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We show that the nonlocal two-flavor Nambu—Jona-Lasinio model predicts the enhancement of both
chiral and axial symmetry breaking as the chiral imbalance of hot QCD matter, regulated by a chiral chemical
potential us, increases. The two crossovers are reasonably close to each other in the range of y5 examined
here, and the pseudocritical temperatures rise with 5. The curvatures of the chiral and axial crossovers for the
chiral quark chemical potential approximately coincide and give k5 ~ —0.011. We point out that the presence
of 5 in thermodynamic equilibrium is inconsistent with the fact that the chiral charge is not a Noether-
conserved quantity for massive fermions. The chiral chemical potential should not, therefore, be considered
as atrue chemical potential that sets a thermodynamically stable environment in the massive theory, but rather
as a new coupling that may require a renormalization in the ultraviolet domain. The divergence of an
unrenormalized chiral density, coming from zero-point fermionic fluctuations, is a consequence of this
property. We propose a solution to this problem via a renormalization procedure.
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I. INTRODUCTION

The chirality plays an important role in the fundamental
theory of strong interactions of quarks and gluons described
by QCD. In QCD with N massless quarks, the classical
formulation of QCD enjoys the invariance under SU(N ) /g
chiral transformations ;g — U gy g, Which trans-
forms, separately, the N;-plets of quarks with left-handed,
v, and right-handed, v, chiralities. As a consequence of
the Noether theorem, the chiral charge is a conserved
quantity at the level of classical equations of motion. In
the quantum version of QCD, the chirality is no longer a
conserved number because quantum fluctuations break the
chiral symmetry spontaneously. The chiral condensate,
(ww) = (prwr) + (Wrwy), dynamically breaks the full
chiral group down to its diagonal (vector) subgroup,

frug gieri @lzu.edu.cn
"maxim.chernodub @idpoisson. fr
'Lluzhenyan @hnust.edu.cn

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP’.

2470-0010,/2020,/102(1)/014031(16)

014031-1

SU(N;)p xSU(N;)g=SU(Ny)yxSU(Ns)y— SU(Ny)y.
Given the number of the light quarks, N, = 2, the chiral
symmetry breaking manifests itself in the appearance of
three Goldstone bosons, the light pseudoscalar mesons, that
correspond to the number of spontaneously broken gen-
erators, 2N ; — 1, of the chiral SU(N), subgroup [1]. Ata
classical level, QCD also possesses the axial symmetry
which reflects the invariance of the QCD Lagrangian under
the axial U(1), transformations that rotate all quark flavors
by the same, chirality-sensitive phase: y /r — =y .
This symmetry is broken at the quantum level by the axial
anomaly, which leads to nonconservation of the (otherwise,
classically conserved) axial current. The chiral and axial
symmetries of quarks are intrinsically related to the topo-
logical properties of the vacuum which are determined by
the gluonic sector of the theory [1].

It is established that at zero baryon chemical potential the
QCD medium experiences a smooth crossover from the
hadronic, low-temperature phase characterized by a non-
zero chiral condensate to the high-temperature phase of
quark-gluon plasma where the chiral condensate is almost
vanishing. As a result, the chiral symmetry gets approx-
imately restored with the rise of the temperature. The fact
that this is a crossover rather than a transition is related to
the nonzero quark masses that break chiral symmetry

Published by the American Physical Society
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explicitly, so the chiral condensate serves as an approxi-
mate order parameter of the chiral symmetry breaking.
There are also arguments as to why the axial symmetry
should also be restored at high temperature [2]. The
nonconservation of the axial current is related to the
presence of topologically nontrivial configurations, usually
associated with the instantons. The strength of the instanton
fluctuations, quantitatively determined by the topological
susceptibility, depends on the environment: at high temper-
atures, instantons-based interactions among quarks are
suppressed. Therefore, one expects that the topological
susceptibility is small at high temperatures and the axial
symmetry, similarly to the chiral symmetry, gets restored at
the high-temperature phase. So far, a clear relation between
chiral and axial symmetry restoration is not very clear.
Although the topological susceptibility is not an order
parameter, it seems natural to consider this to be a relevant
quantity for quantifying the axial symmetry breaking and to
define the crossover for axial symmetry restoration as the
temperature range in which the topological susceptibility
has the largest change with temperature. This is the strategy
that we adopt in the present article, in which we report on
the study of the restoration of chiral and axial symmetry,
studying the latter by means of the topological susceptibility.

In this article, we model a thermal QCD medium at finite
chiral chemical potential, ys, the latter being conjugated to
the asymmetry between left- and right-handed particles
density, ns. The chiral sector of QCD affects also various
transport properties of the system due to the presence of the
axial anomaly. The most famous example of such phenom-
ena is the chiral magnetic effect (CME) which generates an
electric current [3-8]: (J) = (e?/2x%)usB, in the presence
of an external magnetic field B in a system of massless
fermions possessing a nonzero chiral density ns # 0. The
chiral density corresponds to the difference in densities of
quarks with right- and left-handed chiralities, ns = nz — ny,
encoded in the difference between their chemical potentials,
s = pyp — . The chiral chemical potential ys is thermo-
dynamically conjugated to the chiral density ns, so thatin the
thermal equilibrium, the finite density of massless fermions
is set by the help of the matter source term 6L = psns. The
chiral density is the temporal component of the chiral (axial)
4-current:

Js = (ns.js) = wr'yy. (1)

The CME is suggested to play an essential role in a wide
number of physical systems ranging from astrophysical
systems and quark-gluon plasmas to chiral materials [9].
Although the CME does not exist in a thermodynamic
equilibrium [10-15], the electric CME -current is a
nondissipative quantity even in the presence of strong
interactions thanks to the topological protection [9]. In
the electromagnetic sector, the nonzero chiral density
(us5 # 0) may be induced via the axial anomaly that creates

an imbalance in densities between right- and left-handed
chiral quarks in the near-equilibrium background of parallel
electric E and magnetic B fields. In the context of QCD, the
chiral density may also appear in the gluon sector, due to
topological transitions between different vacuum states
mediated by the instanton or sphaleron phase transitions.
The chiral density depletes due to mass effects, pion and
sigma exchanges at low temperature [16], and the Compton
scattering at high temperature [17]. Regardless of the
microscopic processes involved, the use of y5 is appropriate
as long as one considers a thermodynamic system on a
timescale larger than that of the equilibration time.

In this study, the interaction among quarks is mimicked
by a nonlocal Nambu—Jona-Lasinio (NJL) model [18-34].
The nonlocal NJL models have been revealed to be
appropriate for the study of the chiral medium at finite
temperature, in particular because they predict that the
critical temperature for chiral symmetry restoration,
T., increases with ps [35,36], differently from what has
been found within models with a local interaction kernel
[7,37-40] (see, however, Ref. [41]) and in agreement with
lattice simulations [42—-44] and calculations based on
Schwinger-Dyson equations [45-47], see also [48-54]
for other recent literature on the subject.

We report on the calculation of T, versus ps, confirming
the previous findings that T, increases with the chiral
chemical potential at least as long as ps is smaller than the
typical ultraviolet scale of the model (for large values of ys,
one should include the backreaction on the interaction
kernel, but the computation of this is well beyond the scope
of our study). Part of the study presented here is devoted to
the divergence of ns coming from ultraviolet fermion
modes’ we discuss how this divergence arises from the
tail of the quark mass function and how this divergence can
be cured via a renormalization procedure. Then, we
compute the topological susceptibility as a function of T
and p5 and try to relate this to a possible crossover from a
low-temperature phase in which axial symmetry is broken
by axions to the high-temperature phase in which axial
symmetry is partly restored; we also comment on the
simultaneity of this crossover and the chiral one, finding
that the two have substantial overlap, suggesting that
restoration of chiral symmetry is accompanied by the
restoration of the axial symmetry.

The structure of this paper is as follows. In Sec. II, we
present the nonlocal NJL. model used in the study, discus-
sing also a renormalization of ns. In Sec. III, we present our
results about chiral and axial symmetry at finite temper-
ature and ps. Finally, in Sec. IV, we collect our conclusions.

II. MODEL

A. Thermodynamic potential

In this work, we use a nonlocal version of the NJL model
[20]. As one of the main goals of this work is to evaluate the
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topological susceptibility, it is necessary to introduce the
6 dependence of the thermodynamic potential. In the QCD
Lagrangian, the topological angle 6 appears as a CP-odd
term for the gluon fields,

5£6‘ = HQ’ (2)

where the topological number of the gluonic field con-
figuration is computed via the field-strength tensor Fy,:

Q=ANcs =Ncsli——e = Ncslim oo
2

g o 1
= / d*xe"P°Fa,Fa, . (3)

The topological number (3) is given by the difference the
Chern-Simons charge Ncg = N¢g(f) at initial and final
gluonic configurations.

After performing a chiral rotation of the quark fields, the
topological term (2) disappears, and the € dependence is
transmitted from the gluonic topological term (2) to the
quark sector in the form of the chiral (axial) chemical
potential us = 96/90t. In our work, we use the NJL. model
to describe the dynamics of quarks. The gluon sector will
thus leave its imprint only in the phenomenological
interactions between quarks and in the mentioned chiral
chemical potential.

The Lagrangian density of the quark model that we use
in this study is given by the sum of the four terms,

L=L,+ L, + Ly, (4)
where

L, =p(iy*d, + psy’r )y = wir*d,w + usns ~ (5)

denotes the free quark contribution with the chiral chemical
potential x5 and the term

Em = —moli’lp (6)

introduces the current quark mass m via the quark field
dressed by interactions:

ww=/wﬂm—wmn (7)

We need to introduce this special form of the mass term,

Egs. (6) and (7), instead of the standard term EE,?) =
—mgypy, because we aim to model the perturbative tail
of the current quark mass computed in the perturbative
QCD at large Euclidean momentum. The perturbative
matching will appear in the Fourier transform of the form
factor G(z) in Eq. (7) at large momentum p.

The last term in the quark Lagrangian (4) is a nonlocal
interaction term that mimics the gluon-exchange effects,

3

Ly=G, Y [(07,0) + (Qir’z, Q)]

/=0
+ 8G, e det(QrQ;) + e det(Q, Or)], (8)

where 7; = (1,it) is a quaternion and the spinor Q
represents yet another dressed (nonlocal) quark field,

mm—/fﬂu—www, 9)

expressed via the form factor F(x — y) to be specified later.
This form factor is similar to the function G(x —y) that
appears in the other form of the dressed quark field (7)
used in the mass term of the quark Lagrangian (6). This
interaction has been considered in its local version in
Ref. [55] (see also references therein); therefore, we remind
the reader of that study for further details.

It is convenient to perform the chiral rotation of the
quark fields,

i0/4 i0/4

YR = € YR, Yy — ey, (10)

which removes the 6 dependence in the interaction
Lagrangian (8):
3 - -
Ly =G, Z [(07,0)* + (Qir’t,Q)’]
=0
+ 8G,[det(QQ, ) + det(Q, Op)]- (11)

The 6 dependence reappears in the quadratic part of the
Lagrangian (4) in terms of the new fermionic fields,'

L,+ L, =w(ir"d, + pusy’r )y
—¥(mo, +imo_y)?, (12)

via the rotated current masses:
mgy,. = mgcos(6/2), (13)
mo_ = mgsin(6/2). (14)
It is also convenient to introduce the collective fields
c=G,00, (15)
n=G_Qir’Q; (16)
we have put G, = G| £ G,. Following the established

procedure of bosonization at the one-loop approximation,
we get the thermodynamic potential,

'For the notational convenience, we use the same symbols for
the old and new fields, since the old ones will not appear again.
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2 2
Q:6_+”_
G, G

-N NfTZ/ -log f*(w; + E5 ) (w; + E2),

(17)

where f=1/T is the inverse temperature and w, =
aT(2n+1) with n € Z are the fermionic Matsubara
frequencies. In Eq. (17), we have also defined the energy
branches,

Ei(p) = (p £ us)* + M (p) + N3(p),  (18)

with p = |p| and
M(p) = mg R(p) —2C(p)o. (19)

N(p) = mo_R(p) = 2C(p)n. (20)
Here, the function C(p) = F?(p) is determined via the
Fourier transform F(p) of the form factor in Eq. (9).
The function R(p) = G(p)? gives the evolution of the
(renormalized) current quark mass with the UV scale that is
necessary to reproduce the independence of the combina-
tion m(gq) from the renormalization point.

The expectation (i.e., the mean field) values of the
condensates ¢ and 7 are determined at each temperature
T and chiral chemical potential us by the minimization of
the thermodynamic potential Q. For sake of notational
convenience, we have used ¢ and 7 to denote the mean field
values of these fields. To derive Eq. (17), we used the
imaginary time formalism to deal with the finite temper-
ature bath and employed the analytical continuation to
Euclidean momentum py = (p, ps = —ipo)-

For future reference, it is useful to define the quantities

M(pg) = moR(pg) — 20C(pE). (21)

m(pg) = myR(pg), (22)

which correspond to the quark mass function and the
current mass at 8 = 0, respectively.

We now specify the analytical forms of R(p) and C(p).
For the latter, we follow Ref. [35] and take

C(pe) = O(N* = pE)
o A2 (log A*/ Agycp)”

+0(p% — —_—
k P125 (log p%/A%)CD)y

;o (23)

here, pg is the Euclidean 4-momentum, and y =1 —d,,, is
given by the anomalous dimension of the current quark
mass for a two-flavor QCD:

= 12/29. (24)

The second line mimics the quark mass function computed
in perturbative QCD arising from the chiral condensate
[33,34,56], while A is an additional parameter of the model
that corresponds to the momentum scale at which the
perturbative mass is matched to the nonperturbative one.
Differently from previous works, we have also introduced
an energy scale dependence of the current mass, which
mimics the running of this quantity computed in perturba-
tive QCD [33,34,56]:

(log A%/ AZQCD)d'"
(log P%/ AzQCD)dm
(25)

R(pg) = 0(A? - pt) + 0(pE — A?)

The perturbative pp, tails in the functions C(pg) and R(pg)
ensure that the divergence of the chiral condensate with an
UV cutoff Ayy > Ais absorbed by that of the current mass
so that the combination my(gq) is independent from the
UV cutoff Ayy. Moreover, the log tail of the current quark
mass will make the divergence of ns softer than that of a
fermion gas with a momentum independent mass, as we
discuss in Sec. IIL

Strictly speaking, the thermodynamic potential (17) is a
UV divergent quantity which has to be regularized at a
proper subtraction point. In this study, we chose to subtract
the potential with the vanishing condensates ¢ =5 = 0 at
T = us = 0 and 6 # 0, namely, at the free vacuum Fermi
gas contribution at a finite topological angle . This
procedure is feasible since the subtracted quantity does
not depend on the quark condensate, temperature, and s,
and therefore it does not modify the thermodynamics of the
system. Therefore, we work with the following form of the
UV-regularized thermodynamic potential:

o U
Q=—+
G. G
—~N.NTY @p log * (@2 + E2 ) (w2 + E2)
ctVf (271_)3 g n + n -
d*pe PE+mg
+ 2NN, / ok og (P ) (26)

We added the factor A in the denominator of the last log
function for the sake of the dimensional consistency of the
equation. This addition is irrelevant for the computation of
any physical quantity.

B. Chiral condensate

Before proceeding with the actual calculations, we
discuss subtleties of the definition of the chiral condensate.
We first focus on the CP-invariant case ys = 0; then, we
generalize the discussion to the case of the chiral medium
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with p5 # 0. Also, we ignore a possible presence of the 7
condensate (16) because this condensate breaks the time
reversal symmetry (7: t — —f), while the chiral chemical
potential is a T-even quantity.

In general, we can write for each quark flavor ¢

(qq) = =Tr(S = So), (27)

where § corresponds to the full quark propagator and S,
denotes the propagator of quarks with only the current mass
taken into account. The subtraction in Eq. (27) is necessary
to take into account only the contribution to (Gg) that
comes from the interaction and not from the current
quark mass.

It is well known that the chiral condensate diverges
logarithmically with the renormalization scale in perturba-
tive QCD [33,34]; this behavior is respected in our model.
As a matter of fact, we have

~ o\ d4PE 4M(PE)
(qq) —_Nc/(2”)4 2+p2 +M(PE)2
4m(pg)

d4
LN, / Pe (28)
In the UV regime, each component of the Euclidean

momentum pr should be taken much larger than the
masses M and m,

Aoy gt E E) — M\PE
(@ahov =4 [ CEERIPELRPEL )

with I" > A. From the above equation, it is clear that the
subtraction in Eq. (27) leaves the contribution of the
interaction as the only one that is taken into account for
the evaluation of the chiral condensate. Moreover, a simple
power counting shows that the integral possesses a log
divergence in the limit Ayy > I due to the perturbative tail
of M(pg).

The previous discussion can be generalized to a nonzero
chiral chemical potential, us # 0. Instead of Eq. (28), we
now have

Ypi+p’+mpe)*

_ d*pg 4M(PE)[M(PE> + pi +p* + p
@0) =N | G 2 + 2 (po)72 + 25
d“pg 4m( pE )m(pe)?* + p3 +p* + 4]
e / 2+ P (po)lP2 + 62 (pp)]

(30)

where
22 (pe) = (Ipl £ p5)” + M(pe)*. (31)
¢ (pe) = (Ip| £ ps)* + m(pg)*. (32)

Again in the ultraviolet regime in which each component of
the Euclidean momentum py is taken much larger than the
masses M and m. At the lowest order in u5, we get

Aoy dpr E) —M(PE
<EIQ>UV%—4/F 2125)4 [M(p )p‘}g (p )}(

pr+ul
(33)

with the infrared cutoff I' > A. Using the power counting,
we find that the chiral chemical potential gives a u?
correction to the chiral condensate. This correction, propor-
tional to [M(pg) — m(pg)]/ p% is finite in the UV regime.

We finally remark that, although the chiral condensate
has a UV log divergence, the condensate ¢ = (QQ)
computed by minimization of the thermodynamic potential
(26) is a finite quantity independent of the ultraviolet
cutoff. Indeed, it is easy to realize that the gap equation,
0Q/do = 0, gives in this case

d3p M(w,. p)C(w,, p
o= —2N NfTG+Z/ 4 +)E(2+ ) (34

where we also used Eqs. (18) and (19). The loop integral on
the right-hand side of the above equation is finite in the
nonlocal NJL model due to the form factor (23) which
removes high-momentum modes. Note that this factor does
not appear in the chiral condensate. As a consequence,
while in the local NJL model the quark condensate is
proportional to o, in the nonlocal model, this proportion-
ality is lost [20].

C. Chiral density

1. Thermodynamic definition

In this subsection, we discuss the chiral density within
the nonlocal NJL model. The chiral density

0Q
ng = ———

i (35)

is given by the variation of the thermodynamic potential €
with respect to the chiral chemical potential 5. From
Eq. (17), we get, at the minimum of €,

ns = 4N NgusH, (36)

with

H = TZ/

where the functions A, are defined in Eq. (31) and the
Euclidean momentum is determined at the Matsubara
frequencies, pr = (@,,p).

wy =p* +M(pg)* + 43
[0} + 23 (pp)][wf + 22(pE)]

(37)
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2. Divergence of unrenormalized chiral density

Before presenting the results on the chiral density ns
obtained within the nonlocal NJL model, we find it useful
to make a remark on the divergence of the density ns for a
case when the quark mass is a fixed finite quantity. We limit
this short discussion to the zero-temperature case, 7 = 0,
since the finite temperature part provides us with a finite
contribution; in this case, we substitute w, — p4 and take
the integral over the continuous momentum p, along the
full real axis.

If we set the dressed mass to zero, M = 0, in Eq. (36),
then the trivial integration over the momentum p, along the
full real axis gives us the following expression for the zero-
temperature chiral density:

— NN /"3—”9< ) = NNt g
s = 2Ny (2r)3 Hs A

The above equation provides us with the standard relation
between a density, n, and a chemical potential, x, of an
ultrarelativistic massless fermion gas.

We now consider the effect of a momentum independent
mass, mg, on the chiral density ns. From Eq. (36) after
integrating over the momentum p, along the real axis,
we get

3
ns =2V [ S B, (39)
where
Ip| + us
X , —
N TET T
|P“/45 (40)

N

The above equation can be interpreted as a distribution
function of a quark at T =0, us # 0, and m # 0. For a
zero mass m, = 0, Eq. (40) naturally leads to Eq. (38), thus
implying that a Fermi sphere is filled up to the Fermi
momentum at |p| = ps.

The effect of the presence of the mass m is to enlarge the
chiral Fermi surface by putting particles above the Fermi
momentum. Indeed, we may take in Eq. (40) the large
spatial momentum |p| limit by assuming naturally the
order” m(, < pis < |p| and obtain

m2u
X(p,/[S)% \po|35‘ (41)

2Assuming this specific order for my, s, and |p| is irrelevant in
the UV limit; this choice is closer to the nonlocal NJL model
because of the running of the current quark mass in the UV.

Despite the distribution (41) decays as fast as p~—, the
density of the states increases proportional to the phase-
volume factor p?. Therefore, the net contribution to the
chiral density behaves as [dp/p, thus giving rise to a
logarithmic divergence of the chiral density ns in the
presence of a nonzero mass, mg # 0.

The discussion of the example with m, # O paves the
way for understanding of the properties of the chiral density
ns in the nonlocal NJL model. In the latter case, the integral
over the momentum p,4 cannot be taken explicitly to the
momentum dependence of the quark mass function
M = M(pg). Nevertheless, we may figure out the UV
divergence of the density n5 because to this end it is enough
to consider the asymptotic behavior of the integrand in
Eq. (38) in the high-momentum limit py, p ~ Ayy with the
large ultraviolet cutoff Ayy > us, M.

We first expand the integrand in Eq. (37) in powers of the
quark mass function M at the lowest nontrivial order:

pi—p*+M(pp)* + 4l
[p3 + 23 (pe)llpi + 22(pp)]
N pi—p*+ul
[p3 + (Ip| = us)?1[pi + (Ip| + #s)?]
3p* + 207 (p3 — #3) — (p3 + 43)*
[P + (Il = us)*P[p3 + (bl + ps)?]*
(42)

+ M*(p)

Since we are interested in the UV limit of this integrand, we
can safely assume the hierarchy M(pg) < us, which is
valid due to the diminishing perturbative tail of the quark
mass function M (pg).

The first term on the right-hand side of Eq. (42) leads to a
finite integral and gives back the result (38) for the massless
quarks while the UV divergence of the chiral density ns
comes from the integral of the second term in the right-hand
side of Eq. (42). The quark mass function M(pg) gets
contributions from both the chiral condensate and the
current quark mass (19). However, for a large Euclidean
momentum pp, the latter factor dominates since the former
is suppressed by the perturbative tail 1/p% according to
Egs. (23) and (25).

Therefore, in the high momentum limit of Eq. (42), we
can replace the quark mass function M(py) with the mass
m(pg). Moreover, in the UV region py, |p| > pus, we can
make an asymptotic expansion in powers of us/ p4, us/|p|,
to extract the behavior of the integrand at large Euclidean
momentum, and at the lowest order, this amounts to setting
#s = 01in the second term in the right-hand side of Eq. (42)
since higher powers of chiral chemical potential us in a
Us/|pe| expansion would only lead to convergent integrals.
Thus, we may finally rewrite Eq. (42) in the following
form:
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pi—p*+ M(pg)? + u
[p3 + 23(pe)llpi + A2(pE)]
N pi—p* + 4
[pi + (Ip| = 1s)*1lp3 + (Ip] + s)?]

2 2
w2 (pe) Z AL O (p)i/ph). (43)

PE

It is now easy to recognize in the last term, proportional to
the mass squared, m?(pg), the source of the UV divergence
of the chiral density ns. This divergence would be of a log
type if the mass m were a constant quantity. The actual pg-
dependence of the mass m = m(pg) leads to somewhat
smoother divergence. Indeed, taking into account the
behavior of the aforementioned term at the momentum
shell T < |pg| < Ayy, we get, ignoring an irrelevant
proportionality constant,

divergent 2 A%JV 1=2dy,
ns ~ U5y <10g F) , (44)

where d,, is the anomalous mass dimension (24). In a two-
flavor QCD, the power of the logarithm in Eq. (44) is a
small, but positive number: 1 —2d,, = 5/29 = 0.17.

3. Zero-point origin of the divergence

The divergence (44) of the chiral density ns occurs
if and only if the current quark mass is nonzero, mg # 0.
In this section, we demonstrate that this divergence has a
“vacuum” origin rather than a thermodynamic one.

The presence of the chiral chemical potential 5 modifies
the functional behavior of the energy of the fermionic
modes (18), thus affecting the contribution to the often-
neglected part of the free energy which would normally be
associated with the vacuum energy. Consider, for example,
the simplest case of free fermions with the quark mass m,.
The positive-energy branch of the fermionic modes in the
presence of the nonzero chiral potential ys has the form

e (us) = \/ (| — zus)? + m, (45)

where y = +1 labels the helicity of the mode.

As the chiral chemical potential modifies the spectrum of
free field fluctuations, it should also modify the vacuum
energy carried by these fluctuations. According to the
standard rules of quantum field theory, this zero-point (ZP)
contribution is given by the sum over all modes:

s = Y- [ e (@6)

y==x1

In all other circumstances, this zero-point contribution is
automatically neglected because it does not depend on
physical parameters of the system such as temperature and

chemical potential and, therefore, may be undoubtedly
associated with the vacuum.

However in our case, the zero-point energy (46) depends
on the chiral chemical potential us, and consequently, the
free-energy term Qzp must be taken into account in
addition to the conventional free energy of the system.
The explicit dependence of the energy of the zero-point
fluctuations (46) on the chiral chemical potential deter-
mines its nonzero contribution to the chiral charge density.
In particular, the zero-point energy determines the chiral
density at zero temperature, when the usual thermodynamic
contribution vanishes,

"5|T:0 = s

_ /mpzdp (us = xlpl)
Ldo 7w us —Ap)F +md

which coincides with the functional form of Egs. (39) and
(40) obtained earlier in another way.

For strictly massless fermions, my = 0, the expression
under the integral (47) coincides with the hard Fermi cutoff,
O(us — |p|), which usually appears in the thermodynamic
(and not in the zero-point) part:

1 o0 ﬂ3
— 2 _ __ "5
my=0 ”QA p dpg(ﬂs [PD 32 (48)

T=0

ns

We automatically recover the finite thermodynamic expres-
sion (38) for Ny =N, = 1.

As we already figured out, the behavior of the chiral
density (47) changes qualitatively for massive fermions

with my # 0. At a large momentum |p| > m, |us|, the
integral in Eq. (47) behaves as
2 A d 2 A
ns(T =0) = //‘5’;10/ Uv—pNﬂsTologﬂ—i— ey (49)
p/3 )4 7 my

which leads precisely to the logarithmic divergence found
already in Eq. (44) (with vanishing anomalous dimension,
d, =0, as it is appropriate to a free theory).

Evidently, this zero-point divergence of the chiral density
(49) cannot be renormalized by a conventional subtraction
method that is usually used with respect to the vacuum
contribution. Moreover, the divergence of the chiral density
has deeper roots since the zero-point contribution to the free
energy (46) contains the logarithmically divergent part
which depends on the chiral chemical potential as well.
This divergence, however, does not affect the mass gap
equation which may be regularized without requiring the
renormalization of the chiral chemical potential [41]. Thus,
in order to deal with a finite chiral chemical potential in the
theories with a finite fermion mass, we need to modify the
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normalization prescription itself. We discuss this question
in the next section.

Before finishing this section, we would like to make
three comments.

First, this type of divergence does not occur in dense
fermionic systems with vanishing chiral chemical potential.
Indeed, the vector chemical potential u shifts the particle
energy modes linearly without modifying the functional
form of the momentum dependence of the energy:

VIP?| + mi — \/|p?| + m} + u. Therefore, the presence
of the vector chemical potential does not affect the zero-
point energy.

Second, in a local NJL model, in which the constituent
quark mass M has no momentum dependence, we would
get the constituent quark mass M instead of the current
quark mass mg in Eq. (44) which would give a divergence
in the chiral limit as well. This is precisely the divergence
that has been found in Ref. [39]. On the other hand, within
the nonlocal NJL model, if we were in the chiral limit, we
would have gotten a finite n5. The divergence, as we have
just demonstrated, appears due to the zero-point fluctua-
tions which exist in both local and nonlocal models.

Third, the divergence of the chiral density ns, in
particular Eq. (44), are most probably valid in full QCD
as well since both the fermionic spectrum (45) and the zero-
point energy (46) have a rather universal origin. One could
counterargue that the present model represents a very crude
description of the interaction that leads to the spontaneous
chiral symmetry breaking of QCD. However, the model
describes correctly the behavior of the quark mass function
at large pg, which is the region of interest for the discussion
of the divergence of ns, giving an argument that the result in
Eq. (44) is applicable to QCD as well.

4. Renormalization of the chiral chemical potential

The chiral density has been computed in the first-
principle numerical calculations in the scope of lattice
QCD endowed with the dynamical rooted staggered fer-
mions [42]. To this end, the Lagrangian has been shifted by
a lattice version of the source term usns, which effectively
induces a nonzero the chiral density ns #0 at a non-
vanishing chiral chemical potential ps5 # 0. While the UV
divergence of the chiral density ns in the linear term has
been also been noticed for naive formulation of lattice
fermions, the full dynamical QCD calculations seem to
support a finite result ns ~ Aécnﬂs, where Agep is a finite
mass parameter of the order of a typical QCD energy scale.
This result matches well the chiral perturbation theory
(yPT) which implies ns ~ f2us for small ys at T = 0 in the
chiral limit [42]. Here, f, ~ Agcp is a pion decay constant.
It is an easy exercise to prove that Eq. (36) is consistent
with yPT at the lowest order in the chiral chemical potential
Us and in the current quark mass by putting us = 0 in the
integrand and using Eq. (4.26) of Ref. [19].

We want to note, however, that we have been unable to
reproduce the yPT relation ns ~ f2us for a nonregularized
chiral density ns in the context of the nonlocal NJL model.
This relation is unlikely to hold in this model because the
integrals for the naively-defined ns and the pion decay
constant, f,, entering at different sides of the relationship
are pretty inconsistent (see, for example, Ref. [20]). In
particular, f, is given in terms of convergent integrals,
while the nonregularized n5 still possesses a UV divergence
in this model (44). In the nonlocal NJL model, we can
renormalize the chiral condensate ns by removing the
logarithmic divergence (44) similarly to a standard renorm-
alization procedure in any well-defined renormalizable
theory.

As we discussed in the previous section, the divergence
appears from zero-point fluctuations of the fermionic
modes which possess the unconventional energy dispersion
in the presence of the chiral chemical potential. This feature
appears both in the nonlocal NJL model (18) as well as in
the case of free fermions (45). In the standard quantum field
theory, the contribution from the zero-point fluctuations
can easily be subtracted because it does not depend on the
parameters of the matter sector of the theory. In our case,
however, the zero-point term contains also a matter con-
tribution which cannot be neglected. This leads to subtleties
in the normalization procedure.

Postponing the physical justification of the formal
renormalization procedure to a later discussion, we notice
that the source of the zero-point ultraviolet divergence can
be easily traced in Eq. (43). We define a renormalized chiral
density as

n® = 4N N spus(H — Hy). (50)
where the counterterm

[ d'pg (3p* — p})m(pE)?
”0‘/ @) [p%+ m(pe))’

(51)

is computed at zero temperature 7 = 0 and it is indepen-
dent of the chiral condensate.

According to the discussion in the previous section, the
subtraction in the chiral density (51) is intimately con-
nected to a similar renormalization of the zero-point
contribution of the free energy (46). The renormalization
of both these quantities does not explicitly involve the
renormalization of the chiral chemical potential us.
However, since ns and us are thermodynamically conju-
gated quantities, the renormalization of the density at the
leading order points to a possible renormalization of the
associated chemical potential at the next-to-leading order.

When multiplied by the chiral chemical potential ys in
Eq. (50), the regularized contribution depends only on us.
The term m(pg)? that appears in the denominator of the
integrand in Eq. (51) makes it possible to avoid the
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apparent infrared divergence at low Euclidean momenta,
pr — 0. This definition of the chiral density is consistent
with Eq. (38) in the chiral limit, at which both the
constituent and current masses are zero, M = m = 0.

The subtraction in Eq. (50) is enough to cancel the mild
logarithmic divergence of the chiral density (44) since
higher-order terms in powers of the chemical potential x5 in
Eq. (43) would lead to convergent integrals. Moreover, we
also verified that within the nonlocal NJL model at zero
temperature ns ~ C MM[21/45, where M, denotes the quark
mass function at p =0 and finite us. Numerically, the
proportionality constant turns out to be Cy; ~ 0.5 at low
chemical potentials up to us ~ 300 MeV, while for larger
chemical potentials ys, the proportionality becomes softer,
finally reaching Cj; ~ 0.3 at u5 = 400 MeV. These results
are in agreement with the lattice QCD studies reported in
Ref. [42] in which it is found that the chiral density ns at
zero temperature is of the order of the anticipated value
/"SA%)CD'

The straightforwardly defined chiral density is finite in
the chiral limit (where the fermion mass is zero) and
divergent for the massive fermions (44). Therefore, it is
natural to suggest that the divergence of the chiral density
(44) is directed related to the presence of the fermions’
mass and, naturally, to the inconsistency of the notion of the
chiral chemical potential for fermions with a nonzero mass.
Indeed, the chiral charge is not conserved as it dissolves via
the chirality flips for a massive fermion regardless of the
origin of it mass which could be either a current mass or a
dynamically generated mass. For a free Dirac fermion with
a mass M, the axial (chiral) current (1) has a nonzero
4-divergence at the level of the classical equations of motion:

DuJs = 2iMyyy. (52)
For strictly massless fermions, the chirality is a conserved
number: d, 5 = 0.

A generic chemical potential has a well-defined meaning
only for conserved quantities such as the electric (vector)
charge. One may alternatively say that no chemical
potential can thermodynamically be conjugated to a non-
conserved quantity. In the photodynamics, for example, it is
impossible to self-consistently introduce a chemical poten-
tial for the total number of photons as the latter number is
evidently not conserved. In a free theory, such a “chemical
potential,” associated with a nonconserved quantity, decou-
ples from the dynamics of the theory. In an interacting
theory, this type of chemical potential may affect the
dynamics as we discuss below.

In QCD, the chiral properties of fermions are connected
to the topology of the gluonic sector of the theory. For
example, the instanton- and sphaleron-induced transitions
between adjacent topologically distinct vacua induce
changes in the chiral charge of the fermions due to the
axial anomaly in QCD,

(Ng = Np)|imeoo = (Ng = NL)|I—>+oo = —2N;ANcs, (53)
where Ns = Vns = Ngr — N, is the difference between
the numbers of fermions possessing the right-handed (N)
and left-handed () chiralities, and change ANcg in the
Chern-Simons number between initial and final configu-
rations is given by the topological charge (3) of the gluonic
configuration.

Since the fermion and gluon sectors of the theory are
interacting with each other, a finite chiral chemical poten-
tial may also induce a response in the topological gluon
sector in thermal equilibrium of QCD. Therefore, the finite
chiral chemical potential may have a physical sense in
QCD with massive fermions, regardless of the fact that the
chiral number is not a conserved quantity. The relaxation of
the chiral density may induce physical changes in the
topological charge fluctuations in the gluonic sector of the
theory. We will see below that the topological susceptibility
of the theory is seemingly correlated with the chiral density
in the background of the chiral chemical potential.

Since the chiral charge is not conserved (52), the
introduction of the chiral chemical potential (5) cannot
be justified in the thermodynamical sense. On the contrary,
the chiral chemical potential u5 should be treated as a new
coupling of QCD, which—in general—needs a renormal-
ization. The corresponding thermodynamically conjugated
quantity, the density, should also require a renormalization
as well (for example, in QCD, both the gluon coupling and
gluon fields/strength tensors are renormalized perturba-
tively). Therefore, Eq. (50) defines nothing but a certain
renormalization scheme in the chiral sector.

III. RESULTS

In this section, we report the main results of our study on
the nonperturbative quantities associated with the chiral
quark density in the scope of the nonlocal NJL. model.
Below, we discuss the dynamical quark mass M; the chiral
condensate (gq); the chiral density ns; the topological
susceptibility y,,; and, finally, the phase diagram in the
(us, T) parameter plane as originates from the nearly
critical behavior of the chiral density and the topological
susceptibility.

First, we fix the parameters of the NJL model. We take
A =550 MeV for the matching scale and my =5 MeV
for the undressed quark mass. Finally, the value of quartic
quark interaction constant G =2.6/A> and G, =
(I —¢)G, is chosen in order to reproduce the phenom-
enological value of the light quark condensate (gq) =
(=250 MeV)? in the vacuum at T = us = 0, and G, = ¢G
with ¢ = 0.2 [55]. In the numerical computations, we
regularize the thermodynamic potential (17) by summing
over all the Matsubara’s frequencies and restricting the
integration over the 3-momentum at the momentum sphere
Ip| < Ayy with the ultraviolet cutoff Ayy = 3A (we have
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verified that changing this UV cut does not change the
results drastically).

A. Catalysis of chiral symmetry breaking

Our first aim is demonstrate that the nonlocal NJL model
is capable of describing the catalysis of chiral symmetry
breaking induced by us, at least for relatively moderate
values of the latter, |us| < A. To this end, we first discuss
the constituent quark mass and the quark condensate at
finite temperature 7" and chiral chemical potential us. As
some features of the quark mass at us # 0 were already
been discussed in Refs. [35,36], here we limit ourselves to
showing the evolution of the quark mass at zero Euclidean
momentum pp =0 with varying 7 and us. For the
computation of the quark mass, we restrict ourselves to
vanishing topological angle § = 0. Therefore, the pseudo-
scalar condensate vanishes, # = 0, while the chiral con-
densate o is the only condensate left.

1. Constituent quark mass

In Fig. 1, we plot the constituent quark mass at zero
Euclidean momentum versus temperature. The figure
indicates that the increase in the chiral misbalance enhances
the chiral symmetry breaking at any temperature in agree-
ment with conclusions of Ref. [57].

In our model, we have verified that the catalysis of the
chiral symmetry breaking occurs up to ys ~ A. Above this
value, the constituent mass decreases with us, but this
feature might be related to the fact that we have not
included any backreaction on the interaction kernel. We
also notice that the constituent mass decreases in a narrow
range of temperatures; there is a crossover to a high-
temperature phase in which the chiral symmetry is

400 E
Hs [MeV]
5 300 .
[
2
c|>’|“ 200 .
o
= 100 | 1
Ot . . L -
50 100 150 200
T [MeV]
FIG. 1. Constituent quark masses M at a zero momentum

p =0 vs temperature 7. The blue dots denote a vanishing
chiral chemical potential ys5 = 0; the green squares stand for
us = 100 MeV; the light green diamonds correspond to
us = 200 MeV; the orange upward-pointing triangles stand for
us = 300 MeV; and, finally, the red downward-pointing triangles
denote p5 = 400 MeV. The solid lines represent the best fits (54).

approximately restored. The smoothness of the transition
appears to be supported by thermal fluctuations. We will
see in the next section that the chiral symmetry restoration
is accompanied by the approximate restoration of the
U(1), symmetry as well.

One way to determine position of the thermal crossover
is to identify it, at a fixed chemical potential us, with the
temperature 7. = T.(us) at which the absolute value of the
slope of the infrared quark mass |dM(pr = 0)/dT| takes
its maximum. For example, one finds 7', ~ 125 MeV at
us = 0, which agrees very well with the value quoted
earlier in Ref. [18]. Figure 1 also implies that the critical
temperature is an increasing function of us in the whole
range of chemical potentials ys covered by this study.

A more accurate way to find the thermal crossover is to
find a suitable fitting function that may smoothly inter-
polate the low- and high-temperature behavior of the
constituent quark mass. And indeed, this quantity may
be well described in a wide region of temperatures by the
function (with O = M in the considered case)

T—- Tc(:“S)

O(us. T) = Cy (us)T* tanh( 5T, (us)

)+c2(u5>, (54)

where Cy, C,, v, T,, and 6T, are the fitting parameters
defined at each fixed value of the chiral chemical potential
#s. The power v is usually quite small (v ~ 0.1 or smaller).
Below, we will use the generic function (54) to describe
other quantities in the pseudocritical region. We do not put
the superscript O to the fitting parameters to keep our
notations concise.

The best fits of the mass gap M by the function (54) are
shown in Fig. 1 by the solid lines. The pseudocritical
temperature 7. = T (us) and the width 6T, = 5T . (us) the
pseudocritical region, as determined by the mass gap
M= M(p =0), follow very closely the corresponding
quantities for the chiral condensate and the topological
susceptibility, which we will discuss in more detail below.

2. Chiral condensate

The catalysis of the chiral symmetry breaking, induced
by the chiral chemical potential ys, is also evident from the
behavior of the chiral condensate, (Gq), as defined in
Eq. (27). In Fig. 2, we plot the chiral condensate for one of
the light quarks, ¢, = (@u), versus temperature for several
fixed values of y5. The magnitude of the chiral condensate
increases with the rise in the chiral chemical potential us.
Thus, we have yet another confirmation that the chiral
chemical potential acts as a catalyzer of the chiral sym-
metry breaking.

The approximate restoration of the chiral symmetry at a
finite temperature is via a smooth crossover and not via
a real thermodynamic phase transition. In the absence of a
thermodynamic singularity in the parameter space, the very
definition of the critical temperature leaves a large room for
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FIG. 2. Chiral condensate o, = (iiu) vs temperature. Conven-
tions for colors and symbols are the same as in Fig. 1. The solid
lines represent the best fits (54).

ambiguities. Moreover, the transition temperature depends
not only on the method of its definition but also on the
particular thermodynamic quantity used to identify the
temperature. The chiral condensate ¢, = (iiu) (and, equiv-
alently, for 6, = ,)) may be described by the same type of
function that has also been used for the constituent quark
(54). The best fits are shown in Fig. 1 by the solid lines. We
will discuss the pseudocritical temperature 7. = T.(us)
and the width 6T. = 6T.(us) in more detail at the end of
this section.

B. Chiral density

In Fig. 3, we plot the regularized chiral density ns,
defined in Egs. (50) and (51), versus temperature 7" for
several values of the chiral chemical potential us. The
qualitative trend of ns versus temperature is obviously the
same for every fixed us: as temperature rises, the chiral
density increases. This property is related to the fact that
thermal excitations contribute more to the thermodynamic

6F s [MeV] 4
400
5 -
100
t 3 [ aaaah
?)lel
N 2F
1 _M.'
1] X X X X ]
50 100 150 200
T [MeV]
FIG. 3. Regularized chiral density ns, defined via Eqgs. (50)

and (51), vs temperature. Conventions for colors and symbols are
the same used in Fig. 1. The solid lines show the fits by the
function (55).

potential at temperature rises. Alternatively, the increase of
the chemical potential y5 at any fixed temperature 7 results
in the increase of the chiral density.

For every fixed chiral chemical potential ys, the chiral
density exhibits a kneelike structure which separates the
low-temperature from high-temperature behavior, as seen
in Fig. 3. This behavior may be described with a very good
accuracy by the function

T —To(us)

nS(/"S’T) = l’ll(ﬂS)F< 5T0</,¢5>

) Cma(s). (55)

where F(x) =In (1 + ¢*). The fitting parameters are n,
ny, Ty, and 6T, where the temperature T, discriminates
between the low- and high-temperature behavior, while the
quantity 67 has a sense of the width of the transition
region. All fitting parameters are the functions of the chiral
chemical potential x5. The best fits are shown in Fig. 3 by
the solid lines.

Since the chiral density 75 is not an order parameter of the
deconfining transition, the knee temperature 7, does not
have a meaning of a (pseudo)critical temperature, especially,
for a crossover transition. We get T, ~ 135 MeV with the
width 6T, ~ 20 MeV.

C. Topological susceptibility

The topological susceptibility measures the strength of
fluctuations of the topological charge in the medium. In our
model, the topological susceptibility can be computed as
the curvature:

9’Q
=— . 56
X top 892 -0 ( )

It is well known that for two degenerate flavors of light
quarks the topological susceptibility (56) is related to the
quark condensate |(gq)| as follows: y,,, = m[(gq)| where
m is the current quark mass. This relation, valid at zero
temperature, shows the link between the fluctuations of the
topological charge (56) and the dynamics of the light quark
flavors that leads to the spontaneous chiral symmetry
breaking. First-principle lattice simulations [58-60] indi-
cate that the topological susceptibility tends to decrease
with rising temperatures and that the axial symmetry tends
to be restored at high temperatures at the chirally unbro-
ken phase.

In a local NJL model, the topological susceptibility with
light quarks in the chiral medium was studied for the first
time in Ref. [39]. It has also been recently subjected to the
first-principle lattice calculations at zero temperature in
Ref. [42]. Both studies agree qualitatively with each other
on the fact that at zero temperature y,,, increases with ys,
while a quantitative comparison is not feasible due to the
different quark masses used in these calculations.
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On the other hand, the local NJL model [39] indicates
that when the temperature is close to 7. the chiral chemical
potential tends to lower y,,,. This property is an artifact of
the local interaction and of the three-dimensional regulator
used in Ref. [39]. Already with a four-dimensional regu-
lator, the critical temperature 7', increases with the increase
of the chiral chemical potential y5, at least for small 5 [35].
Cutoff effects become substantial at large values of ys in
any regularization scheme, and 7', tends to be lowered with
the rise of us. For this reason, here we compute y,,, both at
zero and at finite temperature by using the nonlocal NJL
model, which offers a more trustable response of critical
temperature 7, considered as the function of the chiral
chemical potential ps.

In Fig. 4, we plot y,, versus temperature. In the figure,
the susceptibility is given in units of its vacuum value,

1/4 1/4
10 =0 1m0 = 76 MeV, (57)

where the numerical number is presented for the set
of parameters used in our study. The value of the topo-
logical susceptibility (57) matches well the benchmark
result of numerical simulations in full QCD [61], yo =
75.6(1.8)(0.9) MeV.

We notice that the increase the chiral density results in
the increase of the topological susceptibility at each fixed
temperature. This result is in a disagreement with previous
calculations that use the local NJL model [39], which instead
predict an increase of y,, at small 7' but a decrease of y,,, at
large T. The result of Ref. [39] was obtained within a local
NJL model; thus, the behavior of y,,, in that model follows
that of the constituent quark mass at finite us.

Figure 4 indicates that there is a narrow range of
temperatures in which the susceptibility y, decreases
abruptly, thus signaling the partial restoration of the axial
U(1), symmetry. To extract the pseudocritical temperature

0.0E . . A
50 100 150 200

T [MeV]

FIG. 4. Topological susceptibility (56) vs temperature, in units
of the vacuum susceptibility y, (57). Conventions for colors and
symbols are the same used in Fig. 1. The solid lines represent the
best fits by the function (54).

more accurately, we describe the topological susceptibility
by the function (54). The best fits are shown in Fig. 4 by the
solid lines. In the next subsection, we will discuss the
pseudocritical temperature 7. for this topological crossover
in more detail.

D. Pseudocritical temperatures

In Fig. 5, we compare the pseudocritical temperatures 7',
of the chiral and axial crossovers, as well as their thermal
widths, as functions of the chiral chemical potential ys.

The figure shows a few interesting qualitative features of
the chiral phase transition. First of all, both pseudocritical
temperatures rise in unison as the chiral density increases.
Second, the restoration of the axial symmetry, as revealed
by the topological susceptibility, appears at a higher
temperature than the restoration of the chiral symmetry.
This statement is independent of the chiral chemical
potential. At large values of the chiral chemical potential,
we observe a flattening of the both pseudocritical temper-
atures, which, however, should be attributed to the crude-
ness of the model used in our studies. In particular, we have
neglected any possible backreaction induced by the chemi-
cal potential x5 on the form factor. From this point of view,
the computation of the quark mass function at finite us
using the Schwinger-Dyson equation, which should allow
one to incorporate the aforementioned dependence in the
mass form factor, would be interesting.

The widths of both axial and chiral crossover transitions,
oT ., show a tendency for shrinking as the chiral matter gets
denser, thus implying a strengthening of both transitions as
the chiral chemical potential increases. However, we see no

132} MR %]
130 topological suceptibility /,/” 8]
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e i
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L A e topological I8 ]
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FIG. 5. Pseudocritical temperatures 7. of the chiral symmetry

restoration (the orange squares) and the axial symmetry restora-
tion (the green circles) as functions of the chiral chemical
potentials 5. The inset shows the thickness of each transition.
The data are obtained by fits of, respectively, the chiral con-
densate (Fig. 2) and the topological susceptibility (Fig. 4); see the
text for more details. The dashed lines are drawn to guide the eye.
The shaded regions represent the quadratic-curvature behavior of
Eq. (58).
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signature of a critical end point in the (us, T') phase diagram
in the studied region of the chiral chemical potential ps.

These conclusions are in certain disagreement with
previous studies that used a local interaction kernel
[37,38] as well as with recent works using the Wigner
function technique [62]. On the other hand, the absence of
the phase transition point in the (us, T) plane agrees well
with the results obtained within the nonlocal NJL. models
[35,36,63], with the solution of the Schwinger-Dyson
equations [45-47], and with the first-principle QCD
studies in a limited range of temperatures and chemical
potentials [43].

A quantitative analysis reveals a less sharp picture given
the smooth nature of both crossover transitions. First of all,
the magnitude of the increase of both axial and chiral
pseudocritical temperatures is very small; the rise of the
chemical potential, from ps5 =0 to a rather large value
s = 400 MeV, leads to the enhancement of the critical
temperature by about AT, ~5 MeV, or less than by 5%.
This variation of the temperature is located well within the
broad widths of both crossovers, which are wider than
15 MeV for all studied values of the chiral chemical
potential. Moreover, at each given chiral density, both
crossovers overlap strongly since the difference in the axial
and chiral pseudocritical temperatures is within (2-3) MeV.

With both crossover transitions appearing so close to
each other, we expect that the effects of the chiral- and
axial-symmetry restorations will happen smoothly and
simultaneously. As the temperature rises, (i) the meson
masses will experience a small deep due to the diminishing
mass gap at the chiral crossover, followed by (ii) a rise in
the masses due to the thermal effects. The gradual restora-
tion of the axial symmetry will have its imprint in the
particle spectrum via enhancing the degeneracy of the
whole nonet of the pseudoscalar bosons as the masses of all
axial partners will approach each other. We refer the reader
to Ref. [64] for a recent detailed discussion.

We also determine the curvature ks of the crossover
transition in the (us, T) plane,

TL‘(MS) 1= i ) (58)

which is usually applied to the low-density domain with
|us| < T.. According to the conventions used in the
literature, a positive curvature x corresponds to a diminish-
ing (pseudo)critical temperature as the chemical potential
increases. In a realistic QCD with three quark flavors
(Ny =2+ 1, with two light u and d quarks and one heavier
s quark), the baryonic curvature xz determines the curva-
ture of the pseudocritical temperature with respect to
increase of the baryonic potential pp =3y (see, for
example, the recent studies in Ref. [65]),

Iy
72(0)

(59)

:l—KB

where p = p,, is the quark chemical potential. In our article,
we identify the chiral curvature (58) with respect to the
chiral (axial) chemical potential ps = py.

The curvatures of the chiral and axial crossovers for the
chiral quark chemical potential approximately coincide
and give k¥ = —0.0105(4) obtained from the topo-
logical susceptibility and k"™ = —0.0108(3) as extracted
from the chiral condensate. The corresponding quadratic
dependencies are shown in Fig. 5 by the shaded regions.
The width of each region corresponds to the statistical error.
We would like to notice that the quadratic dependence of
the critical temperature on the chiral chemical potential
holds very well for the relatively large values of the chiral
chemical potential, ps ~ T.

IV. CONCLUSIONS

We have reported on our study of the chiral and axial
symmetry breaking in chirally imbalanced QCD with two
flavors of light fermions at finite temperature using a
nonlocal Nambu—Jona-Lasinio model. We studied the
chiral condensate, (gq); the topological susceptibility,
Xiops and chiral density, ns, of a chiral medium, namely,
a system with chiral chemical potential us5 # 0, at finite
temperature. All the calculations have been performed
within a nonlocal NJL model with quark mass function
that agrees with perturbative QCD at large Euclidean
momentum. Our approach differs from almost all of the
previous calculations in which local effective models have
been used. The use of a nonlocal NJL model is favored over
the local ones since the former predicts that the critical
temperature for the approximate chiral symmetry restora-
tion, T, increases with y5 in agreement with the solution of
the Schwinger-Dyson equations as well as with the first-
principle lattice QCD calculations. On the contrary, the
conclusions of our approach disagree with the predictions
of most of the local the NJL models (see Ref. [41] for an
exception) as well as with the results obtained recently
within the Wigner function approach.

The response of the chiral condensate to a finite chiral
charge density at zero and finite temperature shows that the
chiral chemical potential us serves as a catalyzer of chiral
symmetry breaking: the chiral condensate strengthens as the
chiral density increases. This conclusion is in agreement
with other studies [57]. Moreover, the behavior of the
topological susceptibility at a finite chiral chemical potential
indicates that the chiral medium tends to break the axial
symmetry as well; the topological susceptibility becomes
larger with increase of the chiral density at all studied
temperatures. In other words, the chiral medium increases
the fluctuations of the topological charge, thus enhancing
the breaking of the axial U(1), symmetry. We have
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confirmed that the critical temperature of the chiral cross-
over rises with ps; we also noted the same behavior for the
axial crossover and pointed out an apparent hierarchy
of the temperatures 7% > T<hiral - However, the axial
and chiral crossovers possess substantial thermal widths,
6T, ~ (15-20) MeV, which imply that these transitions
overlap as 7%l — 7¢hiral  (2_3) MeV. Thus, in our model,
the axial symmetry restoration happens simultaneously with
chiral symmetry restoration.

Part of this study has been devoted to the divergence of
the chiral density. We argued that the presence of the chiral
chemical potential should be treated as a Lorentz-frame-
dependent coupling. The main argument is that the quarks
get substantial masses due the chiral symmetry breaking,
while the chiral charge is not a classically conserved
quantity for the massive fermions. Therefore, the corre-
sponding thermodynamically conjugated chiral chemical
potential should not, therefore, be considered as a true
chemical potential. The divergence of an unrenormalized
chiral density (44) is a consequence of this property.

Technically, the presence of a nonzero chiral chemical
potential modifies the functional form of the momentum
dependence of the fermionic eigenenergies. The latter
contributes to the zero-point energy which is no longer
associated with the pure vacuum contribution due to the
apparent dependence of the chiral chemical potential.
Consequently, the zero-point fermionic fluctuations con-
tribute to the density of the chiral charge. The zero-point
contribution is finite for massless fermions, but it gives a
logarithmically divergent term if the fermions have
amass. This fact highlights thermodynamic incompatibility
between formation of a finite chiral density and the absence
of the chiral symmetry for massive fermions. In the
response, the system generates an ultraviolet divergent
contribution to the free energy Q ~ m3u2 In A/m, which
forces the dynamical system to make the chiral chemical
potential us vanishing. In our work, we suggest that this
divergence may, however, be regularized and then renor-
malized in order to describe transient phenomena with a
nonzero chiral density in the theories with dynamical mass

generation (for example, in quark-gluon plasma formed in
heavy-ion collisions).

To support the need of the renormalization of the chiral
chemical potential in QCD with nearly massless quarks,
we invoked the following chain of arguments: the bare
chemical potential creates a chiral charge density, that
tends to decay due to chirality flips that are catalyzed by
the presence of the dynamical mass; the dynamical mass
appears as a result of the interactions of the theory, and
the interactions require the renormalization of the corre-
sponding couplings and observables. Thus, the processes
that involve the (non)conservation of the chiral density
are affected by the flow in the renormalization-group
space of QCD, so the chiral charge and the thermody-
namically conjugated chiral chemical potential should
also be affected by the renormalization. This statement
also applies to the theories where the quark mass appears
dynamically as a result of the spontaneous breaking of
chiral symmetry.

It will be interesting to check whether these predictions
are valid also in a model with three dynamical flavors and
to explore the behavior of different topological suscep-
tibilities to probe the axial symmetry restoration that
emerges in various contexts [66-70]. We leave these
projects to near-future studies.
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