —0.0032542
0.4558 0.054817 —0.0034643 0.219828 0.126918 —0.0034643
0.46 0.055536 —0.0035947 0.232234 0.134080 —0.0036256
0.47 0.057116 —0.0039189 0.261119 0.150757 —0.0040423
0.48 0.058502 —0.0042627 0.289365 0.167065 —0.0045084
0.49 0.059681 —0.0046267 0.317255 0.183167 —0.0050277
0.50 0.060640 —0.0050113 0.345041 0.199210 —0.0056046

P[GgVﬂ

0.005; ‘

0.004;

0.003;

0.002?

0.001f—

0 : PR S S S S H S SRS S S S S BT S RS S | u

038 040 042 044 046 048  0.50 [GeV]

Fig. 1. The pressures for (A # 0, F3 = Fg = 0; CFL), (A =0, F5 # 0, Fg # 0); SP), and free quark gas (free)
are depicted as functions of the quark chemical potential .

Of course, the pressure p4 can be expressed by the thermodynamic potential ® 4 through the
thermodynamical relation:

pa=—Pa. 4.1)

In Fig. 1, the pressures of the CFL phase and the SP phase are depicted as a function of the chemical
potential p in comparison to that of the free quark matter. In u < p. (1 > uc), the pressure of the
CFL phase is larger (smaller) than that of SP phase. Thus, the realized phase is CFL (SP) phase.

Also, the quark number density p, can be derived from the thermodynamic potential by the
thermodynamical relation

pg =22 (42)

The baryon number density pp can be expressed as pp = p,/3. In Table 2, we summarize the baryon
density and baryon density divided by the normal nuclear density py = 0.17 fm—>.
Finally, let us estimate the spin polarization. Here, we consider the helicity instead of spin. The
quark number density for the flavor t and helicity 1 can be derived as
dp ()

m — _
n” =3 (27r)30(u €pt ), 4.3)
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Table 2. The pressures py with F; = 0 and pp with A = 0 are numerically calculated. The corresponding
baryon number density pp together with pp /0, where pg represents the normal nuclear density, are given at
each chemical potential p.

1/GeV  pp(F =0)/fm™  pp(F =0)/p0  po/GeV*  pp(A =0)/fm™> pp(A=0)/po pr/GeV*
0.40 2.73681 5.36630 0.0020336 — — —

041 2.94752 5.77946 0.0022509 2.79121 5.47297 0.0021481
0.42 3.16606 6.20796 0.0024845 3.16045 6.19697 0.0023753
043 3.39217 6.65131 0.0027352 3.58384 7.02714 0.0016327
0.44 3.62561 7.10904 0.0030034 4.05631 7.95354 0.0029245
0.45 3.86614 7.58067 0.0032897 4.57688 8.97428 0.0032542
0.4558 4.00881 7.8604 0.0034643 4.90099 9.60978 0.0034643
0.46 4.11353 8.06574 0.0035947 5.14599 10.0902 0.0036256
0.47 4.36753 8.56379 0.0039189 5.76482 11.3036 0.0040423
0.48 4.62793 9.07438 0.0042627 6.43516 12.618 0.0045084
0.49 4.8945 9.59706 0.0046267 7.1594 14.038 0.0050277
0.50 5.16702 10.1314 0.0050113 7.94077 15.5701 0.0056046

where the factor 3 means color degree of freedom. First, in the case of F; being positive and

+)

0 < F; < u, the particle number density with helicity =+, n§> , can be calculated as

On the other hand, in the case —u < F; < 0, the particle number density n

3 u—Fz
n = 7/0 dpipy

1
e |:,/;L2 — F2(F? 4+ 2u*) 4 3F, u? arctan
T

+F: /\/ HZ*(]:I*PL)z

1
~ 4x2 [\/m(}—rz +21%) + 3F; u* arctan

3 /u—w
_27'[2 0 0

1

s [\/;ﬂ — | Fe 21 Fe * + 2u%) + 3| F¢ |u? arctan

0

0

3 /l/«+|~7:r| 1 —(|Fe|=pL)?
S s [
272 Jo 0

dpip1

/\/ wr—(Fr+p1)?

13/22

dp3

dp3

dp3

1
ys {\/;ﬂ — | F (1 Fe 1>+ 2u%) + 3| F; |u? arctan

/\/uz—(lfrl-i-lu)z

dps3

Fr B 3F, uin
NI 2

Fr N 3F.pulm '
Vu? - F3 2

)

(4.4)

12 18 calculated as

Fel 3| Fluln
Y Mz - |fr|2 2

el 3 Flutn
vV MZ - |~7'-r|2 2

|
| @s
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Py Py Py
E=0 0<E<p E>n

No Polarization Partial Polarization Full Polarization

P

Fig. 2. The Fermi surface is depicted for 7, > 0. In this case, the negative helicity dominates.

For the case F; > u , there is no contribution to the spin polarization from e},t) due to the integration

range. Thus, we obtain only nﬁ?:

=" F. (4.6)

It should be noted here that the Fermi surface has the form of a torus in the case F; > u, namely,

( p% + p% —F)? + p% = u?, whose volume is obtained as 27t F; x 7 u? where F; and p corre-
spond to the major and minor radii of the torus. For the case F; < —u, similar to Eqn. (4.6), we
obtain the following:

3M2
nt = 4—|.7-“,|. 4.7
T

<

Next, let us consider the case |F;| < wu. The spin polarization per unit volume is obtained by the
difference between the quark number with the positive helicity and that with the negative helicity, as
shown in Fig. 2. Further, we assume that 7, > 0, F7; < 0, and F; < 0. The spin polarization of each
flavor, &7, can be expressed as

_ 3
Su/(h2) =nlD —n(D = 0 W (4.8)
T
Similarly,
@ _ - _ 3 2 @ _ o3 2
Sa/(h/2) =n;_. —n,;_~ = E'fd'“ . Sg/(h/2) =n —n = E'm“ . 4.9)
Of course, the total spin polarization S is written as
S=8+8:+S;. (4.10)

Figure 3 shows the numerical results. For d- and s-quarks, the spin polarization has almost the
same magnitude. On the other hand, for the u-quark, the spin polarization is opposite to d- and
s-quarks. The total spin polarization is nearly equal to zero. The reason is as follows: From the
numerical calculation, the condensate F3 and Fg satisfy the relation F3 & /3 Fg, which makes the
thermodynamic potential a minimum. Under this relation, F,, = —2F; and F; = F; are satisfied.
Thus, from (4.8)—~(4.10), S = 0 is derived.

S. The order of phase transition and the second-order perturbation
with respect to Vgp

In order to investigate the order of phase transition from CFL phase to SP phase, we treat the interac-
tion term Vgp in the perturbation theory on the vacuum of the CFL phase. We neglect the contribution
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27 Sd,s

0 ‘ ‘ ‘ ‘ ‘ ‘ ‘
0.40 . 0.44 046 048  0.50 [va]

helicity per unit volume [fm °]

,4 L
Fig. 3. The spin polarization of each flavor is depicted as a function of the quark chemical potential 1.

of the negative-energy particle represented by (C prq, ZJ,W). Thus, in Vgp in (2.7), it is enough to pick
up only the following term:

Jri+ps
HI_Z}“,%

= CpntaCp—nra = Z ercpnnxcp nTas

p?’]TOl pT}TQ
JpPi+p3
e, =F Y "% (5.1)
Ip|

The correction of the first-order perturbation with respect to H;, namely (®|H;|®), vanishes
because the helicity 7 is different from each other like (®|d p,,;ad;_ 0 .| ®) = 0, which comes from
<<I>|cj,,7mc p—nra|®). Thus, we need to calculate the second-order perturbation with respect to Hj.
The correction of energy can be expressed as

Feor =Y (PH i) (i|Hi|P)

: 5.2
Eo _E, (5.2)

i
where |i), Eg, and E; represent the excited state, the vacuum energy, and the excited energies, respec-
tively. The term Hj includes c;na,c p—nat- Forexample, in the case €, > u with T = u, the necessary

term can be expressed in terms of the quasi-particle operators (dpy.;, ;n ;) such as

T T T T
Z CpnauCp—nau = Cpp1,Cp—nlu + Cppoy Cp—n2u + €3, Cp—n3u
1) 2) 3) ot 1
[ xVdy o +xPd, o+ xPd) = P d gy + 3P d o+ 35 Ay, 3)]

1) 41 2) 4T 3) 57T
(y( d -p— n1+y()d pP— 772+y( d -p— n3)]

+ <X danu Ypd—pnld) (Xpdp—n2u - Ypd—p—n1d>

+ (Xpdpau = Ypdpnis ) (X pdp-usu = Ypd—pis)- (5.3)
Therefore, the intermediate states |i) are needed:
i) = |pnab) =d), . d"_ 1®) (il = (Pld_p ppdpya)- (5:4)

Here, we remember that dp;);4 = dp;24, and so on. We summarize the necessary pieces to calculate
the second-order perturbative correction of energy for €, > u in Appendix B. Thus, for €, > p, the

15/22

GTOZ ‘P2 Yore N uo Arlqi N.Ld e /Blo'sfeulnolpioyxo-deld//:dny wouy pspeojumoqg


http://ptep.oxfordjournals.org/

PTEP 2015, 013D02 Y. Tsue et al.

second-order perturbative correction, E ., for the energy can be expressed as

corr?

Eip=Y (P|H1|pnab)(pnab|H|P)

corr
pnab Eo — Epnab

_ ¥ (eu + e + )0y yp )’
27/ €% 4+ 4N2

1
+
VEX +4A% + V2 + A2

pn(e>p)

[(eu —ea)’ (xy!

+xDYD)2 4 (e + eq — 262 (x Dy 4 xDyDy2 }

+ 2—621?[(@ +ea)* @y )’
+ (ey —€q) (x(z) ) 4 x(3)y(2)) + (ey + eq + 4ey) (x(3)y(3)) i|
b [l e + (eut e + (ea ter)’] <Xpr)2}. (5.5)
WE A2
As for the case €, < u, the same results are derived. The intermediate states are adopted as
pnab) =d_ ,,.d_,|®) . (5.6)

Then, the structure of operators in Hy for €, < u is the same as that of the case for €, > . Thus,

the correction energy, E for €, < p has the same form:

COIT’

ES.. =

corr

3 (®|H,|pnab)(pnab|H;|®)

pnab Eo - EPWT’

. {(eu+ed+€s) 25y 35 )?
24/E2 + 4A2

1
+
Ve + AN+ Vel + A2

pie<p)

[( ew —e)* (TP

+ x(l) (2)) + (ey + eq — 2e5) (x(l) (3) + x(3)y(l)) :|

PR N [(eu e GOFD)?
2VE2 + A2
+ (ew — ea)* @D + ED I + (e + ea + 4e)* (T 7)) }
I N [(eu o) + (ey + e5)? + (eg + es)z] (X,,Y,,)Z}. (5.7)
2VéE2 + A2

Finally, we obtain the correction energy by the second-order perturbation as
Ecor = Eqyy + Egpye (5.8)
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Here, by using x,(,a), y,(,a), X, Y, in(3.7), )E,()a), y,(f‘), )_(p, Yp in (3.8), e; in (5.1), and F7 in (2.2), and
by substituting the above quantities into E.q, We obtain

2 2
Ecor = -2 Z + Z p1+p2{ !

2 =3 5 — >
b piw) PP V@A VE A

1 2 +2A?
x—(l— <t )-<F32+F82>
3 VE + A2Ve2 4+ 42
1 A% (5 5, 19 ,
: SF{+—F )t (59
+2—é2+A2 €2+A2(63+12 8)} (5.9)

Then the thermodynamic potential ® can be obtained up to the second order of Vsp, namely, up to
the second order of Fg, as

1 1
¢:¢O+V‘Ecorr+E(F32+ng)~ (5~10)

The order of the phase transition from CFL to SP phases is determined through (5.9). Namely, from
(5.9) and (5.10), for the CFL phase, but with small F3 and/or F3, the thermodynamic potential ® is
obtained as

1 2 1 2
d=> — | F — | F, 5.11
0+(03+2G) 3+(08+2G> g (5.11)
up to the second order of Fy. Here, c3 and cg are expressed as
1 A A2—p?
3=-— dpz/ dp1 pL
T 0 0

2
|:pJ_ { 1
P> L/ 1p2 = 2ulpl + 12 + 4A2 + /|p> — 2ulp| + 2 + A2
1 |pI? —2ulp| + u? +2A2 )

x=11-

N A2 5}]
2(|pl> = 2ulpl + pn*+ A232 6] ]

1 A JAr=p3
g = ——2/ dps/ dp1 pL
T=Jo 0

2 1
i
P2/ 1p2 — 20lpl + 12 + 402 + /|pl> — 21l pl + 12 + A2

Xl<1_ |pI> = 2ulp| + pu* + 242 )
3 VIPP? = 2ulpl + 2 +4A2/|p[> —2ulp| + p1* + A?
A? 19}]
+ N (5.12)
2(1pI? = 2ulpl + u? + A2)3/2 12

Ifc3+1/(2G) > 0and cg + 1/(2G) > 0, the phase transition from CFL to SP phases is of the first
order because F3 = Fg = 0 always gives a local minimum of the thermodynamic potential . On the
other hand, if ¢35 + 1/(2G) > O and cg + 1/(2G) < 0 and vice versa, or c3 + 1/(2G) < 0 and cg +
1/(2G) < 0, the phase transition from CFL to SP phases is maybe of the second order. As is seen in
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Table 3. The coefficients of F7 (c3+ 1/(2G)) and F?
(cs + 1/(2G)) are numerically given within the second-order
perturbation theory at each chemical potential .

wn/GeV a3+ 1/2G) cs +1/2G)
0.40 0.015734 0.0076297
0.41 0.015304 0.0068182
0.42 0.014873 0.0060047
0.43 0.014427 0.0051920
0.44 0.014015 0.0043828
0.45 0.013592 0.0035803
0.4558 0.0133487 0.0031934
0.46 0.013174 0.0027882
0.47 0.012765 0.0020104
0.48 0.012367 0.0012519
0.49 0.011982 0.00051816
0.50 0.116142 —0.00018406
p[GeV*]
0.005
0.004
0.003
0.002 [
0.001 F
0 : 1 1 1 1 1 J
4 6 8 10 12 4y,

Fig. 4. The pressure is depicted as a function of the baryon number density divided by the normal nuclear
density. The solid curve represents the realized phase.

Table 3, in the region of < 0.49 GeV, and in particular at u = pu. (= 0.4558 GeV), the coefficients
¢34+ 1/(2G) and cg + 1/(2G) are positive. Thus, the phase transition may be of the first order.

From the above consideration, in Fig. 4 the pressure is depicted as a function of the baryon number
density divided by normal nuclear density, which has already given in Table 2. The realized phase is
represented by the solid curve.

6. Summary and concluding remarks

In this paper, it has been shown that quark spin polarization for each flavor may occur in the
three-flavor case at high baryon density, which leads to the quark spin-polarized phase, against the
color—flavor-locked phase due to the four-point tensor-type interaction between quarks in the Nambu—
Jona-Lasinio model. In a certain region of quark chemical potential, the CFL phase is favorable ener-
getically. However, as the quark chemical potential increases, the phase transition from CFL phase to
spin-polarized phase occurs. In our theoretical model, the phase transition occurs around the quark
chemical potential, being around 0.45 GeV under a certain parameter set. Based on the CFL phase,
we have treated the tensor-type interaction term between quarks as a perturbation one. As a result, it
has been shown that the phase transition may be of the first order up to the second-order perturbation.
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It has also been shown that, owing to the four-point tensor-type interaction, the spin polarization
may occur in the NJL model. The tensor-type interaction may come from the two-gluon exchange
term between quarks in QCD. It is interesting to clarify the origin of the tensor-type interaction. In
this paper, the total spin polarization is not realized, while the spin polarization with respect to each
flavor actually occurs. It may be important to introduce quark-mass splitting, namely, the strange
quark mass should be taken into account, while we have ignored it in this paper. Further, if the chiral
symmetry is explicitly broken, namely, the quark masses are not zero even in the chiral symmet-
ric phase, spin polarization originating from the pseudovector-type four-point interaction between
quarks may exist. One of next interesting problems may be to investigate the interplay between the
spin polarization from tensor-type interaction and that from the pseudovector-type interaction. As for
a realistic calculation of the inner core of neutron stars or quark stars, the charge neutrality condition
is important [16], and then the chemical potential of each quark flavor should be introduced. This
is one of the future problems we will consider, while we expect that the spin-polarized phase may
appear by the effects developed in this paper. Further, it is interesting to investigate the origin of the
strong magnetic field [17,18], for example, in the core of neutron stars. It is suggested that, in general,
spin polarization leads to the ferromagnetization. It is expected that the strong magnetic field exists
in the core of neutron stars. Then, if high-density quark matter is realized in the inner core of neutron
stars or quark stars, spin polarization may occur as is shown in this paper. Thus, one direction of
investigations in high-density quark matter is to understand whether the quark ferromagnetization is
realized or not in the quark spin-polarized phase. This will be one thing to solve.
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Appendix A. Mean field Hamiltonian without spin polarization in terms
of the quasi-particle operators

The mean field Hamiltonian, Heg, in (3.1) can be expressed in terms of the quasi-particle operators
dp:i, dl J,;;i, and c?;;l.. The result is as follows:

i’
3A?
Heff=H>—|-H<+V-2—GC,
1 .
H. = D @EY] +4AXpY,0,) x 3
p (€p>p)

£ T [or 602 o2 oD 2000+ 2+ 60,

+ [Ep . 2(xl(72)2 _ y1(72)2) — 4Axl(72)y1(92)¢p] d;;zdp;z
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+ [ 662 = yP) = 128xDyP 0, | ) 1dps
9 o+
+y [ép (X3 —YhH - 2AXpr¢p] a’}’,;adp;a}
a—4

66, x DD + 682 = Y02, | @] dl, + dpadp)

+ 3

P (ep>p)

+ [ 12,2y —6A (D2 - ,(,3>2)¢p] (' od’ 5+ dpadys)

+[ —42,x0y0 A2 - (2)2)¢p] (d,,z p2+d,;;2d,,2)
[ P37 p;
+

[ 28,X,Y, A(Xf,—ygw,,]
xddl o 4+ddl +dsadyu + dssudpia +d s dh +d dl
p2 ld p1d% p2u pld%p2u p2ulpld p3u p1s+ pls®p3u

+ dﬁlsdp3u + dﬁ3udp1s + d;3dd1'72s + dp2sdp3d + desdp3d + dp3ddp25)}

1 = -
Heo=3 D @ X5 —4AX,Y,6),) x 3

p (ep<p)
1 i} _ _ _ _

+ 3 Z [ep . 2(3)61(,1)2 + 2)61()2)2 + 6x§,3)2) + 2A(6x§,1)yél) 2x(2) (2) 6x(3)y(3))¢p]

p (€p<p)

+ Y {[e 3G — 52 - 1288508, |41 dp

p (€p<p)

+[gp 2522 — (2>2)+4Ax(2>y(2>¢p] Jdp

R O
9
+ 3 |& (T2 = X2 +24%, V0, | d;;ad,,;a}
a=4
+ Z { 66 x(l) (1) + 6A(x(])2 1(71)2)¢pi| (czﬁ;ljl’;l +0Z;;l[zj‘;;l)
p (ep<p)

—42,8P5P —2AEP? - ;,2)2)45,7] (dpadp +d),d5 )

+

+[ 126,55 — 6A(? — <3>2)¢p] (dpadps +d5d7 )
[ 26,X,7, —A(X2—Y2)¢,,]
X

7tat

+ dp2u pld

(dp2u pld + dplddp2u + dplddjﬂu + gﬁ?vu&pls + gﬁlsd_pS’u

7 7 T T
+ dplsdﬁS’u + dp3udpls +dpzadpos + dposdpsa + dpzsdp3d + dp3ddpzs)}
(A1)

Substituting xéa) and so on, we obtain the simple form in (3.12).
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Appendix B. Necessary matrix elements in the second-order perturbation theory

We collect the necessary pieces to calculate the second-order correction of energy, (5.2).

(@ Hi| pn1 1) (pn 11| Hi|®) = Y (®1(—x') v ) ew + ea + e)d_pryady 1 - dpyjd |9

'
X D (@ld_pyrdpy1 (=) ¥ ew + ea+ e)d), qd L 1D)
p'n
= (V¥ ) (e + ea + )7,

Eo— En = —2v/& +4A2,
(@ Hy|pn12)(pn12|H|®) = (x Py + x Dy D)2 (—ey + eq)?,

Eo— Epp = —Ve2 +4A2 — V& 1 A2,
(@|Hy|pn13)(pn13|H|®) = (xVy + x Py (e, — eq + 2¢4)?,

Eo— Ejy = —Ve2 +4A2 — & 4+ A2,
(@ H|pn22)(pn22|H|®) = (xPyP)*(eu + ea)?,

Eo— Exn = -2V + A2,
(O|Hy|pn23) (pn23|H|®) = (xPy§) + xPy P (—ey + ea)’.

Eo— Ex = —2m
(O|H)| pn33) (pn33|H1|®) = (xS y$))? (e + ea + 4es)?,

Eo— Exy = =2V + 4A2,
(®|Hy| pndS) (pndS|H|®) = (X,Y,)*(ew + €q)*,

Eo— E45 = —2J/& + 4A2,
(@|Hy| pn67)(pn67|Hi|®) = (X,Y,)*(eu + €5)7,

Eo— Eq7 = =2V + 4A2,
(©|H1|pn89) (pn89|Hy|®) = (X,Yp)*(eq + €5)7,

Eo — Ego = —2v/&2 + 4A2, (B1)
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