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Inhomogeneous chiral condensates in three-flavor quark matter
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We investigate the effect of strange-quark degrees of freedom on the formation of inhomogeneous chiral
condensates in a three-flavor Nambu—Jona-Lasinio model in mean-field approximation. A Ginzburg-
Landau study complemented by a stability analysis allows us to determine in a general way the location of
the critical and Lifshitz points, together with the phase boundary where the (partially) chirally restored
phase becomes unstable against developing inhomogeneities, without resorting to specific assumptions on
the shape of the chiral condensate. We discuss the resulting phase structure and study the influence of the
bare strange-quark mass m, and the axial anomaly on the size and location of the inhomogeneous phase
compared to the first-order transition associated with homogeneous matter. We find that, as a consequence
of the axial anomaly, the critical and the Lifshitz point split. For realistic strange-quark masses, the effect is,
however, very small and becomes sizeable only for small values of m.
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I. INTRODUCTION

Mapping the phase diagram of QCD at nonvanishing
temperature 7' and quark chemical potential 4 is one of the
major goals in strong interaction physics [1,2]. Lattice-
QCD calculations revealed that chiral symmetry, which is
spontaneously broken in vacuum, gets approximately
restored at high temperature via a smooth crossover
transition [3]. At low temperature but nonvanishing chemi-
cal potential, standard lattice Monte Carlo techniques are
not applicable. In this regime, one therefore has to rely on
other approaches to QCD, like Dyson-Schwinger equations
[4] or the Functional Renormalization Group (FRG) [5], or
on effective models, like the Nambu—Jona-Lasinio (NJL) or
the quark-meson model. Assuming spatially uniform chiral
condensates, these approaches typically predict a first-order
phase transition from the chirally broken to the (approx-
imately) restored phase, ending at a critical end point [4-7].
In the two-flavor chiral limit, one finds instead a tricritical
point where the first-order phase boundary at low T is
joined to a second-order one which replaces the crossover
in the high-7', low-u region. For simplicity, we will refer to
both the tricritical point and the critical end point as the
“critical point” (CP) in the following.
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Some time ago, it was found that spatially inhomo-
geneous condensates could be favored over homogeneous
ones in certain regions of the phase diagram [8—11]; see
Ref. [12] for a review. In the chiral limit, one then finds a
so-called Lifshitz point (LP) where three phases, the
homogeneous chirally broken phase, the restored phase,
and the inhomogeneous phase, meet. In particular, it was
found for the two-flavor NJL model in the mean-field
approximation that the inhomogeneous phase completely
covers the first-order phase boundary between the homo-
geneous phases [11] and that the LP exactly coincides with
the CP [10].1 Recently, we generalized this result to the
case away from the chiral limit [14]. A similar picture also
emerged from a truncated Dyson-Schwinger approach to
QCD, although the coincidence of CP and LP has not yet
been shown rigorously [15]. Indications for the presence of
an inhomogeneous phase have also been found in a very
recent FRG study of the QCD phase diagram [5].

In the present article, we want to investigate the effect of
strangeness degrees of freedom (d.o.f.) on the locations of
the CP and the LP in the NJL model. To this end, we will
employ the three-flavor NJL model and perform a
Ginzburg-Landau (GL) analysis. In order to get a better
feeling on the form of the phase diagram, this GL study will
be supplemented by a stability analysis, which, under

"This holds for the standard NJL model with scalar and
pseudoscalar interactions. If vector interactions are added, the
LP stays at the same temperature, while the CP moves to lower 7'
so that it is covered by the inhomogeneous phase and thus
disappears from the phase diagram [13].
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certain conditions, can provide us the location of the phase
boundary between the inhomogeneous phase and the
partially chirally restored phase.

Our motivation for this study is twofold. First, in the two-
flavor model, the CP and the LP are typically found in a
temperature and density regime where strange-quark effects
may not be negligible. Including strangeness d.o.f. will thus
be a step toward a more realistic description. A first study of
inhomogeneous phases in three-flavor matter is performed
in Ref. [16], albeit only for vanishing temperature and
employing a simple explicit Ansatz for the spatial depend-
ence of the chiral condensate. The authors found that the
coupling of strange and nonstrange quarks, which is related
to the axial anomaly, enlarges the inhomogeneous domain.
Our investigation will be complementary, as its range of
validity will be close to the locations of the CP and the LP
at nonvanishing temperature, as well as along the phase
boundary between the inhomogeneous and the partially
restored phase. Moreover, it does not rely on a certain
Ansatz for the inhomogeneity and allows for a more
transparent analysis of the role of the axial anomaly.
Our second motivation is the fact that QCD with three
very light quark flavors is expected to have a first-order
chiral phase transition even at y = 0 [17]. Hence, if in
three-flavor QCD the LP coincided with the CP, as it does
in the two-flavor NJL model, it would mean that the
inhomogeneous phase would also reach down to 4 = 0 for
small enough quark masses. At least in principle, it could
then be studied on the lattice in this case. For a first step, we
therefore want to investigate the behavior of CP and LP in
the three-flavor NJL model. While it has been known for a
long time that the CP indeed moves to lower chemical
potentials when lowering the quark masses and eventually
reaches the 7 axis [18], until recently, the behavior of the
LP had not yet been studied for the three-flavor case. In
particular, it has not been checked whether CP and LP still
coincide in that case.”

Our paper is organized as follows. In Sec. II, we
introduce the three-flavor NJL model and derive a
general expression for the mean-field thermodynamic
potential as a functional of several strange and nonstrange
chiral condensates with arbitrary spatial dependence.
Based on this, we perform in Sec. IIT a GL and a stability
analysis, focusing on the locations of the CP and the
LP as well as the position of the phase transition to the
partially restored phase. In Sec. IV, we give a quantitative
illustration of the results by numerical evaluation of
the GL coefficients before we draw our conclusions
in Sec. V.

’In a recent proceedings article [19], we presented parts of
the present analysis in a simplified form and concluded that CP
and LP do not coincide. In the present paper, we perform an
extended study and back up the results by numerical examples in
order to get a better feeling of the quantitative relevance of this
finding.

II. NJL MODEL SETUP

Our starting point is the three-flavor NJL Lagrangian
£ = p(iyd, — i)y + Lo+ Ls. (1)

where y = (u,d, s)T denotes a quark field with three flavor
d.o.f. and 72 is the matrix containing their current masses.
The last two terms describe a U(3), x U(3), invariant
four-point interaction,

8
Ly=G> [(Fraw)* + (Firstaw)?], (2)
a=0

and a six-point [“Kobayashi-Maskawa-"t Hooft” (KMT)]
interaction,

L = —Kldet; (1 +ys)y +detyw(1 —ys)y], (3)

which is SU(3), x SU(3); symmetric but breaks the
U(1), symmetry, thus mimicking the axial anomaly. In
the former 7,, a = 1, ..., 8, denote Gell-Mann matrices in
flavor space, while 7, = /2/31 is proportional to the unit
matrix.

Following standard procedures, we perform a mean-field
approximation, considering scalar and pseudoscalar flavor-
diagonal condensates,

or(x)=(F1)(x). mp(x)=(firf)(x). f={u.d.s}. (4)

allowing them to be spatially dependent. The mean-field
quark self-energies can then be expressed in terms of the
mass operators

Mf(x) =my —4G0f(x) +2K(ag(x)ah(x) —ﬂg(X)ﬂ'h(X))
+iy’ [-4Grp(x) = 2K (0,(X) 7, (X) +74(x)0;(X))],
(5)

where f # g# h # f. We furthermore assume isospin
symmetry in the light sector, m, = m,; = m,, and thus

0u(X) = 04(X) = 04(X) (6)

due to the flavor symmetry of the interaction. For the
pseudoscalar condensates, given the isospin structure in the
light sector, we identify

7, (X) = —74(X) = 7, (x), (7)

while we neglect the pseudoscalar condensate in the strange
sector, 7, = 0. The latter is motivated by the fact that
pseudoscalar condensates are usually suppressed by the
presence of nonvanishing bare quark masses, which we will
always consider in the strange sector.
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The mass operators then reduce to
M, (x) = m; — [4G = 2Ko,(x)] (04 (x) + iy 7/ (x)),
) -

A

(o
i1,(x) = my - [4G = 2Ko,(x))(04(x) = ir*m/(x)).

M,(x) = m; — 4Go,(x) + 2K (07 (x) + m3(x)), (8)

which is a considerable simplification compared to Eq. (5)
but still catches the most important structures. For instance,
it is compatible with the Ansatz of Ref. [16], which we will
briefly discuss at the end of this section.

Neglecting fluctuations, the mean-field thermodynamic
potential at temperature 7" and quark chemical potential y is
then given by

T —1
Q(T,u)=—=Trlog—
() == Trlog™

1
+V[/d3x{2G[2(0§ +72)+ 02| —4K (6% +7%)o,},

©)

where V is a quantization volume and Tr denotes a
functional trace to be taken in the Euclidean space-time
((it.x) € V4 = [0,4] x V) and over internal (Dirac, color,
and flavor) d.o.f. The inverse dressed quark propagator is
given by S~ = diag,(S;', S;'. S5') with the flavor com-
ponents

S;l(x) = iy*0, +puy° — Mf(x). (10)

From the above expressions, we can see that the different
flavors only couple through the six-point interaction, and
thus for K = 0, we obtain the usual expression for the two-
flavor model plus a decoupled s-quark.

Having set up the model, we can now analyze its phase
structure by minimizing Q(7', u) with respect to the con-
densates. When restricting the analysis to homogeneous
condensates, this is straightforward and has been done many
times in the literature; see, e.g., Ref. [20]. With realistic
parameters, one basically obtains the result already men-
tioned in the Introduction, i.e., a first-order phase transition
atlow temperatures turning into a crossover at higher 7', both
of which can mainly be associated with the chiral restoration
in the light-flavor sector. Further outside, i.e., at larger values
of p or T, there is another transition (usually a crossover)
related to the partial symmetry restoration in the strange-
quark sector. Although of minor importance for our GL
analysis, this second transition will play a role for the
behavior of the inhomogeneous phase at higher chemical
potentials, as we will briefly discuss at the end of Sec. IV.

The numerical analysis of the model phase diagram
allowing for inhomogeneous condensates is obviously
much more challenging, as one should in principle
allow for arbitrary spatial modulations of 6., 7., and oy.

The authors of Ref. [16] have therefore restricted them-
selves to a relatively simple Ansatz, namely a chiral density
wave in the light sector, 6,(X) = 6 cos(q - X), 7,(X) =
oo sin(q - x), m, =0, embedded into a homogeneous
strange-quark background o, = const. Inserting this
into Eq. (8), one finds that M, = m, — 4Go, + 2Ka} is
homogeneous as well, while M, and M, form an isospin
doublet M, = Myexp(iy’z°q - x) with amplitude M, =
—(4G = 2Ko,)0,. This feature allowed the authors to find
the eigenvalue spectrum of the corresponding Hamiltonian
by adopting the known two-flavor result [21]. It should be
noted, however, that this straightforward generalization of a
known two-flavor solution was only possible because the
space dependence of the 6, and 7z, contributions to M
cancel each other for this Ansatz. In contrast, the purely
scalar “real-kink crystal,” which in the two-flavor model is
energetically favored over the chiral density wave [11],
cannot self-consistently be generalized in this simple way
since coupling it to a homogeneous o, would still lead to an
oscillating M, as long as K is nonzero.

In the remainder of this work, we will not resort to a
particular Ansatz for the condensates but consider general
functions 6,(x), 7,(x), and 6,(x) both within a GL as well
as a stability analysis of the homogeneous phase. This will
allow us, under certain conditions, to locate the position
of the Lifshitz point together with the critical point and
the phase boundary where inhomogeneous condensates
become energetically favored.

III. GINZBURG-LANDAU
AND STABILITY ANALYSIS

The GL expansion of the thermodynamic potential
allows for a systematic study of the phase structure while
requiring only a limited number of assumptions. Generally,
it corresponds to an expansion of the free energy in terms of
one or more order parameters and their gradients, assuming
that these quantities are small. In the context of chiral
symmetry breaking, the order parameter is usually identi-
fied with the chiral condensate, and the expansion is
performed about the chirally restored solution where the
condensate vanishes. Of course, this only works in the
chiral limit, while in the presence of nonzero bare quark
masses, there is no chirally restored solution, and therefore
the expansion has to be performed around nonvanishing
condensate values [14].

On the other hand, in a realistic calculation, the bare
strange-quark mass is much larger than the bare masses of
the up and down quarks. We may therefore study a partially
simplified problem where we take into account m, # 0 but
consider m, = 0. In this case, a two-flavor restored solution
o, =m, =0 exists, which we take as the expansion
point of the GL analysis. In the strange-quark sector, we
proceed similarly as in Ref. [14] for the case of light quarks
away from the chiral limit and expand around a 7- and
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u-dependent but spatially constant condensate o-ﬁo), corre-

sponding to a stationary point of Q at 6, = 7, = 0. To this
end, we write

6,(x) = ¥ + 60, (x) (11)
and introduce the order parameters

Ay(x) = —4G(o,(x) + imy(x)) and
As(x) = _4G66S(X)’ (12)

which are proportional to the fluctuations around our
expansion point and have the dimension of a mass. We
then write

1
Q[O'f,ﬂ'f,o's] = Q[O, 0, 0£0>] + v/d:iwaL(Af? AS) (13)

and expand wgp in powers of A, and A and gradients
thereof.

Note that in Eq. (12) we combined the light-quark scalar
and pseudoscalar condensates to a complex order param-
eter. In fact, as a consequence of the remaining two-flavor
chiral symmetry, o, and 7, can be rotated into each other
by a symmetry transformation, and therefore wg; can only
depend on the modulus of A, but not on its phase.
Moreover, since we expand about the two-flavor restored
phase, only even powers of |A,| are allowed. For A, on the
other hand, we can also have odd terms. Finally, the
possible gradient terms are restricted by the requirement
that the potential must be a scalar under spatial rotations.

Treating initially both light and strange order parameters
as well as gradients to be of the same order, the GL
functional up to order 4 thus takes the form

weL(Az, Ag) = | Ag* + g o|Ap|* + ay VAL + - -
BB+ PrAT + B3 AT + P
+ Bap (VA + -+
+ 73| AcPAy + 7alALPAT (14)

where the a and f terms correspond to the contributions
from the light and strange condensates, respectively, and
the y terms describe the mixing.

Since we are expanding about a homogeneous stationary
point, the linear coefficient ; associated with A has to
vanish,

— =0, (15)

This condition is of course equivalent to a gap equation for

a§°) at given T and p.

For vanishing y;, the GL analysis of the nonstrange
sector would be identical to the two-flavor case in the chiral
limit, which has been analyzed in Ref. [10]. More specifi-
cally, the location of the CP, where the first-order phase
transition turns into a second-order one, is given by the
point where both the quadratic and quartic coefficients a,
and ay , vanish, while the LP appears where both a, and the
lowest-order gradient coefficient a, ;, become zero. For the
standard two-flavor NJL model, one finds that o, , = a4,
and as a consequence, the CP and the LP coincide [10].

In order to study how these relations get modified in the
presence of a third flavor coupled to the light sector, as
reflected by y; # 0, the first step is to eliminate A, by
extremizing the thermodynamic potential with respect to
this function. To this end, we employ the Euler-Lagrange
equations,

8wGL _a aa)GL

oA, 71 90,A,

=0, (16)
which, after using the gap equation f; = 0, yields
A, = =2 |ALR + O(A) = As, (17)
26,

Here, the orders in A, and gradients are treated equally,
O(V") = O(A2), as we already did when we wrote down
Eq. (14). From Eq. (17), we then see, however, that A is of
the order (’)(A%).3 Inserting Eq. (17) back into Eq. (14) and
keeping only terms up to the order O(A‘}), one then obtains

2
14
wor(Ap, AY) = ap| Ag? + <a4,a - ﬁ) A

+(X4’b|VAf|2+ (18)

We thus find that the quartic term in A, gets an additional
contribution through the coupling to the strange quarks,
while the gradient term does not. So, the relevant equations
for locating the CP and the LP become

2
oy = 0 and a4,CP = a4‘a - 4?/—3 =0
2

oy = 0 and Aurp =0y = 0 at the LP, (19)

at the CP,

and therefore, even if ay , and oy, were still equal (as they
are in the two-flavor model), the CP and the LP would no
longer coincide for y3 # 0.

3This is reminiscent of the case when vector interactions are
included in the model: by solving the equation of motion for the
vector condensate, one also finds it to be quadratic in the
amplitude of the mass amplitude [13,22].
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A. GL coefficients

In order to make more quantitative statements on the
relative position of CP and LP, we need to determine the
GL coefficients explicitly. To this end, we basically follow
the procedure of Ref. [10], although the present case is
technically somewhat more involved due to the nonvanish-
ing strange-quark mass and the presence of the KMT term.

In a first step, we decompose the mass operator for flavor
f into a constant and a fluctuating piece,

(x) Mf0+5Mf( X), (20)

by inserting Eqgs. (11) and (12) into Eq. (8). Explicitly, one
finds

M, o=m,—4Go\", SM,(x)=A,(x)+x|A % (21)
M, o=M,0=0,
5MZ(X) =[14+5+xA;(x)](ReA,(x) £ iy’ ImA,(x)), (22)

where we have introduced k =K /8G? and §=k(M o —m,).
The mean-field thermodynamic potential (9) can then be
written as

T N
Q= _NCZ VTrD'V4 lOg(S]T{) - (SMf) + Qcondﬂ (23)
7

where S;ﬁlo(x) = iy*d, +puy° — M/, is the inverse bare
propagator of a free fermion with mass M;,,. We have
already turned out the trivial color trace (leading to a factor
of N.) and write the flavor trace explicitly as a sum, so that
the remaining functional trace is only to be taken in
Euclidean space-time and Dirac space.

The condensate part, corresponding to the second term
on the right-hand side of Eq. (9), becomes

M,y—my)?> 1
Qcond = % + V[/d:;xwg)l?d(A% As>7 (24)

8
with
1
(80 8) = 5 { 0 = m)A, + (14 20,
1
+EA?+2K|AK|2AS}’ (25)

from which we can straightforwardly read off the con-
densate contributions to the GL coefficients S, a,, f»,
and y;3.

In order to obtain the contributions from the Tr log term
in Eq. (23) as well, we expand the logarithm into a Taylor
series about Sy

Trpy, log(Sj?}) - 5Mf) =Trpy, log(S]?}))

1 & N
_EZTI'D-V;;(S]C.O(SMJC)”' (26)
n=1

The functional traces are given by

TrD,V4 (SfoéMf)n
- / H d4x,-trD [Sfﬁo(xn, X1 )5Mf(X1)Sf,0(xl s X2>
i=1
X (SMf(XZ)"'Sf,O(xn—]vxn)éMf(xn)L (27)

where the integrals are again over V, and trp indicates a
trace in Dirac space. Noting that Sy, is the standard
propagator of a free fermion with mass M, at temperature
T and chemical potential u, the evaluation of the Dirac trace
is straightforward using the momentum-space representa-
tion of Sy in the Matsubara formalism. After performing a
gradient expansion of M ;(x;) about x,, i.e., SMs(x;) =
SM(x)) + VM (x;) - (x; — X;) + - - -, one can also per-
form the integrations over all space-time variables x; # x;
and then compare the results with Eq. (14) to read off the
GL coefficients. Here, some attention has to be payed to the
fact that, as a consequence of the KMT coupling, 5/ [
contains linear and quadratic terms in the fluctuations A;
and therefore (S fvoélf/[ )" contains different orders as well.
We find

—(14+28)

1 1
Y, +§(1 +6)*F,(0) +§KMSA0F1(MS,0)7

(28)

1 1
Ay q= 1(1 +8)*F,(0) +ZKZ(Fl(Ms.o) +2M3 Fy(Myy)).

(29)
1
Ay p = Z (1 + 5)2F2 (0), (30)
MS — my 1
B = -ZG + 5 Moo Fi (M), (31)
1 1
pr= 8G+4F1 (M;0) +§MS.OF2(Ms,O)7 (32)

where we have introduced the functions
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_ d’p !
Fn(M) - 8NC / (271_)3 TZJ: [(l(z)] +ﬂ)2 _ p2 _ MZ]n ’
(34)

with fermionic Matsubara frequencies w; = (2j + 1)zT.
From the stationary condition #; = 0, we thus obtain

MS,O =mg — 2GMS‘0F1 (MS,0)7 (35)

which corresponds to the gap equation for a constant
dressed strange-quark mass at temperature 7 and chemical
potential u in the absence of light condensates, as expected.
With the help of this equation, some of the GL coefficients
can be simplified. In particular, we find

1o
612:(1+5)|:E+§(1+5)F1(0):|, (36)
pr= 2 Lap ) (37)

2 =36 M,, T2 Mol Mso).

r=x{gg (1+375) + 0+ OF 0 M2oa0,0)

(38)

As we have seen earlier, the different flavors are only
coupled through the six-point interaction. Indeed, for
K =0 and thus x = 6 = 0, the flavor mixing coefficient
y3 vanishes, and the a coefficients reduce to the corre-
sponding two-flavor expressions in the chiral limit. In
particular, we reproduce again the result of Ref. [10] that
CP and LP coincide in this case.

For K # 0, on the other hand, y; # 0, and therefore the CP
and the LP would not even coincide if a4, and a4, were
equal, as seen in Eq. (19). Moreover, a, , and ay , are not
equal, and the two effects do not cancel each other. We thus
find that CP and LP split for K # 0, i.e., as a consequence of
the axial anomaly.

B. Stability analysis

The GL analysis is valid in regimes where both the
amplitudes and the gradients of the order parameters are
small, i.e., in the vicinity of second-order phase boundaries
between homogeneous phases or in the inhomogeneous
|

phase close to the LP. It is possible, however, to determine
the entire second-order boundary between a homogeneous
and an inhomogeneous phase as well if we drop the
assumption of small gradients while keeping the assumption
of small amplitudes [9,14]. To this end, we start from
Eq. (27), but instead of performing a gradient expansion
of the mass functions, we allow the fluctuating condensates
to be arbitrary periodic functions and decompose them into
their Fourier modes; i.e., we write

os(x) = fof,qkeiq“‘, mp(X) = Zﬂf.qkeiqk'x,
Gk Uk

boy(x) = Z(Sas’qke"q’f‘x, (39)
L3

with q;, belonging to the reciprocal lattice corresponding to
the periodic structure. Requiring real-valued condensates in
coordinate space, the Fourier components for opposite
momenta are related as 6, _q, = o, , etc. Using again

the momentum-space representations of the propagators S o
as well, the integrals in Eq. (27) are readily performed. We
can then decompose the thermodynamic potential as

Q=> ql", (40)
n=0

where Q) is of nth order in the fluctuations. The linear term

Q) is proportional to f#, and thus vanishes by the gap
equation (35).* For the quadratic term, one finds

Q¥ =8G2> {I71(q})(160,.q,* + 16714, 1)
k
+I71(q}) |60, 4,17} (41)

with

2@0) = (140) 3+ (1+0)(Fi(0) - JaPLa(a0) )|

(42)

I
L) = gear

1
4G M,, _Z(qz +4M§,0)L2(q2;Ms,o), (43)

and the function

1

Ly(q% M) = =8N /Cp—pTZ
b “J @a) " &= [liw; + w7 = p? = MP[(iw; + 0)° = (B + @) — M)’

“More precisely, we find that Q) « 8 100, q—0; 1.€., it is affected only by spatially constant modes q = 0. Since by assumption our
expansion point corresponds to a stationary homogeneous solution of the thermodynamic potential, we can thus turn the argument

around and conclude that $#; has to vanish.
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and we have again used the gap equation (35) to eliminate
F{(M,,) from the above expressions. Note that the GL
coefficients quadratic in the amplitudes could alternatively
be derived as ay =3T;'(0), p, =1I71(0), and ay), =
: d‘éz I';'(q*)|42—0- leading to the same results as given in
Sec. ITA.

According to Eq. (41), the homogeneous ground state we
expand about becomes unstable against developing inho-
mogeneities if [';! or I';! are negative in a region with
nonvanishing q. Thus, as long as we are in the region where
the phase diagram restricted to homogeneous condensates
has a ground state with 6, = 0, the second-order phase
boundaries to the inhomogeneous phase correspond to the
lines in the 7" — u plane where one of these functions just
touches the zero axis, i.e., has a vanishing minimum at
some q° # 0.

IV. NUMERICAL RESULTS

We now want to evaluate the GL coefficients and the
functions I';! or I'y! numerically and analyze the resulting
phase structure of the model, focusing in particular on the
locations of the critical and Lifshitz points. To this end, we
first need to fix the model parameters. Since the NJL model
is nonrenormalizable, this includes deciding upon a regu-
larization scheme for the divergent momentum integrals.
As in our previous works, e.g., Refs. [13,14,22], we choose
a Pauli-Villars (PV) inspired regularization scheme, since a
sharp three-momentum cutoff is known to lead to large
regularization artifacts when dealing with inhomogeneous
phases. More specifically, we follow Ref. [11] and regu-
larize the vacuum contributions to the thermodynamic
potential with three PV regulators, while we keep the finite
medium contributions unregularized. For the integrals
F,(M), we then have

2N, [ R | _
F](M):— = [) dpPZ[chE—E(n—Fn) , (45)
=0 J

Ne [ > 1 1 _
FZ(M>:F | dpp ZCJ»E—E(n—l-n)
Jj=0 J

1 /Oon On
() »

with E=+/p*+M?, E; = \/E* 4+ jA?, the PV coefficients
cj= {1,-3,3, -1}, and Fermi distribution functions n =
exp((E — )/T) + 17" and 7t = [exp((E +u)/T) + 1],
Similarly, we have

L (q2'M):—L& oodpp ic~i—l(n+ﬁ)
2 ’ |q‘ ”2 0 = JEj E
2
xln(w) (47)
lal -2p

The corresponding regulator mass A, the coupling constants
G and K, as well as the bare quark masses m, can then be
fitted to vacuum phenomenology. For a starting point, we
take a parameter set [23], which has been fitted to the vacuum
values of the pion decay constant and of the masses of the
pion, kaon, and 7, while fixing the constituent light-quark

mass in vacuum to a value of Mg;vac) = 325 MeV. This
yields A = 781.2 MeV, GA? = 4.90, KA> = 129.8, m,=
236.9MeV, and m, = 10.3 MeV. As discussed before, we
work, however, in the light-flavor chiral limit; i.e., we set
m, = 0, instead of taking the above value. The vacuum
constituent mass of the light quarks then takes a somewhat
smaller value of about 310 MeV; i.e., both M}* and A are
roughly in the same ballpark as in similar studies in the two-
flavor model.” Since our goals are to investigate the phase
structure for both realistic and small bare strange-quark
masses, we will vary m in the following but refer to the fit
value given above as the “realistic” one.

We note that the fit value of the KMT coupling in the
dimensionless combination KA®> is about one order of
magnitude larger than typical values using a three-momen-
tum cutoff [24-26]. This is consistent with Ref. [27], where a
systematic comparison of various regularizations schemes
has been performed and where similarly large values for
KA’ have been found for PV regularization.6 Nevertheless,
we will also vary the value of K in order to study its effect.

In any case, the parameters from the fit (with m, set to
zero) turn out to be a reasonable starting point for our
studies. In particular, when we restrict the analysis to
homogeneous phases, the phase boundaries, which are
displayed in Fig. 1, are in fair agreement with typical results
obtained with a three-momentum cutoff. In the figure, we
also show three curves associated with the roots of the GL
coefficients, which, as specified in Eq. (19), determine the
locations of the CP and the LP. With this parameter set, the
two points turn out to be extremely close to each other,
although, unlike in the two-flavor case, they do not
coincide exactly (see inset), with the LP being at slightly
higher temperature.

Last but not least, we show in the figure the curve where
7' (q2;,) = 0, determining the onset of the instability and
thus the location of the second-order phase boundary where
the inhomogeneous phase meets the two-flavor chirally

5Typical values are My =300 MeV and A =757.0 MeV
i .
quantitative comparison with our parameters is not possible
since the authors of Ref. [27] have chosen a slightly different PV
scheme with two regulators and a common regulator mass.
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FIG. 1. Phase diagram for our starting parameter set fitted to

vacuum phenomenology. The inset shows a zoomed-in view
close to the CP/LP. The solid gray line denotes the first-order
phase boundary for homogeneous matter, and the orange dot-
dashed line is the boundary of the instability region. The
remaining lines denote the position of the roots of the GL
coefficients a, (blue dot-dot-dashed), ay cp (black dotted), and
ayp (red dashed). Above the LP, the a, line corresponds to the
second-order boundary between the homogeneous broken and
two-flavor restored phase.

restored one. For 7 = 0, we find that at the transition
Gmin ~ 1 ~ 350 MeV, and as we follow this line toward
higher temperatures, its value gradually drops, until it
reaches zero at the LP.

It is important to note that the instability line is located at
higher chemical potential than the first-order boundary of
the homogeneous analysis. Therefore, coming from the
two-flavor chirally restored phase and lowering the chemi-
cal potential, the instability toward the inhomogeneous
phase occurs first, and the analysis is not invalidated by a
preceding homogeneous first-order transition. In turn, this
means that the first-order boundary between the homo-
geneous phases, including the CP, cannot be trusted. In
fact, we have checked by evaluating F;l that the two-flavor
chirally restored solution is unstable along this first-order
line, indicating that the latter is entirely inside the inho-
mogeneous phase.

We thus find that the phase diagram is very similar to the
two-flavor one, with an inhomogeneous phase covering the
entire homogeneous first-order phase boundary. Working
out explicitly the left phase boundary between the homo-
geneous broken and the inhomogeneous phase would,
however, require making an Ansatz for the shape of the
modulation, which is outside the scope of this work.’
Finally, we note that our numerical analysis finds no region
of the phase diagram where I';! becomes negative; i.e., the

’Alternatively, the improved GL approach proposed in
Ref. [28] might also provide a good approximation for the
location of the left phase transition.

160 T T T T T T
11
[
120 | 15 i
- 20
s [
] B 50 |
= 80 -
= 300 300
500
40 b 20, 1
150
110
O 1 1 1 1 1 1

0 50 100 150 200 250 300 350
u (MeV)

FIG. 2. Locations of the CP (black squares) and LP (blue dots)
for different values of m, (as indicated, in MeV). Filled (open)
symbols denote the cases in which the GL analysis used to
determine them is reliable (not reliable).

instability is driven by the light quarks only. As discussed
above, because of the flavor mixing, the dynamical strange-
quark mass as well as the strange condensate [see Eq. (17)]
can nevertheless be inhomogeneous as well, depending on
the explicit shape of the nonstrange condensates.

In order to get further insight into the nature of the
splitting between the CP and the LP, we now investigate
the effect of varying the model parameters associated with
the third flavor, namely the KMT coupling K and the
strange current mass m, on the location of the two points. A
first useful observation is that the equation a,, = 0 [see
Eq. (28)] does not depend on any of these two, and
therefore the location of the LP will only be affected by
changes in the @, = 0 line.

We start by showing in Fig. 2 the influence of the strange
current mass on the location of the CP and the LP, varying
my from 300 MeV toward zero. As can be seen from the
figure, the points move rather slowly for large and moderate
values of m, but speed up when the current mass gets
smaller. As expected, with decreasing m,, the location of
the CP moves to lower chemical potentials, until eventually
it hits the temperature axis and the phase transition between
the homogeneous phases becomes first order at all chemical
potentials. With our parameter set, this occurs for a strange
current mass of around 10 MeV. This agrees well with the
corresponding value of m, found in Ref. [18] within a
three-flavor Polyakov-Nambu-Jona-Lasinio model with
three-momentum cutoff, giving additional support to our
parameter choice.

The LP on the other hand follows a different trajectory,
significantly splitting from the CP and moving toward
lower temperatures as the current strange mass decreases.
In order to better understand this behavior, we show in
Fig. 3 for two different values of m, the curves where the
relevant GL coefficients vanish. We see that for lower m
the a4 cp line moves toward the temperature axis (in
particular around the a, line), thus explaining the
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FIG. 3. Roots of GL coefficients for m; = 20 MeV (black) and

m; = 50 MeV (red). The dashed lines correspond to @,, and the
dotted ones correspond to a4 cp. The solid blue line indicates the
root of ay;p, which is independent of m;.

corresponding movement of the CP. On the other hand,
recalling that a4 ;p does not change at all, the relatively
mild change of a, suggests that the LP moves only little.
Nevertheless, together with the shape of the a, ; p = O line,
it explains why the LP goes down in temperature when
is reduced.

Again, we should, however, pay attention to the ordering
of the phase transitions. Unlike for the realistic mass case in
Fig. 1, we find that for small values of m, the homogeneous
first-order phase boundary is to the “right” of the inhomo-
geneous instability line. In this case, coming from the two-
flavor chirally restored phase and reducing the chemical
potential, the homogeneous first-order transition takes
place first and invalidates our analysis for the LP and
the second-order phase transition to the inhomogeneous
phase. More precisely, we find that the LPs indicated in
Fig. 2 should not be trusted for m, < 50 MeV, while at
least part of the instability line still lies to the right of the
homogeneous first-order line until m, ~40 MeV. Below
this value, it moves completely behind it, and it is then
likely that the inhomogeneous phase disappears from the
phase diagram.

In the above analysis, in order to single out the effects of
varying a single parameter on the phase structure of the
model, we decided not to refit completely all the vacuum
observables but simply varied m, while keeping all the
other parameters fixed. Changing the current strange-quark
mass turns out to have a very small effect on the value of the
vacuum constituent-quark mass for light quarks,8 the value
of which is known to strongly affect the phase transition in
the light sector. This was, however, not the case for the six-
quark coupling K, as simply decreasing it while keeping all

¥The light vacuum constituent-quark mass was found to vary
by less than 5 MeV throughout the whole range of m; inves-
tigated.

180,
76.8 | oC180 .
160
[ ]
129
— 160
% .90 [m]
2 766 .
— %0
50
50
o 129
76.4 - 5
90
1 o 1
277.2 277.4 277.6 277.8
H (MeV)

FIG. 4. Locations of the CP (black squares) and LP (blue dots)
for different values of KA>. For K = 0, the two points coincide.
Filled (open) symbols denote the cases in which the GL analysis
used to determine them is reliable (not reliable).

the other parameters fixed quickly leads to unreasonably

small M (fvac) and consequently to the disappearance of both
CP and LP from the phase diagram. In order to work

around this limitation, we decided to refit the four-fermion

coupling G together with K in order to give the same M ;vac)

as in our starting parameter set. The resulting locations of
the CP and the LP for different values of K (and refitted G)
are shown in Fig. 4. There, we can see that, after perform-
ing the refit, the locations of both points depend only very
little on K (note the scale). Within this scale, they follow
again different trajectories. As expected, the two points
agree for K = 0, reproducing the known two-flavor limit as
the third flavor in this case decouples completely. As K
increases, the two split, and the LP moves above the CP.
Up to KA = 160, the situation is qualitatively similar to
the one discussed in Fig. 1; i.e., the inhomogeneous phase
completely covers the first-order phase boundary, invali-
dating the GL results for the CP. The trend reverses if we
consider extremely high values of the six-quark coupling:
For KA3 > 170, the CP reappears in the phase diagram,
while the GL result for the LP can no longer be trusted. We
stress again that all these variations occur in a very limited
range of temperatures and chemical potentials, as can be
seen by the scale in the figure.

Finally, we would like to comment on the situation at
higher densities. From the two-flavor NJL model, it is
known that at higher chemical potentials a second inho-
mogeneous phase, of which the physical nature is unclear
and which we termed “inhomogeneous continent,” appears
[29]. The corresponding phase boundary can also be
determined by the stability analysis, and we find that for
the three-flavor model the inhomogeneous continent exists
as well. In fact, the existence of this phase was already
reported in Ref. [16] for T = 0. Moreover, these authors
found that, as a consequence of the KMT interaction, a third
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inhomogeneous phase appears between the usual inhomo-
geneous “island” and the continent. At the lower-u end, this
new phase is reached from the two-flavor restored phase via
a second-order phase transition, whereas at the upper end,
there is a first-order transition back to the restored phase.

In our calculations, i.e., with our regularization and
parametrization, we do not see this intermediate inhomo-
geneous phase, but we find a behavior which could be seen
as precursor of this phase and might allow us to shed some
light on its nature: Within our starting parameter set, we find
that, as we increase the chemical potential beyond the
second-order transition from the inhomogeneous island to
the restored phase, the function I';! starts developing a new
minimum for large values of q2, which gradually approaches
zero. However, before the instability is reached, the partial
chiral-symmetry restoration in the strange sector takes place,
leading to a steep decrease of the dynamical strange-quark
mass and pushing the minimum up away from zero. The
minimum then decreases again and eventually reaches zero
at the onset of the inhomogeneous continent.

At least qualitatively, this behavior and that observed in
Ref. [16] can be understood from Eq. (42). Consider a point
on the second-order phase boundary between the inhomo-
geneous phase and the two-flavor restored phase. On this
point, we have F;l = 0; i.e., the expression in square
brackets in Eq. (42) vanishes. From this, we can see that if
we now increase the value of d, F;l becomes negative; i.e.,
the point moves inside the inhomogeneous phase. Hence,
increasing o0 increases the size of the inhomogeneous
regime, moving the upper phase boundary of the inhomo-
geneous island upward and the lower boundary of the
continent downward in x. The situation is complicated,
however, by the fact that § depends on M, and thus
indirectly on T and u. As long as M is roughly constant,
we have 6 « K/ G ie., increasing K (and simultaneously
decreasing G by the parameter refit) enhances the value of 6
and thus of the inhomogeneous region. In contrast, if we
keep K fixed but increase the value of u, the strong decrease
of M, related to the partial chiral-symmetry restoration in
the strange sector lowers & considerably, in our case
preventing an early onset of the continent. If on the other
hand the decrease of M occurs after the second inho-
mogeneous phase has already started, the related decrease
of 6 can shut this phase off again, and the continent
reappears only at even higher values of u. It is possible
that this is what happened in Ref. [16], and it would be
interesting to check whether this scenario is indeed what is
occurring within the model regularization and parametri-
zation used in that work.

V. CONCLUSIONS

In this work, we investigated within the NJL model how
the formation of inhomogeneous chiral condensates is
affected by the inclusion of strange quarks, which are

coupled to the light flavors via a KMT determinant
interaction, mimicking the effects of the axial anomaly.
The use of a Ginzburg-Landau analysis allowed us to infer
the location of the critical and the Lifshitz points in a
general way without having to specify a shape for the
spatial dependence of the chiral condensate. Furthermore,
using a complementary stability analysis, we were able to
determine the location of the second-order phase transition
where inhomogeneous condensates become favored over
chirally restored matter. The latter also indicates that it is
favorable only for the light-quark condensates to become
inhomogeneous, whereas no instability was found in the
strange-quark channel. This does not exclude that an
inhomogeneous strange-quark condensate is induced by
the coupling to the light quarks, but this depends on the
favored shape of the spatial modulations.

Our first main result is that the axial anomaly leads to a
splitting between the CP of the phase transition for
homogeneous matter and the LP associated with the
inhomogeneous phase. This splitting turns out generally
to be very small, with the exception of the limit of very
small strange current quark masses, for which the CP
moves toward the temperature axis and eventually dis-
appears from the phase diagram, whereas the LP does not
follow the same behavior. For a realistic parameter set fitted
to vacuum phenomenology, the two points are nevertheless
found to almost coincide for a wide range of values of the
six-quark coupling K. It is important, however, to stress
that the points do not coincide exactly, and for a wide range
of parameters explored in this work, we find that the first-
order chiral phase transition which is typically present
when restricting the model analysis to homogeneous matter
is completely covered by the inhomogeneous phase.

A closer inspection of the behavior of the GL coefficients
allowed us to better understand the behavior of the two
points and the magnitude of their splitting, while our
complementary stability analysis let us determine in several
cases the location of the phase boundary where the inho-
mogeneous phase terminates. Consistently with the results
of Ref. [16], we find an enhancement of the inhomogeneous
phase due to the coupling with strange quarks, although, as
already mentioned, the effect turns out to be quite small, and
we did not witness the appearance of any additional
inhomogeneous window in the phase diagram compared
with the two-flavor case.

We recall that our study relies on the approximation of
small amplitudes (and additionally of small gradients for
the GL analysis), so it can only provide a reliable result if
we are able to expand about a suitable homogeneous
solution, which for simplicity we assumed to be the
two-flavor restored phase. It would be tedious but straight-
forward to extend the method to expand about massive
homogeneous solutions in the light-quark sector as well, as
we have done in Ref. [14] for the two-flavor model away
from the chiral limit. We note that in this case we could
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even study the stability of the homogeneous chirally broken
phase against inhomogeneities, while this region was not
accessible to our present analysis. But even then, we stay
restricted to second-order phase transitions. It would there-
fore be desirable to perform a full numerical evaluation of
the model thermodynamic potential in order to obtain the
complete phase structure of the model. This would require
the introduction of specific Ansitze on the spatial depend-
ence of the chiral condensate and a full numerical diag-
onalization of the quark Hamiltonian, as done, e.g., in
Ref. [30]. In principle, one could also perform an Ansatz-
free minimization of the thermodynamic potential within
lattice field theory, which has already been applied to
analyze inhomogeneous phases in lower-dimensional mod-
els [31-34] but obviously becomes computationally
extremely expensive in 3 4+ 1 dimensions. Another way
to go beyond the small amplitude constraint would be to
perform an extended GL analysis, as done in Ref. [28],
although the determination of higher-order GL coefficients
would become significantly more involved due to the
additional contributions in the model Lagrangian.
Ultimately, we are of course interested in the phase
structure of QCD; i.e., one should go beyond effective
models and the mean-field approximation. In this context, it
is interesting to note that in Ref. [5] hints for an inhomo-
geneous phase have been found within a FRG study of the
QCD phase diagram for 2 + 1 flavors. It was found that in a
certain regime in the vicinity and above the (homogeneous)
chiral phase boundary the mesonic wave-function renorm-
alization constant at vanishing momentum Z,(0) becomes
negative. As the authors point out, this could indicate an
instability toward a spatially modulated regime, but the
signal is not fully conclusive. In fact, Z,(0) basically
corresponds to the GL coefficient a4, in our language,

so finding a negative value is a necessary but not a
sufficient requirement for an inhomogeneous phase. This
becomes clear if we recall that a4, is proportional to
d;‘;zl“ 7' (q?)|42—o- Hence, a negative value hints at a mini-
mum of F;l at nonzero > but does not tell whether its
value at the minimum is positive or negative. Indeed, in a
previous FRG study within the quark-meson model [35], it
was found that the static pion two-point function develops a
maximum (corresponding to a minimum of I';!) at nonzero
q° but does not change its sign, so no instability occurred.

In Ref. [5], the region with negative Z,(0) starts at a
chemical potential well below the CP. Hence, if it was
indeed related to an instability, it would mean that the CP
and most likely the entire first-order phase boundary are
covered by an inhomogeneous phase. Unfortunately, a fully
conclusive analysis of this issue is extremely involved due
to several competing order parameters. In this sense, the
analysis performed in our work can act as a guide to give a
qualitative picture of the phase structure of dense 2 + 1-
flavor quark matter as a starting point for these more refined
studies to begin with.
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