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1 Introduction

A combination of a sufficiently strong magnetic field and nonzero baryon chemical potential
makes the vacuum of quantum chromodynamics (QCD) unstable with respect to the
formation of a periodically modulated neutral pion condensate [1]. The mechanism behind
the formation of this novel state, dubbed chiral soliton lattice (CSL) in analogy with similar
phenomena in condensed-matter physics [2], relies critically on the chiral anomaly [3],
similarly to the notorious two-photon decay of the neutral pion. The prediction of the CSL
phase in ref. [1] was made using the low-energy effective field theory of QCD: the chiral
perturbation theory (xPT). It is therefore model-independent. Its numerical accuracy relies
on the leading-order (LO), or tree-level, approximation of yPT.

The prediction of the CSL phase in the phase diagram of QCD raises a number of
immediate questions. The first of these concerns the phenomenological relevance. Nonzero
baryon density in combination with zero or low temperature and strong magnetic fields
suggests that the CSL state might appear in the cores of neutron stars. Indeed, the
average baryon density carried by the CSL lies in the ballpark [1]. On the other hand,
a sufficiently strong magnetic field might be hard to reach by conventional mechanisms.
However, the critical magnetic field needed for the formation of CSL might be lowered by a
positive-feedback loop arising from interaction with neutrons [4]. A similar mechanism for
spontaneous magnetization of QCD matter was proposed in ref. [5].

On a more conceptual side, one might also wonder how a solitonic pion state carrying
anomaly-induced baryon number might be dynamically created. This is a difficult question,
and first works in this direction only appeared recently [6, 7], suggesting nucleation of domain
walls from the QCD vacuum similar to bubble nucleation in first-order phase transitions.
Another important conceptual question is related to the one-dimensional modulation of the
CSL state. Namely, such one-dimensional ordered states should be unstable under thermal
fluctuations in the two tranverse directions [8, 9]; this is known as the “Landau-Peierls
instability.” Strictly speaking, the underlying reason for the instability is the softening of



the spectrum of transverse fluctuations, enforced by rotational invariance of the system.
The instability can therefore be avoided thanks to the external magnetic field, which breaks
rotational invariance explicitly [10].

It is nevertheless important to explicitly take into account the effect of thermal fluc-
tuations, not only to rule out the presence of the Landau-Peierls instability, but also to
delineate more accurately the domain in the phase diagram of QCD, occupied by the CSL
phase. This was done in our previous paper [11], where we extended the analysis of ref. [1]
to the next-to-leading order (NLO) of the derivative expansion of yPT. For calculation
simplicity, we however only considered the domain wall limit of the general CSL state. This
is sufficient to locate the phase transition between the normal and CSL phases, assuming
that it occurs via the formation of the domain wall.

The primary goal of this paper is to justify this assumption, and thus to put our
previous work [11] on a solid basis. At the same time, we further extend our previous
results by computing the magnetization, carried by the CSL. This observable is important
for the dynamics of spontaneous generation of strong magnetic fields, and thus completes
the list of properties relevant for assessing whether the CSL state might occur in the cores
of neutron stars.

The plan of our paper is as follows. In section 2, we review the properties of the CSL
solution at LO, which forms a basis for the subsequent analysis. The strategy and main
ingredients of the NLO computation are laid out in section 3. The simpler case of the
domain wall is discussed in section 4. We fill in some details skipped in ref. [11], and add
the calculation of the magnetization. Section 5 extends the analysis to the general case of
CSL; this is the core of the present paper. While all of our calculations are done analytically,
the importance of the results is best assessed by illustrating them with concrete numerical
values. This is done in section 6. In section 7 we summarize and append some concluding
comments. In order to make the main text of the paper readable, many technical details
are relegated to four appendices.

2 Chiral soliton lattice phase at leading order

We work within the two-flavor version of yPT, whose LO Lagrangian reads

2
@ % [TH(D,ETD E) + 2m2 Re Tr(S — 1)] + Lvzw. (2.1)

Here ¥ is a 2 x 2 unitary unimodular matrix containing the three pion degrees of freedom.
Also, m, and f; are the pion mass and decay constant, respectively, and the latter determines
the intrinsic cutoff scale of xYPT as 47 f;. The covariant derivative captures the minimal
coupling to the electromagnetic gauge potential A,, D, = 9,% —iA,[%, ¥], with 73 being
the third Pauli matrix. Finally, the Wess-Zumino-Witten (WZW) term Zyzw incorporates
the effects of the chiral anomaly [12, 13] and can be written as [3]

A

Lwzw = (2“ - AE) Jews (2.2)



where AB (11,0) is the auxiliary gauge field coupling to baryon number and

: 1 3i
Jhw = ~ 513 —— e Tr |(ED,EN)(SD.EN)(SDs%T) + Fya73(2D52T+DﬁETE) (2.3)

is the topological Goldstone-Wilczek current [14]

In sufficiently strong magnetic fields, B > m2, charged pions get a large effective mass
due to Landau level quantization and only neutral pions remain as relevant degrees of
freedom. Defining a dimensionless neutral pion field as ¢ = 7o/ fr, & = €% can be then
inserted in eq. (2.1), leading to

2
Ly = ik

5 (O 6)2 +m2f2(cosd— 1) + LB - V¢, (2.4)

A2
where B denotes the background magnetic field, assumed to be constant and uniform from
now on.

The classical ground state of the theory is found by subsequent minimization of the
corresponding Hamiltonian with respect to ¢. Let us note that the unit matrix 1 was
included in the second term of (2.1) to ensure that the “normal phase” (that is, the QCD
vacuum, corresponding to ¥o = 1) has zero energy density. A negative (spatial average of)
energy density is then a smoking gun for a nontrivial ground state.

2.1 Classical ground state

As shown in ref. [1], the equation of motion corresponding to the Lagrangian (2.4) has
a class of topologically nontrivial solutions, modulated in the direction of the magnetic
field. We choose to orient B along the z-axis. The solutions, ¢g, are parameterized by the
dimensionless elliptic modulus & (0 < k£ < 1), and given implicitly by

$o(2)

cos —5 =sn(z, k). (2.5)

Here zZ = zm,/k is a suitably chosen dimensionless coordinate and sn is one of the Jacobi
elliptic functions. The solution ¢q is quasiperiodic in z in the sense that

¢0(Z + L) = gf)()(z) + 271', (26)
where
I 2k:TI§(k:) (2.7)

is the period and K (k) is the complete elliptic integral of the first kind. As a consequence,

the corresponding unitary matrix g = €% which in turn determines the expectation

values of the quark scalar and pseudoscalar bilinears (condensates), is strictly periodic.
The average energy density of the CSL solution (2.5) at LO reads

ZOCSL _ 1-— 1= - . 2.8
v e 2V RR®R)] T kKR (28)



The energy density can in turn be minimized with respect to k in order to find the ground
state for given baryon chemical potential u and magnitude of the external magnetic field B.
This leads to an implicit condition that uniquely fixes the value of k,

E(k)  pB
ko 16mm,f2’

(2.9)

where E(k) is the complete elliptic integral of the second kind. It follows from eq. (2.8)
that whenever the condition (2.9) is satisfied with 0 < k£ < 1, the LO energy of the CSL
state is negative, i.e., CSL is favored over the QCD vacuum. However, eq. (2.9) cannot be
satisfied for arbitrary values of p and B, since its left-hand side is bounded from below,
E(k)/k > 1. The condition for the existence of the CSL solution can be cast as a lower
bound on the magnetic field (for given p),

B > BCSL = —7 (210)

The equation B = Bcgy, defines the boundary between the normal and CSL phases at LO
of the derivative expansion of xPT.

At the phase transition, the optimum value of the elliptic modulus is £ — 1. In this
limit, the lattice spacing (2.7) diverges. The CSL solution (2.5) turns into a domain wall,
which has a simple expression not requiring Jacobi elliptic functions,

¢o(z) = 4arctan e ?. (2.11)

The domain wall solution is localized in the direction of the magnetic field, and its energy
thus does not scale with volume but rather with area in the two transverse directions. While
its average bulk energy density (2.8) vanishes, the domain wall still carries nonzero energy
per unit transverse area, which vanishes for B — Bggr,,

Fowall

B
S —8m7rf7%_L

o (2.12)

2.2 Power counting

In order to include the contributions of quantum and thermal fluctuations to the free energy
in a controlled way, a power-counting scheme is needed. We modify the standard yPT power
counting [15] in the same way as in ref. [11], i.e., we assign an unconventional counting
order to the baryon chemical potential,

O, mr, T, Ay = O(pY), A7 =0(p™"). (2.13)

The advantage of this scheme is that it brings the term proportional to AE in the WZW
Lagrangian (2.2) to the LO, O(p?) part of the effective Lagrangian. This makes the tree-level
analysis of CSL in ref. [1] consistent.

Higher orders of the derivative expansion of the free energy density of yPT are then
organized by increasing powers of the dimensionless expansion parameter € ~ [p/ (47 f,)]?,
where p is the characteristic scale of m,, T or vB. In order to determine the complete



free energy at NLO, O(p?), we need to include one-loop contributions generated by the
LO Lagrangian as well as tree-level contributions from additional, O(p*) operators in the
effective Lagrangian.

Note that the baryon chemical potential does not correspond to any physical mass scale
in yPT. Consequently, assigning p a counting order of —1 does not amount to restricting to
a particular range of values of . However, eq. (2.4) shows that the combination pB/ (472 f2)
controls the gradient of the neutral pion field in the CSL state. This is consistent with
the fact that puB is O(p') according to our counting scheme. It can be checked that the
gradient of the neutral pion field in the CSL state given by egs. (2.5) and (2.9) is indeed
smaller than 47 f; in the relevant part of the parameter space.

3 Setup of the next-to-leading-order calculation

3.1 Expansion of free energy

Upon including the effects of fluctuations, the free energy becomes a nonlocal functional
of the field configuration ¢. Minimizing such a functional directly to find the ground
(equilibrium) state would be a daunting task. Fortunately, in order to pin down the phase
diagram, we do not really need to know the exact CSL ground state, merely the difference
of its free energy compared to the normal phase. Let us see how far we can get by using
the systematic power counting of yPT.

In order to make our task feasible, we will restrict to the class of quasiperiodic functions
¢(z). Each such function can be represented by a profile function ¢ and the period L as

¢(2) = ¢(z/L). (3.1)

The profile function is likewise quasiperiodic, but its period is rescaled to unity. Now recall
that already at LO, the procedure for finding the ground state was split into two steps.
In the first step, we found a broad class of stationary field configurations of the classical
action. In the second step, we then minimized the energy of these solutions with respect
to a single real parameter, k. With this in mind, we temporarily treat the average free
energy density as a functional of the profile ¢ and a function of the period L, %#[¢, L]. In
the derivative expansion, the free energy of YPT can be expanded in powers of ¢,

y[go,L] = 350[()0,[4} +€1y1[90¢L] + 623?2[()07L} AR (32)

Denoting the ground state configuration with a bar to distinguish it from a generic test
field, it can likewise be expanded in a power series,

95:<p0+61<p1+62<p2+~-,

_ 3.3
L=Lo+€e'Li+€eLo+---. (3:3)
Up to the NLO, that is first order in €, the free energy density then becomes
. 0.7 0%
Flo Ll = Folio, Lol +¢! [dza(e) ool ey G0N e Filpo, Lol +O(E).
dp(z) |e=%o OL |¢=¢0
L:Lo L:LO
(3.4)



In order that the expansion (3.3) actually represents the ground state, the LO approxi-
mation must be a stationary state of .%y, that is one of the solutions (2.5). This ensures
vanishing of the integral term in eq. (3.4); the fact that ¢(z) has a fixed boundary condition
and a fixed period guarantees the vanishing of the boundary terms generated by integration
by parts when evaluating the variation 0.%,/dp. On the class of solutions (2.5), eq. (3.4)
therefore reduces to

0%y

Flp, L] = Foloo, Lol + 11 2|+ Fafpo, Lol + O(), (3.5)
L=Lg

This enables us to compute the NLO free energy of the LO ground state for given magnetic
field and chemical potential, for which also the derivative 0.%/JL vanishes. The calculation
of the contribution .%1[pg, Lo| is the main subject of this work.

3.2 Fluctuation determinant

In any scalar field theory, the one-loop contribution to the free energy is given by the
determinant of the differential operator that defines the part of the Lagrangian quadratic
in fluctuations around the chosen ground state. Since the CSL state conserves electric
charge, we can consider separately the fluctuations of the neutral and charged pion fields.
Eventually, the one-loop free energy will be given by the formal expression

1
lel—loop _ 5 Tr log _@(ﬂ—o) + Ty log Q(ﬂ'i)’ (36)

where 2(™) and 2(™) are the fluctuation operators, specified concretely below. The
trace is taken over the spectrum of these operators, hence, detailed information about this
spectrum and the density of states will be needed.

In order to find the fluctuation operators 2(°) and Q(Wi), one needs to choose a
convenient parameterization of the matrix variable ¥, and to expand the Lagrangian (2.1)
to second order in the pion fields. This calculation was performed in appendix A of ref. [1]
and the fluctuation operator related to neutral pion fluctuations is easy to read off,

2 = 0O+ m2 cos . (3.7)

For the fluctuation operator in the charged pion sector, we need to choose a gauge for
the external magnetic field. With the standard asymmetric gauge, A = (0, Bz,0), the
fluctuation operator becomes (see appendix C of ref. [1] for details)

+ .
20 =0+ 2iBx0y, + B*x* — (¢)? + m2 cos ¢o, (3.8)
where the prime indicates a derivative with respect to z. Note that we are neglecting here

the contribution of the WZW term to the bilinear Lagrangian as it is of higher order when
the magnetic field is also counted as a small expansion parameter.



3.2.1 Neutral pions

Combining equations (3.6), (3.7) and the CSL solution (2.5), the contribution of neutral
pions to the one-loop free energy of the CSL state follows. Upon analytical continuation to
imaginary time and Fourier transformation to the frequency-momentum space, it reads

1-1 1 2 2 2 (A
B, C‘;"f =3 > log [wn +pl +m2 (k2 —-1 (3.9)
”7PL:)\
Here w, stands for the n-th bosonic Matsubara frequency, w, = 2anT, p, is the two-
vector of momentum in the directions transverse to the magnetic field, and A labels the
(dimensionless) eigenvalues of the effective one-dimensional fluctuation Hamiltonian

%”égi) = 02 4+ 2k* sn?(Z, k). (3.10)

This is a special case of the so-called Lamé Hamiltonian, whose spectrum is known in the
literature. We provide some further details with references in appendix A.

The expressions for the one-loop neutral pion free energy and effective one-dimensional
Hamiltonian in the case of the domain wall can in principle be obtained from egs. (3.9)
and (3.10) by taking the limit & — 1. However, it turns out convenient to use another
definition of the eigenvalue A, differing from that in eq. (3.9) by a constant shift,

BFwoop (™) Z loglw? + p2 + m2(1+ )], (3.11)
n?pL7>\

With this definition, A runs over the eigenvalues of the one-dimensional Hamiltonian

2
cosh? z

) = 92

W z

(3.12)

Here z = m,z is the dimensionless coordinate appropriate for the domain wall solution and
eq. (3.12) is a special case of the so-called Poschl-Teller Hamiltonian. Its spectrum is also
well-known; see appendix A for a detailed derivation.

3.2.2 Charged pions

In the case of charged pions, the transverse directions cannot be dealt with by mere Fourier
transformation. Instead, we expect the different eigenstates to organize into Landau levels,
labeled by a non-negative integer quantum number m. Since the parts of 2() acting on
the z,y and z coordinates mutually commute, the Landau level problem can be solved in
the usual manner regardless of the background ¢g(z). The final expression for the charged
pion contribution to the one-loop free energy of the CSL state thus parallels eq. (3.9),
m2
BFL ) = BS — > log |w + (2m+1)B + p(A K —4)|. (3.13)

n,m,A

We used the fact that the number of states in a given Landau level per unit transverse area
equals B/27. The index A now runs over the eigenvalues of the dimensionless Hamiltonian

AT = 92 4 6k sn? (2, k). (3.14)



For the domain wall (k = 1), we again change the definition of A by shifting it by a constant.

This leads to
00 BS
5ffvlvalf o= Z logw + (2m+1)B+m (1+ M), (3.15)

n,m,\
with the corresponding one-dimensional effective Hamiltonian

6
cosh? z

AT = 92 —

Wi z

(3.16)

The Hamiltonians (3.14) and (3.16) are again special cases of the class of Lamé and Poschl-
Teller Hamiltonians, respectively, and their spectra are described in appendix A. With all
the spectra of the one-dimensional fluctuation Hamiltonians known, the task to evaluate the
one-loop free energy of the CSL and domain wall solutions reduces to finding an efficient
way to perform the different sums.

3.3 Renormalization at one loop

Before proceeding to a detailed calculation, note that the naive one-loop free energy (3.6) is
divergent and requires renormalization. Within the power counting of xPT, this amounts to
adding a new set of NLO operators carrying the necessary counterterms. In the two-flavor
version of yPT, the NLO Lagrangian contains altogether 12 independent operators, see
for instance section 3.5.1 of ref. [15]. Fortunately, we do not need to carry out a complete
one-loop renormalization of yPT. All we need is renormalization of the one-loop effective
action on a neutral pion background. Moreover, we are only interested in the difference
of the free energies of the CSL and normal phases, which means that we can subtract
the effective action evaluated on the trivial vacuum, ¢9 = 0. This reduces the required
counterterm Lagrangian to

Ly = 61[(8,@)2]2 + ez(am)Qm?T cos ¢ + £zm? (cos® ¢ — 1), (3.17)

where /1 2 3 are dimensionless couplings that can be fixed independently of the background,
that is, with the help of existing xPT results. In particular, rewriting the couplings ¢ 23
using the notation of [16], we find

by =11 + s, by = ly, b3 =13+ 4. (318)

The divergent parts of /1 2 3 4 can in turn be fixed in the vacuum using the MS renormalization
scheme with dimensional regularization in D = 4 — 2¢ spacetime dimensions. If the
renormalization scale is chosen as my,' they read [16]

= — (Z;) (1+1 z) (3.19)

IThere is no residual dependence of our results on the choice of renormalization scale. Of course, one-loop
corrections to the free energy generate logarithmic dependence on the renormalization scale, but this can be
ezxactly compensated by suitable running of the NLO couplings. This is eventually because the predictions
of xPT are organized by powers of derivatives rather than couplings, and because the NLO free energy is
strictly linear in the NLO couplings.



with the algebraic coefficients ~; given by [17]

2 1

"= " =73 Y3 =—5 Y4 = 2. (3.20)

1
3 )
As for the finite parts of the counterterms, we assume the following values,

li =—0.440.6, lo =43+0.1, I3 = 3.53+0.26, Iy =4440.2. (3.21)

The values of 1_17274 were determined by matching of xPT to experimental input at interme-
diate energies via Roy equations (see refs. [18, 19] for details). On the other hand, the error
of I3 can be substantially reduced by taking into account lattice simulations. We therefore
use the value of I3 based on Ny = 2 + 1 + 1 simulations [20, 21]. For the sake of producing
our own numerical results, we will only use the mean values of 5172,374; we display the errors
in eq. (3.21) just for a rough indication of the uncertainty of our results.

Another important consequence of the one-loop corrections to the effective action
of xPT is that beyond LO, the parameters f; and m, in eq. (2.1) no longer have the
interpretation as the pion decay constant and mass, respectively. In order to be able
to match these parameters correctly to physical observables, the part of the full 1-loop-
renormalized effective Lagrangian bilinear in the neutral pion field has to be found and
compared to the expression FT’?((‘)Mqﬁ)z — SM2F?¢%. A detailed calculation then allows for
the matching,

2 _ p2 7
Fr=frt g2l (3.22)
M2 = 22 (I5 — 4ly). (3.23)
™ T mTJ T 32772

Combining the physical input M,; = 140 MeV and F; = 92 MeV with the mean values of
the finite counterterms (3.21) gives

My =~ 142 MeV, fx ~ 86 MeV. (3.24)

We use these parameter values below in section 6 to map the part of the phase diagram
where the CSL is the ground state.

4 Domain wall at next-to-leading order

A complete expression for the NLO free energy of the domain wall appeared in ref. [11].
However, only the basic steps of the calculation were outlined therein, owing to space
restrictions of the letter format. Here we review the derivation in full detail. In addition,
we derive formulas for domain wall magnetization that were not published previously.

4.1 One-loop free energy

Let us start with evaluating explicitly the contribution to the free energy from the countert-
erm Lagrangian (3.17). To that end, we need the following elementary integrals, valid for



the domain wall solution (2.11),

+oo 3
| delenant = 5
+oo
[ el cosgn(z) = fs’g”, (4.1)
+00 8
/_ dz[cos® ¢o(z) — 1] = g

The counterterm Lagrangian (3.17) then gives the following contribution to the free energy
of the domain wall per unit transverse area,

gre.t.
Jléwa” =m3 (—6;61 - 252 + izg) . (4.2)
With the couplings /¢; 2 3 fixed according to section 3.3, this contribution serves to
cancel the divergences in the one-loop zero-temperature free energy that we shall calculate
next. Before doing so, let us outline the general strategy for evaluation of the sums over A
in egs. (3.11) and (3.15). Using the known properties of the spectrum and eigenstates of the
Poschl-Teller Hamiltonian, one can derive the summation master formulas (see appendix A
for details)
2 [ f(P?)
B ; o 1+P 2

ST = f(-1) dpP (4.3)
A

for the Hamiltonian (3.12), governing neutral pion fluctuations, and

SN = S+ i -1 [T () S (4
A

for the Hamiltonian (3.16), governing charged pion fluctuations. Both formulas hold for any
smooth function f satisfying Ph_lg(lx) f(P?)/P = 0. The primes on the summation symbols
indicate regularization of the sums by subtraction of an analogous sum over the spectrum
of the “free particle” Hamiltonian % = —d2. If these formulas are used in eqs. (3.11)
and (3.15), the difference of free energies of the domain wall and the normal phase is
obtained. If not stated otherwise, we will have in mind this difference when speaking about
the free energy of the domain wall or CSL in the following text, i.e., the subtraction of the
normal phase will not be mentioned explicitly every time.

4.1.1 Zero-temperature part

The one-loop free energy can be split into a zero-temperature part and a thermal part in a
standard manner. We will first deal with the zero-temperature part, which is somewhat
easier to evaluate but requires renormalization. Starting with the contribution of neutral
pions, a combination of egs. (3.11) and (4.3) gives

1 [+ log[P? 2(14+ P2
ogrt - L p loslPt +mi(1+ P?)]
v

oo 1+ P2

= 7T0 €
FLT 1 (emad, /ddpL {
S 2

L(en o } (4.5)

~10 -



Here P, denotes the transverse components of four-momentum (that is frequency w that
becomes continuously-valued in the limit 77 — 0, and transverse momentum p, ), and
d = 3 — 2¢ is the number of spatial dimensions in dimensional regularization. As usual in
dimensional regularization, we have inserted an appropriate power of the renormalization
scale Arg to keep the mass dimension of the free energy fixed. As mentioned in section 3.3,
we set Agg = m, in our final results. Recall also that the finite parts of the counterterms
are fixed within the MS renormalization scheme. In order to ensure the corresponding
subtraction in our calculation, we follow the convention of ref. [16] and introduce the factor
(e"® /4m)€, with vy being the Euler constant.

The integral of log P? does not contain any scale and therefore vanishes in dimensional
regularization. The remaining contribution is evaluated by first integrating over P, and
then over P, the final result being

yTZO,(WO) 2 (A2 )€ md
1,wall __= (€ ARe) My r(14) (4.6)
3 d  (4m)? 27 '

The contribution of charged pions is considerably more involved due to Landau level
quantization. The starting point is eq. (3.15), where at zero temperature the Matsubara
sum has to be replaced with

dd 2
TZ / e (4.7)
Note that we treat w as living in d — 2 dimensions for compatibility with dimensional
regularization, since the Poschl-Teller Hamiltonian (3.16) is strictly one-dimensional, and
the Landau-levels to be summed over describe quantized eigenstates in two transverse
directions. With this in mind, we use eq. (4.4) and subsequently integrate over w to find

FIAT) BlewAZy) T - ) & bl iy
— _ 2 2
5 o = mgo{ [(2m+1)B —3m%]?  + [(2m + 1)B]
©dP [ 4 8 2y 41
—/0 2%[1+P2+4+P2} [(2m+1)B+m(1+P)] } (4.8)

The next step is to sum over the Landau levels, which is done with the help of the
Hurwitz (-function,

> 1
ss)=y —— 4.9
=2 gy (4.9)
Specifically, we need sums of the form
do[@m+ 1B+ o] = (2B) (s, 5+ 5). (4.10)
m=0

In order to be able to extract the divergent part of the free energy analytically, we also need
the asymptotic expansion of the sum over Landau levels at large longitudinal momentum
P. To that end, one can use the so-called Hermite formula for the Hurwitz (-function, see
section 13.2 of ref. [22], to deduce the following expansion at large g,

1-s
I N U NN S
C(s,q+v)—s_1+q <2 v>+sq {12—1-2

(v — 1)} O, (41
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We use this formula to expand eq. (4.8) summed over m in powers of 1+ P? and 4 + P2.
This makes it possible to evaluate the divergent part of the one-loop free energy of charged
pions in a closed form.

When combined with (4.6), one can check explicitly that the divergence of the one-loop
free energy of the domain wall is canceled by the counterterms (4.2). This is an important
consistency check of our calculation. The final form of the remaining finite, renormalized
NLO zero-temperature free energy of the domain wall is

ﬁTO

1swa“ = 72 (70 120log 2 + 161 + 3215 + 313)

7T

B3/2 2 1 o0 dP 4 1 m2 1+P2

o 1S ) ) —/0 27T1_|_P2{C(_27%+W(QB )

2 o2 213/2 dP 8 m2 (14 P?
+3<23> (HP)/}_/O 2W4+P2[C(_;’%+ “5)
m2 3/2 2

+ <2§> (3(4 + P32 _3(4+ P2)1/2>] } (4.12)

using the notation for the finite counterterms, introduced in section 3.3.

The terms on the first line of eq. (4.12) arise from the finite part of the neutral
pion contribution (4.6) and the renormalization of the divergent parts of both eq. (4.6)
and eq. (4.8). The rest of eq. (4.12) corresponds to the finite part of the charged pion
contribution (4.8). Note that for B < 3m2, the magnetic-field-dependent part of the
zero-temperature free energy [in particular the first term on the second line of eq. (4.12)]
develops an imaginary part. This corresponds to the fact that the domain wall is unstable
with respect to charge pion fluctuations unless B > 3m2 [3]. In the opposite corner of the
parameter space, B > m2 the free energy is dominated by the charged pion contribution,
and eq. (4.12) is then well approxmaated by the very simple expression

lewa?ll ~ 3 IOg 2

myB. (4.13)
B>»m2

4.1.2 Thermal part

Let us now turn to the thermal corrections to the free energy on the domain wall background.
While the charged pions turned out to dominate the zero-temperature loop corrections, we
expect the situation to be the opposite for thermal corrections. Namely, unlike the neutral
pion fluctuations that include the gapless phonon of the CSL (which in the limiting case of
the domain wall reduces to the translation zero mode of the wall), the charged pions are
gapped, and their contribution is, therefore, expected to be exponentially suppressed at low
temperatures.

The thermal part of the free energy of neutral pions is obtained by taking eq. (3.11)
and carrying out the Matsubara sum, the result being

ZT:(70)

F
lvvall TZ/ L log \/W] (4.14)
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The sum over A is then done using eq. (4.3). In the contribution of the bound state of the
Hamiltonian (3.12), A = —1, the remaining integral over p, can be evaluated analytically. In
the contribution of the continuous spectrum, in turn, the integral over p, can be simplified
by introducing spherical coordinates and performing the angular integration. The final
result for the thermal free energy due to neutral pions can then be written as

eng7(ﬂ—0) 3 T3 2T o0
v _ (BT ma / ParctanP10g<1 — g=Pmny 1+P2> dPp. (4.15)
S 2 72 Jo
)

This expression for ﬁlT (™) i suitable for numerical evaluation thanks to the exponential

™
wall
convergence of the integral. To get analytic insight in this result, one can represent it as a
chosen scale, for instance T3, times a function of the dimensionless parameter Sm,. For
T < mg, the contribution of the continuous spectrum of the domain wall is exponentially
suppressed. The thermal free energy is dominated by the gapless surface mode on the
domain wall, that is the first term in (4.15). On the other hand, T" > m, can be interpreted
as the chiral limit, in which the spectra of neutral pion fluctuations above the CSL state
and normal states coincide. Indeed, it can be shown that eq. (4.15) vanishes in this limit.
Next we turn to the charged pion contribution to the thermal free energy. In order to

get a compact expression, we introduce the shorthand notation

e(m,\) = \/(2m + 1)B + m2(1 + A). (4.16)

Carrying out the indicated Matsubara sum in eq. (3.15) and subsequently using eq. (4.4)
to do the sum over the eigenvalues A, the thermal free energy of charged pion fluctuations
can be brought to the form

1,wall

S

&(ﬂi) _ BT S {log [1 _ e—ﬁe(m,—‘l)} + log [1 - e_ﬁe(m’_l)}

o dp [/ 4 8 2
_[rar log [1 — ¢—Be(m.P?) }
/0 o <1+P2+4+P2> Og{ ¢ ]

Note that the instability of the domain wall at any B < 3m2 manifests itself also in this

m=0

(4.17)

expression. Namely, the lowest-lying charged pion excitation, which is localized in all three
dimensions, contributes to the m = 0 part of the first term in eq. (4.17), which tends to
negative infinity as B approaches 3m2 from above since

li 0,—4) = 0. 4.18
p im0 (419

For the same reason, the free energy (4.17) becomes complex for any B < 3m2.

4.1.3 Asymptotic expansion of the free energy

The renormalized NLO free energy of the domain wall is given by the combination of the
contributions (4.12), (4.15) and (4.17),

+
ﬂl,wall = 93::&011+3‘T7(770) +gTa(ﬂ' ) (419)

Wi 1,wall 1,wall

~13 -



This expression depends on three different scales: my, T and v/ B. A useful, simple analytic
approximation to the NLO free energy exists when m, is much smaller than the other two
scales, that is close to the chiral limit. As mentioned above, the zero-temperature free energy
is then dominated by the charged pion contribution, whereas the thermal contribution due
to neutral pions vanishes in the chiral limit. Furthermore, eq. (4.17) is dominated by the
second line and can be simplified by introducing the dimensionless ratio v = v/B/T and
the auxiliary function [23]

D=3 [ e eel0=VEREIEE @

Altogether, the complete (LO and NLO) free energy of the domain wall in the asymptotic
regime m, < T,/ B can be written in the simple form

Fwall _ Fowall | Flwall _ 9 uB 3log?2 m<T% 6m.B
s S + S M fr = 271' 472 o2 B 6 w2 wly). (4.21)

Remarkably, this approximation to the free energy can be interpreted solely in terms

of one-loop renormalization of the pion mass and decay constant [23],

T2  Blog?2 B
M2(B,T) =m2 |1 — -

Blog?2 B
F2(B,T) = 2{1 - } 4.22
7r( ’ ) f7r + 87T2f7% 7r2f7%90(7) + ( )

Equation (4.21) can also be used to get some insight into the position of the phase transition
from the normal to the CSL phase. This can be located by requiring that Fy.n = 0. At
zero temperature, eq. (4.21) tells us that unlike at LO, the CSL phase can no longer be
the ground state at arbitrary small p. The threshold value of the chemical potential is

HPmin = 3120g2m7r ~ 0.33 my. Moreover, eq. (4.21) indicates that the CSL phase is stabilized

by thermal corrections. A numerical study of the phase diagram based on the full NLO free
energy will be presented in section 6.1, and confirms the above expectations.

4.2 Next-to-leading-order magnetization

The magnetization of a system can in general be calculated from the free energy as

0.7
M=-—=. (4.23)

At LO, the magnetization of the domain wall per unit surface follows at once from (2.12),

Moy wan H
: = — 4.24

S 27’ (424)

independently of the magnetic field [24]. To find the NLO correction to the magnetization,
we need to differentiate eqs. (4.12) and (4.17) with respect to the magnetic field.? To that

2Recall that these expressions give the difference of free energies of the domain wall and the normal
phase. However, in the normal phase, both the free energy and the magnetization are distributed uniformly
in the bulk. What we calculate here is the excess magnetization associated with the domain wall. Note also
that the neutral pion contribution to the NLO free energy (4.15) is independent of the magnetic field and
thus does not contribute to the magnetization.
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end, we use the identity

9¢ (s,

) —sgls+ L), (1.25)

which follows directly from the definition (4.9). One then finds
Mt _ _VB §C(_l 1 3may 3mz (1,1 3may §C(_l 1y (4.26)

S - \ﬁﬂ' 9 272 2B 4B 272 2B 92 272 :
_/0 27 <1+P2 * 4+P2> {2“—2’2 )
Tn72r(1 + P2) m2 (14P2
- et ) }

for the NLO contribution to the magnetization of the domain wall per unit surface at zero
temperature, and

M1T o1& (2m+1)B
wa — — 66(771,—4)
- ZO Tlog[1- |+ T ) [P T T (4.27)
__—Be(m,—1) (2m + 1)B
+Tlog [1—e |+ 2o =1 [P DT

o dp [ 4 8 )
_ _ Tl 1— —ﬁe(m,P)
/0 o (1—|-P2+4—|—P2)( Og[ € }

(2m+1)B
* 2¢(m, P2) [efe(m.P?) — 1] )}

for the additional thermal contribution. The zero-temperature contribution to magnetization
diverges in the limit B — 3m2 thanks to

xgr(r)lJrC(l/Q x) = +00. (4.28)

The thermal contribution likewise diverges in the same limit due to the property (4.18).

5 Chiral soliton lattice at next-to-leading order

5.1 General strategy

In case of the more general CSL solution, we have to follow the same steps to evaluate
the neutral and charged pion contributions to the one-loop free energy, given by egs. (3.9)
and (3.13). Before we split up the calculation into the zero-temperature and thermal parts,
it is, however, worth outlining the strategy for evaluation of the sums over the eigenvalues
A of the effective Hamiltonians (3.10) and (3.14), similarly to the domain wall case.

5.1.1 Neutral pions

Let us illustrate the strategy in detail on the simple case of the neutral pion contribution.
Upon explicitly subtracting the corresponding contribution to the free energy of the normal
phase, eq. (3.9) can be written as
PR 1
B ™) =2 3 {log [0+ A(P) - 2k%] —log (93 + P?)} (5.1)

2 npL 7P
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where P = p,k/m; is the dimensionless quasi-momentum in the direction of the magnetic
field, A(P) is the corresponding eigenvalue of the operator (3.10), and

k‘2
0 = W(WTQL +p7 +m2). (5.2)

Now that the background is periodic and the spectrum can accordingly be characterized by
a momentum variable, the discrete sum over p; and P can be converted into a continuous
integral through the usual replacement

s ddilpl dpP
22V o

(5.3)

The factor m,/k relates the dimensionless variable P to the physical quasi-momentum p,
and d = 3 — 2¢ will again be used for dimensional regularization.

The integral over P cannot be performed directly because an explicit expression for
the dimensionless “energy” A(P) is not available. What is known is the group velocity [25]

B _ /BT P -1-F)

(5.4)

This is sufficient to convert the integral over P into one over A. The latter requires some
care since the spectrum of neutral pion fluctuations of the CSL solution spans two bands
covering the intervals

E2<A<1 and 1+E*<A (5.5)

(See appendix A for more details on the spectrum of the corresponding Lamé Hamiltonian.)
Remembering to add an overall factor of 2 to account for the double degeneracy of energy
levels in the continuous spectrum, we then arrive at the following expression for the neutral
pion contribution to the one-loop free energy of the CSL state,?

w 1ms % Z/dd 1pJ_{ o
14 2k 4 9r)d—1 ‘
dP
ol 2 - — | 5=log(Q3+P° }
/7Tf1( ) Og( O+A k )|: (k271) X(1+k2’m)i| /27T Og( 0+ )

Here x; is the characteristic function of an interval I. The different signs in front of the
two characteristic functions in eq. (5.6) are related to the fact that fi(\) arising from the
change of variables from P to A has a different sign in the two energy bands.

Remarkably, the difference of the two integrals in the curly brackets in eq. (5.6) can be
evaluated analytically. By using an alternative approach to the calculation of the functional
determinant of @gél), based on the Gelfand-Yaglom theorem [26], one can show that this
difference of integrals equals

Z(u, k) + cs(u, k) dn(u, k) — Qo, (5.7)

3The one-dimensional integral without specified integration bounds is to be understood as an integral
over the whole real axis; this notation will be used throughout the text.
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where Z(u, k) is the Jacobi zeta function and w is given implicitly by solving the condition

2
es?(u, k) = 03 — k2 = k—z(wz +p?). (5.8)
mﬂ'
See appendix C for some details of the derivation of eq. (5.7).

Although it might be tempting to replace the complicated integrals in eq. (5.6) with the
compact expression (5.7), it is in fact the former expression that is more useful. Namely, the
fact that the Matsubara frequency w,, and the transverse momentum p, only enter eq. (5.6)
through the logarithms therein makes it possible to carry out the Matsubara sum and the
integral over p | in a closed form, without having to worry about the band spectrum of CSL.

5.1.2 Charged pions

The strategy for the charged pion case is analogous, albeit technically more involved. Again,
the free energy of the normal phase is explicitly subtracted from the contribution of eq. (3.13)
and the sum over the dimensionless quasi-momenta P is turned into a continuous integral
in the standard way,

w2+ (2m+1)B + —Q(A(P) —4— k:?)]

k?
} (5.9)

Like in the neutral pion case, an expression for the dimensionless energy A(P) is not known

Cx; 5~1 loop, (7 ¥)

1,CSL B dpP
T Z/ {bg

— log

w2+ (2m +1)B + ﬁ(PQ + k?)

explicitly, but the group velocity can be inferred, e.g., from ref. [27],
dA 2\/T0_ (A = X))

dP 9 — (A —4k2)(A -2~ k2) + 3(A — 2 — 2k2) 2B

= fa(N), (5.10)
where
)\1:2(1+k2—\/1—k2+k4), No=14Ek2, N3=1+4k2
A= 4+ k2 )\5:2(1+k2+\/1—kz2+k4>.

The spectrum of the operator (3.14) (the n = 2 Lamé Hamiltonian) consists of three bands

(5.11)

spanning the intervals
A1 <A< g, A3 <A< Ay, As <A (5.12)

see figure 4 in appendix A for a visualization of this band spectrum.

As pointed out already in ref. [1], the bottom of the lowest Landau level can reach
zero for sufficiently strong magnetic fields, which indicates an instability of CSL under
Bose-Einstein condensation (BEC) of charged pions. The critical magnetic field Bpgc for
this BEC can be inferred from eq. (5.9). Namely, the argument of the first logarithm therein
for m = n =0 and A = A\ reaches zero if

2
m
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Here k = k(u, Bprc) is fixed by the condition (2.9). Hence, eq. (5.13) determines the
critical field Bggc implicitly in terms of the baryon chemical potential. Further analytic
insight is possible in certain limiting regimes. First, in the limit k& — 1, Bggc — 3m2,
which is consistent with the observed instability of the domain wall spectrum. Second, for
B> m?2 (ie., k < 1), the condition (2.9) simplifies to [28]
8 2 r2
oo ST S M (5.14)
uw B

Using this in eq. (5.13) and discarding terms that are subleading in the limit £ < 1, one
can then easily solve for the critical field,

1674 f2
©2

Bpgc ~ (for B> m2). (5.15)
Note that the regime k < 1 is equivalent to the chiral limit, m, — 0. It was shown in
ref. [29] that in the chiral limit, a nontrivial configuration of charged pion fields is indeed
energetically preferable above the critical magnetic field (5.15).

5.2 One-loop free energy: zero-temperature part

We now start with the zero-temperature part of the one-loop free energy, which can be
extracted from eqgs. (5.6) and (5.9) by converting the Matsubara sum into a continuous
frequency integral. This part of the CSL free energy requires renormalization, which is
accomplished by adding extra contributions arising from the counterterms in eq. (3.17).
Since the free energy of the CSL state scales with volume, it is sufficient to evaluate the
spatial averages of the counterterm operators in eq. (3.17). These are given by identities
similar to eq. (4.1),

, 16m27 1 1 4 2\ E(k
@ = -+ + (- ) K(k;]
m2
(5P cosone)) = 5= |15 =+ (=3 + 3 EYQ)] (5.16)
8 8 8 4 E(k
(st u(2) = 1) = g7~ gz + (3 + 370 (uf))

where the CSL solution (2.5) has been used. The corresponding counterterm free energy
then reads

ﬁc.t.
SEL ([0 (2))Y) + Lo ((64(2)]2 cos do(2)) — lamb{cos? o) — 1) (5.17)

5.2.1 Neutral pion contribution

Let us now turn to the zero-temperature part of eq. (5.6). Analogously to eq. (4.5), we
combine the frequency w with the transverse momentum p | into a single transverse energy-
momentum variable P, . The integral over P, can be done in a closed form. This brings
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eq. (5.6) into a form where only a one-dimensional integral remains to be done,

T=0,(x° €
BT ettt e ] (- 1) B xvwno
v 2k a2 ) 7ho) \#2 (5.1 7 Ak 0

) d/2
_/‘;17: <]]; + 1) } (5.18)

The integral over the lower energy band arising from the term proportional to x (2, 1) is

finite and can be evaluated in a closed form. As for the remaining integrals, we need to
extract their divergent parts, which is best done using a momentum variable instead of A.
Thus, in the integral over the upper energy band, we substitute A\ = 1 4+ k% + P?. This
brings eq. (5.18) to the form

R Y[R e L
v 2k (4m)3/2 | Jiz wfi(A) \ &2 ‘

1 [dp P241- 2%
[ 2 (p2 )i/ (k) (P2 42 d/2} '
+ k:d/ o [( MR (=)o ) B

The next step is to expand the integrand on the second line in powers of P? + 1. In this

way, the divergent part of eq. (5.19) can be identified and combined with the appropriate
counterterm. In particular, one third of the 3 operator in eq. (5.17) is necessary to cancel
the divergence of the integral. For the sake of bookkeeping, we choose to add solely the
pole part of the counterterm here; all the finite parts of the counterterm Lagrangian will be
added to the charged pion contribution (5.23) below.

In the finite part of eq. (5.19), d = 3 can be set and all the remaining integrals can be
evaluated analytically. A closed, analytic expression for the renormalized contribution of
neutral pions to the zero-temperature part of the free energy of the CSL state follows,

fT 0,(x0) 4 2 2
1,CSL _ My {_7(1_k2)+5<1_k)E(k)+[_3+%-|-E(k)]m

V. 24n%k*) 6 3 2 ) K(k) 2" 4 T K(k)

E(k) 14+ vV1—k?
log A .

+ 0

k4
2 — 2% + 37 + (—2 + kz) (5.20)

5.2.2 Charged pion contribution
The temperature-independent part of (5.9) can be extracted using the replacement (4.7),

T=0,(x*
T oo ):mwB ARG\ [ A4 Z/ { (5.21)
% 2rk 4 (2m)d—2 )
2

xlog {w2+(2m+1)B+k2()\(P)—4—k2)] —log [w2+(2m+1)3+k2(132+k2)} }

The integral over frequency can be easily evaluated and the sum over Landau levels can
be turned into the Hurwitz (-function as in the case of the domain wall background. The
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integral over P can then be turned into one over A using (5.10). As a result,

T=0,(m €
7 CSL( B __Mx (®ARe) T - d)(QB)d/2
Vv k (47)3/2
dA
X /WCU g3+ gBkZ A —4— k7)) [ X(A,22) T X(Aa,04) —X(A5,oo)}
dP o
- [ 5-<- 4 14+ B[P+ kﬂ)}, (5.22)

where again the signs in front of the different characteristic functions arise from the signs
of fa(A) in different energy bands. The divergent part of this expression comes from the
integration over the third energy band and the contribution of the normal phase. In order
to combine these two contributions into a single integral, the substitution A = P? 4+ A5 can
be introduced in the former integral. The resulting integrand can be expanded in powers of
P2+ k? with the help of eq. (4.11) in order to find the asymptotic behavior for large P. The
divergence for d — 3 is canceled by the remaining piece of the counterterm Lagrangian (5.17).
Recalling that we are now to include the entire finite part of the counterterm Lagrangian, a
careful evaluation of all the contributions leads to

F CSL(T( ) m4 9 4 25 , E(k) E(k)
_ _ —_\7 N7 _ 1.2 4
= 52k 15—14k*+ 3k + <2 k 19> ) <4+12 (k)>\/1 k24+-k
4- 8. (k) (16 32
+ (1=K (=l +=lo+il3 ) — [ 1—— | =2 ( =1 —i——l +1
( )<31 372 3) ( )K(k‘)( ! 2 3)}

AL B3/? dx
\[k‘ﬂ‘ {/ﬂ'fQ()\)C( %)5"‘23]@[)\ 4— ]{;2})[ X(A1, )\2)+X(/\37)\4)]

~dpP 2P
e A (P2 p) P? —4—K?
+/0 ™ { fz(P2+>\5)C( b+ o [P+ A —4- k7))

~C(=g:3+ 23k2 [P2+k7)) (5.23)
3/2
L ——

the auxiliary functions C7 and Cs of the elliptic modulus k are defined by

Ci(k) = 2 (1+k:2+3—2\/w>

7 E(k)
Cotty=2— 12— Lt s 21—k — (6— ak?) 28) 5.24
2(k) 3" T3 T3 +E = ) K (k) (5.24)
Note that the Hurwitz {-function on the third line of eq. (5.23) can pick up an imaginary
part if its second argument turns negative, which, in turn, happens if the magnetic field
is larger than the critical value (5.13) for BEC of charged pions. However, the value of
eq. (5.23) remains finite at this critical magnetic field.
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The full zero-temperature NLO free energy of CSL is given by the sum of egs. (5.20)
and (5.23). It tends to zero in the limit k¥ — 1 as expected since k = 1 corresponds to the
domain wall case where only the free energy per unit surface is nonzero. However, let us
inspect the asymptotic behavior for K — 1 in more detail since this can give us a nontrivial
check of the correctness of our result. To this end, recall that [30]

=0, (5.25)

hence K (k) x log(l — k) as k — 1. Consequently, the terms in the NLO free energy
proportional to 1/K (k) are dominant for k£ — 1. To extract the asymptotic behavior for
k — 1, one can take the limit & — 1 everywhere except for the very 1/K (k) terms. In doing
s0, the first two energy bands in the charged pion spectrum shrink to points, yet the third
line of eq. (5.23) remains nonzero. This is because after setting k = 1 wherever possible,
the integrals over the first and second energy bands can be reduced to the form

T, (5.26)

/ c dx B
0 Vz(c—x)
where ¢ is a constant that tends to zero as k — 1. Keeping this subtlety in mind, one
recovers the domain wall result of eq. (4.12),

T=0,(n° T=0,(r* =
‘gzl,CSL( : 4 ‘g.l,CSL( ) ~ M7 gzlj:wa?ll (5.27)
Vv V . T 2K(k) S '

The normalization of the right-hand side agrees with the fact that the period of the CSL
solution is 2kK (k)/m.

5.3 One-loop free energy: thermal part

The thermal part of the free energy is in a sense more straightforward to evaluate since it
does not require renormalization. On the other hand, the presence of the Matsubara sum
makes the analytic expressions necessarily more involved, especially in combination with
the sum over Landau levels in the part coming from charged pions.

5.3.1 Neutral pion contribution

The neutral pion contribution is obtained from eq. (5.6) by taking the limit d — 3 and
keeping only the thermal part of the Matsubara sum. The remaining integration over
transverse momenta can be carried out analytically using the formula

T d’py 2 2 2 d’p1 —B/p% +M?
3 zn:/ L log(wy, +p7 + M*) —>T/ on)? 10g<1 — e PVPL ) (5.28)
= L0y £ T L)

where Li,(z) is the polylogarithm, and the arrow indicates dropping the zero-temperature
part of the Matsubara sum.
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Armed with eq. (5.28), we can write down the thermal part of the neutral pion free
energy (5.6) in terms of a one-dimensional, exponentially convergent integral. It makes the
resulting expressions somewhat simpler to trade the variable A\ for a new variable ¢. In the
integral over k? < X\ < 1, the natural choice of the substitution is A\ = k? + k’%t?, where
k'? =1 — k? is the complementary elliptic modulus. In the integral over 1 + k? < \ < o0,
either the same substitution, or alternatively A = 1 + k2 + k%t2, can be used. The most
compact expression for the thermal free energy we can thus get is

E(k)
L% CSL k242 — B . v i/ o
VTt 7r2]~c \/ 19 (1_k22) [X(%,oo)_X(O,l)] Lig(e= #*") + k:ctL12( )
b 210(]_ o VETE
7TQ/O dtt*log(1-e ) (5.29)

where x = m,/T. The thermal free energy can also be cast in an entirely different form
by trading the polylogarithms for elliptic integrals via integration by parts. Using the fact
that the first factor under the integral on the first line of eq. (5.29) can be integrated in a
closed form, we can differentiate the combination of the polylogarithms, arriving at

it Lige %) + X aLin(e 59| = L [T ati2iog(1 — eV
VIt _47rk:K(k)[ fy(e” %) + o lis(e )} N W/O og(1—e )
_ * _ o EV14E2t2 E(k) _ ] /
277%/0 dttlog(l ek ){{K(k‘) 1| F(arctant, k')

1+ k2¢2
E(arctant, k') — t{/ ————
+ E(arctant, k') 5o }

K243 1 _K oy E(k) ) , _ )
- W/o dttlog(l —e k ){ {1 - K(k)]F(arcsmt,k ) — E(arcsint, k )},

(5.30)
where F'(u, k) and E(u, k) are the elliptic integrals of the first and second kind, respectively,
and the very first contribution comes from the surface term of the integral over 0 <t < 1.

The expression (5.30) for the thermal free energy is a suitable starting point for taking
various analytical limits. First of all, let us again inspect the limit £k — 1 as a consistency
check. Following the steps outlined above for the zero-temperature part of the CSL free
energy, we find

T,(7° T,(7°
T 2K(k) S '
k—1

in agreement with the domain wall result (4.15).
Next we look at the low-temperature regime, T' < m, (or z > 1). In this limit, all
parts of eq. (5.30) but the last line are exponentially suppressed. In the last integral over
0 <t <1itis only small values of ¢t that matter. We can therefore expand everything but
the logarithm in powers of ¢, work out the integral in a closed form, and eventually expand
the result in x. The final result reads
FIE) 2T By 20T R2

2T R T e B
Vo 90 KK(k) 945m2 k3

K (k)

+ k) — 2k | 4+ O(T®). (5.32)
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The leading, O(T*) term is just the free energy of a gas of free phonons with linear dispersion
relation and phase velocity calculated in ref. [1]. The next-to-leading, O(T°) term represents
the leading correction due to the nonlinearity of the phonon dispersion relation.

5.3.2 Charged pion contribution

The temperature-dependent part of eq. (5.9) is extracted using the replacement
T _
3 > log(ws + €) — Tlog(1 — e 7). (5.33)
n

The momentum integral over the energy bands of the CSL spectrum can be converted into
one over the energy eigenvalue \ using eq. (5.10). This leads to

+
leégL) my BT = dA —Be m,\
7= T 2 whm e o x0u0 ~ Xos0)

| 5 log [1 - G*BEO(m’P)} }, (5.34)

with the shorthand notation

2
m2
ecsL(m, \) = \/(Qm +1)B+ ﬁ(/\ —4—k?2),

(5.35)

eo(m, P) = \/(2m +1)B+ ]j(PZ + k2).
It is straightforward to show that the asymptotic behavior of the thermal free energy of
charged pions satisfies a relation analogous to eq. (5.31), consistent with the domain wall
result (4.17). Note also that ecgr,(0, A1) tends to zero for B — Bpgc. Hence, the thermal
free energy (5.34) tends to negative infinity in this limit.
Altogether, the complete (LO and NLO) renormalized free energy of the CSL is given
by a combination of egs. (2.8), (5.20), (5.23), (5.29) and (5.34),

T=0,(x° T=0,(r* T, (70 T,(rE
FasL = Fo,0sL + g\l,csé7T '+ 91,CSL(7T '+ y1,c(7srL) yl,C(gL)' (5.36)

5.4 Next-to-leading-order magnetization

The magnetization of the CSL is in principle simply determined by eq. (5.36) in combination
with eq. (4.23). There are, however, two subtleties to keep in mind. First, when taking a
derivative of the free energy with respect to the magnetic field, only the explicit dependence
on B is to be taken into account. The implicit dependence on B through the elliptic
modulus &k can be disregarded on the LO CSL state thanks to the chain rule. (This is a
variation on the Feynman-Hellmann theorem known in quantum mechanics.) Second, one
must keep in mind that eq. (5.36) represents the difference of free energy densities of the
CSL and normal states. In order to recover the magnetization of CSL alone, one must add
to —0Fcs1, /0B the magnetization of the QCD vacuum.
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At LO, the magnetization of the QCD vacuum vanishes, and the magnetization of CSL
then descends directly from eq. (2.8),

Mocst, — mgp
V. drkK(k) (5:37)

Note that the LO magnetization of one period of the CSL configuration per unit transverse
area is equal to the LO domain wall surface magnetization (4.24).

5.4.1 Zero-temperature part

As explained above, the NLO magnetization of the CSL state is naturally decomposed into
two parts. The first of these descends from the difference of the CSL and normal state free
energies. At zero temperature, its entire dependence on the magnetic field comes from the
charged pion contribution (5.23). Using eq. (4.25) to work out the derivative with respect
to B, we thus find

AM{(:?é)L \/Emﬂ'{ dA [3 11

v 22k

fQ()\) §C( 2’2+23;‘2[)\ 4_k2])

(A — 4 — k?)m2 m
o ABk2 C(%’ % + 3812 [A—4- kg]) [X()\L)Q) - X(>\37>\4)}

0 2P
[ {
0 [f2(P2+)\5)
(PN — 4 ER)m2

m?r 11 m2 [ p2 2
_WC(§’§+2822[]3 +E) ¢ (5.38)

Note that this expression diverges when the magnetic field approaches the critical value for
BEC of charged pions (5.13) due to the property (4.28).

On the other hand, the NLO magnetization of the QCD vacuum at zero temperature
can be extracted, e.g., from ref. [16],

lul ac m72r 2 m2
vac T Jo (L) Ly mpy _ w
v T 20 Uhe )~ gp

B (1,0)
m2 |§C ( %+2

th:no

)+ 6 (2 log ;rg - 1)] } (5.39)

Here the two superscripts of  refer to the order of derivative with respect to the first and
second argument of the Hurwitz {-function, respectively.

The complete NLO contribution to the magnetization of the CSL at zero temperature
is given by the sum of egs. (5.38) and (5.39),

M{cS, AM1 oL MG

1,vac

V Vv V

(5.40)
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5.4.2 Thermal part

The thermal part of the NLO magnetization can be calculated more straightforwardly than
its zero-temperature counterpart. Namely, the contribution of the QCD vacuum to the
B-dependent part of the thermal free energy (5.34) is recognized as the second line thereof.
Consequently, according to (4.23), the full thermal contribution to the NLO magnetization
of the CSL state can be calculated by differentiation of the first line of eq. (5.34),

MT 00
tosL  mgT > {/ dA llog [1 B G_BECSL(m,A)} n (2m+1)B

Vo kr ) R0 2T eosy (m, ) (ePecstimn) — 1)

x [X()\l,kz) — X(sa) T X()\5,oo)} } (5.41)
Also this expression diverges in the limit B — Bpgc.

6 Numerical results

6.1 Phase diagram

With all the analytical results at hand, we now revisit the phase diagram of yPT at nonzero
baryon chemical potential p, magnetic field B and temperature 7', published previously
in ref. [11]. As pointed out in section 3.1, we do not have a self-consistently determined
free energy as a functional of an arbitrary pion field configuration. As a consequence, we
are not able to find the exact ground state, or even its NLO approximation. What we are
able to calculate is the NLO correction to the free energy of a field configuration, found by
solving the LO equation of motion.

With this in mind, we deploy two different strategies to locate the phase transition
between the normal and CSL phases, and discuss their mutual consistency. The first strategy
was used in ref. [11], and is based on the assumption that the phase transition proceeds via
the formation of a domain wall. The phase boundary is then defined by the condition of
vanishing free energy on the domain wall background. Within this “domain wall method,”
one can explicitly solve for the critical chemical potential at the phase transition as a
function of the magnetic field and temperature,

167rm,rf72r 27 F1 wall

posL = ——p T e (6.1)

where the NLO contribution to the domain wall free energy is given by eq. (4.19). The
phase boundary obtained in this way is plotted in figure 1, the black and red solid lines
corresponding, respectively, to T'= 0 and T' = 80 MeV. These results show that the CSL
state is stabilized by thermal corrections.

Our second strategy relaxes the assumption that the ground state at the phase transition
is the domain wall. What we do instead is to stick to the LO CSL state (2.5), where the
elliptic modulus k is fixed in terms of the chemical potential and magnetic field by the
condition (2.9). For this state, the free energy up to order €' in the chiral counting can
be obtained by summing the %y and %7 pieces as explained in section 3.1. Consequently,
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Figure 1. Phase diagram of xyPT at nonzero baryon chemical potential ;1 and magnetic field B and
fixed temperature. The thin gray line corresponds to the LO phase transition between the normal
and CSL phases. The solid and dashed lines indicate the same phase transition after having taken
into account NLO corrections to the free energy using two different approaches. If one assumes the
transition to proceed via the formation of a domain wall, one obtains the solid lines (“domain wall
method”). Alternatively, the dashed lines mark the points where the NLO free energy (5.36) evaluated
on the LO CSL ground state drops to zero (“CSL method”). The black and red lines correspond,
respectively, to T’ = 0 and T' = 80 MeV. Furthermore, the dash-dotted line is defined by eq. (5.13) and
marks the instability of the charged pion spectrum on the LO CSL background. Finally, the magnetic
field B = 3m?2 below which the domain wall becomes unstable is represented by the dotted line.

the NLO phase boundary can be approximated by the set of points (i, B) at which the
complete free energy (5.36) of the LO ground state vanishes: %#cgr, = 0. The drawback
of this “CSL method” is that eq. (2.9) cannot be satisfied for any B < Bcgr,. Hence, the
part of the parameter space with B < Bcgy, (at given p) is out of reach for this method,
although the “domain wall method” suggests that CSL might be favored for B < Bggy, at
sufficiently large chemical potentials.

Numerical results for the phase boundary using the “CSL method” are shown in figure 1
as the black and red dashed lines for, respectively, T' = 0 and T = 80 MeV. Also this
method confirms that the CSL state is stabilized by thermal fluctuations: the red dashed
line always lies below the black one.

Let us now argue that the two methods described above give consistent results. First,
note that the dashed and solid lines of the same color (that is, corresponding to the same
temperature) meet at points where the domain wall is the LO ground state (the gray
line* in figure 1). Specifically, the zero-temperature phase boundaries (black lines) meet

4Here we choose to evaluate both Bcsi, and Bprc using values of the parameters m, and fr (3.24) fixed
by NLO matching. This allows for an easier interpretation of the difference between the displayed LO and
NLO phase transitions. This is in contrast to ref. [1], where the physical values of pion mass and decay
constant were used to plot the phase diagram.
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at (i, B) = (631 MeV,0.0837 GeV?), whereas the T = 80 MeV phase boundaries (red lines)
meet at (i, B) = (506 MeV, 0.104 GeV?). Second, for smaller chemical potentials, each of
the dashed lines lies above the corresponding solid line. In other words, along the phase
boundary obtained with the “CSL method” (dashed lines), the domain wall state has lower
NLO free energy than the LO CSL ground state. This indicates that the phase transition
may indeed proceed via the formation of a domain wall.

Finally, the dash-dotted line in figure 1 corresponds to the magnetic field Bggc (5.13);
this marks the instability of the charged pion spectrum on the CSL background minimizing
the LO free energy. The corresponding instability for the domain wall background appears
at B = 3m2 and is displayed in figure 1 as the dotted line. The fact that the thermal
contribution to the NLO free energy of the domain wall diverges for B — 3m2 explains
why the “domain-wall-method” phase boundary at nonzero temperature appears to move
towards vanishing baryon chemical potential in this limit. We stress, however, that this
result should be taken with a grain of salt. Namely, such a large deviation of the NLO
phase boundary from the LO one hints at a large one-loop correction to the free energy,
which may merely signal a breakdown of the derivative expansion of yPT.

We would like to stress that this work focuses solely on the phase transition between
the vacuum and CSL phases appearing at B = 3m2. The points of instability of the charged
pion spectrum are marked in figure 1 only for illustration; the exact location of the charged
pion BEC phase transition and the form of the new ground state featuring a condensate
of charged pions are beyond the scope of our work. We come back to this point in the
discussion (see section 7).

6.1.1 Chiral limit

Let us briefly comment on the limit of vanishing pion mass, which is for simplicity often
assumed in literature on inhomogeneous chiral phases of quark matter. In the chiral limit,
the LO CSL ground state simplifies to

uBz

do(z) = 2 f2 (6.2)

The energy density of this state relative to the QCD vacuum is

F0,CSL _ pu*B?

V - _W. (6-3)

my=0
The CSL state thus becomes energetically favored over the normal state for arbitrarily small
p and B. We have checked that this remains true when the NLO contribution is added to
the free energy (see appendix D for explicit results). As a consequence, the phase diagram
becomes significantly simpler in the chiral limit. The only nontrivial phase boundary that
persists is the one corresponding to BEC of charged pions, given in the chiral limit by
eq. (5.15).

6.2 Magnetization

Here we illustrate numerically the results obtained in sections 4.2 and 5.4.
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Figure 2. NLO contribution to the magnetization of the domain wall per unit surface given by
eqs. (4.26) and (4.27). The black, purple and red line corresponds respectively to T = 0, T' = 40 MeV
and T'= 80 MeV. Note that in order to obtain the complete magnetization of the domain wall, the
LO contribution p/27 has to be added.

6.2.1 Domain wall

The LO magnetization per unit surface of the domain wall equals p/(27), independently of
the magnetic field. On the other hand, the NLO contributions to the magnetization (4.26)
and (4.27) are independent of . We therefore choose to plot solely the NLO contribution
to the magnetization as a function of B, see figure 2.

6.2.2 Chiral soliton lattice

The LO magnetization per unit cell of the lattice and unit transverse area equals p/(2m)
analogously to the domain wall. However, the spatially averaged magnetization per unit
volume depends implicitly on the magnetic field through the value of the elliptic modulus
k, fixed by eq. (2.9). For the same reason, the NLO contributions to magnetization (5.40)
and (5.41) depend implicitly on the baryon chemical potential. In figure 3, we therefore
show the complete magnetization of the CSL state,

Mcst _ Mocs M{GS  Miogr
Vv Vv Vv VA

(6.4)

as a function of the magnetic field for several values of the baryon chemical potential. The
solid and dashed lines correspond to T' = 0 and 1" = 80 MeV, respectively.

For comparison, we also show in figure 3 the magnetization density of the QCD vacuum
(black solid and dashed lines). Note that as the magnetic field approaches the critical value
Bcst, from above, the magnetization of the CSL converges, not surprisingly, towards that
of the vacuum. To visualize this feature, we display the magnetization for the values of
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Figure 3. The complete (LO plus NLO) magnetization of the CSL per unit volume as given by
the sum of egs. (5.37), (5.40) and (5.41). The solid lines show numerical values for T' = 0; the blue,
yellow, green and red color corresponds respectively to u equal to 400, 500, 600 and 700 MeV. The
dashed lines of the same colors correspond to the temperature of 80 MeV and the same y. For
given p and magnetic field B, the elliptic modulus k is fixed by the condition (2.9) on the LO CSL
ground state. For comparison, the black solid and dashed lines show the magnetization of the QCD
vacuum [16] for T'= 0 and T = 80 MeV, respectively.

B all the way to the LO phase boundary although, strictly speaking, the CSL state is
not energetically favorable at NLO for the lowest magnetic fields in case of p = 400, 500
and 600 MeV. For example, in case of y = 400 MeV, the LO phase boundary appears for
B = 0.132 GeV? whereas the NLO phase boundary for T = 0 and T' = 80 MeV appears
respectively for B = 0.144 GeV? and B = 0.140 GeV? within the “domain wall method”.

7 Summary and discussion

Sufficiently strong magnetic fields and large baryon chemical potentials trigger the formation
of a periodic condensate of neutral pions out of the QCD vacuum. In ref. [1], the domain in
the QCD phase diagram, occupied by this novel CSL state of matter, was determined at
the LO of the derivative expansion of yPT, which restricts the validity of the analysis to
zero temperature. In our preceding paper [11] and here, we extended the analysis to NLO
by including the one-loop corrections induced by fluctuations above the CSL state. The
main conclusion is that the CSL phase is stabilized by thermal fluctuations.

We used two different strategies to locate the phase transition between the normal
and CSL phases. In the first approach, we assumed that the phase transition proceeds via
domain wall formation, and defined the phase boundary by the condition %y, = 0. In
the second approach, we evaluated the NLO free energy on the LO ground state at given
magnetic field and chemical potential, and then imposed the condition %cgr, = 0. Within
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the part of the parameter space where both these methods are applicable, they agree up
to an error expected in our perturbative expansion of the free energy (3.4). Namely, the
difference between the two predictions for the phase boundary is much smaller than the
difference between the LO and NLO phase boundaries; see figure 1. Moreover, the position
of the phase boundary obtained using the “CSL method” suggests that the phase transition
may indeed proceed via the formation of a domain wall.

As observed already in ref. [1], the lowest-lying charged pion excitation of the CSL state
becomes massless at the critical magnetic field Bggc (5.13), which indicates an instability
of CSL under BEC of charged pions. The question what the new, even more energetically
favored ground state at B > Bppc is, was addressed in ref. [29]. It was shown that, in
analogy with type-II superconductors, the ground state configuration features a periodic
array of magnetic flux tubes and a periodic condensate of charged pions.

The analysis of ref. [29] is, however, restricted to the limit of vanishing pion mass.
While its results therefore cannot be directly applied to the real world where pions are
massive, one can make at least an educated guess based on the hierarchy of the different
scales at play. For B > m,, the chiral limit gives a reasonably accurate description of
the interplay between the CSL and charged pion BEC. Hence, we expect the Abrikosov
vortex lattice carrying a charged pion BEC to appear at B 2 Bggc. On the other hand, the
features of the phase diagram in figure 1 arising from the instability of the domain wall for
B < 3m2 are clearly not accessible by a chiral limit analysis. We do know that at very low
B, the QCD vacuum will prevail. It would therefore be very interesting to explore whether
and where a transition between this normal phase and the BEC of charged pions appears.

The CSL is not the only inhomogeneous phase proposed to appear in the phase diagram
of QCD. While all our results have been obtained using model-independent effective
field theory and thus constitute genuine predictions of QCD within the limitations of the
derivative expansion of xPT, it is nevertheless instructive to compare these predictions
with other works, typically based on simplified models of QCD. In refs. [31, 32], the effect
of a magnetic field on the ground state of QCD in presence of the chiral anomaly was
studied using a Ginzburg-Landau-type approach. This generally leads to the prediction
of an inhomogeneous phase that appears in the literature under different names such as
“chiral spiral” or “(dual) chiral density wave,” and coincides with the CSL in the chiral limit.
The same problem was addressed in refs. [33, 34] using the Nambu-Jona-Lasinio model, yet
only in the chiral limit. Our results generally agree with such model studies in the part
of the phase diagram, accessible to xPT in the derivative expansion, that is for chemical
potentials well below the onset of nuclear matter.

Finally, note that the original prediction of the CSL phase in QCD under strong magnetic
fields [1] was subsequently extended to related setups where either the external conditions or
the dynamical theory itself may differ. This applies in particular to dense QCD matter under
uniform rotation in presence of a baryon or isospin chemical potential or both [35-37], QCD
in external magnetic field and with nonzero isospin chemical potential [38, 39], and a class
of QCD-like theories with nonzero magnetic field and baryon chemical potential [40, 41].
We expect the computational techniques developed here to be useful also in these other
contexts, should one be interested in the effects of quantum or thermal fluctuations therein.
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A Spectrum of effective one-dimensional Hamiltonians

A.1 Poschl-Teller Hamiltonian
The Hamiltonians (3.12) and (3.16) are both special cases of the Poschl-Teller Hamiltonian,

nn+1
Ay =02 — (fosh%) (A1)

Let us briefly recall how to find the eigenvalues and eigenstates of this class of Hamiltonians
for positive integer n. Introducing a set of annihilation and creation operators,
d d
an = = +ntanhz, af = T + ntanh z, (A.2)
the Hamiltonian .7, can be expressed as
Ky = ala, —n* = an+1ail+1 —(n+1)2% (A.3)
This implies a pair of important intertwining relations,
an I, = H_1an, a}}%’g_l = %QL. (A.4)

Using these relations, one can prove the following basic facts about the spectrum of the

Poschl-Teller Hamiltonians:

o The Hamiltonian .74, has n bound states |n, k), labeled by an integer k, 1 < k < n.
The corresponding eigenvalue is A, = —(n — k + 1)%

e The continuous spectrum of .77, consists of doubly degenerate energy levels covering
the open set (0, c0).

e The eigenstates in the continuous spectrum are obtained by applying a chain of

creation operators on a plane wave,
In, P) < af - -a“O,P>, (A.5)
where (2|0, P) = ¢, The corresponding eigenvalue of the Hamiltonian is
An.p = P2 (A.6)

o The eigenstates |n, P) have the asymptotic behavior of reflectionless scattering states
with momentum P. The corresponding phase shift §p is given by

wp 1P—1 iP—n
T iP+1 iP+n’

(A7)
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As we will now show, the information about the phase shift dp is sufficient to convert the
sum over eigenvalues of the Péschl-Teller Hamiltonian into an integral over the continuous
momentum variable P.

Let us for simplicity focus on the simplest case of n = 1, relevant for neutral pion
fluctuations of the domain wall; the n = 2 case relevant for charged pion fluctuations can
be dealt with in exactly the same manner. In the case of n = 1, the phase shift §p is a
monotonously decreasing function of P such that

lim op =, lim d6p =0. (A.8)
P—0+ P—+o00

This is consistent via Levinson’s theorem with the fact that the Hamiltonian %4 has a
single bound state.

To be able to count the states in the continuous spectrum, we temporarily enclose our
system in a finite box, —L/2 < z < +L/2, and impose the Dirichlet boundary condition. In
order to obtain a real eigenstate of J# satisfying this boundary condition, we have to take
a linear combination of the two states |1, £P), where P is from now on implicitly assumed
to be positive. Assuming that L is sufficiently large so that the exponentially decaying
tails of the eigenstates (A.5) can be neglected, the boundary condition at z = —L/2 can be
satisfied by taking

Yp(Z)
Yp(2)

On the second line, we used the fact that dp is an odd function of P up to a multiple of

sin[P(z + L/2)] for z — —o0,

- B (A.9)
sin[P(z + L/2) + 6p] for z — 4o0.

27. The boundary condition at z = +L/2 then isolates a discrete set of standing-wave
eigenstates, labeled by integer IV such that

PL+6p = N. (A.10)

For sufficiently large L, the left-hand side is a monotonously increasing function of P that
approaches m as P — 0+. Hence the discrete set of eigenstates satisfying our boundary
condition is labeled by integers N > 2.° The condition (A.10) is to be compared to the
corresponding condition for the “free-particle” Hamiltonian J3,

PL = N, (A.11)

which gives a normalizable standing-wave eigenstate of 74 for any integer N > 1.

Suppose now that we want to evaluate the sum of some given function f(\) over all
eigenvalues A of the Hamiltonian 7. In order to ameliorate the expected divergence of
the sum, we will subtract the corresponding sum over eigenvalues of the “free-particle”
Hamiltonian 7). Given the relation (A.6), the result, which we will for the sake of brevity
call Tr f, then reads

Trf=f(-1 )+ Z (P))- (A.12)

5Note that N = 1 corresponds to the “half-bound state” with P = 0. Being nondegenerate, this cannot
satisfy the boundary condition exactly.
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Here Py is the solution of eq. (A.10), and Py the solution of the corresponding condi-
tion (A.11) for the free particle. Since only N > 2 give a stationary state satisfying the
Dirichlet boundary condition, the N = 1 contribution, for which P; = 0, has to be explicitly
subtracted. Finally, the first term, f(—1), is the contribution of the bound state.

As the next step, we will convert the sum into an integral over the dimensionless
momentum P by taking the limit L — oo. Note that upon taking the difference of
egs. (A.10) and (A.11), we get

(Pxy — Py)L = —6p,,. (A.13)

For L — oo, Py — Py is infinitesimally small so that we can approximate

~ ~ ~ ~ ~ ~ QPN(SP ~
F(PR) = f(PR) ~ (PR = PR)f (PR) = 2Pn (P = Pr) ' (PR) = == ' (PR)- (A.14)
The sum over N corresponds to the spacing of momentum AP = 7/ L, which gives the
correct measure for the integral over P, the result being

Trf = f(—1)— f(0) — i/ooo Pépf'(P?)dP. (A.15)

This expression can be further simplified by integration by parts. The boundary contribution
at P = 0 exactly cancels the obnoxious — f(0) term before the integral. Upon further using
the fact that ddp/dP = —2/(1+ P?), we arrive at our final result for the n = 1 Poschl-Teller
Hamiltonian,

2 > f(P?)

-~ Jim s (P - = [T AR =) (A.16)

Trf = f(-1)

Given the asymptotic behavior of the phase shift at P — 0o, 6p = 2/P + - - -, the remaining
surface term vanishes for functions such that limp_,.[f(P?)/P] = 0.

The evaluation of the sum over eigenvalues in the n = 2 case follows exactly the same
steps, the result being

Tef = f(=4)+ f(=1) = = Jim [opf(P?)] (A.17)

_ 717/000 <1+2P2 n 4+4P2> F(PHAP,  (n=2).

A.2 Lamé Hamiltonian

The Hamiltonians (3.10) and (3.14) are both special cases of the Lamé Hamiltonian
H = —02 +n(n +1)k*sn?(2, k). (A.18)

In general, the spectrum of these Hamiltonians is known to consist of n+ 1 energy bands. In
the limit k¥ — 1, sn(z, k) — tanh z. As a consequence, the Lamé Hamiltonian (A.18) reduces
to the Poschl-Teller Hamiltonian (A.1) up to a constant shift, n(n + 1). Accordingly, the
lowest n bands of the Lamé Hamiltonian collapse to n discrete energy levels, corresponding
to the bound states of the Pdschl-Teller Hamiltonian. In the opposite limit of £ — 0, the

— 33 —



0.0 O.‘2 014 016 0‘.8 1.0
K2

Figure 4. Dependence of the band spectrum of the n = 2 Lamé Hamiltonian (A.18) on the elliptic
modulus k. For k — 1, the two lowest-lying bands collapse to two discrete bound states. For k — 0,
the spectrum of the free Hamiltonian is recovered. The exact expressions for the five edges of the
three bands are given in eq. (5.11).

Lamé Hamiltonian tends to the “free-particle” Hamiltonian —d2, hence the gaps between
the different bands close. To visualize how the spectrum interpolates between the two limits,
that is for 0 < k < 1, we display in figure 4 the band structure in the special case of n = 2,
as a function of k. The expressions for the edges of the energy bands, given in eqs. (5.5)
and (5.11), were extracted from refs. [25, 27].

The Lamé Hamiltonian has no bound states. Accordingly, all the energy levels can be
parameterized by a dimensionless momentum variable P. Owing to the periodicity of the
potential in the Hamiltonian, this is identified with the crystal (Bloch) momentum of the
eigenstate. An explicit expression for the eigenvalue A as a function of P is not known. For
the purposes of this paper, it is however sufficient to know the group velocity dA/dP, given
in egs. (5.4) and (5.10) [25, 27].

For later convenience, let us add that in the special case of the n = 1 Lamé Hamiltonian,
the spectrum can also be specified parametrically in terms of a complex parameter « [25],

Ma)=dn?a+ k%, P(a) = -iZ(a) + (A.19)

It can be shown that the function P(«) defined by eq. (A.19) is real either for purely
imaginary a = in or for a« = K(k) + in. The two options with n € (0, K(k’)) span,
respectively, the states in the upper and lower bands of the spectrum of J7.
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B Spectrum of excitations above the CSL background

With the insight in the spectrum of the Lamé Hamiltonian gained in appendix A, it is
possible to be more explicit about the dispersion relations of the fluctuations of the CSL. It
follows from eqs. (3.9) and (3.13) that the energy (frequency) of neutral and charged-pion
fluctuations is given, respectively, by

2 2 2
wﬂo_pL+mW|:

AIiJ;) _ 1] 7

) (B.1)

wii = (2m+1)B + %[)\(P) K24,

The dimensionless momentum P is related to the physical momentum p, along the magnetic
field, P = kp,/m, . The dispersion relations will thus be completely fixed once we know the
functions A\(P) for the n = 1 (neutral pions) and n = 2 (charged pions) Lamé Hamiltonians.

As already stressed, a closed expression for A(P) is not known. However, it is possible
to determine implicitly P as a function of A by integrating the inverse of the group
velocities (5.4) and (5.10). Below, we demonstrate how to do so explicitly in the case of
n = 1, that is neutral pions. To that end, we use the various representations of elliptic
integrals from ref. [30]. The dispersion relations presented below generalize the result of
ref. [1], where the phase velocity of CSL phonons, that is neutral pion excitations near the
bottom of the lower, gapless energy band, was calculated.

B.1 Neutral pion excitations: lower band

For the lower, gapless energy band, we find

P = E(arcsint, k') + [ - 1] F(arcsinT, k'),
(B.2)

where ¥/ = /1 — k2 is the complementary elliptic modulus. This gives the dispersion
relation parametrically as w = w(p,,7) and P = P(7). Expanding the function P(7) to
linear order in 7 recovers the phonon phase velocity derived in ref. [1]. The upper edge of
the band corresponds to A = 7 = 1, whence we find the energy

- L 2
Wedge = |/ PL + ﬁm’ﬂ" (B3)
The corresponding momentum is
7 T
Pedge = Or  DPzedge = 7 (B'4)

2K (k) L

where L is the lattice spacing of the CSL state (2.7).
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Figure 5. Dispersion relation of neutral pion excitations on the CSL background with k? = 1/2 and
p. = 0. According to eq. (B.4), the edges of the first Brillouin zone are at p, = £mm, /(v/2K) where
K is a shorthand for K (1/v/2). The energy gap appears between w = m, and v/2m, according to
egs. (B.3) and (B.6).

B.2 Neutral pion excitations: upper band

For the upper energy band, we find likewise

E(k 1+ k272
= 2](7'T(k) + [1 - K((k))} F(arctan 7, k') — E(arctan 1, k") + TH%,

P
(B.5)
VA—1-—k? 1 5 o M2
TE——F—— = —\|w—p] — .
k My k
The lower edge of the band corresponds to A = 1 + k? or 7 = 0, and has the energy
+ 2, Mz
wedge =\/P1L + ﬁ (BG)
The energy gap at vanishing transverse momentum is therefore
1—F k
+ - _ _
Wedge — Wedge P =0 -k My = 1+ k,mw- (B.7)

It equals m, for the domain wall solution where £k = 1, and then rapidly drops until it
eventually disappears in the limit £ — 0.

For illustration, we plot the dispersion relation in both bands for k? = 1/2 in figure 5.
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C Alternative evaluation of neutral pion free energy at NLO

The Gelfand-Yaglom theorem is a practically useful tool to evaluate functional determinants
of one-dimensional differential operators [26]. It can help us to efficiently evaluate the sum
over A in eq. (3.9) thanks to the fact that the argument of the logarithm therein is linear
in A. It is important that this is done before the Matsubara sum or the integral over p |
is carried out. Throughout this appendix, we heavily rely on the properties of the Jacobi
elliptic functions and further identities that can be found in ref. [30].

The sum over A in eq. (3.9) is equivalent to a sum over the eigenvalues of the operator

2
m 0
w2 +pt —m?+ k—gjfégL). (C.1)

Finding the latter is in turn equivalent to solving the eigenvalue problem
AT = (2% — O C.2
CSL w - ( O)wa ( . )

where Qg is defined by eq. (5.2). This is a special case of the Lamé equation. According to
ref. [25], the two linearly independent solutions of this equation are

H(z£&k) eTZZ(6:k)

P(z) oGk : (C.3)
where the constant £ is given implicitly as the solution to the condition
2k — Q% = Kk + dn? (&, k). (C.4)
This is equivalent to
WK =+ ) ©5)

It follows that dn(¢, k) is necessarily imaginary. This constrains possible values of £ to
E=u+i2n+ 1)K (K, (C.6)

where n is an integer that can without loss of generality be set to zero. This allows one
to trade the complex parameter & for the real parameter u so that dn? (£,k) = —cs?(u, k),
which reproduces the condition (5.8) for .

Now that the imaginary part of ¢ is fixed, the solutions (C.3) can be cast in a manifestly
real form

by (2) = W61za(u,k)7 (C.7)

where we used the shorthand notation Z(u, k) = Z(u, k) + cs(u, k) dn(u, k) and fixed the
otherwise arbitrary normalization of the solutions. From the definition of the Jacobi zeta
function, one gets the derivative of the solutions with respect to Z,

Vi(2) = [Z(Z £ u, k) = Z(2, k) F E(u, k)|y+(2). (C.8)

We are now ready to apply the Gelfand-Yaglom theorem. This requires enclosing the
system in a finite box, —L < z < 4L, and finding a solution ¢(2) to the Lamé equation (C.2)
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satisfying the initial conditions ¢(—L) = 0, ¢’'(—L) = 1. Such a solution is easily constructed
from the expressions for ¢4 (z) and v/, (z). What we need is then the value of this solution
at z =+L,

1 @(L + u, k?) e,QLE(ng) . @( — U, k) 2LE(u,k)

)= AT e =—un O +u k)

(C.9)

where
A(L,k)=Z(L+u,k) — Z(L — u, k) — 2=(u, k). (C.10)

This looks rather complicated, but we should keep in mind that we are going to take the
logarithm of the functional determinant, and are really only interested in its leading part
for large L,

log o(L) = 2LE(u, k) + O(LY). (C.11)

We still need to evaluate in the same manner the analogous functional determinant for
the normal phase, which corresponds to taking w2 +p2 +m2 —(m2 /k?)92 instead of eq. (C.1).
This is equivalent to replacing eq. (C.2) with the eigenvalue condition —92¢) = —Q2¢. In
this case, the linearly independent solutions are simply e¥?. The equivalent of eq. (C.9)
for the free particle is therefore

R 770 ) o
Po(L) = 55- (e e (C.12)

The Gelfand-Yaglom theorem then tells us that the logarithm of the regularized fluctuation
determinant is simply

L
log P(L) = 2L[Z(u, k) — Qo] + O(LY). (C.13)
¢o(L)
Upon returning to eq. (3.9) and recalling that the size of the system in the rescaled variable
Z = zmy/k is 2L, we arrive at the conclusion that the one-loop free energy of neutral pion
fluctuations above the CSL state, relative to the normal phase, equals

1100p 0) 9 d—1
1mg [eEA d
5(;/& 2”; (e 1 RG) Z/ p_l Z(u, k) — Q). (C.14)
s

This is eq. (5.6) where the difference of the integrals in the curly brackets has been replaced
with the expression (5.7).

We now have two different derivations of the one-loop free energy of neutral pions,
leading to egs. (5.6) and (C.14). The equivalence of these two expressions can be shown
directly using the residue theorem. In particular, the parametric expression for the dispersion
relation of the n = 1 Lamé Hamiltonian (A.19) can be used to convert the integrals in the
curly brackets of (5.6) into an integral over a closed curve in the complex plane. It turns
out that the integrand has poles in the interior of this integration curve and the residue
gives exactly the expression (5.7).
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D Next-to-leading-order results in the chiral limit

The limit of vanishing pion mass often leads to considerable simplification of computations.
Also, it is a good first approximation when the pion mass is much smaller than other
physical scales of the system such as the temperature or magnetic field. With this in mind,
we work out here the NLO free energy of the CSL in the chiral limit.

This can in principle be extracted from our results valid for nonzero m, by taking
simultaneously the limit m, — 0 and k& — 0 while keeping the ratio m,/k fixed according
to eq. (5.14). This procedure is, however, not completely straightforward. It appears easier
to repeat the calculation of the free energy from scratch, assuming the chiral limit from the
outset. Here one can benefit from the fact that in the chiral limit, the spectra of neutral
pion fluctuations above the QCD vacuum and the CSL state are identical. Thus, the entire
difference of the NLO free energies of the two states comes from the charged pion sector.

Specifically, the zero-temperature part of the renormalized NLO free energy becomes

Fich| ) (1, 2B L 20
Vo, 32n2 Ak 3 3

1,0 1 (6p)? 1,0 1

(-1, 5= ) = M1 ) (1)
where the superscripts of ( refer to the number of derivatives of the Hurwitz (-function
with respect to its first and second argument. Also,

gy = D (D.2)

07 dn?f2

is the gradient of the CSL ground state (6.2). Note that we can strictly speaking no longer
use the values of the finite counterterms [;, fixed in section 3.3, since those were obtained
at the renormalization scale Agxg = m,. In the chiral limit, it appears sensible to choose
Ara = fx, which sets the characteristic scale of xYPT and is of the same order of magnitude
as the physical value of m,. In order to be able to explore the properties of the NLO free
energy in the chiral limit numerically, we nevertheless resorted to the values of I; shown
in eq. (3.21) as a first estimate of the counterterms in the chiral limit. We found that in
different regions of the parameter space, the sign of eq. (D.1) varies, yet its sum with the
LO free energy (6.3) remains negative. This confirms the finding made at LO that in the
chiral limit, the CSL state is favored over the QCD vacuum for any nonzero magnetic field
and baryon chemical potential. As an aside, the contribution (D.1) picks an imaginary part
if the magnetic field increases above the critical value (5.15), but is finite at B = Bpgc.
Finally, the thermal part of the NLO free energy in the chiral limit reads

FicsL - b g [ {10 [1 = Peesme] g [1 = et} 0y

%

where this time

ccsL(m,p:) = /(2m + 1) B +p2 — (¢))?,

(D.4)
eo(m,p,) = \/(Qm +1)B + p2.
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The contribution of eq. (D.3) is manifestly negative for any u, T and B < Bpgc and

diverges in the limit B — Bggc.
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