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Helical superfluid in a frustrated honeycomb Bose-Hubbard model
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We study a “helical” superfluid, a nonzero-momentum condensate in a frustrated bosonic model.
At mean-field Bogoliubov level, such a novel state exhibits “smectic” fluctuation that are qualita-
tively stronger than that of a conventional superfluid. We develop a phase diagram and compute
a variety of its physical properties, including the spectrum, structure factor, condensate depletion,
momentum distribution, all of which are qualitatively distinct from that of a conventional superfluid.
Interplay of fluctuations, interaction and lattice effects gives rise to the phenomenon of order-by-
disorder, leading to a crossover from the smectic superfluid regime to the anisotropic XY superfluid
phase. We complement the microscopic lattice analysis with a field theoretic description for such
a helical superfluid, which we derive from microscopics and justify on general symmetry grounds,
reassuringly finding full consistency. Possible experimental realizations are discussed.

I. INTRODUCTION

Frustrated systems exhibit novel emergent phenom-
ena as they often host extensive degeneracy that is sen-
sitive to even weak perturbations [1, 2]. This mani-
fests itself in rich low-temperature phenomenology, as
in the frustrated magnetism, which commonly remains
disordered down to temperatures low compared to the
Curie-Weiss temperature set by the exchange interac-
tion [3-7]. At even lower temperature, generically or-
der develops through the so-called “order-by-disorder”
process [8, 9], where fluctuations (e.g., entropically) se-
lect ordered states among many competing nearly free-
energetically degenerate phases. This contrasts with an
even more exotic possibility of a putative quantum liquid,
that fails to order down to zero temperature, as believed
to be exemplified by some 2d Kagome magnetic materials
with a flat-band dispersion [10-25].

Another rich class of “codimension-one” frustrated sys-
tems [26-40], characterized by a bare dispersion that is
nearly degenerate along d — 1 dimensions (d the spatial
dimension), develop even in the bipartite lattice materi-
als, frustrated by competing interactions. Examples in-
clude spinel materials such as MnScoS4 on 3d diamond
lattice [26, 27, 30, 39] and FeCl; on layered honeycomb
lattice [40]. Theoretically, they are well described by clas-
sical spin models with nearest-neighbor and next-nearest-
neighbor exchange interactions. Within certain regime
of frustration, the dispersion minima form a degenerate
manifold with codimension-one in the reciprocal space.
However, at nonzero temperature a set of wavevectors is
selected entropically based on their lowest free energy.

The phenomenon of order-by-disorder, however, is elu-
sive in magnetic systems, often obscured by further-
neighbor interactions, which instead can lead to a low-
temperature multi-step ordering sequence of phases [30].
Alternatively, the codimension-one bare dispersion and
the associate phenomenology can be realized in bosonic
systems with frustrated hoppings [41, 42] or Rashba spin-
orbital coupling [43], engineered in a controlled way in

cold atom experiments [44, 45]. More exotic construc-
tions involve ring exchange interactions that induce an
emergent Bose metal [46, 47].

It is thus of interest to elucidate the nature of a state
that emerges from a nonzero density of interacting frus-
trated bosons condensed at nonzero momentum on a dis-
persion minimum contour, and in particular to explore
its stability to a putative quantum liquid state [48, 49].
To this end, we take two complementary approaches, a
paradigmatic two-dimensional Bose-Hubbard model on
honeycomb lattice and a continuum field theory that we
derive from it. The model is frustrated by competing
nearest-neighbor and next-nearest-neighbor hoppings, 1
and ta, and thereby (for a broad range of parameters) ex-
hibits a bare dispersion with a minimum on a closed con-
tour at nonzero momentum kg set by the hopping matrix
elements. We thus explore in detail the rich phenomenol-
ogy of the resulting helical superfluid state. In particular,
as summarized in detail in Sec. II, we analyze the helical
superfluid within the lattice Bogoliubov approximation,
computing its dispersion, condensate depletion, momen-
tum distribution, structure factor, and equation of state,
all of which different qualitatively from that of a conven-
tional superfluid. We complement this honeycomb lattice
analysis by deriving from it (guided by generalized dipo-
lar symmetry [50-54]) a superfluid smectic field theory
[51, 55] to more generally explore the properties of the
helical condensate. By going beyond the Bogoliubov ap-
proximation, we analyze the quantum and thermal order-
by-disorder phenomenon that sets in at low energies and
leads to a crossover to a more conventional but highly
anisotropic XY superfluid.

The outline of this paper is as follows. In Sec II, we give
a summary of our primary results. In Sec. ITI, we study a
model of bosons hopping on a frustrated honeycomb lat-
tice and its superfluidity within the Bogoliubov approx-
imation. In Sec. IV, we construct a smectic field theory
for the helical superfluid, and use it to study its stability
to quantum and thermal fluctuations and its properties
in the isotropic continuum, thereby complementing the
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microscopic lattice model analysis in Sec III. Sec. V is
devoted to the quantum and thermal order-by-disorder
phenomenon, that reduces the degeneracy of the disper-
sion minimum contour down to a discrete set of six min-
ima, and thereby stabilizes the helical superfluid state.
We conclude in Sec. VI with a discussion of results in
the contexts of current experiments and remaining open
questions.

II. SUMMARY OF RESULTS
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FIG. 1. (a) Schematic phase diagram of the frustrated hon-
eycomb Bose-Hubbard model. With the inclusion of lattice
order-by-disorder effects, the finite-temperature phase bound-
aries from a conventional (SFr—o) or a helical (SFelical) su-
perfluid to a normal state (N) are of Berezinskii-Kosterlitz-
Thouless universality class. To leading order, the phase tran-
sition temperature is given by Tkt ~ nov/ BB, where B and
B, are the superfluid stiffnesses defined in the Lagrangian (4).
For t2/t1 < 1/6, B ~ By ~ t1, giving Tk  t1. In contrast,
for t2/t1 > 1/6, B, is induced perturbatively via interac-
tion together with lattice effects, giving Tk o UE/Sti’/8 in
the weakly-interacting limit. In the absence of lattice effects,
SFHelical is always destabilized to the Normal state by diver-
gent thermal fluctuations. (b) Phase diagram of the helical
condensate in the regime 1/6 < t2/t1 < 1/2. Bosons can con-
dense at the Vertex (BECv) or the Edge (BECg) of the dis-
persion minimum contour as a result of the order-by-disorder,
obtained by numerically evaluating the one-loop correction to
the thermodynamic potential (85). The black (red-dashed)
curves are zero temperature (7' = 0.1Un) phase boundaries,
across which there is a first order transition.
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FIG. 2. (a) Minima of the thermodynamic potential as a
function of the condensate momentum kg for intermediate
frustration 1/6 < t2/t1 < 1/2. The order-by-disorder ef-
fects, which manifest at long scales r; > A, break the de-
generate ground state manifold from a (schematic) hexagon
down to six points. The helical condensate (red dot) spon-
taneously breaks the U(1) (C¢) symmetry in the left (right)
panel, resulting in a low-energy smectic-like (conventional,
XY) Goldstone mode (GM). (b) Two-point correlation func-
tion C(r) = ([¢(r) — #(0)]*) of (4) along r. with rj = 0.
For general cases (black curve), the helical superfluid exhibits
quantum (r; < rir), thermal (r. > ri7), smectic (SFsm,
ri < Ar), and XY (SFxvy, r1 > A1) fluctuations, separated
by two crossover scales, 711 and Ay . In the absence of the
order-by-disorder (A1 — oo, red-dashed curve), the helical
superfluid is characterized by linear in r, smectic fluctua-
tions for 71 > r1 7. In the zero temperature limit (r. 7 — oo,
blue-dotted curve), the superfluid exhibits a long-range order
with C'(0,r1 — c0) — const. Inset: same plot with logarith-
mic scale in the r axis, where r is plotted to longer scale
for clarity of the crossover.

Before turning to a detailed analysis, we summarize the
key results of this work. We study a Bose-Hubbard model
with frustrated nearest-neighbor (NN) and next-nearest-
neighbor (NNN) hoppings, ¢; and to. For intermediate
frustration 1/6 < p = to/t; < 1/2, its band structure
features a closed contour minimum centered around the
T point (k = 0). We then consider a bosonic condensate
with a macroscopic wavefunction ® = /ng + me'kor+ié
at a single momentum kg on the contour minimum — a
“helical condensate”, where ng is the condensate density,
¢ and 7 are the phase and density fluctuations, respec-
tively. As illustrated in Fig. 1, the helical superfluid is
a stable phase on the high symmetry points of the con-
tour with its transition temperature to the normal state
(below that of a conventional superfluid in the unfrus-
trated regime p < 1/6) strongly suppressed by quan-
tum and thermal fluctuations. Quantum Lifshitz transi-



tions at p = 1/6,1/2! are characterized by “soft” Gold-
stone modes that exhibit an anisotropic quartic disper-
sion, which suppresses the transition temperature to zero.

As summarized in Fig. 2, at zero temperature (T' =
0) and on scale shorter than quantum order-by-disorder
length A | g, the highly anisotropic superfluid exhibits an
unconventional smectic-like Goldstone mode (GM) with
a low-energy dispersion [for full dispersion, see Eq. (24)]

Eq~/Baqj + Kqi, (1)

where the subscript || (L) denotes the direction that is
parallel (perpendicular) to condensate momentum kg, lo-
cated at the high symmetry points of the dispersion con-
tour. At temperatures higher than the interaction U, the
crossover scale is modified to A; 7. On longer scales the
so-called order-by-disorder sets in, driven by quantum,
thermal and lattice effects, and the system crossovers to
a more conventional superfluid with highly anisotropic
linear dispersion. In the weakly-interacting limit, the
order-by-disorder length is long, given by

Mg ~U™%8 T < Uny.

AL = { Aip ~UY3T=12 T > Un,. @)

To further explain the order-by-disorder phenomenol-
ogy (discussed in detail in Sec. V), we first note that
the thermodynamic potential of the helical state near
the condensate momentum kg [see the right panel of
Fig. 2(a)] exhibits a property

ko +a) = ko) ~ No [ba? + b1 +bagt],  (3)

where the coefficients b(kg) and bs(ko) are dominated by
the bare dispersion (see Appendix B), while b, (ko) is
generated perturbatively by the lattice order-by-disorder
via interaction U. In the above, Ny is the condensate
number. The corresponding low-energy Goldstone mode
Lagrangian density is given by

L =ng [B;(0-0)> + B(9)¢)* + BL(10)> + K (91 9)*],
(4)

! The quantum Lifshitz transition at p = 1/2 only happens at the
vertices of the hexagonal contour (see Fig. 5), which is energeti-
cally stable at one-loop order as shown in Fig. 1(b). Higher-order
fluctuations may shift the positions of the Lifshitz transitions, or
make the transition at p = 1/2 split into two Lifshitz points
characterized by smectic-like Goldstone modes with Lagrangian
(35b), as allowed by the Cg lattice symmetry.

which when treated at a quantum level leads to the dis-
persion (1) for a < ¢;' < A1 = /K/B/ (a the lattice
constant). We observe that a difference choice of the he-
lical condensation, kg — ko+q, equivalently corresponds
to a linear in r phase rotation, ¢ — ¢+q-r. By applying
the two transformations to the thermodynamic potential
and the Goldstone mode Hamiltonian respectively, and
requiring the shifted energies to be identical, we obtain
the following Ward identities,

b=B, b, =B,]. (5)
We expect the relations (5) to hold at all order of a per-
turbation theory (see Sec. V). In particular, at the zeroth
order, the thermodynamic potential [see the left panel of
Fig. 2(a)] is featured by a degenerate contour minimum,
and thus by = B, = 0. At one-loop (first) order, the
correction to the thermodynamic potential is given by
the zero-point energy of the Bogoliubov quasiparticles
together with entropic contributions, which in turn gives
a by oc U (b oc UYAT) for T < Ung (T > Unyg)
in the weakly-interacting limit. We also perform a com-
plementary calculation of B, verifying (5). In contrast,
while by = K at zeroth-order, the above symmetry does
not constrain it to hold generically.

The Goldstone mode theory (4) predicts the low-
energy properties of the helical superfluid. In particular,
the off-diagonal order of the superfluid (I*(r)¥(0))
e~ €M) where C(r) = ([¢(r) — ¢(0)]?). As shown in
Fig. 2(b), the two-point correlation function C(r) ex-
hibits several qualitatively distinct limits. Here we fo-
cus on the behavior along the L direction, leaving de-
tailed discussions in Sec. IV A. At zero temperature (see
the blue-dotted curve), for either By = 0 or By # 0,
C(ry = 0,71, — o0) — const, indicating a long-range
order of the helical superfluid. At nonzero temper-
ature, as illustrated by the black (red-dashed) curve,
C(0,7rL — o0) ~log(r, ) (~ry) for By #0 (BL =0),
which signifies a quasi-long-range (short-range) order as a
consequence of the XY (smectic) GM fluctuations. For a
general case T'# 0 and B, # 0, there are two important
crossover scales, r)p and A\ . The former separates the
low-temperature quantum and higher-temperature clas-
sical regimes, while the latter, as discussed above, sep-
arates the short-distance smectic and long-distance XY
regimes.

Consequently, the helical state is characterized by
an anisotropic XY superfluidity at the longest scale.
However, within a large (for small U) order-by-disorder
crossover scale, (rjj,r) = (A2 /€, 21) (& the coherence
length), the system exhibits soft (B, ~ 0) quantum and
thermal fluctuations, with its physical properties quali-
tatively distinct from that of a conventional superfluid.
Abstracting from the Bose-Hubbard lattice model, we



Observables 2d Helical SF 2d conventional SF
Static structure factor, S ~ M0y /fzqﬁ +&202¢4 ~ nofq
Condensate depletion, ng/n ~ U4 ~U

Momentum distribution, nq 1
(€q))* ful A

2

1 a1
€ In ()‘ aj
2

( Tﬁ)7 when ¢ § > 1

)’ when g <1 1/q, when g€ < 1

C/q*, when g€ > 1

Superfluid stiffness, (ps):;

8(]71](:07;]{70]‘

dijn/m

Chemical potential correction, u(l)

—UTLC(%;?)U4

logarithmic correction [56, 57]

TABLE I. Comparison of the helical superfluid (within the order-by-disorder crossover scale) and a conventional superfluid at
zero temperature in 2d. Note q = k—kg (q = k) for the helical (conventional) superfluid. For helical superfluid with low-energy

Lagrangian (4), the coherence length £ = /B/2Un, the anisotropy length scale A = y/K/B, the condensate momentum ko,
J and C are constants, and f, is a scaling function given in (65). For conventional superfluid, C' is the Tan’s contact and

§~ = 1/v/4mUn is the coherence length of interacting Bose gas with m, U and n being the mass, interaction strength and

particle density respectively.

develop a field theory that captures the key qualita-
tive features of the helical superfluid within this regime,
and calculate a number of its physical observables, with
the zero-temperature results summarized in Table I. At
nonzero temperature, thermal fluctuations set in at scales

beyond (ryp,rir) = (526, /T VAE) (A = /K/B),
as illustrated in Fig. 2(b). Such quantum-to-classical
crossover is observable in real space- or momentum-
resolved quantities, as exemplified by the structure fac-
tor in Sec. IVB 1. We now turn to detailed analysis that
leads to the results enumerated above.

IIT. FRUSTRATED BOSE-HUBBARD MODEL

ON HONEYCOMB LATTICE

To explore the phenomenon of nonzero momentum he-
lical superfluidity, we study a frustrated Bose-Hubbard
model on honeycomb lattice with Hamiltonian H =
Hy + Hing, where

Hiy = %Z Z ni,s(ni,s - 1)

i s=1,2

(6)

is the usual on-site interactions with the subscripts ¢« and
s labeling the Bravais lattice sites and the two sublattices

respectively. n; s = a;-r_sai73 is the boson number operator
with az . and a; s the corresponding creation and annihi-

lation c;perators. The kinetic part of the Hamiltonian is
given by

—t1Y al a;a+ta Y (alyaj1 +al,a50) + hee.,
(i) ((ig))
(7)

Hy =

where t; and ty are the nearest-neighbor (NN) and the
next-nearest-neighbor (NNN) hopping parameters, re-
spectively. We focus on the case of ¢t; > 0, taking the
advantage of the symmetry of the model: t; — —tq,
as — —ag. In contrast to the NN hopping, we take
the NNN hopping, —ts, to be “frustrated antiferromag-
netic”, —to < 0. This has been engineered in atomic
systems in an optical lattice through Floquet techniques
[44]. Throughout our analysis below, we use dimension-
less parameter p = to/t; > 0 to quantify the frustration
in this model.

A. Band structure of non-interacting Hamiltonian

Below we first review the band structure of Hy, identi-
fying the condition when a degenerate minimum along a
closed contour develops, and then study a Bose conden-
sate on the this dispersion minimum contour via Bogoli-
ubov approximation. We start with specifying the NN
and NNN vectors as [see Fig. 3(a)]

el:(ovl)’ 62_(_7’_5)v 3_(7’_5)7
Vlz(\/gao)v V2:(_§ag)’ 3_(_§’_2)

with the lattice vectors v; spanning the Bravais trian-
gular lattice and the unit vectors e; spanning the hon-
eycomb lattice (the lattice constant a = 1). The corre-



sponding reciprocal vectors are [see Fig. 3(b)]

47 2r 2w 2r 2w
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1= Vs sk G=p )
(9)
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FIG. 3. (a) Honeycomb lattice with NN (black) and NNN
(red) vectors. The two sublattices are connected by § = e;.
The lattice spacing is set to a = 1 throughout this paper. (b)
First Brillouin zone, high symmetry points 2, and high sym-
metry (red-dashed) lines. Equivalent high symmetry points
are connected by the reciprocal vectors (9).

The Hamiltonian (7) is straightforwardly diagonalized
in momentum space (see Appendix A)

HO = —1 Z(anLlakQ + I‘QUJLQUJkJ)

Kk
+ iy Z ek(aLlakJ + aL72ak72)
K
=Y el _de+ > gidl diy,  (10)
Kk Kk
where
Y N
i+ = ﬁ(e Fay F et a) (11)

create bosonic excitations in the two bands,

€, = toex — 1|k, GI = toex + t1|T'k/, (12)

exhibiting Dirac nodes at the K points (the corners of the
first Brillouin zone), made famous in graphene but irrele-
vant here for bosonic system dominated by condensation
at the bottom of the band. In the above,

ek=2Zcosk-vi, I = Zexp(—ik'ei) (13)

with |I'x| = /3 + ex. The dependence of the band struc-
ture on p = to/t; is depicted in Fig. 4. Momenta kg is
the dispersion minimum that satisfies

0—p= . (14)

Viex |k:120 =

2 The high symmetry points are given by T' = (0, 0), K = (;—\%,0)7
K’ (_;_\7/%70)7 M = (%7%)7 M = (07_2%)7 and M =
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FIG. 4. Band structure (12) of the frustrated bosonic tight-
binding model at different p. (a) p = 0.1 < 1/6. In this
case, there is only one energy minimum at k = 0 (I’ point).
Bosons form a condensate at zero momentum. (b) 1/6 <
p = 0.3 < 1/2. Energy minimum shifts away from I' point
to nonzero momentum ko, forming a closed contour. This
contour is enlarged and deformed as p increases from 1/6 to
1/2 (c) p = 0.5. Now the contour is a perfect hexagon with
corner at the center of each edge of first Brillouin zone (M
point).

As shown in Fig. 5, p controls the form of the dispersion
minimum in the reciprocal space. In detail, for p < 1/6,
the minimum is at the T' point (ko = (0,0)), while for
p — oo, the minima are located at the K points. For
intermediate frustration 1/6 < p < 1/2 (1/2 < p < c0),
the dispersion minima are extended to closed contour(s)
centered around the I' (K) point(s). This macroscopic
degeneracy makes the system sensitive to perturbations.
Below we discuss these three cases respectively.

1. p<1/6

The simplest is the weakly-frustrated case of p <
1/6, for which the bosons condense at the I' point [see
Fig. 5(a)], exhibiting conventional zero momentum su-
perfluidity. In the XY spin language, this corresponds to
a ferromagnetic spin state.

2. Intermediate frustration, p > %

In this case, the energy minima form closed contours
encircling six corners of the first Brillouin zone, as shown
in Fig. 5(d), with contours shrinking as p increases to cc.

As p — oo, two sublattices decouple, with bosons on
each triangular lattice condensing at a K point of the re-
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FIG. 5. Solution of energy minimum, plotted in unit of a~*.
Blue-dashed lines denote the first Brillouin zone boundaries.
(a) This is the case shown in Fig. 4(a), where the energy min-
imum is a point. (b) This case corresponds to Fig. 4(b) with
a dispersion minimum contour. (c) This is the case denoted
in Fig. 4(c) with a perfect hexagon contour minimum. (d)
When p > 1/2, the energy minima form a contour centered
at every corner of the first Brillouin zone. We are not focus
on this part in this paper.

ciprocal lattice.> Generally, such superfluid is described
by two order parameters (as ;) = ¢ Tsi where Cs=1,2
are two independent complex condensate amplitudes at
K, € {K,K'}. Each of these site-dependent order pa-
rameters can be written as a two component XY vector
S, = (Re(ay), Im(a,)). For a particular choice of ¢; 5, a
configuration of S, is pictorially illustrated in Fig. 6.

FIG. 6. Spin representation of the bosonic condensates on
the two sublattices (black and red), condensed at the first
Brillouin zone corner K or K’. These become independent in
the p — oo limit, coupled only by the boson interaction.

3 In XY spin language, this corresponds to the coplanar 120° state,
the ground state of XXZ model on the triangular lattice.

3. 1/6<p<1/2

The intermediate-frustration regime — the main focus
of this paper — exhibits a closed dispersion minimum cen-
tered around the T' point, as illustrated in Fig. 5(b).
Generically, the contour exhibits a Cg lattice symme-
try. The contour degenerates into a circle [hexagon] for

p— %+, see Fig. 5(b) [p — 5, see Fig. 5(c)].

B. Helical superfliud in Bogoliubov approximation

The interplay of interactions and the macroscopic de-
generacy discussed above presents a rich and challenging
problem. However, for weak interactions, a Bose con-
densate on a finite set of kg, points* on the minimum of
the dispersion contour is at least a locally stable state of
matter. For a set of non-collinear ky; points, the ground
state is a supersolid that generically breaking the under-
lying crystal lattice and the U(1) symmetries. A simpler
collinear superfluid states are represented by a helical
FF-like condensate at a kg and an LO-like condensate
at {ko, —ko} [55, 58]. For interacting bosons, finding a
ground state even among these set of supersolids (char-
acterized by a set of ko;) is a challenging problem that
we do not address here and is best studied numerically.

Here we focus on a helical superfluid corresponding
to a condensation at a single ko that we find exhibits
rich phenomenology that we explore in detail. Such a
state can also be described by a helical spin density wave
S, = (Re(ay),Im(a,)) = v/No(cosko - r,sinkg - r) that
breaks the lattice rotational and time-reversal symme-
tries. However, in this FF helical state, the physical ob-
servables remain (lattice-) translationally invariant.

Thus, focusing on such a helical condensate at kg, we
study interacting bosons on a frustrated honeycomb lat-
tice (7) within the Bogoliubov approximation in a canon-
ical ensemble. In momentum space, the interaction (6)
is given by

U t t
Hing = o E : E : e, +8 5%, — B sk~ 5 5Tk + 5 s>
s=1,2k; ,ka,p

(15)

where V' is the number of the unit cells, which is one-half
of the number of the sites, Ny = 2V. At low energies,
neglecting inter-band excitations, we can focus on the
lowest band, and express the site boson operators a1
and ak 2 in terms of the lower-band operator dy, —,

% 1

1 .6
W1~ T5¢ di,—, ax2~ ﬁeﬂ%dk,—a (16)

4 This is to be contrasted with an exotic Bose-Luttinger liquid
state, where the boson amplitude is ordered with ko fluctuating
across the entire contour, as recently studied by Sur and Yang
[48] and Lake et al. [49]



where 0, = Arg(T'x) defined in Eq. (13). Expressing the
Hamiltonian in terms of excitations

dyxotq,— = =/ Nodk ko + dx,—» (17)

out of a helical condensate Ny, to quadratic order we
have the Bogoliubov Hamiltonian,

_ nNU 1 ,
Hz6k0N+T_§Z€q (18)
a
1 _ dk +q,—
- d]‘ dn ) h 0+4q,
+ 2 ;( ko+q,— “ko—a, 0 (dLoq, )
(19)
where
_ e Un cos(Og)
_ q q
ho = (Uncos(Gq) e q > (20)
and
521 = elzoJrq - 6120 +Un,
Oxot+q + Oy—
®q _ 0Tq 5 0o—q _ 91{07
_N_N
TN, T v
N = Ny + Z dlo+q7,dk0+q,—a (21)
q
deferring details to Appendix C. Bogoliubov-
diagonalizing the Hamiltonian gives
H =By + > Eqof 0 ta; (22)

q

where the ground state energy

NU 1
Ep=6N+ 5+ -3 (Eq—c<y)  (23)

2 2
a
and the dispersion
Eq e 827(1 + 81,q7 (24)
with
Eilq= \/53 +2UnEq + U2n2sin2(04)  (25)
and
o 6lzoJrﬂl + 6120*q e & o 6lzoJrﬂl B 6120*q
aq— 2 ko’ 2,9 —

(26)

We postpone the discussion of E,s until Sec. V, where
we show that fluctuations together with the lattice ef-
fects lead to order-by-disorder selection of the condensa-

tion at high symmetry points of the contour. In antici-
pation of this, here we note that there are two classes

(and Cg equivalents) of high symmetry points repre-
sented by ko = (0,koy) “Vertex” BECy and (kog,0)
“Edge” BECE, with (14) giving,

2 1 5
koy = —arccos [ — —} ,

3 16p% 4

2 1 1
kom = — I 27
0E \/garccos [4p 2} (27)

We next examine the details of the Bogoliubov disper-
sion Eq that is positive-semi-definite (gapless at q — 0)
for all U and q, which for U — 0 reduces to €kotq " Cky >
0. We thus find that the helical condensate at the Bo-
goliubov level is locally stable.
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FIG. 7. (a) The helical superfluid dispersion Eq from Eq. (24)
with ko = (0, kov), p = 0.3, Un/t; = 0.2 and q in unit of a~*.
The black-dashed contour indicates the degenerate minimum
of the noninteracting band €, in Eq. (12). In the presence of
interaction, the minimum appears at the origin, q = 0. The
blue and green curves are dispersion cuts along and perpendic-
ular to ko, indicating small q linear and quadratic dispersions,
respectively. The corresponding long wavelength description
in (b) illustrates the symmetry-expected smectic form (28).
The inset of (b) shows dispersions along g, for a set of in-
teraction strengths, from the lowest to the highest given by
Un/t1 =0.2,0.6,1,1.4.

In Fig. 7, we plot the quasiparticle dispersion Eq as
a function of q = q + qu1, where q = (q - 1;0)120
and q; = ko x q X ko. Without loss of generality,
we plot the case kg = (0, kov ), which illustrates gen-
eral properties of the dispersion (24). We note that it



is asymmetric under ¢ — —¢q due to the & 4 contri-
bution in (26). Physically, this broken inversion sym-
metry is a consequence of the spontaneously-chosen kg.
At q = mod(—2ko,47/3) ~ 1.5, the disperion also dis-
plays a metastable saddle point inherited from the con-
tour minimum in the noninteracting dispersion €, as
shown by the blue curve in Fig. 7(b). This feature dis-
appears gradually with increasing interaction [see inset
of Fig. 7(b)]. In the small q limit, as expected on rota-
tional symmetry grounds (here neglecting lattice order-
by-disorder effects, but see Sec. V) of a helical super-
fluid (striped) state, the dispersion is well-described by
an anisotropic smectic form,

Fq ~ \/2Un Bat + K14} + Kygf + K 1aia?)

N { 1,
g1,

with a “soft” L direction [see the green curve in
Fig. 7(b)], where A\ = \/KL/B. For q) ~ qi, the K”
and K, can be neglected at small q, while in the ro-
tational invariant limit p — 1/67, K| = K, ~ K| /2.
The parameters in Eq. (28) can be obtained by expand-
ing the free dispersion €, 4q D q with the results given
in Appendix B. We note that at the Lifshitz transition,
B(p — 1/6) — 0. Then, the (above neglected) h1gher—
order contribution K qu‘ll should be taken into account,
with the Goldstone mode exhibiting an anisotropic quar-
tic dispersion in all directions.

q < /\qb

28
q) > A1, (28)

IV. FIELD THEORY OF HELICAL
SUPERFLUID ON A CLOSED CONTOUR
MINIMUM

We now turn to a complementary continuum field-
theoretic description of the helical superfuild state, char-
acterized by Bose condensation on a closed contour mini-
mum in momentum space. In the isotropic case, neglect-
ing lattice effects, this physics can be encoded through a

quartic dispersion
ex = J(kK* —k3)* + g0 (29)

with minima on a contour k? = k2. As we demonstrated
in Sec. ITI, such dispersion is indeed realized for bosons
on a honeycomb lattice for p ~ 1/6™, with

3 27
J=t (——+—p)

64 32
L 7
1—18p

_ ., [30—6p)?

We can encode this physics in a noninteracting Hamilto-
nian Ho = [, die,d, with

ér = J(=V2 = k2)? + 2. (31)

We then extend this to an interacting field theory and

study it in a grand canonical ensemble, with the corre-

sponding imaginary-time action S = [ d*rdr(Ly + L1),
Lo=®*0,® + J|V?®|? —

2IRIVE + (0 — )|

U
L=l (32)

®(r,7) a complex bosonic field and g the chemical po-
tential. We also defined an energy offset &g = Jki + <o
and interaction U parameter inherited from the Hubbard
model.

As with the lattice model in Sec. III, here we focus
on the helical superfluid state — a condensate at a single
point ko on the dispersion contour minimum — encoded
in ek, (29), and Ly in (32). In the density-phase repre-
sentation, the state is characterized by

‘I)(I‘) :\/ﬁeiko.r-i—iqﬁ: meiko.r+i¢ (33)

with a nonzero condensate density (at mean-field level)
no = (—eo)/U and momentum ko = ko, for pn > o (van-
ishing otherwise), and density and phase fluctuations, =
and ¢, respectively. To quadratic order, the helical super-
fluid is then described by a Goldstone mode Lagrangian
density °

2
1
Ly =imd ¢+ J —0((9|7r) - — (V?1) + 4dnokj (9 6)°
0

+n0(V29)? + dko (9 m) (V2 9) | + %w2, (34)

where the subscripts || and L denote axes parallel and
perpendicular to kg, respectively. In Sec. V, we will
consider higher-order fluctuations that renormalize the
parameters ng, ko and reduce the symmetry of the La-
grangian by Cg lattice effects. We note that the phase ¢
is compact with 27 periodicity, and thereby allows vor-
tex configurations — dislocation in the helical pattern of
the state. However, because we are primarily interested
in the ordered helical superfluid at zero temperature,
where these defects are confined, we will neglect them
in most of our analysis. They are however important for
the finite temperature Kosterlitz-Thouless superfluid-to-
normal transition in Fig. 1(a).

5 BEach term in Eq. (32) can be rewritten in terms of 7 and ¢ as

oiko T +id /1
0 ® :T (587—% + in&—(b) s
oiko-T+id 11
vo :T §V7T + in(ko + V¢)i| ,
6ik0-r+i¢ 1 1
V2o =sm EnV27r —n2(kg + Vo¢)? — Z(V?T)Z

+in(Vr - ko + Vr - Vo + anqﬁ)} .



Integrating out 7 field in Eq. (34), we obtain the ef-
fective theory of ¢ described by a quantum smectic La-
grangian (consistent with the honeycomb lattice model
analysis in Sec. III)

_(Aar + ‘3‘21)2 + g
&+ B;
~ ng [B-(0-9)° + B(9)¢)* + K (91 ¢)?]

Ly =nog ® (35a)

(35b)

where Fourier transform of the operators € and &, are
given by

€= Baf + Kq', E2q=2VBKqi>,  (36)

with the couplings®
1
2UTLO ’

The final form in Eq. (35b) corresponds to the asymptotic
long wavelength limit. The superfluid mode ¢ exhibits
an unusual dispersion given by

Eq=&Eyq+ /24 Br'&q

N {qi, q < A,
lqy |,

q > A7,
consistent with our lattice analysis, Eq. (24) and the fea-
tures illustrated in Fig. 7. Two length scales emerge from
the zero-sound dispersion (38). The crossover scale £ =
VBB, is the coherence length along kg, beyond which
the dispersion is controlled by interaction. The length
A = VK/B = 1/(2kg) characterizes the anisotropy
along (||) and transverse (L) to kg. The correspond-
ing momentum qc = (qje; qre) = (€71, (A)7Y/?) sepa-

2
rates the noninteracting regime, Fq ~ (\/Eq” +vV KqZ) 7

for g > q. from the long-wavelength interacting form,

Eq = B2, /Bqﬁ + Kq*, for q < q.. The latter agrees

with the predictions of the lattice model, Eq. (28), if the
lattice symmetry breaking effects are neglected.
Importantly, we note that, in the absent of lattice ef-
fects, (V1 ¢)? is absent in the expansion of Eq. (35b) at
all orders. This is enforced by the underlying rotational
symmetry that is spontaneously broken by the helical su-
perfluid state. More explicitly, an infinitesimal shift of
the condensate momentum ko — kg + dkg along the dis-
persion minimum contour is a symmetry’. According to
(33), this transforms ¢, — ¢ + 6k - r, which then en-
forces the exact vanishing of the coefficient of (V| ¢)?.

B, = B=4Jk}, K= (37)

q1 < dlc,
38
9 < YGjes (38)

6 At T = 0 and weak interaction, we neglect the difference between
the boson and condensate densities, n and ng, with (n—ng)/n ~
U3/% see Eq. (61).

7 This is closely related to the spontaneous breaking of dipole con-
servation (in addition to charge) of Bose condensation, which
prohibits linear derivative terms, as recently studied in the dipo-
lar Bose-Hubbard model by Lake et al. [54] Here, the helical
superfluid is characterized by an emerged dipole conservation
perpendicular to kg, which however, only holds infinitesimally.

A. Stability

We now turn to the analysis of the stability of the
helical condensate at kg to quantum and thermal fluc-
tuations, characterized by Goldstone mode fluctuations,
(#?). The divergence of this fluctuations in the thermo-
dynamic limit is a signature of instability. We generalize
our analysis to d + 1 space-time dimensions, with two
“hard” axes, || and 7, and d—1 transverse “soft” axes. A
complementary generalization to “columnar” Goldstone
mode (with d “hard” and 1 “soft” axes) is relegated to
Appendix D. At d = 2, both generalizations reduce to the
physical case of interest, but corresponding to distinct
analytical continuation of the physical problem. Below,
we employ the low-energy Goldstone mode theory, (35b),
valid within a UV cutoff Ay defined by £q < Uny.

1. Local fluctuations ($?)

At zero temperature, quantum fluctuations are quan-
tified by

1 Au dwquddflql 1
2n¢ (2m)*t Brw? + Kq| + Bqj

($*)q =

O(1) xngle A2, d>1, (39)

and is finite (system size independent) in the thermody-
namic limit. This thereby demonstrates the stability of
the helical condensate to quantum fluctuations.

At nonzero temperature, thermal fluctuations are dom-
inated by the zeroth Matsubara frequency w,—g, where
wy, = 2mn/B, with 8 = 1/T. This gives

Py~ L[ a1
" g Joo T (2m)d Kqt +Bqﬁ
. . \3-d
, min (Ll/Q,LL) . d<3,
~ Ti)e L e
~ Ung In [min (LH ,LL)} , d=3,
o), d>3,
(40)
where the dimensionless parameters il\ = Lj/¢ and

Ly =1L,/VEX L and L, are the system size along the
|| and L directions, respectively. We thus observe that
for d < 3, (in a striking contrast to a conventional super-
fluid) thermal fluctuations diverge with system size, and
thereby destabilize the helical condensate at any nonzero
temperature in the thermodynamic limit. For the physi-
cal case of d = 2, the length scales for this instability are

set by ¢7 =,/ A~ Tg{b—ggQ«/_gA.



2. Two-point correlation function of ¢

Next, we calculate the static two-point correlation
function of ¢(r, 7), in the physical case given by

C(r) =<[¢( —¢(0,0)%)

Au ququ— 1— eiq-r
Z e (4)
Bw2 + BqH + K¢

We are interested in its asymptotics in the high-
temperature classical and low-temperature quantum lim-
its. At T = 0, the Matsubara converts into an integral
over a continuous frequency w, giving

Au ququ 1—efar
2
(2m) \/2Un0(Bqﬁ + Kqt)
r gAY,

Co(r) = U/

r> AT (42)

growing quadratically to a finite asymptote (¢%)q, (39),
at d = 2.

In the high-temperature limit, only w,, = 0 contributes
to the correlation function, giving

2U dq”qu 1—efar
B (2m)? 2Uno(Bqjf + Kq1)

CT (I‘) =

/2 _ %
— T ( dl ) e Ty + —erf T1
2Un(2)§2 47\ 4\ VAT
Te=3/201/2 (7 1/2 2 .
iUn2 wE s> s T> Ay,
Te—3/2)-1/2 (2 1/2 r2 .
—wre (&) o <3 r> Ay

(43)

where erf(x) is the error function [55, 59].

The above analysis indicates a crossover between the
low and high temperature limits of C(r). To this end, we
perform Matsubara summation in Eq. (41) using

1 TWn T TE
= c S for 7 > 0, (44)

15} Wy — € efe — 1’
Wn

and define a crossover scale

T [T
qr = (QHTuQJ_T) = (U—noq”C’ U—noq“> . (45)

separating the quantum (q > qr) and classical (q < qr)
regions of momenta. This gives

Ay _ elar
C(r) = </ / ) coth(B8Eq4/2)
ar | _ glar Au 1 — ¢fa
B Egl + U/qT 7Eq ,  (46)
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where Eq = \/B;l(Bqﬁ + Kq?}). At low temperature,

8 — oo and gr — 0, the quantum, second term domi-
nates, giving C(r) = Cq(r). While at high temperature,
B — 0 and gr — Ay, C(r) is dominated by the classical,
first term, giving C(r) ~ Cr(r).

In Fig. 8, we plot C(r) in (41), computed numeri-
cally along r, and r|, showing its asymptotic behaviors
in the low-temperature (42) and high-temperature (43)
regimes. The crossover scale in real space is given by the
inverse of the thermal wavevectors,

Un _ [Un
T = qH% Togv riT = QJ_’}“ = TO VA (47)

3. Order-by-disorder

Although the effective theory introduced in this section
is unstable to thermal fluctuations for d < 3, we antici-
pate that the presence of the underlying honeycomb lat-
tice explicitly breaks the degenerate contour in Eq. (31)
down to six-fold minima through quantum and thermal
fluctuations, that probe all momentum scales (detailed in
Sec. V). This in turn introduces perpendicular stiffness
B (V1¢)?, modifying the low-energy Lagrangian to

Loy
ng

= B;(0-9)* + B(9)¢)> + BL(0.¢)* + K (07 ¢),
(48)

with suppressed fluctuations. As discussed in Sec. V,
By o« U°* (B, o UYAT) for T < Ung (T > Unyg)
in the weakly-interacting limit Ung < t;. Importantly,
this leads to a crossover length scale A\, = /K/B].
Consequently, as illustrated in Fig. 8(c)(d), the helical
superfluid exhibits an extended crossover from a smectic
regime to an anisotropic XY regime (but with the con-
densate at finite momentum), separated by (rﬁ‘,rj) =

(A2 /&, X1). Since B is perturbatively small in U, A,
can be very large, exhibiting long range of anomalous
smectic superfluidity, that we study in detail below.

B. Physical observables in smectic superfluid
regime
1. Structure factor

To calculate the structure factor, we employ the La-
grangian (34). In Fourier space, it is given by

1 — w
‘CIO = §< Qb*q,fwn Wfq,fwn )D 1(qa wn)( iCb " )a
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FIG. 8. Numerical plots (| and 71 in units of £ and /€, respectively) of the correlation function (41) (a) along 1 with

r) = 0 and (b) along r| with 7. = 0. The helical superfluid exhibits a quantum-to-classical (Q-to-C) crossover around
r1 = VEX/Uno/T and r| = {Uno/T with Uno/T = 10, where the finite-temperature (black-solid) curves deviate from the
zero-temperature (blue-dashed) curves. For B, # 0, the correlation function (c) along v, with r; = 0 and (d) along r| with

r1 = 0 (black curves) shows a crossover from smectic superfluidity (SFsm) to conventional XY superfluidity (SFxy) around
r. = AL and r; = A% /€ with AL = 10¢. The red-dashed curves show the case By = 0 for comparison. Inset of (c)(d):

logarithmic scale in r axes.

where

1
(Wn +189,q)? + E2 + 2UnpEq
y < =Eq+U wn+i52,q>

2n0
—Wn — ’L'(c;qu 27105(1
with & and &; o defined in Eq. (36).
The structure factor is the density-density correlation
function, in the Fourier space given by

D(q7 wn) =

(50)

27’Logq
(wn +1E2,q)% + E2 4 2Unoéq
(51)

S(q,wn) = Daa(q, wn) =

This static structure factor is then given by

S(a) = 5 Y S(a.w)

_ ngé'q smh[ﬁ(Eq — 527(1)]
Eq — &2.q cosh[B(Eq — E2.q)] — cosh(BEq.q)’
(52)

where Eq is defined in Eq. (38) and we used Eq. (44) to
carry out the Matsubara sum.

The structure factor (52) depends on the a number of
scales: coherence length ¢ = \/BB,, anisotropic length
factor A = \/K/B and parallel thermal wavevector ¢|p =

(272 /Un¢B)/2. Below we first present the results in the
low- and high-temperature limits, and then discuss the
crossover between them.

In the high-temperature limit, 8 — 0, the structure
factor becomes
ST (q) 27’LQT(€q

2U7’Logq + 5(% - 5227(1

0, g€, quVAE> 1,

exhibiting a maximum on a closed contour (inherited
from the noninteracting dispersion minimum) with a
height T/U and a width increasing with U, illustrated
at high temperature in Fig. 9(a).

In the complementary low-temperature limit, § — oo,
the structure factor becomes

oo | fa
N €q +2Un0
q1€, gLV <1,

~ { \/noé’q/2U,
QHEv QL\/)\_f > 17

no,
in contrast exhibiting a single minimum at q = 0, which
becomes more shallow with increases U, as shown in
Fig. 9(b). It can be written as a scaling form
A q2
Sa(a0) ~ a5 (L)

(53)

Se(a)

(54)

(55)
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FIG. 9. Static structure factor (52) (in unit of no) as a function of q (in the unit of A™") with A\/¢ = 0.3. (a) High-temperature
classical limit with gy A = 0.4. (b) Low-temperature quantum limit g7 A = 0.01. Quantum-to-classical crossover (c) along g
with g = 0 and (d) along g, with ¢ = 0. From top to bottom the temperature decreases with gz A = 0.4,0.3,0.2,0.1,0.01.
The red double-headed arrows in (a) and (c) indicate the scale of condensate momentum 2ko = A™*.

in the limits, {¢| < 1 and g > 1, with

S(z)=+v1+22, a=1, for {q < 1,
S(z)=1, a=0, for &gy > 1. (56)

The structure factor exhibits a quantum-to-classical
crossover for q separated by the thermal wavevectors qp
in Eq. (45), as illustrated in Fig. 9(c)(d).

2. Condensate depletion

The condensate depletion is given by
ng =n—ng = (®(r,0)2"(r,n)) — no

1 / d2q —iwn N
-2 2 Ze " G(q, Wn)a
5] @n? 2
where n = 0T is an infinitesimal positive number to en-
code operator time ordering and with ® in Eq. (33) ex-
panded up to quadratic order in 7 and ¢,

(57)

1
G(q,wy) =~ 4—n0D22(% wn) +noD11(q, wn)

7 )
+ §D12(q, Wn) — §D21(q, Wn)

2
Yq

twp, + F_qg

2
Uqg

T Tiwn + Eq

(58)

with matrix D given in Eq. (50), Eq given in Eq. (38)

and
( +1),
gq + U’no

At ),
<1 /8(21 + 2U7’Logq

After performing the Matsubara summation in Eq. (57)
and using the identity (44),

[
ng =

9 1
2=

2

5q—|—Un0

A /(‘:g + 2U7”L05q

u,

1

2

2

v (59)

2, .2
Ug + Vg
efBa — 1

2

02+

(2m)? (60)

q

where the first term gives the zero-temperature interac-
tion driven depletion while the second term describes ad-
ditional depletion due to thermal excitations.

At zero temperature, the depletion (with details rele-

gated to Appendix E) is given by
1/4
d2q 9 < UB > /

nr=0= [ ri e = " BR
(61)

-~ nU3/4n61/4 ~ (Un0)3/478

~

~
~

~

where C = 23/4I4|f.(0)|/(967%)
10.4882 and f.(0) =~ —3.70815.

At nonzero temperature, the depletion in Eq. (60) di-
verges in the thermodynamic limit for d < 3, as analyzed
in Appendix E, indicating helical superfluid thermal in-
stability as found in Sec. IV A 1.

For the microscopic lattice model discussed in Sec. III,
the depleting is still given by (60), but with uq and vq
given by

0.035 with Iy

Eq+Un
V€2 +2UnEq + Un? sin(Oq)

+1],

Qo
N —

(62)

—_

1 Eq+Un

-1
2 \/Eg +2UnEq + U2n?sin?(04)

)

where the lattice effects are encoded in the periodic
(in momentum space) forms of ©4 and &g defined in
Egs. (21) and (26).

At zero temperature, the depletion as a function of Un
is computed numerically and presented in Fig. 10. At
small Un, it is a power-law as found in Eq. (61). As Un
increases, ng deviates from this perfect power-law given
by a weakly interacting field theory. At nonzero temper-
ature, thermal fluctuations still destroy the condensate,
as discussed above.

8 In the weakly interacting limit, we neglect the difference between
n and ng as it is of higher order in U.
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FIG. 10. The log-log plot of the zero temperature depletion
nq (in unit of a=2) in Eq. (61) as a function of Un/t; for
p = 0.2, and ko = (0, kov'). The red dots are calculated with
the lattice model expression (62). The dashed line gives a
fitting in the small Un region with the predicted slope = 3/4.

3. Momentum distribution

Another important characterization of the heli-
cal superfluid is the momentum distribution, ngq =

(A, q—ota—)- At T =0, it is given by

1/ 1+5=
ng = [vg? = 5<T - 1>. (63)

2Un0
&q

The behavior of ng below (g > 1) and beyond (£q <

1) the coherence length £ = /BB, is described by the
following scaling form,

ng ~ (£q1) fa (/\Z—i), (64)

with the anisotropy length scale given by A = \/K/B
and

1
fn(fﬂ): ﬁ, o = —1, for qu < 1,
1

We note that for /\qi/qH < 1, ng ~ (§q)*. In the
opposite limit, /\qi /q) > 1, the momentum distribution
is asymptotically given by

{ 1/¢%, for q§ < 1. (66)
n. ~
a qﬁ’/qi, for ¢ &> 1.
This contrasts qualitatively with that of a conventional
superfluid (see Table I).

Lattice effects beyond this field theoretical treatment

are straightforwardly incorporated with ng = Ug at
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T = 0, with the lattice form of vq given by Eq. (62).
In Fig. 11, we plot ng 4, =0 as a function of ¢ which
verifies the scaling behavior ng, 4, =0 ~ 1/g (1/qﬁ) for
g1 < 1 (g€ > 1). Note, somewhat surprisingly the
T = 0) momentum distribution is symmetric under the
inversion of momentum ny = n_gq, and its profile has the
reflection symmetry, e.g. with respect to ¢ = 27/3, due
to the underlying lattice structure, as shown in the inset
of Fig. 11. As a result, the 1/q|‘|l tail is only visible for
sufficiently small Un.

100" ~eer_
1 ~“.“"1 ._‘5 qu_l
o 0.01 s 1
= 10_4’ \\\ 4
. o
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10 ..'...'.' ..'...'.. \\\ °
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FIG. 11. Momentum distribution ng,q, o vs. g (in unit of
ail) for p=0.2, Un/ty = 1074, and ko = (0, kov). The red
dots are calculated from lattice model expression (62). The
dashed line gives the asymptotic behavior for ¢ < 1 and
@& > 1. Inset: linear scale of the same plot.

4. Superflow

As in a conventional superfluid a spatial gradient of ¢
gives rise to a supercurrent,

js = nvy (67)

characterized by the anisotropic superfluid velocity with
its form obtained from the Noether’s theorem or, equiv-
alently by gauging (see Appendix F)

vy =4J [(V)? + 2ko - V@] (ko + V) — 2JV>¢. (68)

We emphasize that in v, of (68) we included higher-order
terms, previously left out in the quadratic Lagrangian,
(34). For the simplest uniform gradient configuration
¢ =q-r, we have
vi(p=q-r)=4J [q2 + 2ko ~q} (ko +q)
=Vieklk=ko+q (69)

with

EkZJ(k2 —k(z))2+60, k=ky+q. (70)
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FIG. 12. x™ (in unit of Ua™?) vs. Un/t; for p = 0.2, and
ko = (0,kov). The red dots are calculated from (73). The
dashed line gives a fitting to (74) in the small Un region with
a slope = 3/4.

In the long-wavelength limit to linear order, the super-
current is given by

(js)i =

V-0

> (ps)is Vi (71)

with the superfluid stiffness (ps)i;; = 8Jn(ko)i(ko);j,
which vanishes transversely to ko. This helical conden-
sate thus (in the absent of stabilizing lattice effects) can-
not maintain a superflow perpendicular to kg, and thus
by this criterion is not a superfluid.

5. Chemical potential

We next calculate the equation of state, given by the
chemical potential as a function of the boson density n,

éE(]S (0) (1) 79

where ground state energy FEgq is given by Eq. (23).
The lowest-order mean-field contribution and the one-
loop correction are respectively given by

0 = €, T Un,
o= [ (1 et Untinegy
4 Jq \/5(21—1—2U7”L6’q—|—(Unsinqu)2

_g/ 1_4 , (73)
4 Jq (/€2 +2Unéq

where in the last line we neglected lattice effects and took
Eq ~ Bqﬁ + Kqt.
Performing the integration (see Appendix G), we ob-

tain
U3 1/4
m) = )

%

D) —UnC(
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where constants C = 2%/*I41,/(327%) ~ 0.069, I, ~
1.23605 and Iy ~ 10.4882. The dimensionless factor in
) expressed in terms of microscopic parameters is given
by

U? e 1/477r3/4,—3/47—1
<m) xXn / U/tl kO 5 (75)

where ko(p) is given by Eq. (30) in the limit of p —
1/6. For a general d dimensional helical superfluid, this
dimensionless factor is given by

[d+1pd—3\ 1/4
o~ (rr) (70)

In Fig. 12, we plot an exact numerical evaluation of
the chemical potential in Eq. (73) with lattice effects as
a function of Un. At small Un, Eq. (74) fits the data
well. We note, as indicated in Eq. (74), u/U decreases
(increases) if U(n) increases, in qualitative distinction
from a conventional superfluid (see Table I).

V. ORDER-BY-DISORDER

So far, we studied the helical condensation at a sin-
gle momentum kg on the dispersion minimum contour
at the Bogoliubov level. At this order, it exhibits smec-
tic fluctuations that are qualitatively larger than that of
conventional XY superfluids due to the macroscopic de-
generate ground states. In this section, we go beyond the
quadratic action, and study the order-by-disorder phe-
nomenon that appears due to the interplay of quantum
and thermal fluctuations, and the Cg lattice effects. This
generates a nonzero B that stabilizes the helical super-
fluid even at nonzero temperature.

Formally, we work with the coherent state path integral
of the lattice model introduced in Sec. III, where the
partition function is given by Z = [ Dde5*) with the
imaginary-time action S = [ drL and the corresponding
Lagrangian

L= Y @;,0.0;q+ Ho+ H. (77)
i,a=1,2

In the above, Hy and Hj,; are functionals that respec-
tively have the same expressions as the kinetic and the in-
teracting parts of the Hamiltonian introduced in Sec. ITI
with the operators a; , and a;‘ . replaced by coherent state
fields ®; , and @7 ,. To study the helical superfluid, we
consider the density-phase fluctuations around a mean-
field of a helical condensate with density ng and momen-
tum ko:

D,y = 00 /2 gikoriitidin /no + il
(I)i,Q _ 87191‘0/2 eZkO'I‘i,2+Z¢i,2 /n0+77i,27 (78)

where r; , is the position of the lattice site ¢ in a sub-
lattice. Below, we drop the subscripts ¢ and a for no-
tation simplicity. Then, the action can be written as



S[@] = O + [ LO) with the constant mean-field part
Q) (ng, ko) (zeroth-order thermodynamic potential) and
the bare Lagrangian, L% (7, ¢). Such a procedure par-
allels the field theoretical approach in Sec. IV, but now
encodes the underlying Cg lattice effects. Analysis of
the quadratic part of the action reproduces the Bogoli-
ubov results, predicted in Sec. III. To study the effects
of the higher-order nonlinearalities, various approxima-
tion schemes can be employed. Here we safely employ an
analysis perturbative in Uny, self-consistently verifying
the corrections to B, are finite. We thereby formally
obtain

— / DraDpe= Y= L0 / DrDpe P L.
(79)

where the renormalized thermodynamic potential and
Lagrangian are given by perturbation series Q(ng, ko) =
S, QM and L =30 L™ [“(n)” stands for the nth
loop correction], respectively. Similar to a conventional
superfluid, global U(1) symmetry ¢ — ¢+ « ensures that
¢ is massless, i.e., in the continuum, only gradients of ¢
appears in the Lagrangian. For a helical condensate, an-
other constraint is the equivalence of the transformations
ko — ko +q and ¢ — ¢ + q - r in the long wavelength
limit. The former transforms the free energy,

Q(ko + q) — Q(ko) = No szmQﬁQT- (80)

lm

The latter, when applied to the continuum Lagrangian
density (discussed in detail in Appendix H),

L =ng ZBlm((?H(b)l(aJ_(b)m + ... (81)
ilm

gives an energy shift )", Blmq‘l‘ q". In the above, the

ellipsis denotes m and higher derivative ¢ terms. Since q
can be chosen arbitrarily, we conclude that

blm = Blm7 (82)

for any integers [, m > 0, holding in every nth order of
the perturbation theory, bl(;? = Bl(;?. Below, we study
the order-by-disorder phenomenon by performing one-
loop calculations of bi b(SlQ) and B(l) oé) for both

zero and nonzero temperatures.

A. Thermodynamic potential

Before working in the more convenient functional
integral formalism, we note the ground state energy
Eys(ko) = E(Sg) (ko) + E(l)(ko) in Eq. (23) consists of
two contributions, the mean-field and the zero-point en-
ergies, respectively, given by

_ nNU 1
EY) = e, N + 5 E;i) =3 Z(Eq —eq)- (83)
a

gs
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FIG. 13. b1 (= bﬂ_l), in unit of tlaz) vs. Un/t1 for p = 0.3,
T =0, No = 1. The black-dashed line gives a fitting to (87)
in the small Un region with a slope = 5/4.

The former is the dominate contribution that exhibits a
sub-extensive degeneracy on the contour minimum, while
the latter is the lowest-order in Ung correction, corre-
sponding to the one-loop correction in the field theory
treatment below.

In the coherent-state path integral, the zeroth-order
thermodynamic potential is equal to the mean-field
ground state energy above (with N — Ng)

00 — ) (84)

gs>

and the one-loop correction (neglecting the upper band,
valid for Ung/t; < 1) is given by

QM (No, ko) = 25 Z Trin Gy ' (g, wn)

qQ,Wn

2ﬂ21n wn—i—zfgq) —i—é‘ ]

qQ,Wn

. %Zm [2sinh(5Eq/2))], (85)

where Go(q,wy) is defined in Eq. (H12). In the low-
temperature limit § — oo, reduces to the zero-point en-

ergy of the Bogoliubov quasiparticles EgS =3 Z (Eq

€q) (Where we measured related to the zero-point energy
of the normal state). In the above, the Matsubara sum

was carried out by using

Zln wn—i—zé’g —|—52 Zln{2smh(€1+p€2)],
(86)

obtained by integrating (44) over e or by Poisson sum-
mation formula followed by a contour integral [60].

The perturbation theory also gives order-by-order cor-
rections to the condensate momentum, kg = >, k(")
This allows us to study the corrections of the thermody—
namic potential and its curvature as an expansion at the



mean-field minimum: Q (ko) ~ Q© (k((JO))—i—Q(l)(kéO)) and
2Nobi (ko) ~ 982 Q@ KKV + 820M K§).2 Nu-
merical evaluation of the integral (85) lifts the degener-
acy of the bare dispersion contour, replacing it by six
minima with the Cg lattice symmetry. We refer to this
as order-by-disorder phenomenon (demonstrated in the
context of frustrated magnetism in [26, 28]). As shown
in Fig. 1(b), the helical condensate is stable on the high
symmetry points of the contour, the Vertex (BECy) and
the Edge (BECE) condensates, depending on the micro-
scopic parameters p, Ung, and temperature 7. The phase
boundaries are all first-order. We note that there is a
reentrant BECy around p ~ 0.22, related to the detailed
quasiparticle dispersion at small q characterized by B(p)
and K(p). As detailed in Appendix I, an expansion at
the minimum of the thermodynamic potential gives

b(j) =boL fo(Uno/T) (87)

for small Ung, which gives an effective UV cutoff such
that &g ~ Bqﬁ + K¢t < Unyg. In the above,

bor = (Uno)™*t; " g(p) (88)

with ¢g,(p) a dimensionless O(1) constant and the scaling
function

1, forxz>1.

Folz) ~ { 1/z, forz < 1. (89)
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With increasing Ung, higher powers terms in £ are im-
portant, leading to a deviation from the scaling form (87),
see Fig. 13.

As a consequence of the order-by-disorder phe-
nomenon, B is induced given by B(ll) = b(j) as discussed
above. As a complementary analysis, below we perform
a direct calculation of B(ll)7 and show that it reduces to
zero in the isotropic, continuum limit.

B. B,

To obtain B, , one first needs to calculate the zeroth-
order action S©[r,¢] based on the lattice model in
Sec. III. A shortcut to this is to expand the mean-field

ground state energy Eég) (ko + q) in g, and use the rela-

tion Bl(gl) =9 However, this has a shortcoming as it
only gives the leading order in q couplings. Alternatively,
one can start with the lattice model, do an expansion in
m and ¢, and then take the continuum limit. The latter
approach is more laborious, but gives the full expression
that is valid even at large momenta. We relegate the
details of this analysis to Appendix H. For simplicity,
we consider a long-wavelength form in analogy to (35b)
that is valid within the coherence length q < q. in the
weakly-interacting limit. By including up to quartic in ¢
terms required for one-loop calculations, and choosing kg
at one of the Cg symmetric points, the zeroth-order La-
grangian takes the following form (with the superscripts
(0) dropped for the simplicity of notation)

ﬁ—j = A [e(9)9) + ¢ (009)%] + B-(0-¢)” + B(9)6)* + K20(0}9)* + Ko2(0% ¢)* + K11(9]6) (97 ¢)
+ B30(0)0)® + B12(0)9)(018)* + Buo(9)¢)* + Boa(0L¢)* + Ba2(9)¢)*(0L¢), (90)

where B = 1/2Ung and Ay, = 1 — |I'g, |/|T'k,|, vanish-
ing at kg = ko. All the other parameters are of the form
t19(p) with g(p) a dimensionless O(1) constant while the
explicit expressions can be obtained via Bz(gz) = bz(gz along
with K = B, K9 = BYY and K9 = B{Y, where
the latter relations are found by inspecting the explicit

form of the quadratic action, (H11), and bl(gz are given
in Egs. (B2) and (B3) for BECy and BECg, respec-
tively. The linear derivative term (tadpole diagram) 9 ¢

9 However, the full expression Q2 = Q(® +Q1) is not real for any ko
since the quasiparticle is only guaranteed to be stable when ex-

panding the condensate around the contour minimum kéo). This

can be eliminated by choosing the condensate momen-

tum such that Vi, Q(ko) = 0, which at mean-field level,

gives kéo) = ko. We note By = 0 in the Lagrangian

(90) even in the presence of Cg lattice (but excluding the
zero-point energy) effects. This is consistent with the
mean-field ground state energy in Eq. (83) that exhibits
a degenerate contour minimum. However, higher-order
fluctuations generally generate a nonzero B . At one-
loop order and the weakly-interacting limit, it is given
by (see details in Appendix J)

is an artifact of the perturbation theory arising from bg?) =0,
and can be avoided in a self-consistent or renormalization group
analysis.



B ci Bis 3Qﬁ + Qf_ l
2¢c ), Brwi4Eq 2

~ Bo1f(Uno/T),

BY =

where the dimensionless scaling function fp has the same
limits as in Eq. (89) and By, = (Uno)>/4t; " *g5(p) with
g5(p) a dimensionless O(1) constant. In the isotropic
limit p — 1/6, Koy = Kgo = K11/2 and B/k% =
Bgo/ko = B12/k0 = 4B40 = 4B04 = 2B22, resulting
in Bg_l) = 0. This suggests the robustness of the Lifshitz
transition point at p = 1/6 at one-loop order and as-
sociated relation between harmonic and nonlinear terms
enforced by the rotational symmetry of kg, also corre-
sponding to the dipole conservation symmetry.

VI. CONCLUSION

In summary, we studied a nonzero-momentum super-
fluid state as a condensate in a frustrated honeycomb
Bose-Hubbard model that features a dispersion minimum
contour with a nonzero momentum scale kg, set by frus-
trated hopping. We supplemented the lattice model by a
continuum smectic field theory and explored in detail the
rich phenomenology that emerges from the helical (single
momentum) Bose-condensation on this dispersion mini-
mum contour.

Consistent with generalized Hohenberg-Mermin-
Wagner theorem [61-63], we found that the helical
condensate is stable at zero temperature despite quan-
tum fluctuations that are qualitatively stronger than
that of a conventional superfluid. The helical state
is spontaneously highly anisotropic in its spectrum
of low-energy excitations. We explored in detail the
physical properties of such state, such as the equation
of state (chemical potential), condensate depletion,
momentum distribution, structure factor, of all which
are qualitatively distinct from a conventional XY zero-
momentum superfluid. Because of the “soft” smectic
dispersion, at nonzero temperature, thermal fluctuations
that diverge in the absence of lattice effects lead to a
vanishing of the helical condensate.

However, somewhat paradoxically, a subtle interplay
of lattice effects with quantum and thermal fluctuations
leads to stabilization of the helical smectic state, through
the phenomenon of order-by-disorder via a crossover to
a more conventional stable XY superfluid.

Our study thus predicts a stable helical superfluid state
and its rich phenomenology that can emerge in frustrated
bosonic systems, characterized by a bare dispersion min-
imum contour. Such sub-extensive contour degeneracy
of the condensate momentum, kg, can be realized in cold
atom experiments through Floquet engineering of the op-

BQQQﬁ + 6Baoq?
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tical lattice with frustrated hopping [44, 64] or synthetic
Rashba spin-orbit coupling [45]. Because the latter ap-
proach is not based on frustration, its closed contour min-
imum dispersion would be spoiled by an optical lattice,
reduced to a discrete set of dispersion minima [65-67].
It would thereby exhibit a bare B, modulus controlled
by the depth of the optical lattice, rather than Feshbach
tunable interactions [68], as considered in our study. Yet,
in a shallow optical lattice with a weak B , within a long
crossover scale we expect a nonzero momentum conden-
sate [69-71] in spin-orbit coupled Bose gases, exhibiting
phenomenology predicted in Table 1.

The frustrated bosonic model that we studied is iso-
morphic to a quantum O(2) easy-plane magnet with frus-
trated exchange couplings, which is also characterized by
a spiral contour as manifold of its classical ground states.
The helical superfluid we explored thus maps directly on
such a coplanar spin spiral state with the U(1) super-
fluid phase corresponding to the O(2) direction of the
XY spin. Theoretical studies suggest the stability of such
spiral states in a quantum easy-plane magnet [35] and in
XY models (for spin-1/2, equivalent to the Bose-Hubbard
model at half-filling in the U — oo hard-core limit, in
contrast to the weak U limit considered here) with k¢ at
high symmetry points selected by quantum fluctuations
[72-74]. This contrasts with the corresponding Heisen-
berg O(3) model [26, 28], which at nonzero temperature
in 2d is always unstable (even with the usual linear dis-
persion) to a disordered state due to strongly coupled
nonlinear spin wave fluctuations.

Our analysis, however, does not provide the sufficient
conditions to realize the helical superfluid discussed here.
Other interesting supersolid phases, e.g., Bose conden-
sate at multiple momenta, are also competing ground
states that can emerge from the interplay of interactions
and the macroscopic degeneracy of the dispersion mini-
mum. Selecting between these is a challenging problem
that we have not addressed and likely requires extensive
numerical analysis. Cold-atoms systems where our model
is realized using Floquet engineering will likely be chal-
lenged by heating problem as well as further neighbor
hopping and interactions.

Here we neglected the vortices (allowed by the period-
icity of the superfluid phase) that can play an important
role for the quantum and thermal phase transitions out
of the helical superfluid state, sketched at the mean-field
level in Fig. 1(a). In 2+1d it is isomorphic to the melt-
ing of a quantum smectic (at low energies perturbed by
stabilizing modulus B, generated by order-by-disorder)
that has been formulated through a dual gauge theory



in Ref. [51, 75|, but with critical RG analysis remain-
ing as an open problem. We note that, as discussed in
Ref. [76] in addition to conventional vortices of the super-
fluid phase ¢, thermal excitations of orientational (“mo-
mentum”) vortices in kg (based on numerical analysis)
appear to play an important role. We leave these and
other questions discussed above for future theoretical re-
search and hope that the rich phenomenology presented
here will stimulate further experimental and theoretical
works on frustrated bosonic and magnetic systems.
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Appendix A: Diagonalization of frustrated
tight-binding model on honeycomb lattice

The tight-binding Hamiltonian
be written in terms of Pauli

Yw(ak 1. al 2)ho(ai.1, a.2)T, where

in Eq. (7) can
matrices Hg =

hg = toer 1l — t1|Fk| cosby o, + t1|Fk| sin Oy Oy, (Al)
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with
ek =2 Z(cosk Vi),
e = zfexp(—ik “€;),
by = Arg(T). (A2)

The Hamiltonian hg can be diagonalized by the transfor-
mation

_ L exp(i%)  exp(if
U= \/§< —exp(—i%“) exp(—z%) ’ (A3)
which gives
t _ _ —[Tx| 0O
U h,oU = tQEk]]. t1< 0 |Fk| ) (A4)
with two bands
6 = taex — t1|Tk], 6 =trex +t1|Tk|.  (AD)

The lower band exhibits a contour minimum for 1/6 <

pP= tg/tl < 1/2
In general, the dispersion minimum contour can appear
in a class of Hamiltonians written as
ho = t,T + to T2, (A6)

where t; and t, are the nearest-neighbor and next-
nearest-neighbor hopping amplitudes and 7" is a 2 x 2
hopping matrix, with the form

(0 Gk
T—(Gao)

in the sublattice basis. Then the two band are given by

(A7)

it = =l [1Gul + t2] Gu? (48)
with the lower energy band ¢, exhibiting macroscopic
ground state degeneracy along the contour defined by
|G| = [t1]/2t2.

Appendix B: Expansion of ¢, around the dispersion minimum contour

In the weakly-interacting regime, the band dispersion around the bose condensate plays an important role for the
low-energy properties of the helical superfluid. This is established through the facts: (i) the zeroth-order thermody-
namic potential Q%) (No, ko) = Noey, + NGU/4V depending on the free dispersion ¢ and (i) The relation between

Q) and the zeroth-order Goldstone mode theory £(?) as discussed in Sec. V. Expansion on the lower band dispersion

(12) up to quartic order gives

lntq ~ Cly ~ Aeq) + clq) + b(o)qﬁ +b

(0) 4 (0)

0 0
ﬁ + bgz)‘Jqul + bz(lo)Qﬁ +bos g1 + by ‘Jﬁiﬁv (B1)
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where for the Vertex condensate (BECy), ko = (0, kov ), |T'ko| = /5 + 4 cos(3koy/2), and the coefficients

3ts[2 3koy /2 9t5 sin? (3koy /2
¢ = 6lysin@hoy/2), oy = S22 FCos@Rov /2] ) zsin (Skov/2)

2 ’ |Fkov |2 7

b(o) _ 27to [3 +5 COS(3kov/2) + COS(3kov)] Sin(3kov/2) b(o) _ 9ty [4 Sin(3kov/2) + Sin(3l€ov)]
v e - AT, P |

5O _ 2Tt5[76 + 190 cos(3koy /2) + 163 cos(3koy ) + 50 cos(9kgy /2) + 7 cos(6kov )] 5O _ 9t2[2 + cos(3kov /2)]?
40 32|, [® Lo 16|T'x, 2 ’
0) _ 2Tt2[15 + 25 cos(3koy /2) 4 11 cos(3kov ) + 3 cos(9kov /2)]

byy = TEIYNE (B2)

0

and for the Edge condensate (BECE), ko = (kog,0), |T'k,| = |1 + 2 cos(v/3kor/2)|, and the coefficients

¢ = 9/3talsin(v/3kow/2) + sin(V3kow)], o1 = 22 cos(V3ko/2)

5 b9 =3ty sin?(V3kop/2),
b(o) _ 3\/§t2 Sin(\/ngE) b(o) _ 9\/§t2 Sin(\/ngE) b(o) _ 3t2[—1 + 7COS(\/§]€0E)]
30 4 ’ 12 4|Fk0| ) 40 39 )
(0) _ 81ta[l + cos(V3kop)] ) _ 2Tta[—1+ 3cos(V3kor/2) + 3 cos(V3kor) + cos(3v3kor/2)]
b04 = ;o obyy = : (B3)
32[T, |2 16[I'x, |2

In the above, A = 1—|I'g |/|T'k,|, which vanishes at ko = ko. For ko # ko, there are corrections to all the coefficients
above, but here we only give the ones for ¢ and g3 that are important for the one-loop calculations in Sec. V.

Appendix C: Bogoliubov approximation to the frustrated Bose-Hubbard model

For a condensate at kg, the bosonic operators are given by
ax,1 ~ Axky,10k ko + Okotq,1s

.0 .0
where Ay, 1 = %el% VN and Ak, 2 = \/iie_z% v Ny. We then expand the interacting part of the Hamiltonian,

(15), which up to quadratic order of ay,+q and aI{O 4q IS given by

ak,2 = Ak, 20k ko + Oko+q,2; (C1)

cl * 2 L 2 f f
Hine 2V Z <|Ak0’8| 4l Z aLoJrq,sakoJrq,s + (Ai,5) Z Oky—q,s0ko+q,s T Aicy s Z Oy —q,s%o+a,s

s=1,2 q a q
UNZ  UN, i ,

7 4V 4ZaL0+q71ak°+q’l +e Mo Zako’q'flakﬁqvl + et Z aLo—q71aL0+q,l

a a a
UNo T 0y —ify i i C
T 4 Z ko tq,20%0+q,2 T €770 Z Uko—q,20ko+q,2 T € Z o—q,2%0+q,2 |- (C2)

a a a

With a transformation to the band basis

1 4 1 _ii
ax,1 = EeZTk(dk;i’ +dx,-), ax2= 756 3 (—dy + + dx, ), (C3)

followed by neglecting the upper band contributions, di 4, that only give O(Unyg/t1) corrections to the ground state,
we obtain the following total Hamiltonian

UNZ

_ _ U Ny
H=e,No+ -7+ Z €k0+qd/Lo+q,fdk0+q7— Ty (lecoJrq,—dkOJrq,— + dLofq,fdko—q,—)
q q
UNy Oxot+q + Oio—
* 4v ZCOS (9k0 - % (dk0+q,—dko—q,— + d{(ﬁqﬁdltofqﬁ) , (C4)
q

which gives the Hamiltonian (19) after using the canon-  ical ensemble relation

N=No+> df o diyiq- (C5)
q



The Hamiltonian (19) then can be diagonalized by the
bosonic Bogoliubov transformation

U v,
V= q q
(v* u* )’
—-q “%—q

where uq and vg (chosen to be real) are given in Eq. (62)

(C6)

UGV
that preserves the bosonic commutation relation after the

basis transformation

dico+q,~ Qko+q
< dTO — V aTO .
ko—q,— ko—q
The dispersions Eéc = E1q of aky+q in Eq. (24) can be
obtained by solving the determinant equation

with uqug = — and V is a nonunitary matrix

(C7)

|[H—)Xo.|=0 (C8)

with the solutions A = EJ, —F, where Eé[ > 0.

Appendix D: Stability of quantum “smectic” and
“columnar” phases in d-dimensions: generalized
Hohenberg-Mermin-Wagner theorems

In this appendix, we perform a simple dimensional
analysis of the stability of a smectic (columnar) phase in
d spatial dimensions, which exhibits a Goldstone mode
with 1 (d — 1) hard direction(s), ||, and the other d — 1
(1) soft direction(s), L. Weset U =B =K =2ny=1
for simplicity.

For the smectic phase, the quantum fluctuations at
T = 0 is characterized by

W>_/%@Wlﬂ L
@ 2 2m? WP+ + ()

(D1)
With the change of variables ¢3 =y, the above equation

becomes
o= [ e oL
(2m)d+l w2 + qﬁ + qi
e (D2)
dwdqdy, — y,*
/ (2m)d+l w2 + qﬁ + yﬁ_

The stability of this state requires the convergence in the
IR, which requires
d—3
3+T>2éd>1. (D3)

For the columnar phase, the quantum fluctuations are

<¢2> _ / dwdd71q|‘dqj_ 1
« @2m)H W+ +ql
—1/2

d—2
/dwqudyJ_ 4 Yo
Cr g+
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which requires

1 3
3+(d—2)—§>2:>d>5 (D5)

for the stability. Therefore, for the physical dimension
of our interest, d = 2, both requirements are satisfied,
which suggests the helical superfluid stable under quan-
tum fluctuations.

At nonzero temperature, we consider the dominant

classical contributions at w, = 0, which for the smec-
tic are given by

o [dgd gy 1
@ - | Ao g

a2 _
/dq”dyL Y.’ hl/Q

D6
(27T)d+1 qﬁ + yi ( )
Its stability requires
d—3
2+T>2éd>3. (D7)
While in the columnar phase,
(@)1 = / " gpdgr 1
(2m)d qﬁ +qi
d—2, —1/2
/ dgydy. 9y "Yu (DS)
@m)* g +yt 7
which requires
1 5
2+d—2—§>2:>d>§ (D9)
Thus, thermal fluctuations make the 2d smec-

tic/columnar phase unstable.

Appendix E: Calculation details of depletion

The condensate depletion is given by Eq. (60) at weak
interactions as discussed in the main text. At zero tem-
perature, 8 = oo leads to

° dqydgy 1 Eq+Un
fd = 22 2\ e o e
—o0 &g +2Uné&q
where £q ~ Bqﬁ + Kq! as defined in Eq. (36). In this

section, we perform the integral exactly. With the change
of variables:

B K
o=\ 5l 0L =\ 0L 07 = o +01,(E2)

- 1), (E1)



the integral can be rewritten as
I_/oo dquJ_1< Eq+Un _1>
o (2M)% 2N\ Je2 1 2Ung,

1
_ (2un)** /°° doydo, 1 e
T BIEKVA 1672 oy 2\/1+;2%;
Il L

_ (2Un)% /OO Vodo [P df < 202 41 1)
© B:Ki Jo 1672 Jy  \/]sinf] \20V02 + 1
(2Un)3/4
= Temp 2R e (E3)
where Iy = [7 \/‘d@Te‘ ~ 10.4882 and

I — / b do(ﬂ_ (,)
7 0 203 + o
2 2 e o
— _§0—3/2+§,/0—+0—3+¥
0
fe(0) _ |fe(0)]
— = E4
with
(-1
elo) = 2(— iptick |7ArceSin ,—1].
fe(o) = 2(=1)Y*EllipticF ['A Sinh 7z 1}
o
(E5)
Consequently, the integral is
_ @unpPtf(0)]
6B AR § (EG)
which gives the depletion
na _ U3 1/4 23/4]9|fe(0)| E7)
n nB2K 9672

Similarly, we generalize the study of depletion to be in
d = | + m dimensions. The system possesses dispersion
hard along [ directions and soft along m directions. With
q||(L);; being the momentum along the i-th hard (soft)
direction, the generalized dispersion is

R WLLIED S
i=1 j=1
In terms of variables
_ ./ B; ] Ki ,
O\l = 2Uan;zv O1;i — 2U”q¢;i7

l m
0? = Z Uﬁ;i + Z Ui;j’ (E9)

i J

the depletion is given by

) _ /°° d'qd™qL 1 g™ 4+ Un
(bm)

—1).
“( )
oo (2m)%2 2 \/(géz,m))2+2Un&(ll,m)

(E10)
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The integral can be proceeded as

Jm) —

(2Un)BH+m)/4 foo d'oyd™o.
2([1E B [17 K;)/2 J =00 (2m)m !

m K;M 20241 E
XHj 201 172\ 2/oit02 —-1). (E12)

(E11)

Particularly, when B; = B and K; = K for any 7 and j,

(2l+m) /4
wmy _ (Un)
I X s (E13)
The depletion is then given by
(l,m) 1= 57t (204m) /4
ng” (U ) (E14)
n Bl/2m/4

Now we discuss the thermal corrections to the deple-
tion, which is given by

5n4(T) =na(T) = na(0) = [, 2og; Lalts (E15)

—oo (2m)? eFEq_1

with Eq and & q defined in Eq. (24), and ug and v7 de-

fined in Eq. (62). In the long-wavelength limit, Eq =~

E1q &~ \/2Un8g’m). Then, with the change of vari-

ables o ; = Bv2BUnoq),; and o1 ; = BvV2KUnoq? ;
(set B; = B and K; = K for simplicity),

5 L dlg Y™ rUun 1
nd( ) - Cw (27T)d glﬂq eBEa — 1

N /OO dlq”dm(b_ Un 1
~ l+m .
—00 (27T) \/ZUTL(‘:él’m) eﬁ\/ZUnSél’ ) 1

1 T2 /2 T2 m/4
> 2m)Fm2mT \ 2BUn, 2K Ung

o] Ul+m/2—2
w [ el —_
0

e’ —1

(E16)

where the radial integral over o is finite if [+m/2—2 > 0.
This suggests the superfluid is stable when

20+ m >4 (E17)
For a smectic (columnar) phase with [ =1 (I = d—1) and
m=d—1 (m = 1), we reproduce the stability condition
d > 3 (d > 5/2) as obtained in Appendix D.

Appendix F: Superflow

In this section, we derive the expression of the super-
current. Notice that there involves higher-order deriva-
tives in the Lagrangian £y in Eq. (32), its equation of
motion is thus modified as

() + 20 (Fam) =



where = (7,4, 4, k,...) and ¢, 7, k, . .. are spatial indices.
With the detailed form of £y, We obtain

—0,®* + J(VI®* +2k2V20*) =0 (F2)

along with a similar equation for ®. In addition, the La-
grangian Ly respects the global U(1) symmetry. There-
fore, an infinitesimal transformation ® — e ® ~ ®+icd
(and ®* — e " ~ &* — je®*, where ¢ < 1) results
in Lo = Lo+ ALy with ALy being a total derivative,
given by

ALy = %(i@) + (8(%7?{)))(2'8”@
+ (3(27?93@) (i10,0,0) + ® > &
- u(w%—‘i;)u@)) +ai(8(§i—f;j®<iaj<b>)

+ ® + O,

where we applied the equation of motion in Eq. (F1) to
get the second equality. Then, the Noether current is

o 0Ly aLo
P TERD) 9(0. ")
0Ly . 0Ly -
20,9 " p@en
aLo

oLy .
= ) "
* 30.0,9) "V+ 55.0,00)
= —iJO(0; V20" + 2k20,D*) + iJ*(0; V2D + 2k20; D)
+iJV20*0;® — i IV D0, P, (F3)

(i®) + (—i®*) = 2i0*d

Ji =

(—i0;07)

which satisfy the continuity equation, 8,5 = 0.
~ With & = /ne’ o+ (and at mean-field level ko =
ko), the supercurrent is then a current in space,

1 3
s 2 2 2
js=4Jn |(Vo)” + 2k - Vo nV n+4n2(Vn) }

x (ko + Vo) — 2JVnV3¢ — 2JnV3¢

~ 4Jn [(V§)? + 2ko - Vo] (ko + V) — 2JnV>¢,
(F4)

generated through the twisting of the superfluid phase ¢.
In the last line, we consider the long-wavelength limit,
where the fluctuation of density is small such that Vn ~
0.

The supercurrent density can be written as js = nvy,
where v, the superfluid velocity. For a linear in r classical
phase variation ¢ = q - r, the superfluid velocity reduces
to the derivative of the bare dispersion

v =4J [¢* + 2ko - q] (ko + q)
= Viek|k=ko+a; (F5)

where

ex = J(k* —k3)*+c0, k=ko+aq. (F6)
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We emphasize that the existence of the nonlinear ¢ terms
in Eq. (F4) makes this relation hold.

Alternatively, the supercurrent can be obtained as a
response to a background probe gauge field. We first gen-
eralize the long-wavelength harmonic Goldstone mode
Hamiltonian density [with the corresponding Lagrangian
density (35b)],

Hog = AInk5(V)9)* + In(V?9)?, (F7)

to the quartic order in ¢ by requiring the rotational sym-
metry of ko, giving

2

He =4Jn [k0V|¢ + %(V(Jﬁ)z + Jn(V2¢)2. (F8)

As the system coupled with a background U(1) gauge
field, the Hamiltonian density is modified as Hy[Vo] —
Hy[Vp+ Al. The supercurrent density is then obtained
by taking derivative with respect to the gauge field

OH,
OA |4y

= 4Jn [(V¢)* + 2koV | ¢] (ko + V) — 2JnV>¢,
(F9)

js:

which reproduces the long-wavelength expression in
Eq. (F4).

Appendix G: Calculation details of the chemical
potential

In this appendix, we evaluate the integral in Eq. (73).
As in Appendix E, we use the dimensionless variables
defined in Eq. (E2), and written integral as

I:/OO dgydq. (1_ &q )
oo (2m)2 \/m
[
o @2n)? \/@

_/°° doydoy (2Un)** 1

o
[ —
Bl/2K1/4 /|UJ_|< 02+1>

oo 872
Qun
= 87T2B1/2K1/4191m (G1)
where 02 = aﬁ + 0%, Iy is defined and computed in
Eq. (E3), and
I _/OO\/Eda<1—L>
0 Vo2 +1
2 1 >
- (B eIz A+ 310
0

(fu(o0) = fo(0)) = 1.23605, (G2)

Wl



with f.(c) is in Eq. (E5). We note that f,(o0)
limy, oo fe(e) = 0 and fc(0) = limg—o fe(o)
—3.70815, which lead to the last approximation in
Eq. (G2).

As a result, the chemical potential for the helical su-

perfluid in 2d is
U 23/4]011 U3 1/4
—=nll- =z .
U "[ 3272 (B?Kn> }

In general, for a d dimensional system with a dispersion
&(ll’m) defined in Eq. (E8), the integral in Eq. (G1) can
be generalized as

el

(G3)

0o m I,m
I(z,m>:/ d'qyd™q1 (1_ ey >
m+l :
oo (27) \/(gc(ll,m))2+2Ungc(ll,m)
(G4)
In terms of the dimensionless variables defined in
Eq. (E9), the integral becomes

m) —/Oo d'oydmo, _(2Un)EH+m/1
o (20" (T BT Kj)2/2

X J 1-— )

For the special case B; = B and K; = K for any 4 and

(G5)

23

7, we have

(2UTL) (214+m) /4

(Lm)
1 Bl/2 gm/4

(G6)

Accordingly, in terms of the dimensionless quantity

(Un1fﬁ)(21+m)/4

lm __
i ket (@)
the chemical potential is
(I,m)
a — =n[1-1'"QMm], (G8)

where ZW™ is a dimensionless O(1) constant fully deter-
mined by [ and m. For a d-dimensional smectic phase
with [ =1 and m = d — 1, the dimensionless quantity

d+1,d—3\ 1/4
Qld-1 _ Utln
smectic — B2Kd-1 '

We can check that with dim [Un] = E, dim[n] = L™,
dim [B] = EL?, and dim [K] = EL* (E, L with dimen-
sions of energy and length, respectively), Q:,;g;éic is in
fact dimensionless.

(G9)

On the other hand, in a columnar
phase with [ = d—1 and m = 1, the dimensionless quan-
tity is given by

B [2d—1p,2d-5\ 1/4
ngliirlmar = <W> . (GlO)

Appendix H: ¢ theory with Cg lattice effects

We start with the coherent state path integral formalism of the frustrated Bose-Hubbard model introduced in the
beginning of Sec. V. In the density-phase representation (78), the Lagrangian (including the constant part) can be

written as

L=i Z Ti,a07 Pi,a + Ho + Hing,

i,a=1,2

where the kinetic part

7r W,
Hy = —2t1noz\/1+ ML ;27’
0

+2tme S Y \/1+7““ 720 +

a= 12 (z)]

and the interaction

U
Hine = 5 D (o +7i,1)% + (n0 + mi.2)%).

i

(H1)
cos (b, + ko - (rin —rj2) + ¢i1 — &j2]
T‘—Z a
n2j) COs [ko (I'l a — Ty, a) + (bz a (bj a] (H2)
0
(H3)

For a bose condensate, we assume the fluctuations of 7w and ¢ fields are small, and thereby expand in a power series,
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which up to quadratic order in 7 and ¢ is given by

0k, +iko-(ri1—1; i1 T2 . 1 5 1 5
Hy= —ting ;:) eifo ik (ri,1 = 2) {1 + GTN + QLno +i(pi1 — @j2) — 82 (M1 —mj2)” — §(¢i,1 — dj2)
2,7
—ZM(¢ ¢ + tom Z Z ezko ria—Tja) 1+7Tza+_’ ((b (b )
27’L 7,1 — ¥5,2 2740 ~ = 2 i,a 'j,a
1 1 Ti,a + 7 R U
8 3(7@ a 7Tj7a)2 - §(¢i,a (b]7 ) (27])(¢1 a ¢j,a):| + Z Z(TLO + 7Ti,a)2 +h.c.. (H4)

To perform one-loop calculations, we include the cubic and quartic terms of ¢, given by
r_ _ thno 0 tiko- (rin—rj2) | _i(h. o 4. o)3 1 o)
H) = > el i(gin — ¢52)" + 7(din — &5.2)
6 4= 4
(4,9)
t2n0 i (ria—r; 1
E E ¢k (Fia=Tia {—2(@ a—bja)? Z((bi’a — ¢j)a)4:| +..+hec (H5)

At this point, one can either directly take the continuum limit in the real space or go to momentum space to get
an effective action. The calculation for the former is simpler but misses some contributions even at long length scale,
while the later is tedious but valid for all momentum. We discuss both methods below.

1. Taking continuum limit in the real space

To take the continuum limit, we consider the fields ¢; , and m; o on lattice sites as slowly-varying functions of
continuous spacetime coordinates (r,7) compared to the lattice constant. The time coordinate is already continuous.
Therefore, the difference of two operators at distinct spatial locations can be expanded as

- 1
O(ria) — O(rja Z - V)" e= T (H6)

3

where Ar =r; , — r;j, with a and o’ label the sublattices. Below we focus on the case ko = (0, ko) while other cases
can be derived following the same procedure. Including up to the second (first) order for the quadratic (cubic and
quartic) term(s), the Hamiltonian density, defined by % J.H' = Hy+ Hi, is given by

H/
no

~ A [C(3||¢) + CL(8L¢)2] + B(3||¢)2 + K20(8ﬁ¢)2 + Ko2(07 9)* + Ku(aﬁfb)(ai(b)

+ B30(09)® + B12(0)9)(0.8)* + Buo(9)¢)" + Boa(9L¢)* + Ba2(9)¢)*(0.L9) + %W2, (H7)

where Ay, =1 — [T, |/[Tk,| with ko satisfying Eq. (14),
Cc = 12t2 sin(3k0/2), Cc| = 3t2 [2 + COS(3k0/2)], B = 4t2[1 - COS(3I€0/2)], Bgo = 312 = 3t2 sin(3k0/2),

to 9t 3t
Ky = 2 2

24[ 5+32COS(3]€0/2)] KOQ = ?, K11 = T[—1+4COS(3I€0/2)],
to 9t 3t
By = 24[ 5+ 32cos(3ko/2)], Bos= ?2, Bas = f[—l + 4 cos(3ko/2)], (H8)

and the constant and linear in 7 terms are dropped. In the above, the p dependence is hidden in ko(p) and t2 = ¢ p.
By integrating over m, we obtain the zeroth-order Lagrangian density, (90), with the parameters (H8), however, not

satisfying the relation B(O) = b(o). This inconsistency is due to the 6y, factor in Eq. (H2), or more generally the
two-band nature of the model wh1ch invalids the simple continuum limit above that neglects the spatial variation
between the two sublattice sites within a unit cell, as discussed in more details below.
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2. Continuous effective theory in the momentum space

Alternatively, We can Fourier transform the Hamiltonian H/, and H; followed by a change of basis defined as

Tq,1 Tq,+

Tq,2 _ 1 ( Uq + qu ino(Uq — qu) ) Tq,— (HO)
ban 2\ —iL(Uq—Ury)  Uqg+U”, batr |’

(bq-,? q,—

where the subscripts 1,2 label the two sublattices and + denote the two bands as in the main text. The unitary
matrix above is given by

_ 1 exp(i 791‘“;791‘0 ) exp(i 791‘0*379"0 )
Uq - . 9k0+q79k0 . 9k0+q79k0 : (Hlo)
V2 \ —exp(—i=tg—=) exp(—i—ety—e)

At quadratic order, the action for the lower band is given by

So = 5 Z ( Teg— Qg — ) Gal(q,wn) ( gz: ) , (H11)

q

where

1tcos Oq ;
—wy, —1€q,2 2no€q + Angl —5—=2

In the above, we consider the weakly-interacting limit and can thereby drop the upper band contributions which only
give O(Ung/t1) corrections to the low energy physics. Before computing higher-order terms, we have two comments
in order.

Firstly, we note the quadratic action reproduces the same Bogoliubov quasiparticle spectrum in Eq. (24). Tech-
nically, both the density-phase representation (78) and the Bogoliubov approximation (17) share the same classical

6
background field, which in real space is given by \/n_oeii%“ko'ri’l@) with the + and — factors for the sites in the
1 and 2 sublattices respectively. The fluctuations around the condensate are given by 7 and ¢ in Eq. (78) or d_
in Eq. (17). An expansion of the former representation gives linear terms of 7 and ¢ that takes the same form as
the real and imaginary parts of d_ in the latter representation, and thus both give the same form of the quadratic
action. While the higher-order terms which modifies the Sy in Eq. (H11) do not have a simple relation compared with
higher-order terms which corrects Eq. (19), they should describe the same physics.

Secondly, as shown above, an accurate calculation gives B and K identical with the ones from Bogoliubov theory in
Eq. (28). In Appendix H 1, fields on the two sites within a unit cell are considered to be the same, i.e., ¢; 1 = ¢; 2 =~ ¢;.
This is equivalent to approximate the transformation in Eq. (H9) with Uq &~ Uy, which gives ¢q,1 = ¢q,2 =~ %@177.
Therefore, the discrepancy between B and K in (H8) and the accurate ones in Eq. (B2) comes from the definition of
the fields, which by inspection gives a factor of 1/2 via the relation ¢gq = %qﬁq,_, and the difference between Uq and
Up. The latter can be neglected in the limit kg — 0, where the difference is of higher-order in q.

The calculations for the nonlinear terms are quite tedious. Especially, it is hard to simplify the expressions after
the transformation in Eq. (H9). Here, we employ the same approximation ¢q 1 & ¢q,2 & ¢q to derive below the cubic
and quartic terms in ¢.

i?’LO

VV

Z I'3(a)¢qdq ¢—q-q' + 17;—(;/ Z [—4T4(q1) + 3T4(a1 + q2)] X dq, Paz Pas P—a1—az—as- (H13)
a.q’ {a}

Sl’RJ—

where

I's(q) = —t1Re [(I‘k0+q —Tiyq)e "0 +4p Z sin (ko - v ) sin(q - VQ)}

r T, _
Ty(q) = — 2the{<w - Fk0>el¢k0 —2p ) cos (ko va) [1 — cos(q- va)]], (H14)

where an expansion of I's and I'y in small q together with a Fourier transform back to the real space reproduce the
nonlinear terms in the field theory (H7) with the same coefficients obtained earlier (H8).
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Appendix I: One-loop calculation of b

Here we calculate the perpendicular curvature b; = ﬁ@gLQ(ko) at one-loop order. By expanding the condensate

momentum ko = k((JO) + kél) around its mean-field value kéo) and keeping the leading-order terms, we get

o1, 00 (k)

0
92,001 (k")

o _ 1 2 o0 (LO) .0 1 o @) (1O 1 _
b _2—]%8,@”%9”(1(0 ) kS +2—N08,MQ()(kO ). kY=

where k(()l) can be determined by Vi, (ko) = 0 and
By, QD (k“”) - lz th (BEq/2) O, E
k}H 0 - 2 co q kH q
q

B

a2 oW (k) = [ th(BEq/2)0? By — ——s——
ki (0 ) ; co (ﬂ q/) ki—4a 2s1nh2(BEq/2)

(amqu] | (12)

In the absence of interaction, 9y Eq = 9y Eq and 8} Eq = 0 Eq. Accordingly, the integrands in 9, oW (kéo)) and

8&9(1) (kéo)) are total derivatives, which makes 8;6"(2(1) (kgo)) = 8,1(2(1) (kéo)) = 0 and subsequently bg}) = 0.
In the presence of weak interaction, the dispersion deviates from the noninteracting form within a crossover scale
qc = (qf,q5) = (€71, (A6)~Y/2). Therefore, the integrals (I2) are dominated by the region q < q.. In this small U

1) _ 1/2

limit, we obtain b’ = bo1 f»(Uno/T) by using change of variables q|" = {q) and ¢, = (\§)'/?q1 in Eq. (I12), where

by = (Un0)5/4t1_1/4gb(p) with g,(p) a dimensionless O(1) constant and the scaling function fj, is defined in Eq. (89).

Appendix J: One-loop calculation of B

A complete one-loop calculation should give the perpendicular stiffness of ¢ equals to the corresponding curvature
in the thermodynamic potential, i.e., B(j) = b(l), with b(f) being calculated in Appendix I. Here, we instead perform

an approximate calculation of B(ll) in the long-wavelength limit, where the Lagrangian (90) is valid. Specifically, we
consider the leading derivative terms and thereby only keep Un? for the 7 field, which is enabled by an U-dependent
UV cutoff Ay defined by £ < O(1) x Unyg, which in the weakly-interacting limit reduces to q < O(1) x q.. Although
such calculation neglects the range of integration q > q, the contribution to B, in this range is actually very small

as seen in the calculation of b(j) in Appendix I that takes into account all momentum. Therefore, the integral of B(j)

)

or b(f actually self regulates at q. in the weakly-interacting limit.

1. Long-wavelength limit

We consider the low-energy ¢-only theory (90), where the bare Green function is given by (kg = 1)

1 1

G = (¢p_ = J1
0,6(0) = (p—q®q)o 9o Brw? + gqa (J1)
where £q = Bqﬁ + Kgoqﬁ + Kooql + Kllqﬁqi and B; = 1/2Uny.
We first calculate the coefficient of 9 ¢, which corresponds to the slope of the thermodynamic potential at ko along

the || direction. At one-loop order, it is given by

By (M 3qﬁ +aq7
° = ngCA — - J2
+ Q no ko + 2 L Bq—w% + gqa ( )

where the first term is the zeroth-order contribution that vanishes at ky = k¢ and fq = ﬁiv quwn. With the one-loop
correction, ko needs to be shifted such that the coefficient of J) ¢ is zero again, which assures ko is located at the local
minimum of the loop-corrected thermodynamic potential with vanished first derivative. In the above, the tadpole
diagrams are dropped as they cancel out up to all orders when choosing the correct k.
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Next we calculate B, which at one-loop order is given by

B e (e

A 4 1 /AU B22qﬁ + GBo4qi ) /AU qﬁqi

=cin — Ty T g

Ln08k, + ¢ ; Brw? + &g 2 Bz gy

- ol G L B By [ -
2¢ Jg  BrentEq a Brwyi +&q 12 ¢ (Brw2 +&q)%

where in the last line we choose ko at which the linear term ¢ vanished. In the above, the arguments of the
coefficients are taken to be their mean-field value ky = ko as the difference is of higher order. With a change of
variables ql" =¢&q and ¢ = ()\5)1/ 2q., we can rewrite the expression above that in the weakly-interacting limit is
given by

212
¢ BB, [* q.2 3Bo4 B /A q,? B3, B2 /A qll\ 71
(

1O Jy Wi +aP +d T OO Jy W2+ qP T 09 Sy (W + a1

o 3BQ4_CJ_312/C Aqiz coth UTLQE&[ _ B.,.B%2 / Q|I|2QS_2 coth U?’L()E:l/ —|—Un0Eéllcsch2 U?’L()E:l/

o 8E(NE)3/2 « EL T 283(N\)32 [y 2EL5 T T T ’
(J4)

B(j)% —

where w), = Brw, = mnT/Ung (here n is an integer, not confused with the particle density), Ef, = ql’l2 +¢,* and the
UV cutoff A indicates q' = (¢, ¢/) < (O(1),O(1)). In the last line above, we can read B(ll) = Bo1 fe(Uno/T), where

the dimensionless scaling function fp exhibits the same limits as f;, in Eq. (89) and By, = (Un0)5/4t;1/4g3(p) with
gB(p) a dimensionless O(1) constant.

2. Isotropic limit

In the isotropic limit p — 1/6 or kg — 0, the coefficients K = Kag = Koo = K11/2, B/k2 = Bso/ko = B1a/ko =
Byo = Bos = Ba2/2 and ¢ = 2kyc, . Consequently, B(ll) in the last line of Eq. (J3) vanishes

1 B/ 3q”+‘h n B/ Q||+3QL B2/ q)91 _ 0 (J5)
Lo 4k qBTo.)?L—i—Bqﬁ—i—Kq‘l 4k3 qBTw?l—l—Bqﬁ—i—Kq‘1 k2 q(BTw?l—i—Bqﬁ—i—Kq‘l)?_ ’

where we used the following integration by part for the last term

/ aiel / d /27r &0 q* cos(0)? sin(0)?
q (Bq-w + Bq” + Kq%) g Brw?2 + Bq? cos(0)? + K¢*]?
1 27 20t 0 2 _ 0 2 1 q2 o q2
[ [ 02 —co0?) ' "
2B Brw} + Bg®cos(0)? + Kq* 2B Jq Brw; + Bqf + Kq*
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