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Phase diagram in 1D : Bethe Ansatz
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Phase diagram in 3D : Mean field

Ĥ =

∫
d3r
[ ∑
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ψ̂†σ(~r)
(
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]
2.4 Stability of the Fulde-Ferrell state in D = 3

Figure 2.6: Mean-field phase diagram of the imbalanced Fermi gas in the BCS
limit (in 3D). There is a tiny sliver of stable FFLO phase, sandwiched be-
tween the dashed and solid line. This FFLO phase appears to be stable up to
(h/✏B, µ/✏B) ⇡ (0.42, 1.39) (FFLO is stable for (kFas)

�1  �0.56). The solid
(dashed) line represents a first order first (second) order phase transition re-
spectively.

So far we have not considered any superfluid state that breaks translational

symmetry8. It turns out that in the BCS limit of the imbalanced Fermi gas, a

superfluid with broken translational symmetry appears to be stable [38, 39].

Generically, these Fulde-Ferrell-Larkin-Ovchinnikov (FFLO9) states are both po-

larized and paired at the same time. One should view these states as variational

8A classic example for such a state is the Abrikosov vortex lattice phase.
9Some authors also call it the LOFF state.
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Why study dimensional crossover

Crossovers are interesting!

Optimal for observing FFLO
(long-range order + nesting)

May give rise to new phases
not present in 1D or 3D

Controllable parameters :
lattice depth, densities,
interaction strength
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Application : realizing the 1D model

Necessary conditions :

V0/ER � 1 =⇒ J → 0 (isolated tubes)

Low density, and T � band-gap

=⇒ transverse motion frozen to the lowest energy level

Olshanii’s mapping to an effective 1D model :

d⊥~ω⊥
g1D

=
d⊥
2as

+
ζ(1/2)

2
√

2
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Agrees with experiment! (near unitarity)
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Quasi-1D : single-band mean-field model

Assumptions :

J small → use tight-binding
model

low density → use Olshanii’s
mapping

of well-separated domain walls between domains where !
is alternately positive and negative. The polarized cores of
these domain walls result from occupying the spin-up
Andreev bound states on each wall [21].

We calculate the energy of a single domain wall by
iterating to self-consistency Eq. (5) in a finite box with
periodic boundary conditions, beginning with a trial !!z"
containing two domain walls whose separation is large
compared to !. If the domain walls interact repulsively,
the SF to FFLO transition is continuous and lies where this
domain wall energy vanishes; otherwise this condition
marks the spinodal of a first-order transition (likely to be
near the true phase boundary). Within mean-field theory
the transition is continuous in 1D [22], and has been argued
to be so in 3D [21,23,24]: in weak-coupling the critical
fields are respectively h # !2=""!0!# 0:64!0", and
0:67!0, where !0 is the gap in the SF phase. We are
unaware of a strong coupling 3D calculation of the sign
of the domain wall interaction.

Figure 2 shows a representative slice of the mean-field
phase diagram at fixed t="B # 0:08 (this slice corresponds
to a fixed optical lattice intensity). Near the vacuum at
small filling (low #) is the 3D BEC regime, including a

very small region of the SFM phase where the excess
fermions form a Fermi liquid within the BEC. As # and
thus the filling is increased, the system crosses over to-
wards 1D. Here, the FFLO phase appears and occupies a
large portion of the phase diagram [25]. Both the SF and
FFLO phases become reentrant: in the 1D regime the
FFLO phase is at a higher # and thus a higher density
than SF, while in the 3D regime this density relation is
reversed. Thus, we see that the ‘‘inverted’’ phase separa-
tion in 1D trapped gases is connected to the standard phase
separation of 3D via an intermediate pattern of phases
where SF forms a shell surrounded by polarized phases.
As t="B is further reduced, the 3D regime becomes
smaller, with the reentrance of the SF phase moving to
lower #, while the FFLO phase grows and the sliver of N
phase between FFLO and NP is diminished. In the limit
t # 0 this phase diagram matches fairly well to that ob-
tained from the exact solution in 1D (e.g., Fig. 1 of
Ref. [11]). The main feature that the mean-field approxi-
mation misses at t # 0 is the multicritical point where the
four phases, SF, FFLO, NP and vacuum, all meet at h #
$# # "B=2. In mean-field theory, the FFLO phase never
extends all the way down to zero density; instead it is
preempted by a first-order SF-to-NP transition.

A new T # 0 phase transition occurs within the FFLO
phase as one moves from 3D to 1D by increasing the
intensity of the 2D optical lattice. In 3D the FFLO state
has a Fermi surface, and is therefore gapless. In 1D the
spectrum of BdG quasiparticles is fully gapped in the
FFLO state. The gapped, commensurate FFLO state
(FFLO-C) contains exactly one excess spin-up atom per
1D tube per domain wall. This commensurability means
that q # "b2!n" $ n#", while, by contrast, the number of
excess up spins in the ungapped, incommensurate FFLO
state (FFLO-IC) is not constrained.

The transition between FFLO-C and FFLO-IC can be
understood from the band structure of the Andreev bound
states on the domain walls. In FFLO-C the chemical po-
tential lies in a gap in the quasiparticle spectrum. Thus,
FFLO-C is a band insulator for the relative motion of the
unpaired atoms and the condensate of pairs. As the optical
lattice intensity is decreased, the 3D bands broaden and
may overlap the chemical potential, opening up a Fermi
surface. We approximate the IC-C transition within the FF
ansatz by examining the kz > 0 half of the Fermi surface to
see if it is fully gapped. In the limit #=t % 1, the transition
occurs when !& 8th=#.

We now address the question of what are the best con-
ditions for experimentally producing, detecting and study-
ing the FFLO phase. Ideally, one might use in situ imaging
to directly observe the spatial density and magnetization
modulations in this phase. In a trapped 3D gas, the modu-
lated superfluid will occupy a hard to detect thin shell. The
thinness of this shell results from the small range of # over
which the FFLO phase is stable [7]. Even approaches
which produce an enlarged FFLO region in density space
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FIG. 2 (color online). Slice of the mean-field phase diagram
taken at t="B # 0:08. The phases shown include the unpolarized
superfluid (SF), partially-polarized normal (N), and fully-
polarized normal (NP). The FFLO phase is divided into gapped
‘‘commensurate‘‘ (C) and ungapped ‘‘incommensurate‘‘ (IC)
phases. The filled circle marks the tricritical point; near it, but
not visible here is a tiny region of SFM magnetized superfluid
phase, a remnant of the 3D BEC regime. The SF-NP and SF-N
transitions are first-order for #="B above the tricritical point,
along the solid heavy line. The SF-FFLO transition (solid line) is
estimated from the domain wall calculation. The transition from
FFLO to normal (dotted-dashed line) is assumed to be second-
order. The large circle marks the region of FFLO where !="F is
largest, so the phase is likely to be most robust to T > 0 here.
The dashed line near the SF-FFLO transition shows where the
wave vector of the FFLO state is stationary as a function of #:
dq=d# # 0 (this is calculated using the FF approximation).
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fields are respectively h # !2=""!0!# 0:64!0", and
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Figure 2 shows a representative slice of the mean-field
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wards 1D. Here, the FFLO phase appears and occupies a
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FIG. 2 (color online). Slice of the mean-field phase diagram
taken at t="B # 0:08. The phases shown include the unpolarized
superfluid (SF), partially-polarized normal (N), and fully-
polarized normal (NP). The FFLO phase is divided into gapped
‘‘commensurate‘‘ (C) and ungapped ‘‘incommensurate‘‘ (IC)
phases. The filled circle marks the tricritical point; near it, but
not visible here is a tiny region of SFM magnetized superfluid
phase, a remnant of the 3D BEC regime. The SF-NP and SF-N
transitions are first-order for #="B above the tricritical point,
along the solid heavy line. The SF-FFLO transition (solid line) is
estimated from the domain wall calculation. The transition from
FFLO to normal (dotted-dashed line) is assumed to be second-
order. The large circle marks the region of FFLO where !="F is
largest, so the phase is likely to be most robust to T > 0 here.
The dashed line near the SF-FFLO transition shows where the
wave vector of the FFLO state is stationary as a function of #:
dq=d# # 0 (this is calculated using the FF approximation).
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Quasi-1D : single-band mean-field model

of well-separated domain walls between domains where !
is alternately positive and negative. The polarized cores of
these domain walls result from occupying the spin-up
Andreev bound states on each wall [21].

We calculate the energy of a single domain wall by
iterating to self-consistency Eq. (5) in a finite box with
periodic boundary conditions, beginning with a trial !!z"
containing two domain walls whose separation is large
compared to !. If the domain walls interact repulsively,
the SF to FFLO transition is continuous and lies where this
domain wall energy vanishes; otherwise this condition
marks the spinodal of a first-order transition (likely to be
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fields are respectively h # !2=""!0!# 0:64!0", and
0:67!0, where !0 is the gap in the SF phase. We are
unaware of a strong coupling 3D calculation of the sign
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phase diagram at fixed t="B # 0:08 (this slice corresponds
to a fixed optical lattice intensity). Near the vacuum at
small filling (low #) is the 3D BEC regime, including a

very small region of the SFM phase where the excess
fermions form a Fermi liquid within the BEC. As # and
thus the filling is increased, the system crosses over to-
wards 1D. Here, the FFLO phase appears and occupies a
large portion of the phase diagram [25]. Both the SF and
FFLO phases become reentrant: in the 1D regime the
FFLO phase is at a higher # and thus a higher density
than SF, while in the 3D regime this density relation is
reversed. Thus, we see that the ‘‘inverted’’ phase separa-
tion in 1D trapped gases is connected to the standard phase
separation of 3D via an intermediate pattern of phases
where SF forms a shell surrounded by polarized phases.
As t="B is further reduced, the 3D regime becomes
smaller, with the reentrance of the SF phase moving to
lower #, while the FFLO phase grows and the sliver of N
phase between FFLO and NP is diminished. In the limit
t # 0 this phase diagram matches fairly well to that ob-
tained from the exact solution in 1D (e.g., Fig. 1 of
Ref. [11]). The main feature that the mean-field approxi-
mation misses at t # 0 is the multicritical point where the
four phases, SF, FFLO, NP and vacuum, all meet at h #
$# # "B=2. In mean-field theory, the FFLO phase never
extends all the way down to zero density; instead it is
preempted by a first-order SF-to-NP transition.

A new T # 0 phase transition occurs within the FFLO
phase as one moves from 3D to 1D by increasing the
intensity of the 2D optical lattice. In 3D the FFLO state
has a Fermi surface, and is therefore gapless. In 1D the
spectrum of BdG quasiparticles is fully gapped in the
FFLO state. The gapped, commensurate FFLO state
(FFLO-C) contains exactly one excess spin-up atom per
1D tube per domain wall. This commensurability means
that q # "b2!n" $ n#", while, by contrast, the number of
excess up spins in the ungapped, incommensurate FFLO
state (FFLO-IC) is not constrained.

The transition between FFLO-C and FFLO-IC can be
understood from the band structure of the Andreev bound
states on the domain walls. In FFLO-C the chemical po-
tential lies in a gap in the quasiparticle spectrum. Thus,
FFLO-C is a band insulator for the relative motion of the
unpaired atoms and the condensate of pairs. As the optical
lattice intensity is decreased, the 3D bands broaden and
may overlap the chemical potential, opening up a Fermi
surface. We approximate the IC-C transition within the FF
ansatz by examining the kz > 0 half of the Fermi surface to
see if it is fully gapped. In the limit #=t % 1, the transition
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Quasi-1D : single-band mean-field model

of well-separated domain walls between domains where !
is alternately positive and negative. The polarized cores of
these domain walls result from occupying the spin-up
Andreev bound states on each wall [21].

We calculate the energy of a single domain wall by
iterating to self-consistency Eq. (5) in a finite box with
periodic boundary conditions, beginning with a trial !!z"
containing two domain walls whose separation is large
compared to !. If the domain walls interact repulsively,
the SF to FFLO transition is continuous and lies where this
domain wall energy vanishes; otherwise this condition
marks the spinodal of a first-order transition (likely to be
near the true phase boundary). Within mean-field theory
the transition is continuous in 1D [22], and has been argued
to be so in 3D [21,23,24]: in weak-coupling the critical
fields are respectively h # !2=""!0!# 0:64!0", and
0:67!0, where !0 is the gap in the SF phase. We are
unaware of a strong coupling 3D calculation of the sign
of the domain wall interaction.

Figure 2 shows a representative slice of the mean-field
phase diagram at fixed t="B # 0:08 (this slice corresponds
to a fixed optical lattice intensity). Near the vacuum at
small filling (low #) is the 3D BEC regime, including a

very small region of the SFM phase where the excess
fermions form a Fermi liquid within the BEC. As # and
thus the filling is increased, the system crosses over to-
wards 1D. Here, the FFLO phase appears and occupies a
large portion of the phase diagram [25]. Both the SF and
FFLO phases become reentrant: in the 1D regime the
FFLO phase is at a higher # and thus a higher density
than SF, while in the 3D regime this density relation is
reversed. Thus, we see that the ‘‘inverted’’ phase separa-
tion in 1D trapped gases is connected to the standard phase
separation of 3D via an intermediate pattern of phases
where SF forms a shell surrounded by polarized phases.
As t="B is further reduced, the 3D regime becomes
smaller, with the reentrance of the SF phase moving to
lower #, while the FFLO phase grows and the sliver of N
phase between FFLO and NP is diminished. In the limit
t # 0 this phase diagram matches fairly well to that ob-
tained from the exact solution in 1D (e.g., Fig. 1 of
Ref. [11]). The main feature that the mean-field approxi-
mation misses at t # 0 is the multicritical point where the
four phases, SF, FFLO, NP and vacuum, all meet at h #
$# # "B=2. In mean-field theory, the FFLO phase never
extends all the way down to zero density; instead it is
preempted by a first-order SF-to-NP transition.

A new T # 0 phase transition occurs within the FFLO
phase as one moves from 3D to 1D by increasing the
intensity of the 2D optical lattice. In 3D the FFLO state
has a Fermi surface, and is therefore gapless. In 1D the
spectrum of BdG quasiparticles is fully gapped in the
FFLO state. The gapped, commensurate FFLO state
(FFLO-C) contains exactly one excess spin-up atom per
1D tube per domain wall. This commensurability means
that q # "b2!n" $ n#", while, by contrast, the number of
excess up spins in the ungapped, incommensurate FFLO
state (FFLO-IC) is not constrained.

The transition between FFLO-C and FFLO-IC can be
understood from the band structure of the Andreev bound
states on the domain walls. In FFLO-C the chemical po-
tential lies in a gap in the quasiparticle spectrum. Thus,
FFLO-C is a band insulator for the relative motion of the
unpaired atoms and the condensate of pairs. As the optical
lattice intensity is decreased, the 3D bands broaden and
may overlap the chemical potential, opening up a Fermi
surface. We approximate the IC-C transition within the FF
ansatz by examining the kz > 0 half of the Fermi surface to
see if it is fully gapped. In the limit #=t % 1, the transition
occurs when !& 8th=#.

We now address the question of what are the best con-
ditions for experimentally producing, detecting and study-
ing the FFLO phase. Ideally, one might use in situ imaging
to directly observe the spatial density and magnetization
modulations in this phase. In a trapped 3D gas, the modu-
lated superfluid will occupy a hard to detect thin shell. The
thinness of this shell results from the small range of # over
which the FFLO phase is stable [7]. Even approaches
which produce an enlarged FFLO region in density space
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FIG. 2 (color online). Slice of the mean-field phase diagram
taken at t="B # 0:08. The phases shown include the unpolarized
superfluid (SF), partially-polarized normal (N), and fully-
polarized normal (NP). The FFLO phase is divided into gapped
‘‘commensurate‘‘ (C) and ungapped ‘‘incommensurate‘‘ (IC)
phases. The filled circle marks the tricritical point; near it, but
not visible here is a tiny region of SFM magnetized superfluid
phase, a remnant of the 3D BEC regime. The SF-NP and SF-N
transitions are first-order for #="B above the tricritical point,
along the solid heavy line. The SF-FFLO transition (solid line) is
estimated from the domain wall calculation. The transition from
FFLO to normal (dotted-dashed line) is assumed to be second-
order. The large circle marks the region of FFLO where !="F is
largest, so the phase is likely to be most robust to T > 0 here.
The dashed line near the SF-FFLO transition shows where the
wave vector of the FFLO state is stationary as a function of #:
dq=d# # 0 (this is calculated using the FF approximation).
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1D-like structure for all
interactions for small J.

predicts a turning point

→ not seen in experiments

→ need a more accurate model

published in PRL!
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What we did

Consider a single tube - model
as a cylindrical harmonic trap

1D → 3D crossover happens as
density (or µ) increases

Find mean-field phase diagram
as a function of as and T

Map to an effective 1D model
for µ < 2~ω⊥
→ density corrections to
Olshanii’s mapping
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Setting up the equations

Ĥ =

∫
d3r
[ ∑
σ=↑,↓

ψ̂†σ(~r)
(
Ĥsp−µσ

)
ψ̂σ(~r)+g ψ̂†↑(~r)ψ̂†↓(~r)ψ̂↓(~r)ψ̂↑(~r)

]
where Ĥsp = −~2∇2/(2m) + (1/2)mω2

⊥(x2 + y2).

Define ∆(~r) =g〈ψ̂↓(~r)ψ̂↑(~r)〉

Diagonalize the BdG Hamiltonian :

ĤMF =
∑
n

[(En−h)γ̂†n↑ γ̂n↑+(En+h)γ̂†n↓ γ̂n↓+(εn−En)]− 1

g

∫
d3r |∆(~r)|2

where

(
Ĥsp − µ ∆(~r)

∆∗(~r) µ− Ĥsp

)(
u(~r)
v(~r)

)
= E

(
u(~r)
v(~r)

)
, En > 0
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where Ĥsp = −~2∇2/(2m) + (1/2)mω2

⊥(x2 + y2).

Define ∆(~r) =g〈ψ̂↓(~r)ψ̂↑(~r)〉

Diagonalize the BdG Hamiltonian :
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Regularization

Ground state energy (T = 0) :

E =
∑
n

[α(En − h) + εn − En]− 1

g

∫
d3r |∆(~r)|2 .

g is related to as : 1
g = m

4π~2as
−
∫

d3k
(2π)3

m
~2k2 .

For large n, |εn − En| � εn =⇒ use perturbation theory

=⇒ E = Eexact−
∑′

n

〈n|∆̂∆̂†|n〉/(2εn)− 1

g

∫
d3r |∆(~r)|2︸ ︷︷ ︸

divergences cancel out
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Ansatz for ∆(~r)

∆(~r) = ∆0 e−(x2+y2)/ξ2
e iqz

Variational parameters : ∆0, ξ, q

Allowed states : FF, BCS (q = 0), Normal (∆0 = 0), and
breached-pair (q = 0)

LO ansatz yields very similar results
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Breached-pair state

What it is : a coherent mixture of Cooper pairs and unpaired
fermions, which occupy different regions in momentum-space.

Example dispersions in 1D :
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Phase diagram at weak interactions (as = −d⊥/3)
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Change with stronger interactions (as = −2d⊥/3)
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Crossover to 3D happens
at a lower density (µ)

The SF region grows
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At unitarity
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⟂
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BP

Stable BP phase emerges

3D-like for all densities

Experiment finds 1D-like
behavior at low densities
(µ ∼ 1.1~ω⊥)

DFT produces 3D-like
behavior (+BP)!
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At unitarity
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of well-separated domain walls between domains where !
is alternately positive and negative. The polarized cores of
these domain walls result from occupying the spin-up
Andreev bound states on each wall [21].

We calculate the energy of a single domain wall by
iterating to self-consistency Eq. (5) in a finite box with
periodic boundary conditions, beginning with a trial !!z"
containing two domain walls whose separation is large
compared to !. If the domain walls interact repulsively,
the SF to FFLO transition is continuous and lies where this
domain wall energy vanishes; otherwise this condition
marks the spinodal of a first-order transition (likely to be
near the true phase boundary). Within mean-field theory
the transition is continuous in 1D [22], and has been argued
to be so in 3D [21,23,24]: in weak-coupling the critical
fields are respectively h # !2=""!0!# 0:64!0", and
0:67!0, where !0 is the gap in the SF phase. We are
unaware of a strong coupling 3D calculation of the sign
of the domain wall interaction.

Figure 2 shows a representative slice of the mean-field
phase diagram at fixed t="B # 0:08 (this slice corresponds
to a fixed optical lattice intensity). Near the vacuum at
small filling (low #) is the 3D BEC regime, including a

very small region of the SFM phase where the excess
fermions form a Fermi liquid within the BEC. As # and
thus the filling is increased, the system crosses over to-
wards 1D. Here, the FFLO phase appears and occupies a
large portion of the phase diagram [25]. Both the SF and
FFLO phases become reentrant: in the 1D regime the
FFLO phase is at a higher # and thus a higher density
than SF, while in the 3D regime this density relation is
reversed. Thus, we see that the ‘‘inverted’’ phase separa-
tion in 1D trapped gases is connected to the standard phase
separation of 3D via an intermediate pattern of phases
where SF forms a shell surrounded by polarized phases.
As t="B is further reduced, the 3D regime becomes
smaller, with the reentrance of the SF phase moving to
lower #, while the FFLO phase grows and the sliver of N
phase between FFLO and NP is diminished. In the limit
t # 0 this phase diagram matches fairly well to that ob-
tained from the exact solution in 1D (e.g., Fig. 1 of
Ref. [11]). The main feature that the mean-field approxi-
mation misses at t # 0 is the multicritical point where the
four phases, SF, FFLO, NP and vacuum, all meet at h #
$# # "B=2. In mean-field theory, the FFLO phase never
extends all the way down to zero density; instead it is
preempted by a first-order SF-to-NP transition.

A new T # 0 phase transition occurs within the FFLO
phase as one moves from 3D to 1D by increasing the
intensity of the 2D optical lattice. In 3D the FFLO state
has a Fermi surface, and is therefore gapless. In 1D the
spectrum of BdG quasiparticles is fully gapped in the
FFLO state. The gapped, commensurate FFLO state
(FFLO-C) contains exactly one excess spin-up atom per
1D tube per domain wall. This commensurability means
that q # "b2!n" $ n#", while, by contrast, the number of
excess up spins in the ungapped, incommensurate FFLO
state (FFLO-IC) is not constrained.

The transition between FFLO-C and FFLO-IC can be
understood from the band structure of the Andreev bound
states on the domain walls. In FFLO-C the chemical po-
tential lies in a gap in the quasiparticle spectrum. Thus,
FFLO-C is a band insulator for the relative motion of the
unpaired atoms and the condensate of pairs. As the optical
lattice intensity is decreased, the 3D bands broaden and
may overlap the chemical potential, opening up a Fermi
surface. We approximate the IC-C transition within the FF
ansatz by examining the kz > 0 half of the Fermi surface to
see if it is fully gapped. In the limit #=t % 1, the transition
occurs when !& 8th=#.

We now address the question of what are the best con-
ditions for experimentally producing, detecting and study-
ing the FFLO phase. Ideally, one might use in situ imaging
to directly observe the spatial density and magnetization
modulations in this phase. In a trapped 3D gas, the modu-
lated superfluid will occupy a hard to detect thin shell. The
thinness of this shell results from the small range of # over
which the FFLO phase is stable [7]. Even approaches
which produce an enlarged FFLO region in density space
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FIG. 2 (color online). Slice of the mean-field phase diagram
taken at t="B # 0:08. The phases shown include the unpolarized
superfluid (SF), partially-polarized normal (N), and fully-
polarized normal (NP). The FFLO phase is divided into gapped
‘‘commensurate‘‘ (C) and ungapped ‘‘incommensurate‘‘ (IC)
phases. The filled circle marks the tricritical point; near it, but
not visible here is a tiny region of SFM magnetized superfluid
phase, a remnant of the 3D BEC regime. The SF-NP and SF-N
transitions are first-order for #="B above the tricritical point,
along the solid heavy line. The SF-FFLO transition (solid line) is
estimated from the domain wall calculation. The transition from
FFLO to normal (dotted-dashed line) is assumed to be second-
order. The large circle marks the region of FFLO where !="F is
largest, so the phase is likely to be most robust to T > 0 here.
The dashed line near the SF-FFLO transition shows where the
wave vector of the FFLO state is stationary as a function of #:
dq=d# # 0 (this is calculated using the FF approximation).
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Does not agree with mean-field results with Olshanii’s mapping
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Phase diagrams
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FF and BP dispersions
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Mapping to effective 1D model for µ < 2~ω⊥

Degenerate 2nd-order perturbation theory :

d⊥~ω⊥
g1D

= f (
as
d⊥
,
µ

~ω⊥
,

∆0

~ω⊥
,
ξ

d⊥
, qd⊥)

Consider the limit ∆0, q → 0, ξ/d⊥ → 1 :

1

g̃1D
=

1

2ãs
+
ζ( 1

2 , 2− µ̃)

2
√

2

−
√

2

π
Θ(µ̃− 1)

∞∑
j=1

2−2j

√
j+1− µ̃ tan−1

√
µ̃− 1

j+1− µ̃ ,

As µ→ ~ω⊥, 1/g̃1D = 1/(2ãs) + ζ(1/2)/(2
√

2) (Olshanii!)
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Comparisons of effective models
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Effect of temperature
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