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In weakly coupled BCS superconductors, only electrons within a tiny energy window around the
Fermi energy, EF , form Cooper pairs. This may not be the case in strong coupling superconductors
such as cuprates, FeSe, SrTiO3 or cold atom condensates where the pairing scale, EB , becomes com-
parable or even larger than EF . In cuprates, for example, a plausible candidate for the pseudogap
state at low doping is a fluctuating pair density wave, but no microscopic model has yet been found
which supports such a state. In this work, we write an analytically solvable model to examine pairing
phases in the strongly coupled regime and in the presence of anisotropic interactions. Already for
moderate coupling we find an unusual finite temperature phase, below an instability temperature Ti,
where local pair correlations have non-zero center-of-mass momentum but lack long-range order. At
low temperature, this fluctuating pair density wave can condense either to a uniform d-wave super-
conductor or the widely postulated pair-density wave phase depending on the interaction strength.
Our minimal model offers a unified microscopic framework to understand the emergence of both
fluctuating and long range pair density waves in realistic systems.

Spatially uniform superconducting (SC) order formed
from Cooper pairs with zero center-of-mass momentum is
the energetically favored ground state in the conventional
theory of Bardeen, Cooper and Schrieffer (BCS) [1].
Equivalently, the SC instability is signaled by a diver-
gence in the static pair-fluctuation propagator, L(q,Ω =
0), at q = 0 once the pair instability temperature, Ti,
is achieved [2]. On the other hand, a non-uniform or-
der with non-zero center-of-mass momentum Cooper pair
can occur when the divergence of the pair fluctuation
propagator is shifted to non-zero q. First proposed by
Fulde and Farrell (FF) [3] and independently by Larkin
and Ovchinnikov (LO)[4], these solutions are stabilized
in the presence of explicit time-reversal symmetry break-
ing from an external magnetic field. A modulated or-
der parameter can also be realized in the presence of
time-reversal symmetry where the spatial average of the
gap vanishes. Termed pair-density waves (PDWs), these
states are posited to exist in a variety of systems, in-
cluding high-temperature cuprate superconductors (for
a review, see Ref. [5] and references therein).

While PDWs have been subject to much theoretical [7–
20] and numerical [21–27] interest, a clear-cut analyt-
ically solvable model describing their origin from mi-
croscopic ingredients is lacking. From the experimental
point of view, the interest for modulated pairing phases
has been triggered by increasing experimental evidence
for short-ranged PDW order in the underdoped region
of the phase diagram of cuprates [27–38]. In partic-
ular, [33] reported the first clear observation via scan-
ning tunneling spectroscopy of a vortex-induced PDW in
Bi2Sr2CaCu2O8 at low temperature. More recent STM
experiments provide further evidence in favor of a short-
range PDW coexisting with the d-wave superconductiv-
ity in the SC phase and evolving into a PDW state in
the pseudogap region [27, 38]. This phase is character-

ized by a gap at finite temperatures but lacks long-range
order, and can be characterized as a ”fluctuating pair
density wave”, locally pinned by disorder. Such a state
also provides an explanation for many other experimen-
tal signatures of the cuprates, including the existence of
vestigial charge density wave order arising from partial
melting of a PDW [5, 16, 39]. However, there is currently
no microscopic model supporting this picture. Hence it
is urgent to seek a unified framework that subsumes both
fluctuating and long-range ordered PDW phases under a
single paradigm by providing a concrete description of
their origin.

In this Article, we show that a Fermi liquid sub-
jected to a finite anisotropic interaction is unstable to-
ward a modulated SC phase in the strong coupling limit.
Whether this phase is a ‘fluctuating’ PDW (FPDW) or
long-range order PDW is determined by temperature
as well as the coupling strength defined by the ratio
α = EB/EF , with EF the Fermi energy and EB the
bound state energy for pair formation.

Our strategy is to solve the self-consistent gap equation
for the homogeneous d-wave superconductor and analyze
the momentum dependence of the SC fluctuations. The
expansion of the static pair propagator Lq in powers of
momentum transfer q, can reveal, in fact, critical fluc-
tuations of Cooper pairs with finite center-of-mass mo-
mentum, that makes the homogeneous solution unstable
towards a modulated SC phase. This is indeed what
we find already at intermediate coupling α ∼ 0.7. The
emergence of such a state is linked to the existence of
fluctuating terms that lower the momentum rigidity of
the Cooper pairs. These terms directly follow from the
anisotropy of the pairing interaction that affects the mo-
mentum dependence of the pairing susceptibility already

in the normal phase.

Our results are summarized in the phase diagram,



2

α
0 0.5 1.0 1.5 2.0 2.5

0

0.1

0.2

0.3

0.4

0.6

0.5

T
/Λ

d-SC 

c2 > 0

FPDW 

Ti/Λ
Normal 

Phase

c2 < 0

PDW

T*/Λ

FIG. 1: Phase diagram for α = EB/EF vs T . The instability
temperature for the d-wave superconductor, Ti, defines the
transition from a Fermi liquid (light blue) to the SC state.
At weak coupling the pairing state is a homogeneous d-wave
superconductor (gold). Increasing α the system develops crit-
ical fluctuations at finite momentum and the d-wave SC state
becomes unstable toward a non-homogeneous SC state (pink
and purple regions). T ∗ is the temperature at which the mo-
mentum rigidity parameter c2 vanishes. The fluctuating PDW
(pink) condenses below a coherence temperature Tc into a
long-range ordered state that can be an homogeneous d-wave
SC state (gold) or a PDW (purple) depending on the cou-
pling strength, schematically represented by a solid line. Tc

coincides with Ti at weak coupling while at strong coupling it
is expected that Tc < Ti [6]. Note that the actual instability
temperature of the FPDW, T̄i, is somewhat higher than Ti

(see Supplementary Material). Temperatures are renormal-
ized by the energy range of the pairing, Λ that is the largest
energy scale of our model.

Fig. 1. Ti is the instability temperature of the homo-
geneous d-wave state. The analysis of fluctuations allows
us to define two different regimes. At weak coupling,
α ≪ 1, the uniform d-wave paired state is the ground
state; at larger α (strong coupling), SC fluctuations at
finite momentum lead to two modulated pairing phases
– the T = 0 PDW ground state and a higher temperature
FPDW phase that condenses into a PDW ordered phase
below a coherence temperature (Tc). As expected in the
BCS limit, the instability temperature Ti and the co-
herence temperature Tc coincide at weak coupling, while
they decouple in the strong coupling regime where we find
well formed pairs with no coherence. We do not perform
here any calculation of the coherence temperature inside
the modulated phase, however in analogy with results
obtained for homogeneous s-wave superconductors in the
strong coupling limit [6] we anticipate Tc < Ti for α > 1.
The FPDW is found for temperature Tc < T < Ti and
it is characterized by pairs with finite momentum with
no coherence. At T = 0, the ground state can be either
the uniform d-wave solution or the long-range PDW de-
pending on the value of α. Hence our model captures two

key experimentally postulated modulated Cooper phases
– a FPDW and a long-range PDW – in a single unified
scheme.

The mechanism we present in this paper predicts spa-
tially modulated pairing phases for α = EB/EF > 1, i.e.
in strongly coupled electronic systems, with anisotropic
interactions. Examples of low-density electronic mate-
rials include the Fe-based superconductor FeSe where
quantum oscillations [40] as well as transport and scan-
ning tunneling spectroscopy [41] show that both the elec-
tron and hole pockets are tiny with Fermi energies com-
parable or even smaller than the SC gap and for which
we find several proposals of BCS-BEC cross-over physics
in the literature [42–44]. Other “mixed-band” supercon-
ductors such as O vacancy- or Nb-doped SrTiO3 have
one partially filled band with a large Fermi surface while
the Fermi level intersects the other at or close to the
band bottom [45]. Even if these materials typically have
more than one band close to or crossing the Fermi level,
the results from our minimal model may eventually pro-
vide a suitable starting-point for the analysis of possible
instabilities towards modulated pairing states in dilute
multiorbital superconductors. Our results may also be
relevant to the recent observation of superconductivity
in twisted-bilayer graphene [46] where interactions can
be large compared to the bandwidth leading to large
inter-particle distances [47] and hence possible strongly-
coupled Cooper pairing.

The modulated phases we propose in this work, that
include both the long-range ordered PDW as well as the
FPDW at finite temperature, are distinct from earlier
proposals in literature. Loder and coworkers [11], con-
sidered similar models characterized by nearest neighbor
attractive interaction with d-wave symmetry and found
Cooper pairing with finite center-of-mass momentum
above a critical interaction strength. In Refs. [19, 20],
a modulated superconducting state is found in models
which have correlated pair-hopping interactions. Other
models that admit modulated SC ground states were pro-
posed in the context of cold atoms [10] where local inter-
actions were considered in systems with multiple bands.
Those references focused on the analysis of the long-range
ordered state (mainly at zero temperature) without ex-
ploring the FPDW phase. The key contribution of our
work is it provides an analytically tractable model where
both fluctuating and long-range ordered PDWs can be
explained under a single unified framework.

MODEL

Let’s consider a single band SC system. The kinetic
part of the Hamiltonian reads H0 =

∑

kσ ξkckσckσ ,
where ξk = ǫk − µ, µ is the chemical potential, ǫk =
k2/2m the parabolic dispersion and we further assume
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2m = 1. The pairing interaction is given by

HI = −g
∑

q

θ†qθq, (1)

g is the constant SC coupling and θq is defined as

θq =
∑

k

fk,q c−k+
q

2
,↓ck+ q

2
,↑. (2)

where fk,q = (hk−q/2 + hk+q/2)/2 is a form factor. In
this work hk can be any anisotropic form factor; we con-
sider, e.g. hk =

(

k2x − k2y
)

/Λ with d-wave form. Our
results do not depend qualitatively on the exact form of
the anisotropy, provided it is strong enough, but they
are distinct from the conventional s-wave case fk,q = 1.
Here Λ is the pairing energy scale.
We use the standard Hubbard-Stratonovich transfor-

mation to decouple the interaction term, Eq.1 and to
derive the effective action in term of the bosonic pair-
ing field ∆ (for a detailed derivation see Supplemental
Material).
In standard BCS superconductors, the mean-field

value of the pairing field is defined by minimizing the
action with respect to the homogeneous q = 0 value of
∆ and then solving this equation together with the one
for the chemical potential. To study fluctuations of the
pairing field around the mean-field value, we instead an-
alyze the gaussian action obtained by retaining up to the
second order in the fluctuating field with arbitrary mo-
mentum q given by

SG[∆q] =
∑

q

L−1
q ∆2

q. (3)

The static pairing susceptibility is explicitly given by
L−1
q = g−1 + Πq, where the particle-particle propagator

reads

Πq =
T

V

∑

kn

(iωn + ξk+q)(iωn − ξk)− fk,0fk+q,0∆
2

(ω2
n + E2

k)(ω
2
n + E2

k+q)
f2
k,q.(4)

with E2
k = ξ2k + f2

k,0∆
2. Here T is the temperature and

V the volume. Note that since 2m = 1, energies have
dimensions of 2-D V −1, and L−1

q is therefore dimension-
less.
The static susceptibility can be expanded in the hy-

drodynamic limit as

L−1
q = c0 + c2q

2. (5)

The instability temperature is defined as the highest tem-
perature at which the susceptibility diverges, i.e. c0 =
g−1+Π0|T=Ti

= 0, as we assume that the minimum of the
action, Eq. 3, is associated with the homogeneous order
parameter. The coefficient c2 = (∂2L−1

q /∂q2|q=0)/2 pro-
vides instead information about the momentum rigidity
of the fluctuating Cooper pairs i.e. the energy needed to

move the center-of-mass momentum of the Cooper pairs
from zero to a finite value. A negative momentum rigid-
ity, c2 < 0, implies that finite momentum fluctuations
can lower the energy of the system making the homoge-
neous SC solution unstable. This means that the highest
temperature at which the pairing susceptibility, Eq. 5, di-
verges is actually associated to a critical mode with finite
momentum.
In what follows we analyze the momentum-dependence

of the static susceptibility, Eq. 5, looking for a sign
change of the momentum rigidity parameter c2 and us-
ing it as a proxy to identify possible spatially modulated
SC regions in the phase diagram. It is worth noticing
that c2 is directly affected by the momentum properties
of the pairing susceptibility i.e. the pairing symmetry.
From Eq. 4, it is easy to verify that the anisotropy of
the interactions affects the momentum dependence of the
propagator not only in the SC phase via the symmetry
of the SC order parameter, but also above the instabil-
ity temperature Ti where ∆ = 0 due to the overall form
factor f2

k,q at the numerator. This reflects in a strong
momentum dependence of the contributions to the rigid-
ity parameter depending on the symmetry of the pairing
interaction. We discuss below how this affects the devel-
opment of critical finite-momentum fluctuations.

RESULTS AND DISCUSSION

The mean-field analysis for the homogeneous d-wave
superconductor is shown in Fig.2. In panels (a)-(b) we
report the self-consistent numerical mean-field solutions
for the pairing function ∆ and the chemical potential µ as
a function of temperature T for three representative cases
of the pairing strength α = EB/EF = 0.5, 1.0, 2.0, where
for simplicity the weak-coupling expression EB = Λe−2/g

is used at all α. In panels (c)-(d) we show the same
mean-field results at T = Ti and T = 0 as a function
of α. The change of sign of the chemical potential with
increasing coupling strength is well-known from the BCS-
BEC crossover problem [48–52]. In the weak-coupling
regime, the pairs are loosely bound and we recover the
BCS expression µ ∼ EF . As the interaction increases, all
fermions strongly bind in pairs and µ becomes negative
and proportional to −EB . In both the weak and strong
coupling limits, the curves are similar to those derived for
s-wave superconductors in [52], showing that the d-wave
symmetry of the pairing interaction does not affect the
mean-field results qualitatively.
We first study the SC fluctuations above the instability

temperature by analyze the static pairing susceptibility
in the hydrodynamic limit, Eq. 5. The mass term c0
is positive and vanishes as the temperature approaches
the instability temperature as expected from a Ginzburg-
Landau description of the transition.
The analysis of the momentum rigidity of the fluctuat-
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FIG. 2: Mean-field results for the spatially homogeneous d-
wave superconductor. (a,b) Self-consistent solutions of the
pairing order parameter ∆(T ) and the chemical potential
µ(T ) for three representative values of α. Temperatures are
normalized to the instability temperature Ti defined as the
temperature at which the static pairing susceptibility Lq=0

diverges, while ∆ and µ are scaled with Λ. (c) Instability
temperature Ti and chemical potential µi ≡ µ(T = Ti) as
a function of α. (d) T = 0 solutions: ∆0 ≡ ∆(T = 0) and
chemical potential µ0 ≡ µ(T = 0) as a function of α. For com-
parison we show also the results of the isotropic s-wave case
in dashed lines. Computations are performed using Λ = 11,
EF = 2.2 in units of 2m = 1.

ing pairs above Ti is shown in Fig. 3. The weak coupling
region is characterized by a standard regime of fluctua-
tions with c2 > 0. Here Cooper pairs with zero center-of-
mass momentum are stable. Increasing α, the momen-
tum rigidity for the d-wave pairing interaction (continu-
ous line) monotonically decreases and becomes negative
at intermediate coupling, α > 0.7, as shown in Fig. 3(a).
This means that finite momentum critical fluctuations
grow, increasing the coupling strength up to a critical
value of the interaction for which the homogeneous SC
solution can become unstable toward a modulated phase.
Notice that c2 becomes very small and eventually changes
sign in the crossover between weak and strong coupling
where also the chemical potential changes sign from pos-
itive to negative, see inset Fig. 3(a). The result changes
qualitatively for the isotropic s-wave interaction (dashed
line) where the rigidity parameter decreases but remains
positive even at strong coupling for the set of model pa-
rameter of our study [53].

To characterize the modulated SC state and check its
stability, we expand the static susceptibility to higher
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FIG. 3: Coefficients of the momentum-expansion of the static
susceptibility as a function of the coupling strength α =
EB/EF at T = Ti. (a) The momentum rigidity c2(α) for d-
wave (solid line) and s-wave pairing interaction (dashed line).
In the anisotropic d-wave case c2 becomes negative at inter-
mediate coupling, α ∼ 0.7 indicating that the homogeneous
d-wave SC is unstable. Inset: c2(µi), the sign change of the
momentum rigidity occurs around the same range in which µi

turns from positive to negative values. The momentum rigid-
ity for the isotropic s-wave case remains positive regardless
the coupling strength. (b) cn(α) coefficients, n = 2, 4, 6, for
the d-wave pairing. The positive value of c6 allows to recover
the stability of the action. The computation of the higher
order coefficients allows to define the finite momentum of the
critical mode (see Fig. 4) and the relative instability temper-
ature. We use here the same set of parameters of Fig. 2 and
plot the results in dimensionless units i.e. cn ≡ cnΛ

n/2.

order in momentum

L−1
q =

∑

n

cnq
n, with cn =

1

n

∂nL−1
q

∂qn

∣

∣

∣

∣

q=0

(6)

We report the coefficients of the momentum expansion at
Ti in Fig. 3(b). Results are shown as a function of α for
the coupling regime in which c2 <∼ 0. We need to expand
the susceptibility up n = 6 to find c6 > 0, since for our
set of model parameters c4 < 0 as in the conventional
BCS case.
We analyze the momentum dependence of the static

susceptibility at Ti in Fig. 4, where we show the expan-
sion of Eq. 6 up to sixth order for different values of
α. At the instability temperature, c0 = 0 by definition
and the minimum of the function is determined by the
higher order coefficients. At weak coupling, where c2 is
large and positive, the minimum of L−1

q is located at
zero momentum. As the pairing interaction increases c2
becomes small and eventually changes sign at α ∼ 0.7.
Here, since c4 < 0, the minimum shifts discontinuously
to a finite momentum Q̄, i.e. by increasing the interac-
tions the modulated phase emerges at Ti via a first order
transition from the homogeneous d-wave SC solution, in
analogy with the results found at T = 0 in [11, 19]. The
non-zero value of Q̄ at α ∼ 0.7 signals the formation
of the FPDW state with finite momentum pairing but
no long range coherent order. Note that the finite order
parameter jump Q̄ is a non-universal quantity and de-
pends on microscopic details of the chosen model, as is a
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FIG. 4: Momentum dependence of the sixth order expan-
sion of L−1 at Ti (dimensionless units). At weak coupling,
α = 0.22, we find the homogeneous d-wave SC. The momen-
tum rigidity c2 is large and positive, and the minimum of the
inverse of the susceptibility is at q = 0. At intermediate cou-
pling, α ∼ 0.7, c2 vanishes and the minimum of L−1 appears
at a finite Q̄ of order 1. Same set of parameters of Fig. 2

feature of any generic first order transition. The momen-
tum characterizing the modulated phase shifts toward
larger values increasing the coupling parameters. In the
strong coupling regime, α ≫ 1, the minimum occurs at
q/
√
Λ ≫ 1, (not shown), for this range of the interac-

tion the analysis of the momentum characterizing the
modulated phase requires the implementation of a non
perturbative approach.

The sign change of the momentum rigidity parameter
discussed at T = Ti can be traced down in temperature
(dashed line in Fig. 1). At T = 0 the homogeneous d-
wave state becomes unstable, now toward a PDW, for a
slightly higher value of the coupling where the chemical
potential µ also changes sign (see Fig.2d). The stability
of the PDW phase requires expanding up to the sixth-
order, c4 < 0, c6 > 0 as we show in the Supplementary
Material.

The results of our numerical study are summarized in
the phase diagram of Fig. 1. We characterized the SC
region below Ti by the sign of the momentum rigidity
parameter (dashed line). The sign change of the c2 coeffi-
cient at strong coupling signals the presence of critical SC
fluctuations at finite momentum that make the d-wave
homogeneous state unstable toward either an FPDW or
PDW. The pink and purple regions indicate the FPDW
and the long-range ordered PDW state at high and low
temperatures respectively. We leave for future work the
explicit calculation of the coherence temperature below
which the FPDW condenses. The color gradient indi-
cates approximately the expected Tc(α) behaviour based
on previous analysis of the coherence energy scale for the
homogeneous s-wave SC state [6].

Analytical calculations of the momentum rigidity can

be easily performed within a simplified model in which
the chemical potential is used as parameter. Both at Ti

and T = 0, we find qualitatively the same results dis-
cussed within the numerical study. In particular, within
the analytical calculations sketched in the Supplemen-
tary Material, the momentum rigidity parameter follows
the chemical potential behaviour, i.e. c2(µ) < 0 for µ <
0. This relation is qualitatively in agreement with the
numerical study performed computing self-consistently
µ(α), as one can see from the inset of Fig. 3(a).
The strategy implemented here to investigate how fi-

nite momentum fluctuations become critical at strong
coupling is based on the analysis of the momentum rigid-
ity parameter. This method presents two main advan-
tages with respect to other theoretical approaches. On
the hand, as already discussed, it allows us to explore the
finite temperature regime and analyze the FPDW state.
On the other hand, it provides a physical understanding
of the importance of the anisotropy of the pairing inter-
actions in the development of the modulated phase. As
one can see in Eq. 4, the symmetry of the pairing interac-
tions dramatically affects the momentum dependence of
the propagator not only in the SC phase, but also in the
normal one when ∆ = 0 due to the overall form factor
f2
k,q. This is reflected in a strong momentum dependence
of the contribution to the momentum rigidity parameter.
In fact, after performing analytically the Matsubara sum-
mation, the computation of the c2 coefficient reduces to
an integral over the Brillouin zone c2 = 1

V

∑

k I2(k). The
expression for I2 is given in the Supplemental Material,
but here we show here in Fig.5 2D maps of I2(k) for both
s-wave and d-wave at T = 0 and T = Ti. In the isotropic
s-wave case, the contributions to the momentum rigid-
ity coming from different momenta, I2(k), are positive
at any (kx, ky). On the other hand, in the d-wave case
the contributions to the momentum rigidity coming from
the nodal regions are negative and dominate the overall
sign of the c2 coefficient.

CONCLUSIONS

A consistent explanation for the occurrence of both
static and fluctuating Cooper pairs with finite momen-
tum in the phase diagram of materials such as cuprates
has been a long-standing problem. This is primarily
because an identification of the microscopic ingredients
driving such exotic pairing has been elusive. The results
in this paper point toward a simple and unified frame-
work that naturally promotes both fluctuating and static
pair-density wave (FPDW and PDW) phases over their
zero momentum counterparts. Fig. 1 summarizes the
main conclusions of our work, supported not only by nu-
merical evaluations but also transparent analytical esti-
mates (see Supplemental Material). The two key ingredi-
ents resulting in a high temperature FPDW and low tem-
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FIG. 5: I2(kx, ky) color maps at T = 0 and T = Ti and
α = 2.0 for the s-wave and d-wave case. The anisotropy
of the interactions affects the momentum dependence of the
propagator both in the SC and normal phase. This reflects
in a strong momentum dependence of the contribution to the
momentum rigidity parameter. For the d-wave case negative
contributions to the rigidity are found both at T = 0 and T =
Ti from k-points close to the nodal region. We use the same
set of parameters of Fig. 2 and plot the result in dimensionless
units for momenta |ki|/

√
Λ < π, with i = x, y.

perature PDW phases are a) anisotropic (e.g. d-wave)
pair interactions and b) intermediate to strong coupling
ratio of α = EB

EF

, where EB is the pair binding energy for
two electrons on the Fermi surface in the presence of an
attractive interaction, and EF is the Fermi energy. Well
below a critical value of α ∼ 0.7, only uniform zero mo-
mentum d-wave pairing is favored. In the approximate
range of 0.7 <∼ α <∼ 1.5, the FPDW phase, characterized
by a negative momentum rigidity c2 and positive c6 (see
Fig. 3), is stable over a range of temperatures below the
instability temperature Ti. However, in this range of α a
uniform d-wave pair is still favored at zero temperature.
For α >∼ 1.5, the PDW phase is more stable than a uni-
form solution at T = 0 and a finite momentum pair exists
for all temperatures below Ti. The modulation wave vec-
tor Q of the paired phases is determined by the ratio α
and acquires a jump with increasing α as in a first order
transition (see Fig. 4).

The FPDW and PDW phases are stabilized by con-
tributions to the fluctuation free energy arising from
momenta close to the nodal regions in the Brillouin
zone. These contributions, which also should drive strong
anisotropy in the phase stiffness near Ti, are suppressed
(enhanced) at weak (strong) coupling thus leading to a
modulated phase above a critical pairing strength. This

simplified picture is confirmed from our numerical calcu-
lations (Fig. 5). Finally, while our work primarily focuses
on the instability temperature Ti in the strong coupling
limit, the behavior of the condensation temperature Tc

and the fluctuations around the PDW ground state in
this setting are open problems that will require further
investigations. Our work does not consider the compet-
ing effects of a nematic superconducting phase that has
been phenomenologically found to suppress the PDW at
T > 0 in 2D [8, 12]. In addition, even if allowed by our
model, we have not addressed the possible coexistence
at low T of a PDW and a homogeneous d-wave super-
conductor, as suggested by cuprate experiments [5, 27].
Our results as such set the stage for future microscopic
descriptions of modulated superconductivity in strongly
coupled materials.
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064501 (2011).

[15] A. Jaefari and E. Fradkin, Physical Review B 85, 035104
(2012).

[16] P. A. Lee, Physical Review X 4, 031017 (2014).
[17] R. Soto-Garrido and E. Fradkin, Physical Review B 89,

165126 (2014).
[18] R. Soto-Garrido, G. Y. Cho, and E. Fradkin, Physical

Review B 91, 195102 (2015).
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