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Abstract

The pair-condensed unpolarized spin-1/2 Fermi gases have a collective excitation branch in their pair-breaking con-
tinuum (V.A. Andrianov, V.N. Popov, 1976). We study it at zero temperature, with the eigenenergy equation deduced
from the linearized time-dependent BCS theory and extended analytically to the lower half complex plane through its
branch cut, calculating both the dispersion relation and the spectral weights (quasiparticle residues) of the branch. In
the case of BCS superconductors, so called because the effect of the ion lattice is replaced by a short-range electron-
electron interaction, we also include the Coulomb interaction and we restrict ourselves to the weak coupling limit
A/u — 0% (A is the order parameter, u the chemical potential) and to wavenumbers g = O(1/£) where & is the size of
a pair; when the complex energy z, is expressed in units of A and g in units of 1/£, the branch follows a universal law
insensitive to the Coulomb interaction. In the case of cold atoms in the BEC-BCS crossover, only a contact interaction
remains, but the coupling strength A/u can take arbitrary values, and we study the branch at any wave number. At
weak coupling, we predict three scales, that already mentioned g ~ 1/£, that g ~ (A/u)~'/3 /&€ where the real part of the
dispersion relation has a minimum and that ¢ = (u/A)/é =~ kg (kg is the Fermi wave number) where the branch reaches
the edge of its existence domain. Near the point where the chemical potential vanishes on the BCS side, u/A — 0%,
where & ~ kg, we find two scales g ~ (u/A)!/?/& and ¢ ~ 1/£. In all cases, the branch has a limit 2A and a quadratic
start at ¢ = 0. These results were obtained for u > 0, where the eigenenergy equation admits at least two branch
points €,(q) and €,(q) on the positive real axis, and for an analytic continuation through the interval [€,(q), €,(g)]. We
find new continuum branches by performing the analytic continuation through [€,(q), +oo[ or even, for g low enough,
where there is a third real positive branch point €.(q), through [€,(q), €.(¢)] and [€.(q), +oo[. On the BEC side u < 0
not previously studied, where there is only one real positive branch point €,(q), we also find new collective excitation
branches under the branch cut [€,(g), +oo[. For u > 0, some of these new branches have a low-wavenumber exotic
hypoacoustic z, ~ ¢*/* or hyperacoustic z, ~ g*/° behavior. For u < 0, we find a hyperacoustic branch and a nonhy-
poacoustic branch, with a limit 2A and a purely real quadratic start at g = 0 for A/|u| < 0.222.
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1. Introduction and position of the problem

We first consider a three-dimensional gas of neutral spin 1/2 fermions with short-range s wave attractive interac-
tions, spatially homogeneous and taken in the thermodynamic limit, that is nonzero density and infinite size. The gas
is unpolarized, that is, it has the same number of particles in each spin state T and |, and is prepared at zero tempera-
ture. As predicted by BCS theory, all fermions due to attraction between T and | form bound pairs T of zero orbital
moment, these pairs constituting moreover a condensate (with an infinite pair coherence length) and a superfluid.

We are interested here in collective excitation modes of the system and in their dispersion relation according to
their wave vector q. We mean by collective excitation a global oscillation of the gas bringing into play collective
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variables such as the density p or the complex order parameter A of the gas, these functions acquiring a spatio-
temporal variation p(r, ) and A(r,¢) at wave vector q and at the real angular frequency wq or complex zq/h (if the
mode is damped). These are linear modes, associated with a small deviation of p and A from their value in the ground
state or, in practice, to a linear response of the gas to a weak external perturbation. We exclude any excitation which
does not conserve the number of fermions in each spin state, of the coherent Rabi coupling type between T and |.

To better specify the object of our study, let us recall that the excitations of a gas of paired fermions can fall
roughly into two categories. Low energy excitations have a small quantum Awq compared to the binding energy Eg of
a pair. They then only affect the motion of the center of mass of the pairs, the pairs start to oscillate while keeping their
integrity: in this case it is an acoustic excitation of the gas, the modes being part of a sound branch with a linear start,
wq ~ c¢q when g — 0, ¢ being the speed of sound. This type of excitation is shared by all the superfluids subjected to
short range interaction, independently of the quantum statistics of the constituent particles. But only the start of the
dispersion relation, at best g¢ < 1 where ¢ is the size of a bound pair, is universal in our system; the non-universal part
was the subject of a very detailed study in reference [1]. High energy excitations have a quantum hwq greater than
Ey: as nothing prevents it energetically, the pairs will be broken into two free fermions T and |, one of wave vector
q/2 + k and the other of wave vector q/2 — k since the excitation deposits a quantum of well defined momentum hAq;
on the other hand, the relative wave vector (or internal to the pair) K is not constrained.! The energy cost of such
excitation by pair breaking is therefore, in BCS theory, E]((q) = €q/2+k + €q/2-k Where k — g is the dispersion relation
of the BCS quasiparticles, which has a band gap of width Ey/2 by definition of Ey. As k can span R, the excitation
spectrum Ef(q) spans a continuum at q fixed, whose lower edge is > E( and which extends up to +co.

One could believe that such a continuum does not contain any collective mode and that the intensity of the response
functions of the system at the angular frequency w > E(/h exhibits only broad variations with w, excluding narrow
structures like a Lorentzian resonance o |hw — zq| ™ associated with a complex energy mode zq. Since the work
of Andrianov and Popov [2], in the weak interaction and low wave number regime, and its recent generalization to
the arbitrary interaction and wave number regime [3], we know that the opposite occurs: as long as the chemical
potential u of the gas is > 0, therefore that the minimum Ey/2 of k — ¢ is reached in BCS theory at a nonzero wave
number ko > 0, the fermion gas exhibits indeed, in its broken pair continuum, a branch of collective excitation g = z4
spanning the entire interval ]0, 2ko[. As the collective continuum mode can be damped by the emission of broken
pairs, its energy is complex, Imzq < 0; at low wave number, g — 0, z4 tends to Ey quadratically in ¢, the mode
acquires an angular eigenfrequency better and better defined and induces a lorentzian peak more and more narrow in
the response functions of the system, which guarantees its observability [3].

The continuum collective branch g +— z4 of our fermion gas has not been the subject of in-depth analytical studies,
apart from the low wave number regime g — 0. For example, we do not know, for any interaction strength, to what
value of g extends the law of quadratic variation of zq previously mentioned. Or, the numerical study of reference [3]
suggests that, in the weak interaction regime, the eigenfrequency Re zq/h exhibit on ]0, 2ko[ a minimum at ¢ = gpin,
but nothing is said about the variation of gni, with the interaction strength. At a fixed wave number g > 0, we also
do not know if the dispersion relation has a simple limiting law when the interaction strength tends to zero. In the
strong interaction regime, near the point of zero chemical potential (u — 0*) where the continuum collective branch
disappears as a whole [3], we do not know analytically the form of the dispersion relation, nor the wave number scales
which structure it. In addition, the continuum collective branch g +— zq4 in references [2, 3] was obtained by carrying
out on the eigenvalue equation for the modes of the system an analytic continuation passing from the upper half-plane
(Imz > 0) than the lower half-plane (Imz < 0) through the natural interval separating the first two branch points
7 =€ = Epand z = & of the eigenvalue equation on the positive real half-axis, even if this fact is implicit in reference
[2]. What would happen if we made an analytic continuation while passing rather through the interval [e;, +oo[ or,
in the case where there is a third branch point €3 > €, through the intervals [e;, €3] and [e3, +o0[ ? Could we thus
discover other continuum collective branches ? Could there even be a continuum collective branch for u < 0, where
the pairs tend to become bosonic ? Finally, we have limited ourselves for the moment to neutral fermion gases, the
physical system we had in mind being that of cold atoms, which has the advantage of allowing an adjustment at will
of the interaction strength by magnetic Feshbach resonance [4, 5, 6, 7, 8, 9]. What about the electron gases in BCS
superconductors, i.e. idealized superconductors, where the effect of the crystal lattice and its phonons is modeled by

1. In reality, pair breaking at fixed q starts from the energy threshold infy E(q), which is none other than the edge of the continuum defined
below.



an attractive short-range interaction between T and | ? We must add to the latter the repulsive Coulomb interaction
between electrons, independent of spin and long range, which, as we know, suppresses the acoustic branch [10].
What about the continuum collective branch ? In reference [2], the eigenvalue equation on the angular frequency
of the modes was modified to take account of the Coulomb interaction; it was then shown, in the weak interaction
limit £y < e where € is the Fermi energy of the gas, that the continuum collective branch survives and that its
complex dispersion relation remains the same as in the presence of the only short-range interaction, at least as long
as g¢ < 1 therefore that the dispersion relation remains approximately quadratic. Can we, while remaining in the
weak interaction regime relevant for BCS superconductors (Ey/eg is typically of the order of 1073 or 107#), extend the
study of the branch beyond the quadratic regime by imposing only gé = O(1) when Ey/ez — 0, and see if Coulomb’s
interaction still has no effect in this case ? All these haunting questions call for an in-depth complementary study,
which is the subject of this article.

To complete our introduction, let’s give the outline of the article. Section 2 briefly presents the formalism used:
the interaction between neutral fermions is modeled by an on-site contact attraction, after discretization of space into
a cubic lattice of spacing b; to describe the evolution of the independent collective variables p, A and A* of the system
after a weak and bounded in time perturbation of the ground state, we can use the linearized time-dependent BCS
equations around their stationary solution; the eigenvalue equation is written as the determinant of a matrix function
of z and ¢, a 3 X 3 matrix since there are three independent variables, and of which we recall how to carry out the
analytic continuation at Im z < 0 using the spectral densities of the broken pair continuum. In section 3, we focus on
the weak coupling limit £y << €, easier to reach in the ground state with BCS superconductors than with cold atoms,
and which we treat mathematically by making Ey/ep tend to zero at gé fixed. We find that the continuum collective
branch is decoupled from the other excitations in the form of a modulus mode (bringing into play oscillations of the
only modulus of the order parameter, excluding its phase), for the pure contact interaction (section 3.2.1) but also
in the presence of the Coulomb interaction (section 3.2.2), with the same eigenvalue equation in both cases. The
spectral densities useful for the analytic continuation can be expressed in terms of elliptic integrals (section 3.3). The
branch is first calculated numerically, then studied analytically at low and at large ¢¢ in section 3.4. To be complete,
we perform the same study on the acoustic branch (phase mode) for a pure contact interaction in section 3.5. The
long section 4 is devoted to the arbitrary interaction regime, appanage of the cold atom gases; the interaction is pure
contact, and it is resonant (its scattering length a in the s wave greatly exceeds its range b in absolute value), which
obliges to take the continuous limit » — 0 of our lattice model: the eigenvalue equation is reduced to the determinant
of a 2 X 2 matrix (section 4.1). Its analytic continuation is performed in the case u > 0 (where ky = (Zmp)l/ 2/k)
passing through the interval [€, €], except in section 4.8. We give in section 4.2 the position on the positive real
semi-axis of the branch points €, €, even €3, as a function of ¢, and the expression of the spectral densities on each
interval between the branch points and infinity. We enrich our study of the continuum branch (compared to section
3) by introducing into section 4.3 other observables than its complex dispersion relation g — zq, namely its spectral
weight (residue) on the small phase or modulus deviations from equilibrium of the order parameter, and the coherent
superposition of these two channels making it possible to maximize the spectral weight in the experimental signal. We
present a complete numerical study of the continuum branch in section 4.4, then carry out an analytical study at low ¢
in section 4.5, specifying this time (at contrary to reference [3]) the domain of validity of the quadratic approximation,
which shows the expected condition g¢ <« 1 in the weak interaction regime but the other and non-intuitive condition
qlky < (u/A)'? in the regime u/A — 0F of vanishing chemical potential. In section 4.6, devoted to the weak
interaction limit A/u < 1, we need, to exhaust the problem, to study the branch successively at three wave number
scales, at ¢ ~ 1/ i.e. ¢ ~ koA/u (section 4.6.1), at ¢ ~ ko (section 4.6.2) and at the unexpected scale g ~ ko(A/u)*>
governing the position of the minimum of ¢ — Rezq (section 4.6.3). In section 4.7, devoted to the inverse limit
/A — 07, it suffices to consider successively the scale g ~ ko (section 4.7.1) and the scale ¢ = ko(u/A)!/? (section
4.7.2) for a full description. Finally, in section 4.8, we seek and sometimes find more exotic continuum modes by
performing the analytic continuation for ¢ > 0 through the other windows [e, €3] and [e3, +oo[, and even extending
the study to the case y < 0 (where ky = 0). We conclude in section 5.



2. Formalism reminders: model, linearized time-dependent BCS equations, spectral densities, analytic contin-
uation

The model and formalism of this article are those of references [11, 12], the main lines of which we recall here.
Fermions with two internal states T and | live with periodic boundary conditions in the quantization volume [0, LP
discretized into a cubic lattice of spacing b, in the grand-canonical ensemble of chemical potential u = u; = u;. The
dispersion relation of a fermion alone on the lattice is that k +— Ej = h?k*/2m of free space on the first Brillouin
zone D = [-x/b, n/b[* of the lattice, and is extended periodically beyond. Fermions of opposite spins undergo the
binary contact interaction V(ry,r2) = godr,r,/b°, where 6 is a Kronecker delta and the bare coupling constant is
adjusted as a function of the lattice spacing to reproduce the desired scattering length a between fermions in the s
wave: 1/go=1/g - f:o %ﬁ where g = 4rha/m is the effective coupling constant [13].

Initially, the fermion gas is prepared in the ground state, unpolarized by symmetry between T and |. The state is
described in an approximate variational manner by the usual BCS ansatz, coherent state of bound pairs T/ of particles
W’gés) minimizing the energy. It has an order parameter A defined below and a pair-breaking quasiparticle excitation
spectrum of the usual form e, = (& + A?)"/?, where k spans D and & = Ex — p + gop/2 contains the grand-canonical
energy shift and Hartree’s mean field proportional to the total density p.

The gas is then subjected to an arbitrary external perturbation, except that it conserves the number of particles in T
and in |, and that it is sufficiently weak so that one can limit its action, in the BCS variational framework, to creation
of a coherent state of pairs of quasiparticles of weak amplitude |8| < 1. At times ¢ > 0 after the perturbation, the gas
state vector is therefore written

Waes() = N@Oexp|= > " Bra®FE i ¥ a, [Whes) (1)

q keD

where the operators of annihilation i, and of creation i{(r of a BCS quasiparticle of wave vector k and spin o
obey the usual fermionic anticommutation relations. The independent variational parameters are the amplitudes of
probability Biq(f) to have broken a bound pair into two quasiparticles of opposite spins and wave vectors q/2 + k; q
therefore represents the total (or center of mass) wave vector of the broken pair, and k its internal (or relative) wave
vector; N(?) is a normalization factor.

At order one in the amplitudes 3, we extract from the ansatz (1) the expressions of the order parameter A(r, f) and
the total density p(r, ) of the gas excited at point r and at time ¢:

D) = goWi@in®) = =55 D" UV + ) 5A(0" + O(8%) b)
keD q
N o 2 .
e = Y L) = 25 > Vit ) dpg(DET + OB 3)
=T, keD q

These are the variables through which the collective modes of the system can show up. In the right-hand side of
these expressions appears first the constant contribution of the initial stationary state, function of the amplitudes
Ur = [3(1 + &/a)]V? and Vi = [5(1 — &/a)]"/? of the quasiparticle modes on particles and holes. Then come
linear terms in S spatially modulated with the wave vectors q of the pairs; their time dependence can be derived from
that of By, itself deduced from the usual variational calculus. As in reference [11], it is clever to introduce partially
decoupling linear plus and minus combinations of 8 and B*; here we only need their value at r = 0*:

Vey = Bra(0) £ By gy (09 “)
which already gives access to the values of the Fourier amplitudes in equations (2, 3) just after the excitation:
x + T 1
68g(0%) F 0A%((07) = =55 3" Wity and dpg(0%) = 75 3 Wiy 5)
keD keD

The linearized motion equations of the variables 8 + §* are given in reference [11]. The added value here is to take
the Laplace transform, to deduce that of the Fourier amplitudes in (2, 3) then, by inverse Laplace transformation, get
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the time dependence of the latter:

6Aq(t) — 6A* (1) in—co S (P (@@ + 25 (2,)
dz e
5A(1) + A" (1) | = f e | ﬁ(z, O+ @0 ©)
6pq(t) in+oo z,q WU +(Z, ) + ZWOy (z, q)

different values of q being decoupled by momentum conservation. The integral on z is taken in the complex plane
by flying over the real axis (7 > 0, even 7 — 0%). The integrand contains, in addition to the exponential oscillating
at the complex angular frequency z/h, a source vector with three components and the inverse of a 3 X 3 matrix, both
functions of z. After passing to the thermodynamic limit L — +co, we arrive at a compact writing, in particular

i;‘ﬁ W+ (Zs q) zu:;V*W’ (Z? q) _gozi‘” wo (Z9 q) M++ (Z’ q) M+— (Z’ (I) M+0(Z7 q)
M(Z’ Q) = Ziy w+ (Z’ q) E w-W- (27 q) _gOE;V— WO(Z’ q) = M—+(Z’ q) M——(Z’ q) M—O(Z’ CI) (7)
ow @@ Zho@a) 1-goXi 0 q) \Mo(z@)  Mo(z,q)  Moo(z,q)

thanks to the short-hand notation of integrals on the internal wave vector k of the pairs:

dk z axqbiq &k ekqakqbkq . B3k ekqakqbkq 1
¥ (z,q) = , X6.(z, =f——, > (z, =f _—+ — 8
wCV= | G a-a WCVE oy ama 0 CY | G| e e Y

The version with accent ¥ contains a counter term 1/2¢, obtained by eliminating gy in terms of the order param-
eter (-1/go0 = |, (‘21”’)2 2ek) which provides ultraviolet convergence for the integral in the continuous limit b — 0;
versions without accent converge as is when b — 0. Each symbol X displays under the integral sign the expected
energy denominator, containing the energy e,q of the broken pair, and in the numerator coupling amplitudes between

quasiparticles involving their modal amplitudes:

+ 0
Wi = Ukeq2Uk—q2 £ Virqi2Vieqs2 » Wiq = Uksq2Vi-g/2 + Uk—q/2Vitq/2 s €q = €krq/2 + €—q)2 (&)

In matrix M, they appear by pairs of factors, which have the following more explicit expressions:

+E- + - + - (10)
_2_€+€—+§+§—_A2 0 G+ E)A 0N2 _ ee. —EE+ N
W)= 2€, € WWe= 2€, € W= 2€, €

where one introduced the short-hand notations €; = €xsq/2 and &; = &.iq/2. The whole (starting from equation (6))
constitutes a masterful generalization of equation (12) of reference [14] to a nonzero excitation wave vector q and to
an arbitrary infinitesimal non-polarizing perturbation of the initial stationary BCS state.

Equation (6) strongly evokes the formalism of Green’s functions and of the resolvent. It is natural to apply the
residue formula to it, that is to say Cauchy’s theorem, by closing the integration path with a large half-circle in the
lower complex half-plane, oriented counterclockwise and of divergent radius. As usual, the idea must be adapted
to circumvent by an appropriate path the branch cuts resulting from vanishing denominators in the symbols X of (8)
when z or —z falls in the broken pair continuum {eyq,k € R3}, or rather the new branch cuts obtained by deformation
and rotation of the original branch cuts around their branch point (the new branch cuts are often arranged vertically
in the lower half-plane), see supplement Ay of reference [15] and our figure 1; after bypassing a new branch cut,
the integrand of (6) must of course be replaced by its analytic continuation from the upper half-plane to the lower
half-plane across the moved original branch cut.

In the residue formula applied to (6) thus transformed, we associate by definition with each pole z4 of the in-
tegrand > a collective mode of eigenenergy Zq» and the residue includes the exponential factor exp(—izqt/h), only
dependent on time. As the matrix elements of M do not present a pole even after analytic continuation, nor the source

2. Given the even parity in z of det M(z, q), we agree that Re zq > 0 in the definition of the complex energy of a mode.
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Im z

a

Re z

Figure 1: In the complex plane, integration path to follow and analytic continuations to be performed in order to be able to apply Cauchy’s theorem
to integral (6). We consider the case where the integrand has two branch points (black discs) on the positive real semi-axis, and two others on the
negative real semi-axis taking into account the symmetry z < (—z). Its original branch cuts are shown with wavy lines. To fix the ideas, the branch
cuts shifted by analytic continuation are arranged vertically in the form of half-lines (solid blue lines). The integration path, which bypasses them,
is represented by the red arrow line. Orange stars: poles appearing in the analytic continuation (they are roots of det M| (z, q) of integer degree).
Orange cross: poles appearing on the real axis, without the need for analytic continuation (these are the roots of det M(z, q) of integer degree).

vector besides, and taking into account the writing of the inverse matrix M~ = ‘com M/ det M in terms of the coma-
trix and its determinant, any pole can only come from det M (or its analytic continuation) vanishing with an integer
power law in z4. There are therefore two possible cases: (i) the pole is located on the real axis, no analytic continuation
is required, zq is actually a real energy hwq and the mode is not damped, (i7) the pole is located in the lower complex
half-plane, it was necessary to carry out an analytic continuation of det M to make it appear, zq is complex (Im zq < 0)
and the mode is damped exponentially. To find all the collective modes at wave vector ¢, we must therefore solve the
following two equations:

det M(zq,q) =0, detM|(zq,q) =0 (11)

the vertical arrow in the second equation representing the analytic continuation to Im z < 0. Note that, if the excitation
of the gas is poorly chosen, it may be that the source vector in (6) or its analytic continuation vanishes at z = zq, in
which case the residue of the integrand is zero at zq and the mode is not expressed.

It remains to be seen how to carry out in practice the analytic continuation of the matrix elements of M to the
lower half-plane. We can use [3] a result appearing in appendix C of [16], for any function f(z) written as an integral
on the real variable €, with a energy denominator z — € and a spectral density p(e€):

€h
f@) = f def(—g)e Vz € C\ &, 6] = f1(2) = f(2) = 2inp(z) for Imz <0 (12)
the analytic continuation taking place of course through the branch cut [¢,, €,] of f(z), which it folds over ] — o0, €,] U
[ep, +oo[. For (12) to apply, the spectral density p(€) must have an analytic continuation p(z) in the lower half-plane,
so that it be already analytical on the interval [€,, €,]. In practice, we are led to split the function to be continued into a
sum of terms of type f(z), the bounds ¢,, €, etc. corresponding to the successive positions of the singularities of p(€)
on the real axis (points of divergence, discontinuity, kinks). In the case of matrix elements (8), this is done as in [3]
using spectral densities 3

| S )
pss’(Es (I) = dekEW]iq ﬁqé(f - Ekq) vsa NS {+a ) O} (13)

which we will calculate in due course later.

3. Weak coupling limit A << u: the case of BCS superconductors

3.1. Regime considered

In this section, the contact interaction between opposite spins fermions is very weakly attractive: its scattering
length a is negative and very small in absolute value compared to the average distance between particles, or if we

3. So that p,y is the spectral density of M,y within the meaning of (12), a factor (27)73 should be included in its definition. We did not do it
here, so that the functions py coincide with those of reference [3].



prefer compared to the inverse 1/kg of the Fermi wave number of the gas, kg = (37%p)!/3. We can also suppose that
|a] is weaker than the spacing b of the lattice model, therefore than the interaction range: the binary interaction is non-
resonant and in the Born regime of the scattering theory. We finally have the chain of inequalities 0 < —a < b < 1/kg.

It is under these conditions that BCS theory is most quantitative. It gives the right equation of state of the gas
to order one in kra and correctly takes into account Hartree’s shift of the position ky of the minimum of the BCS
excitation spectrum (see section 3.4.4 of [17] and reference [18]). In the chain of inequalities, the last ensures that
physics is little affected by the discretization of space and makes it possible to replace the integration domain D by R?
in (8); the penultimate makes it possible to replace the bare coupling constant gy by the effective constant g = 47h%a/m
in the gas equation of state u = € + gp/2, in the BCS excitation spectrum € = [(Ex — €)> + A?]'/? (hence the position
of the minimum k( = kg) and in the third column of matrix (7).

As the order parameter is exponentially small in the interaction strength, A/egp =~ 8e2 exp(—n/2kglal) in BCS
theory, we study in this section the continuum collective branch to leading order in A, i.e. we make A mathematically
tend to zero after having performed the appropriate scale changes on the complex energy zq and the wave number g
ensuring the existence of a finite limit.

3.2. Decoupling of modulus mode
3.2.1. In the presence of a contact interaction

Before going to the mathematical limit A — 0, we must look at the continuum collective branch to the correct
energy and wave number scales which are naturally the binding energy 2A and the inverse 1/& of the size & oc h2kq/mA
[19] of a bound pair of fermions T, so keep the reduced variables constant

h2 koq

and 7 =z/A (14)

So, to obtain a nonzero limit in the matrix elements (7) of M, that is to say in integrals (8), it is necessary to make in
spherical coordinates of polar axis q the change of variable

mA
k=ky+—=—K
07 12k,
on the modulus of the internal wave vector of the pairs and make A tend to zero at K fixed. In other words, integrals
(8) are dominated here by a thin layer of energy width o A around the Fermi surface of the gas.* Let us first carry out
the passage to the limit in the BCS excitation spectrum:

s)

K.gfixed _ 1_ = K.g fixed 12 —
EL/A A—>O K+ Equzxi(l(,u) and €,./A A—>0 1+ x+) = e, (K, u) (16)

u being the cosine of the angle between the vectors k and ¢, then in the integrals themselves in order to obtain their
zero order approximation in A/, identified by the exponent (0):

56D = G J 08 f: T Tt 1>1/2] : 0
A fi | T 1)'/2] o
S = s [ oF fi e = (19)
@D = (2’:];0)2 fR dK fl du 2e. e [Z?(Zeit:l e )] *0 @
I R s s e
B0 = g [ak [T @

4. If we make A — 0 at fixed k, with ¢ = O(A) and z = O(A), the integrands of all X and ¥ tend to zero, which justifies this assertion and our
procedure.



A simplification occurs: integrals (19) and (21) are identically zero by antisymmetry of their integrand under the
exchange (K, u) to (—K, —u), which transforms x, and x_ into their opposite but leaves e, and e_ unchanged. As a
consequence, the second column of matrix M in (7) is reduced to its element on the diagonal and the first eigenvalue
equation in (11) is split in two independent equations:

MOGD =50 G =0 or [1-g250 G| E00 G + ¢ [5G )] = (23)

The first relates only to the variable —, that is to say the second component of vector (6) of the collective variables,
the linear combination of A4 and 6Aiq reconstructing the deviation of the modulus |A(r, #)| of the order parameter
from its equilibrium value. It will give birth, after analytic continuation and explicit calculation in section 3.4, to the
continuum mode, which is therefore, in the weak coupling limit and at the energy scale A, a modulus mode. This
result was known for a zero-range interaction between T and | (b — 0) [2]; we see that it survives here at a nonzero
range, even much greater than |al. The second equation in (23) gives rise to the acoustic mode. It couples the variable
+ (weak phase deviation of the order parameter from its equilibrium value) and the variable 0 (weak deviation of the
gas density); it is only if we make g tend to zero, as in section 3.5, that the variable + decouples from the density and
that the acoustic mode becomes a pure phase mode as in [2].

3.2.2. In the presence also of the Coulomb interaction

In a BCS superconductor, the paired fermions are not neutral particles, but electrons of charge —e. We would
therefore have to complete our model Hamiltonian, by adding to the short-range interaction b between T and | the
long-range, spin-independent Coulomb interaction potential,

2 =2

V(r) = =< (24)
dreyr r

therefore acting both between same-spin and opposite-spin particles. It would not be an easy task. Fortunately, the
work has already been done in reference [2], in the limit where the range b tends to zero at fixed scattering length a
of the short-range interaction. The eigenvalue equation on the energy z of the modes of wave vector q takes the form
of a determinant det K = 0, where K is a 3 X 3 matrix which we do not write, but whose coefficients are expressed
in terms of functions A(q, +z), B(q, 2), C(q, z) and D(q, +z).> Remarkably, we succeeded, after an integration at zero
temperature on the Matsubara frequency not carried out in [2], to connect these functions of the Coulomb problem to
the functions (8) of the non Coulomb problem as follows:

1 2
AQ.i2) = 5 [y @ @) + oy @ @) = Zyy- G @) Clq.ia) =~ = 22°%0,0(2. Q)
(25)

1
B(@.i0) = 5 £ @) = Zfyoy . 0] D(q,i2) = i€ [, 10 (3 @) — 5,10 (2 @)

In addition, in the weak coupling limit, the eigenvalue equation decouples in the same way as in the non-Coulombian
case (23):

M2(z,,3)=0 or [——E;Vﬂ?;w(‘q,q)} 500 G @) + [Z0 0 D] = (26)

The first equation remains exactly the same: at the energy and wave number scales of (14), the continuum mode is
therefore absolutely not affected by the Coulomb interaction to zeroth order in A. The second equation is deduced
from that of (23) by the following substitution on the effective coupling constant:

8re?
g—2V(g) = 7 27

5. Reference [2] wrongly states, after its equation (3.9), that D(z, q) is an odd function of the quadrivector (z, q); this is true only in the weak
coupling limit at the scales of (14).



where V(q) is the Fourier transform of V(r). The interpretation is simple: g represents, in fact, the Fourier transform
of the interaction potential at wave vector ¢, which goes unnoticed for a zero-range interaction (the Fourier transform
of a Dirac distribution is constant), but is obvious for the Coulomb interaction; the factor 2 takes into account the fact
that V(r) couples each spin state to the other two (unlike contact interaction); finally, g disappears completely in the
substitution (27), instead of being simply supplemented by the term 2V(q), because the formalism of [2] is written in
the zero range limit b/|a] — 0, where the bare coupling constant gy appears instead of g as in the third column of (7)
and tends to zero.

Result (26) was already in [2], but only up to ¢ < 1. Let us add that, to give it a precise mathematical meaning,
the term g”/87&*> must remain constant when A — 0. It is therefore not enough to fix g and Z as in (14), it is also
necessary to fix the ratio fiwy/A between the plasma angular frequency wy of the Coulomb gas in its normal phase
(see equation (3.8) of reference [2]) and its order parameter A in the ground state. We have

¢ 3 267 A’ mkg with (hwo)? _ Anhe*p/m 28)
87> 3 (hwo)? 2rh)? A2 A2

3.3. Analytical expression of spectral densities

3.3.1. The spectral density p°.(z, §)

To determine the dispersion relation of the modulus mode, that is to say the continuum collective branch, we
must calculate the function M (z, g) appearing in (23, 26) and find its roots after analytic continuation to the lower
half-plane. We need for that, see the procedure (12), to know the associated spectral density (13), with s = s’ = —, in
the weak coupling limit. As in section 3.2.1, we make A tend to zero in p__(€, q) by fixing the reduced energy € = €/A
and the reduced wave numbers g and K of equations (14, 15), and obtain the finite limit

Qe g =" ko f dk f ere-txx ol e (29)

2e,e_

Thanks to Dirac’s distribution ¢ fixing the total energy in the integrand, it is possible to integrate explicitly at least
once by solving the equation e, + e_ = &, for example on the variable K, as it is done in Appendix A.1:

2 4 2= 2 1/2
PO q) = ko d 0@ - (4 +u2gty (1L E (30)
h? U2 — &

where @ is the Heaviside function. To carry out the remaining angular integral, we must distinguish three cases
according to the value of €: (i) the argument of ® is negative over the whole integration interval, (i7) it changes sign
in the interior of the interval, and (iii) it is positive over the entire interval. At the boundary energies between these
cases, the spectral density has a kink. The three corresponding analytical expressions are different, and are identified
by exponents in Roman numerals, see table 1.

Let us take advantage of our knowledge of the spectral density to express the function M9z, @) in the convenient
form of a single integral on energy. The presence of the counter-term in integral (18) ensuring its ultraviolet con-
vergence poses a small technical difficulty. We get around it by introducing an arbitrarily large cut-off on K, which
allows us to separate the counter-term and to express the rest as an integral with an energy cut-off; we subtract from
the whole the quantity M (2,0), transformed beforehand in the same way, then we make the cut-off tend to infinity.
Now MEO_)(Z, 0) = 0, taking into account the exact relation (53) to come. There remains therefore

MOz g = 2 f mdé[pﬁ(’l(aq)(%—_—1_)—p<_°2<a0>( S )
2 7—€ 2-

Z+E€ € 2+¢€

€19}

where the spectral density at zero wave number, taken for example from table 1 by making g tend to zero over the

interval IIL, is simply equal to

27rmk0 (& -4l2

o2 (&,0) = 0 - 2)7 (32)




e<2 p"M(&,q) =0
ALE9) =0 r 7 172 ) 172
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. Amnmky | € _[(@ =D
g €0
damko | € . q @ -2 . q @ -4)'"7
OND/2 _ = O[]~ — _ 0| € q _ < q
@+g)~<e |p(EQ= = 7qu asin @ -4 z ng asm @ -4z z
drmk | € , 7 @ -2
O[] = =y — 0 q
Pir (€9 = = Z_ZIE asin @ z

Table 1: Spectral densities —— and ++ in the weak coupling limit. We took the limit A/u — 0 at fixed reduced energy € = €/A and reduced wave
number g = h2kog/mA, ko being the position of the minimum A of the BCS dispersion relation. On each energy interval considered, these are
regular functions, that can be analytically continued to complex energies. E(¢, k) and F(¢, k) are the elliptical integrals of second and first kind, in
the definition §8.111 of reference [20]; E(k) = E(r/2, k) and K(k) = F(r/2, k) are their full forms.

3.3.2. Spectral density pL)(z, §)

To determine the dispersion relation of the phase mode of the gas of neutral particles, that is to say the acoustic
branch after taking the limit g — O in the second equation of (23), we need calculate the function Mioi(z, q) =
i;f%w (Z, ). No analytic continuation is required, but knowledge of the associated spectral density p(fl(é, q) leads us
to a single integral on energy, rather than the double integral (17). We therefore proceed as in section 3.3.1 to obtain

1 1
0 _
) p—-(& (2—5 2+€)

The analytical expression of the spectral density ++ for arbitrary g appears in table 1, that —— for g = 0 appears in
(32), and we have as in (31) used the intermediate point (Z, g) = (2, 0) where M vanishes, to make the counter-term
of integral (17) disappear in the difference Mioz zZ, 9 — M (2.0).

+00 1
MOz ) = 2n) fz de [p(ﬁ(é,é)(z_—é—

(33)

Z+E€

3.4. Study of the modulus excitation branch

The first equation of (23) and (26) has no solution on the real axis. We therefore carry out the analytic continuation
to the lower complex half-plane, passing here between its branch points 7 = 2 and 7 = (4 + *)'/?, that is to say using,
in the sense of table 1, the type II expression of the spectral density —— in the Nozieres term from (12). So we have to
look for solutions Z;O) of < 0 imaginary part of the equation

M (@) =0 34
with
M @3 = M2 g) - r)2inp "Mz, ) (35)

3.4.1. Numerical results

The numerical solution of equation (34) is easy, if we use a certain formal calculation software, in which numerical
integration, evaluation of elliptical integrals and the search for roots of a function of the complex variable were
preprogrammed. The result is presented in solid line in figure 2a for the real part and in figure 2b for the imaginary part
of the continuum collective branch. As a function of the reduced wave number g, the imaginary part is monotonically
decreasing and seems to tend asymptotically to —co. The real part has a more interesting structure: starting from
2* (which corresponds to the expected unreduced eigenenergy 2A*),° it goes through a maximum Rez ~ 2.158 at
g =~ 3.403 before decreasing and, it seems, tending to zero at infinity.

6. We write 2* because the continuum collective mode disappears at ¢ = 0, see [3] and references cited.
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Figure 2: In the weak coupling limit A/ — 0, real part (a) and imaginary part (b) of the complex eigenenergy zq of the continuum collective

branch, i.e. of the modulus mode, of an unpolarized gas of spin 1/2 fermions, as functions of the wave number g. The rescaling of ¢ and zq into
79 when A/u — 0 at fixed g. Solid line: numerical calculation of the root

g and Z, according to equation (14) ensures that 7, has a finite limit Z
of function (35) in the lower complex half-plane. Short dashed line: Taylor expansion (38) of order 4 at low g. Long dashed line: asymptotic
L . _(0), =
s : 1 =

expansion (43) with large g, limited to leading order g for the imaginary part and 1/g for the real part. Dotted lines in (a): lower & )(q) =2and
(4 + @)"/? bounds of the energy interval which we have passed to analytically continue the equation on ZE.IO) in (35); it is also the

0 _
upper & () =
Wmdow for direct observability of the mode in the gas response functions [3]. These results are valid at zero temperature for a contact interaction
in the s wave, as in neutral particle superfluids, to which the Coulomb interaction can be added, as in the purely electronic BCS superconductors.

We give in (c) the acoustic branch, that is to say the phase mode dispersion relation, in a superfluid of neutral fermions, obtained by numerically
oV e [0, 2[; no analytic

solving the second equation in (23) at order 0 in the coupling constant g, i.e. the equation M(O) (w(O), g) = 0 of unknown
continuation is required. The short and long dashed lines correspond to the low and large g approximations in (47). Here, the position of the

minimum of the BCS dispersion relation € is ko = kr, the Fermi wave number of the gas

We also went in search of a type III continuum branch, analytically continuing the eigenenergy equation from the
2)1/2 4+oo[. To do this, we replace p(O)[H] with

upper half-plane to the lower half-plane via the energy interval [(4 + ¢

p(_ol i n (34, 35), where the notations are those of table 1. However, we did not find a solution. It seems indeed that

ImM ~ (z,g) < 0 all over the interior of the fourth quadrant of the complex plane (Rez > 0 and Imz < 0), for all
7

g.

3.4.2. Analytical results at low g
To analytically determine the behavior of the continuum collective branch with low reduced wave number, we

parametrize its eigenenergy as in reference [3], i.e. we set

7=2+ (c'] (36)

4
in function (35) then we make g tend to zero with a fixed coefficient £ in the lower complex half-plane. From the
integral form (31) and from the expression of the spectral density —— in table 1, we get®

X 4rmky . .1 1
Chixed,Im¢<0 4mmko { ﬂc’](\/g—_lwt{asmvz —n{)+c}2(§ B E)

M*fl[H] @9 G0 r )3 h2
17rq [(n — asin i)gz - (5= -1 } +0(3H (37

256 VZ

7. We checked it analytically at the edges of the domain, at infinity (|7l — +oo at fixed phase) and for § — +oo at fixed Z or at fixed Z/g

8. In (31), we first change the variable € = 2ch Q. We then distinguish the intervals Q € [0,Ag/2] and Q € [AG/2, +oo[, where A > 1
is arbitrary. On the first interval, we change the variable Q = xg/2 then we expand the integrand in powers of g at fixed x, by separating the
cases x < 1 and x > 1. On the second interval, we expand the integrand in powers of g at fixed Q. In the final result, we collect the terms
order by order in g and we make A tend to +oo in the coefficients. It remains to calculate some integrals of the form f dx Va2 — 1x/(x* = )" or

= —(n/4)In(1 — 1/¢) — (ir/2) asin(1/ v/Z) (Im ¢ < 0) knowing that

[ dxasin(1/x)x/(x* = )", n € {0, 1, 2}. For example, [, dxasin(1/x)x/(x> - {)

asing = —iIln(V1 — 22 +iz), ¥z € C\ (] = 00, —1[U]1, +00[).
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where the arrow reminds us that the analytic continuation has been made. It remains to replace { by a Taylor expansion
in powers of g, whose successive coeflicients are determined by canceling the right-hand side of (37) order by order.
The result,

| o = o — 1/(m — asin %) ~ (.236883 - 0.2956321i

) =2+ sz |60+ 03+ L7+ 0@ with { & =2ido(1 = 3¢0)/(Br /Lo — )= ~0.081630 — 0.014462 i
' g = GG | QU226 0,007 158 +0.016367
(38)

shown in short dashed lines in figures 2a and 2b, qualitatively accounts for the existence of a maximum on the real part
of the branch. The value of {; was already included in references [2] and [3]. It is interesting to note that expansion

(38) has a nonzero cubic term, unlike the acoustic branch, see reference [21] and our equation (47) to come from
which it is obtained.

3.4.3. Analytical results for a large g
To analytically determine the behavior of the continuum collective branch for a large reduced wave number, we
postulate a quasi-linear divergence of Z(qo) (in fact only of its imaginary part, see below). We therefore set

=24 39)

in function (35) and make g tend to infinity with a fixed coefficient Z in the lower half-plane. From the integral form
(31) and from the expression of the spectral density —— in table 1, we derive the asymptotic expansion ’

Z fixed,Im Z<0 4rmk

1
o [MO(Z 7+ Mz(Z 7+ o(q )] (40)

——um(Z’ q)

with coefficients that remarkably, depend slowly (logarithmically) on g:

q 17TZ 1-Z. 1-Z2 1+Z. 1+Z
Mo(Z, Q)—l( ) -t In ) In 3 1
Z-1 Z+ 1+Z 1-Z . 1 1 )
My(Z,q) = Zi (Z 1)—g2(z_ )—1 (4 )(m—2 ~In— —17r)+2g2(z)—2g2(—z)+417r1n2}

(42)

where g,(z) is a Bose function or polylogarithm. From the cancellation of the right-hand side of (40) order by order
in g, we therefore deduce an asymptotic expansion

10 - g2l o(:) 43)
q q

whose coeflicients also depend logarithmically on g. As one would expect from figures 2a and 2b, the coefficient of
the dominant term is pure imaginary:

Zo = —i¥, with In (5, 1472 /e) - (’21 + atan Yo) Yo (44)

9. We start by assuming that ImZ > 0. In the integral expression (31), we change the variable € = gx then we expand the integrand in

powers of 1/g at fixed x, distinguishing the cases x < 1 and x > 1. In the first case, p(,OZ(E]x, q) = %[x - q;—x In(4eq*x?) + o(1/?)]; in
the second, p(O) (gx,q) = Z”mko 1+ 5= ln b +1 + o(1 /qz)]- these expansions are taken from form (30), considering when x < 1 the intervals

u € [0, xA/q land u € [xA/q = 4/q 2)1/2] where A — +oo after expansion in 1/g. We come across the integrals I = fo dx 22 1” = g2(1/2)

and J = f dx In[(x = 1)/(x + 1)]/(xz) = g2((z + 1)/(z — 1)) — g2(1) (we made in J the change of variable X = (x — 1)/(x + 1) € [0 1] then we
performed a partial fraction decomposition). The final result is analytically continued from Im Z > 0 to Im Z < 0 through [0, 1] by the substitution
22(1/2) - g2(1/2) +2inIn Z, while g2(-1/2), g2(Z—-1)/(Z + 1)) and g2((Z +1)/(Z — 1)) remain unchanged since g»(z) has [1, +oo[ as branch
cut; similarly, the cleverly introduced functions In(1 + Z) remain unchanged.
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We don’t know how to solve the transcendental equation on the imaginary part Yy > 0 other than numerically. '°
The corresponding prediction is shown in long dashed lines in figure 2b. In the sub-leading term, the real part is the
most physically interesting part, because it provides an equivalent of the real part of the continuum collective branch.
Luckily, it is also the simplest one to write, since only the imaginary part of Z — M,(Z, §) takes a simple form on
the pure imaginary axis:

n? n?

ImMz(—IY, 6_]) =— VY>O0 then Re Zz = — (45)
Y (% + atan Y()) Yo

The result, tending to zero as 1/g up to a logarithmic factor, is shown in long dashed lines in figure 2a.

3.5. Acoustic branch for a contact interaction in the limit g — 0

As we know, our neutral fermion gas has an acoustic excitation branch g = hwg, purely real in the time-dependent
linearized BCS formalism used here, and extensively studied in reference [1]. We consider it useful, however, to give
some additional results in the weak coupling limit, where it can be rescaled as the continuum collective branch:

A—0

hwq 7fix
@ 15 50 (46)

and where it solves the second equation of (23). To simplify, let us neglect in the latter the small corrections pro-
portional to the effective coupling constant g. Then LT)%O) is a root of 7 — Mﬁ(z, G), without any need for analytic
continuation (unlike the case at nonzero temperature, where the branch cut on the eigenenergy equation reaches zero
energy, and where up to four complex acoustic branches can be found [22, 23]). By numerical solution, we plot the
acoustic branch in figure 2c: after a linear start in the reduced wave number, it saturates quickly (faster than a power
law) to the reduced value 2, that is, to the energy 2A of the lower edge of the broken pair continuum. On the same
figure are shown with a dashed line the analytical predictions

G 7 173
o0 - L, T, 1

e + 0@ d a0 -2
7 S0 5| a5 Tassso O ad

o~ -l 6e % exp[—(2g/m) In(G/e)] 47)

q—+

The one at low g is taken from reference [21]. The one at large g is original: we deduce it from the integral form (33)
of MO 11

4. Arbitrary interaction regime: the case of cold atoms in the BEC-BCS crossover

In a cold atom gas, opposite spins fermions are subject to short-range van der Waals interactions, of scattering
length a virtually adjustable between —co and +co by Feshbach resonance. In the case a < 0, however, the gases
are always prepared in the strong interaction regime 1 < kgla|, which alone ensures an accessible reduced critical
temperature for superfluidity 7,./Tr (we hardly know how to cool these gases in a controlled manner below 7' =
0.05Tg, where TF is the Fermi temperature [9, 24]). This contrasts with the weak interaction limit kg|a| < 1 in section
3. The ground state of the gas remains qualitatively the same, that is to say a condensate of T| pairs bound by the
Cooper mechanism in the presence of Fermi seas, but BCS theory becomes less quantitative. In addition, under pain
of having heavy three-body losses, the experiments do not leave the dilute regime kpb < 1, where b is the interaction
range '?; this condition, joined to 1 < kglal, now imposes that |a| > b: the interaction becomes resonant in the s
wave. In the case a > 0, there exists for b < a a dimer T| of characteristic diameter a in free space and the bound

10. By committing a relative error O(I/Yg) on Yy, we can replace the equation by 7Yy = In(gYp) whose solution is Yy = (—1/m)W_;(-n/g)
where W_; is the secondary branch of the Lambert function W.

. - 1 —EO)-x2[E(1)— 1 o 1 -
11. To do this, we had to overcome a non-trivial integral, [, dxw =, du B 342 ED 4 Iy du E(”l 1;(0) =1+5(n2-1) where

we made the change of variable x = u’, with the notation «’ = (1 — 1?2 as in §8.111 of reference [20].
12. We limit here, as in most experiments, to a broad magnetic Feshbach resonance, where the true range b and the effective range r, are of the
order of the van der Waals length ¢ = (mCg/h?)'/4, unlike narrow resonances for which —r, > b ~ £.
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pairs can be formed independently of the existence of Fermi seas; at sufficiently low density, the average distance
between fermions is > a and the ground state of the gas tends to a Bose-Einstein condensate (BEC) of dimers. Even
in this case, the experiments are limited to the resonant regime a > b, otherwise the dimer gas would have a short
lifetime under the effect of three-body losses. '* In practice, experimental studies focus on the crossover between the
two limiting cases BCS kra — 0~ and BEC kga — 0%, in the crossing interval —1 < 1/kpa < 1 made non trivial by
the interaction strength and made universal by the condition everywhere satisfied |a| > b [26, 27, 28].

In our model, the interaction range is represented by the spacing b of the cubic lattice. The resonant scattering
condition |a| > b (knowing that we always have kgpb < 1) therefore allows us to take the continuous limit b — 0,
which brings some welcome simplifications (section 4.1). The resulting spectral densities can be calculated ana-
lytically (section 4.2). After having presented observables of the continuum mode complementary to its dispersion
relation (section 4.3), we carry out a numerical study (section 4.4), then a detailed analytical study by successively
considering the limit of low wave numbers (section 4.5), that of a weak order parameter A/u < 1 (section 4.6) and
that of a weak and positive chemical potential A/u > 1 (section 4.7). All these results on the continuum collective
branch are obtained for ¢ > 0, where the BCS excitation spectrum ex = [(Ex — y)z + A?]'/? reaches its minimum
at the nonzero wave number ko = (2mu)'/?/h, and by analytic continuation of the eigenenergy equation through the
natural window delimited by its first two branch points €;(g) and €(g), which imposes 0 < g < 2kg [3]. We generalize
however the study in section 4.8 by carrying out an analytic continuation through the other windows (of energy higher
than €(g)) and by considering the case u < 0 where the BCS spectrum is minimal at k = 0.

4.1. Continuous or zero-range limit b — 0

Let us make the spacing b of the lattice model tend to zero at fixed scattering length a. We can first replace the
first Brillouin zone D by R? in the integrals T of (8); they were built to have a finite value in this limit. We then
notice, on its expression given at the beginning of section 2, that the on-site coupling constant g, tends to zero. We
can therefore replace gy by zero in the third column of matrix M in equation (7), which greatly simplifies the writing
of the determinant of M in the eigenenergy equation (11):

det M(z,q) = My, (z, QM__(z, Q) - [M,_(z, @) (48)

where M, are the diagonal elements and M, _ = M_, the non-diagonal elements of the upper left 2 x 2 block of M. '*
For the same reason, the inverse M~! appearing in time dependence (6) of collective variables is simplified: small
phase and modulus deviations from equilibrium of the order parameter only depend on the first two components of
the source vector of (6), which allows, without taking up too much space, to give the inspiring writing displaying the
determinant of M in the denominator:

6Aq(t)—6A*q(t)) fi’?‘“’ dz  eTm (M__(z, qQ M. (z, q)) e @@ + 25 (2 Q)
0A¢(1) + 6AZ (1) g0 207 det M(z, @) \-M1—(2,q@) M.z @) J\Zy . (2 @) + Zy (2, Q)

) (49)

On the other hand, the small density deviation 6pq(#) depends on the three components of the source vector and
involves other matrix elements of M than those of (48); for simplicity, we will therefore not study it here, although it
is more directly measurable than the deviations of the order parameter.

For the numerical and analytical studies to come, it is advisable to express the useful matrix elements of M in
terms of the corresponding spectral densities (13), these being anyway required by the Nozieres analytic continuation
(12). It is straightforwardly done in the case of M _: it is enough to insert in the integrand (8) of X5, the integral of
0(€e — exq) on all energies € > 2A, which is obviously equal to unity, then exchange the integration on the wave vector
k and on € to reveal the spectral density p,_ as in (13). We get

+00

M, (z,q) = 2n)~ f

2A

dep,_(e,q) ( ) (50)

+
I—€ Zte

13. The elastic collision rate would become lower than the inelastic rate, which would compromise evaporative cooling [25].
14. Equation (48) is already in [1]. It is also equivalent, given the identities (25), to the zero temperature limit of equation (2.6) of [2], except
that this reference approximates the chemical potential u by Fermi energy er in the BCS dispersion relation.
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The case of the diagonal elements My, s = +, is made more delicate by the necessary presence of the counter term
1/2¢; before applying the same procedure as for M, _, we therefore introduce an arbitrarily large cut-off A on the
energy egq of a broken pair, using a factor ©(A — €q) (O is the Heaviside function), then we separate the counter-term
from the rest. In the rest, we use a minus-plus trick, taking advantage of the fact that the spectral densities ps,(€, q)
are equivalent at high energy to p.,(€) = m(m/h*)*?€'/2, proportional to the density of states of a free particle of mass
m/2. '3 It finally comes:

Cc(A oo 1 1 2
Moo = g v [ de[pss(e,q)( - )+—pw<e)], Vse ) 51)
(2m) 2A 7Z—€ Z+e€ €
In the regularization scoria
ekl 2m 2m\*?
A) = 4p(2A — = - == |=2r|=] AY2[1+L(u/A 2
) = 4pu >+fR3 2(ek W) ”(nZ) [+ L/ )] (52)

appears an integral on k already calculated analytically in [19], see the function I;(u/A) of this reference, but of
which we give here, by hyperbolic parametrization, the more compact expression /;(sh7) = cht(2e")"/? K (ie”) —
(2¢7)'? E(ie"), where E and K are the complete elliptical integrals of second and first kind as in §8.112 of reference
[20]. To be complete, let us note that a more beautiful form, without regularization scoria but with a more elaborate
counter-term, is easily deduced from identities '°

M, (0,0)=M__2A,00=0 (53)
Just subtract from (51) with s = + its value for (z = 0, q = 0), which is zero, and from (51) with s = — its value for
(z = 2A, q = 0), also zero, to obtain
S 1 1 2
M, (z,q) = (2n) de|pii(e,q) - + —p1+(€,0) (54)
2A z—€ Z+€ €
M o) = Qo fwd (@ —— - — €0 1 (55)
__(z, = 7r elp__(e, - —p__(,0)| —— -
“4 2A P q 7—€ Z+E€ p 2A—€ 2A+e€

The spectral densities have a simple analytic expression at zero vector wave, !7 but much less simple at nonzero q as
it will appear in the next section 4.2.

4.2. Analytical computation of spectral densities
4.2.1. Non-analyticity points €,(q), €(q) and €3(q)

To perform the analytic continuation of the matrix elements M,y (z,q) as in (12), we must first find the points
of non-analyticity in € of the corresponding spectral densities p,y (€, q) on the real axis. This work was carried out
qualitatively in reference [3] and the physical origin of these points was explained. We therefore give here a purely
quantitative discussion.

Let’s start with the richest case, u > 0 and 0 < g < 2k, with ky = (Zmy)l/ 2 /k here, which has two or three points
of non-analyticity. The extreme points are given by

29 1/2

2
B
€(q) =2A and €(q) = 262 =2 [(—q —,u) +A?

&m (56)

15. Asymptotically, the introduction of the factor ®(A—ekq) amounts to cutting the wave number k or the kinetic energy Ey since exq = 2EK+O0(1)
when k — +co. Since the weights Wlfq tend to 1 in this limit, with a difference O(1/k*), we deduce that Pss(€,q) ~ po(€) as advertised. In the
integral on e still cut-off at A by the factor ®(A — €), we subtract from the integrand its equivalent (=2/€)p(€), which allows us to take the
limit A — +o0; the integral of the remaining bit fz/z de (—2/€)p(€) is easy to calculate. In the integral on k of the counter-term, still cut-off by
O(A - ekq), we subtract from 1/2¢ its equivalent 1/2E, which makes it possible to take the limit A — +oo; the integral of the remaining bit
f PPkOA - €kq)/2E is easily calculated in the limit of large A since we can replace exq with 2E.

16. We establish them by direct substitution in integral forms (8): taking into account (10) and el% = flz( + A2, the integrand is identically zero.

17. We limit ourselves for brevity to the case g > 0 and introduce the intermediates p4(€) = (1/2)(2m/h>)>/?[u + (€2 — 4A%)'/2 /21112, with
p+(€) of support [2A, +oo[ and p_(€) of support [2A, 2(A? + uz)l/ 2 (any function is by definition zero outside its support). Then p__(€,0) =
[p+(€) + p (O — 4A) 12 [€, py (€, 0) = [ps(€) + p-(e)le/ (€2 — 412 and p, _(€,0) = p.(€) — p_(e).

15



where €;(g) is simply the lower edge of the broken pair continuum [1, 29]; their expression appeared in [3]. Note that
&(g) merges with €(q) at g = 2k, which is the upper edge of the considered ¢ interval. Let us now introduce the
wave number g, function of the interaction strength and always located in the interval [0, 2k¢]:

1/3

1 ) A .
~R =1+ 881+ —1] —A2/3[(1+A2)” +1] (57)

4
where we thought it best, for simplicity, to express g in units of ky and the order parameter A (here width of the BCS
gap) in units of u. This rescaling, identified by a Czech accent, amounts to setting 7 = 2m = ko = 1 and can be applied
to any wave number ¢ and any energy e, as follows:

§= k% and &= 5 with ko = 2m)'2/h here (58)

Then, for all g €]0, go[, there is a midpoint of non-analyticity € (g), therefore strictly between €;(g) and €3(g), given
after rescaling by the largest real root of the polynomial of degree eight:

Py(X) = [X* =7+ P IX -7 Q=T — 481 - @G- P - @4 =~ P)F - 364'X7| - 4328%°X° (59)

Expression (57) of gg and that (59) of the polynomial Pg(X) will be justified in section 4.2.2. In g = gy, this midpoint
disappears by merging with e3(q). For g €]qo,2ko[, there remains only the two points (56), but we will however
set &(q) = €(g) in the following for simplicity. '® This discussion of the points of non-analyticity is illustrated and
summarized in figures 3a and 3b. We complete it with some analytical results. First, as seen in figure 3b, ¢ has the
following limiting behaviors at weak coupling A/u — 0* and for a vanishing u/A — 0" chemical potential:

« v 2 v
é() = 2 21/3A2/3 + O(A4/3) and Z]O L= % + O(A—z) (60)

A—0 A—+o0

and remains always greater than 2/ V3 therefore than 1. Then, as we see in figure 3a, &(¢) exhibits, as a function of
g, an absolute maximum at g = ko, around which we have the Taylor expansion:

. )1/2_ G- 1)7?

&G = A+(1+A2 — 4+ 0@G-1) 61
2@ = A+ ( TTan ka0 1)

In g = 0, e2(g) quadratically merges the point of non-analyticity €;(g), as already written by reference [3]:
&) = 2A+ 7 /A+ 0@ (62)
q—)
Finally, in the limits of large and of weak A/u taken at fixed g/ko, one has simple expressions

. PO-F §
2A+%+0(1/A3) and  &(3)

A—+oo A—0+

4<d0(00)=2/ V3 gfixed €]0.2[

2
5@ O L)
Let us specify the nature of the singularities of the spectral densities at energies €. €(g) and e(g) are kinks for the
three spectral densities p+, p—— and p,—_. €(¢g) is a point of discontinuity for p,, and a kink for p__, see (74), but is
nothing for the spectral density p,_ which remains zero at positive energies up to € = €(q).

Let us end with the poorest cases: when ¢ > 0 but g > 2ky, or when u < 0 (the BCS dispersion relation ¢ is then
minimal at k = 0) but ¢ arbitrary, there remains only one point of non-analyticity of the spectral densities on the real
axis, namely € = €3(g) [3], which is none other than the lower edge of the broken pair continuum at wave number ¢
[1,29]. 1

18. The function « largest real root of Pg(X) » naturally continues to exist for g > go; it tangentially meets the function e3(g) at ¢ = go (same first
but not second derivative) and becomes smaller than e3(q) beyond this point. Note that €3(g) has an inflection point in g = go, d>e3(q = go)/dg* = 0,
as predicted by the method of reference [3]: the first function k = €442 + €rg/2) introduced in footnote 19 to come has a maximum at k£ = 0 for
g < qo and a minimum for g > go.

19. These results are obtained with the method of reference [3], which connects the points of non-analyticity in energy of the spectral densities
with the absolute or relative extrema of the functions k = max, €xiq/2 + €k—q/2 = €k+q/2 + €kq/2) and kK = miny egq/2 + €k—q2 = 2€(k2 + P2 IH12

—
where u = cos (k, q). In the two poor cases considered, these functions are strictly increasing over R* because —u + h2¢*/8m > 0.
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Figure 3: For a gas of fermions of zero-range interaction (case of cold atoms) and chemical potential u > 0, we show in (a) the energies €,(g),
n € {1,2,3}, points of non-analyticity in the spectral densities € — p;y(€,q) on the real axis as functions of the wave number ¢ in units of
ko = (Zmy)l/ 2/, for different values of the order parameter A/ = 1 (black), A/u = 2 (red), A/u = 1/2 (blue). The horizontal black dotted line
showing €;(g) = 2A is common to the three coupling values since the energies are expressed in units of A. For a given value of A/u, the lower
solid line shows ex(g) and the upper solid line shows €3(g), the two curves joining at a certain critical wave number ¢ = go(A) (vertical dashed
line), given by (57), beyond which they coincide by convention (&(g) = €3(g)). The two energies € 2(g) separate at ¢ = 0 and the three energies
€,(g) join at g = 2ko, whatever A. Similarly, the curve € (g) reaches its maximum invariably at ¢ = ko (black vertical dotted line), to the left of
q = qo. We show in (b) the critical wave number g as a function of A with a solid black line. This one therefore separates the band R* x [0, 2kg]
in the plane (4, ¢) into a higher domain where €(¢) = e3(g) is given by equation (56), and a lower domain where & (q)/u < e3(g)/u is the largest
real root of polynomial Pg(X) of equation (59). At the border, € (¢) undergoes a second order transition (continuity of € (¢g) and its first derivative
but discontinuity of its second derivative dzez(q)/dqz, see footnote 18). Dotted and dotted lines: limiting behaviors (60) of go. We carry out in (c)
a graphic discussion of equation (71) on s by representing the right-hand side (solid black line, vertical and horizontal asymptotes in dotted lines)
and the left-hand side (oblique straight lines in color) as functions of the unknown, for g = 2k /3, € = 5A/2 and different values of A/u [2/3 (light
green), 0.7607084 (dark green), 9/10 (orange), 32/27 (red), 2 (purple), from top to bottom at s = 0]: in the interval [—1, 1], delimited by thin
continuous vertical lines, there is then successively O root (case € < e2(g)), 1 double root (case € = e2(q) < €3(g)), 2 roots of absolute value < 1
(case e2(q) < € < e3(q)), 2 roots of which one is equal to —1 (case € = €3(g)), and finally 1 root (case € > €3(g)). In the spectral densities, it is
necessary to integrate on s € [—1, 1] where the black curve is below the oblique line plotted at the considered energy (see discussion around (71)).

4.2.2. Expressions of spectral densities

In the continuous limit of the lattice model, the spectral densities (13) can be expressed analytically in terms of
elliptical integrals. This computational breakthrough will greatly simplify the numerical and analytical studies that
follow; in particular, it makes it possible to immediately carry out the analytic continuation of the spectral densities to
complex energies z as required by the procedure (12), since the properties of elliptic integrals in the complex plane are
known. >’ We give here the expressions of the spectral densities in the most interesting case u > 0 and 0 < g < 2k,
see table 2. To make the writing compact, we have rescaled the energy € and the wave number ¢ as in (58), the spectral

densities as follows:
2mk

T Par (&) (64)

then we have introduced for the energies € > 2A the hyperbolic changes of variable (Q > 0),

Pss' (e, (I) =

and thQ =

¥2 _ 4&2 1/2
chQ = E-4"

W2 4X2N1/2
. shQ= ﬂ (65)

B

20. The elliptical integrals E(¢, k) and F(¢, k) have as functions of k2, in their principal value, the branch cut k2sin> ¢ € [1,+co[, that of
(1 — k% sin? ¢)1/2.
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and defined the following functions of an angle ¢ € [0, r],

Y da cos’a sh’Q sh2Q sin y cos ¥ F(u,thQ)
(W)= =EW,ishQ) + —F(y,ishQ) =chQE(u,thQ) — . 66
J--W) fO(HShQQ Sy (y,ishQ) (L sh2Q sin?) 2 (¥,ishQ) =c (u ) 4(chQ )
Y dach’Q sh2Q sin y cos ¥
= = E(),ishQ) + =chQE(u,thQ 67
J+ ) fo (1+sh*QsinZa)3/2 W (1+sh2Q sin’y)! /2 ( ) 7)
Yda cos ashQch Q sh Q ch Qsiny
f+—(¢) Ef 2 .2 2 = 2 ) 2 (68)
o (1+sh"Qsin“a)3/ (1+sh*Q sin“y)Y/

where E(¢, k) and F(¢, k) are the elliptic integrals of second and first kind in the definition §8.111 of [20], we used

§8.127 of [20] and we set
cos

U = acos QT Qs o’ (69)
The calculations leading to these results are exposed in Appendix A.2, but let’s give the main lines here. In the
integral form (13) of the spectral densities, written in spherical coordinates of axis q, one carries out immediately the
integration on the azimuthal angle thanks to the rotational invariance of axis q then, with more effort, on the polar
angle thanks to the Dirac distribution fixing the energy of the broken pair in the integrand. It remains to integrate
on the wave number k. However, the polar angles where the argument of the Dirac distribution vanishes must take
physical values, which imposes constraints on k. First, they must be real, which restricts & to a certain segment which
is cleverly parametrized as follows:

vAay1/2
2(8-4&)’ s where se[-1,1] (70)

The integral on k therefore boils down to an integral on s. Then they must be in the range [0, r]. To implement this
constraint, we must solve the following third degree equation on s, which expresses the fact that the polar angles reach
the edges 0 and 7 of the allowed interval:

4P (1, w12 Fl 1-5
éz |:§(€ —4A) S+1—Z _T_SZ (71)
a4k

The polar angles are between 0 and 7 when the right-hand side of (71) is less than the left-hand side. The graphical
discussion in figure 3c shows that, for ¢ small enough, three cases arise: (i) at fairly low energy, equation (71) has no
root in the interval [—1, 1], and we can therefore integrate on s in all [—1, 1]; (i) at intermediate energies, equation
(71) has two roots s; and s, (57 < s3) in [—1, 1], and we must integrate on s in [—1, s;] U [s7, 1]; (iii) at fairly high
energy, the root s; goes below —1 and equation (71) has s, as the only root in [—1, 1], so that we must integrate on s
in [s;, 1]. These topology changes of the integration domain on s are at the origin of the points of non-analyticity of
the spectral densities. The point € = e;(g) in section 4.2.1 corresponds to the transition between the cases (i) and (ii):
s1 = s is double root and the discriminant of equation (71) vanishes, which leads to Pg(&(q)) = 0, where Pg(X) is
the polynomial (59).2' The point € = €(g) in section 4.2.1 corresponds to the transition between cases (ii) and (iii):
we then have s; = —1, as we can verify by direct substitution of s by —1 in (71). When ¢ is too large, the scenario is

21. It remains to show that &(g) is the largest real root of Pg(X). To this end, let us work on the polynomial P4(X) of degree 4 with real
coeflicients such that Pg(X) = P4(X?). In Lagrange’s method, the roots of P4(X) are expressed as functions of those of the associated degree 3
polynomial R(X) called resolvent cubic. We have the following result: if R(X) (with real coefficients) has only one real root, this one is positive
and P4(X) has two real roots x1 and x, and two complex conjugate roots zp and z(*). Now, R(X) actually has only one real root since its Cardan
discriminant § = (5122/27)A%(1 + A%)§'2[27A% + 72A%5* + 163°(4 — 3*))? is > 0 for 0 < § < 2. To show that x; and x, are of the same sign, we
use the Vigte relation x;x2|zo> = P4(0) = §°(4 — 512)3[452 +3@ -1 >0. Finally, the roots x; and x; are > 0 since one of them is none other
than ég(q); to show that this is the larger of the two, we verify that this is true for A — +co (é%(q) is the only one root of P4(X) which diverges)
then we use a continuity argument up to A = 0% (the resultant of P4(X) and of its derivative P} (X), proportional to §, never vanishes so P4(X) has
no double root, and x; and x; cannot cross). This demonstration does not apply for A =0, where Z0 has a real limit, x; and x, merge and é%(q) is
this time the smallest root of P4(X).
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simplified: when we increase the energy starting from the case (i), a double root s; = s, certainly appears in (71), but
this root is < —1, it is not in the interval [-1, 1] and we can continue to integrate on s € [—1, 1]; the energy continuing
to increase, s, reaches —1 then exceeds it while s; remains < —1: we jumped directly from the case (i) to the case
(iif). The value g of g separating the two scenarios (i) — (ii) — (iii) and (i) — (iii) is therefore such that the double
root s = s, of (71) appears exactly in —1; by writing that s = —1 is the root of (71) and its derivative with respect to
s, We come across a cubic equation on qz, equivalent to the condition d’e (@/ dq2 = 0 of footnote 18, and of which
(57) is actually the real solution.

To be complete, we give, when € > €,(g), the expression of the two smallest real roots s; and s, of equation (71)
in terms of the Cardan angle y spanning [0, rr]:

Y, (2 +125°8)2 13,

- = cos where Y, = & — V2(4 - Vz)
65]2@2 _ 4A2)1/2 35]2(62 _ 4A2)1/2 3 q 4 q

S12 =

Yo(¥2 - 368%4") + 216 €44 A2
(Y2 + 1244823

and y = acos (72)

Note also that the change of variable s = cos @, where @ € [0, ], was carried out, as we see on the integration variable
in the definition of the functions f;y () and on the value of their argument in table 2. Finally, we can verify that, in
the weak coupling limit A/u — 0% at § = 2§/A and € = &/A fixed as prescribed by (14), tables 1 and 2 agree; funny
remark, there is in fact a perfect agreement on the spectral densities p[slsl] even before taking the limit (only the upper
bound of the interval II is different for finite A/u). The calculations leading to table 2 easily extend to any g and to
any sign of y; thus, for 4 > 0 but ¢ > 2k, the spectral densities are identically zero for € < e3(g) and of the form III
otherwise, as it appears from the end of section 4.2.1.

4.2.3. Behavior of spectral densities at high energy and at the edge of the continuum
Let us give two very simple applications of the expressions of spectral densities from table 2. The first is a high
energy asymptotic expansion,

[ARCY) 212 [1+@A2/&)(1 = 5¢/12) + OE™)]

<y T2, ax2\1/2 q W2 4X2yx2 X2 /%3 ) ¥4

pED|, = on (& +40?) " +2- = (& —4A)E2 [1+ (@A) - 1332/12) + O(E™)]
b (&) T (& —4A)12ET 1+ @A2/E)(1 - 32 /4) + 0(E™)]

(73)
useful above all for controlling and reducing energy truncation errors in the numerical calculations of section 4.4. At
the order of this expansion, however quite high, we have the impression that p,_ is the geometric mean of p,, and
p-—, which is not true on any neighborhood of infinity [see the integrals in (66), (67) and (68)] unless g = 0 (see
footnote 17). The second application is a Taylor expansion at the lower edge 2A of the broken pair continuum (here
0<g<2):

2 2
. s 1, L A Y ., x I . o L AX3
P(€,9) = —<|A+ —=(€—-2A)+ O(&-2A) and P__(&q) = -—<[(€—2A)— —(€-2A)" + O(€-2A)
e2h 24 4 e-2A+ 4G 8A
(74)

We then see, by means of (51), that M, (€ + i0*, §) exhibits on the real axis at & = 2A a logarithmic singularity in its
real part and a discontinuity in its imaginary part:

%
. A . . "
M, (+i0%,§) = } (27r)‘3 T [In|€ = 2A| — ir O(€ — 2A)][1 + O(€ — 2A)] + smooth function of € (75)

é-2A 2g
which explains the sharp peak (with vertical tangent) in the intensity of the modulus-modulus response function at the
angular frequency 2A/h, observed but not interpreted in reference [3], and which has nothing to do with the Lorentzian
peak of the continuum mode (see section 4.3). In M__(& +i0*, §), this edge singularity is reduced by a factor & — 2A.
As for M,_(&,§), it is of course a smooth function of & around the edge since the spectral density p,_ is identically
zero on a neighborhood of the edge. The matrix elements are here rescaled as in (84).
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pg}r/](e’ ) = 3% Sre (E — asin 52)]
g L
. L. AT b8 .
PV ) = 2 Se- (5 — asin Sz)]

Table 2: Spectral densities ——, ++ and +— of (13) in the continuous limit » — 0 of our lattice model, as functions of energy € > 0. The interaction
strength is arbitrary but we have limited ourselves to the richest case u > 0 and 0 < g < 2ko, where ko = (2mu)'/2 /v is the wave number minimizing
the BCS dispersion relation €. On each interval between the zero energy, the non-analyticity points ¢ given in section 4.2.1 and the infinite energy,
these are smooth functions of € with different analytic continuations to complex energies, hence their numbering in Roman numerals. E(k) and
K(k) are the complete elliptic integrals of second and first kind (see §8.112 of [20]); Q €]0, +co[ is a convenient hyperbolic parametrization (65) of
the energy when it is greater than 2A; in the fourth and fifth row of the table, the two forms given are equivalent since E(thQ) = E(ishQ)/chQ
and K(th Q) = ch Q K(i sh Q), including for complex Q as long as Re ch Q > 0; the functions f__, fi; and f;_ are those of equations (66), (67) and
(68); s1 and s; are the real roots of (71) less than 1 sorted in ascending order, when they exist, and are given by (72). When ¢ > go, where g is
given by (57), we actually have ex(q) = e3(g) (see section 4.2.1). The energies and wave numbers are rescaled as in (58) and the spectral densities
as in (64).

4.3. Characterizing the continuum collective branch: dispersion relation, spectral weights, optimal excitation and
observation channels

From an experimental point of view, the presence of a complex energy z4 in the broken pair continuum results in
a visible Lorentzian peak in the intensity of the gas frequency response function introduced in [3], or if one prefers
in the modulus squared of the Fourier transform of the time response (6), of the form w — |Z/(hw — zq)l2 where w
is the angular frequency, at least if (i) the central energy Re z4 of the Lorentzian is in the interval [e,, €,] between the
points of non-analyticity through which the analytic continuation is carried out (¢€,/h and €,/h thus delimit an interval
of observability in angular frequency) and (ii) half-energy-width | Im z4| of the Lorentzian is sufficiently weak that one
can easily separate it from the broad contribution of the continuum [3]. We thus see that the mode is characterized by
three real quantities, its angular frequency Re z4/h, its damping rate | Im z4|// and its spectral weight, proportional to
|Z|?, where Z is the residue of the pole z4 in the analytic continuation of the experimental response function.

To characterize the continuum mode, we must first calculate its complex energy zq, by solving equation (48) after
analytic continuation as follows:

0 = det M(zq, Q) = Mis | (2q, QM-— (24, Q) — [Ms— (2, @17 With My (z, @) = My (2, Q) — 20)2imp M (z, q) (76)

We indeed perform especially the study for 4 > 0 and 0 < g < 2k, and for an analytic continuation through the type II
interval, that is 2A < € < €(g), see table 2; the other cases are treated in section 4.8. Then we calculate the residue Z.
For this, we start from the temporal expression (49) of small deviations of the order parameter and, in the integrand,
we expand in the vicinity of z = z4 the inverse of matrix M analytically continued and here restricted to its upper left
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2 x 2 block, which brings up a matrix residue M:

- M : ! M@ ~M, (g @)
M|(zq.q)"" = +0(1) with M= —( 1(Zq q a7
1Zq-4 =24 T Zg (diZ detMl) (z¢> Q) -Mi_|(2q.qQ) Mii)(2¢,9)

If the excitation only perturbs the phase of the order parameter (+ channel, first coordinate) and we measure the
response on the phase of the order parameter, the relevant residue is Z, = (+|M|+) = M__|(zq,q)/ (d% det M)(zq, Q).
Conversely, if we initially excite and finally measure only the modulus of the order parameter (— channel, second
coordinate), the relevant residue is Z_ = (=|M|-) = M, (24, q)/ (d% det M|)(zq, q). In the general case, the residue Z
in the gas response is a linear combination of the matrix elements of M, with coefficients depending on the excitation
applied to the gas and the measured observable. By applying the residue theorem to (49) as in figure 1, we find the
contribution of the continuum mode to the time signal:

Signal(t)lpoleZq = Ze_izqt/h with Z = <X0bs|MI/\/exc> (78)

where the amplitudes (yqbs|+) and (yops|—) are those of the observable measured in the phase and modulus channels,
and the amplitudes (+|yexc) and (—|yexc) are those of the excitation applied in these channels. Note that |yex.) has
no simple expression, but involves the source vector in (49) analytically continued to z = zg, itself a function of the
applied excitation through y;fq therefore of the initial perturbation of the BCS state vector (1). However, since matrix
M is by construction of zero determinant, it is generally of rank one; after some thought, we manage to put it in a
particularly simple dyadic form, in terms of vectors ¥ normalized to unity, after having factored out a reduced real
global residue Zgp:

copty _ H-172( (2 17,1172
Wexe) = Zopy (-az&“)*)“(efwzﬁwz)
M = Zopl ¥ N Rkl with and &€ {+,-} (79)

obs 12 ,
AOpty _ ——1/2( Z,° |z, |12
Wons? = Zopt (_oz12) & etz i

The reduced global residue is simply the sum of the moduli of the particular residues Z, and Z_. As we can see, the
vectors of the dyad are expressed in terms of these moduli and of an angle 6, relative phase of the modulus-phase
coupling amplitude and of a diagonal coupling amplitude in matrix M analytically continued in z4:

Zopt = |Z4| +|Z-| and 6 = arg[-M._(zq,qQ)/ M- (24, Q)] (80)

We understand that arg(Z_/Z,) = 26 since Z,/Z_ = M__|(zq,q9)/M+1(zq,q). By comparing (79) and (78), we
see that (,ngﬂ gives the optimal observable, that is to say the relative linear combination of the phase and modulus
channels to be observed to maximize the residue |Z| therefore the weight of the continuum mode in the experimental
signal; similarly, |[f) gives the relative amplitudes of the excitation which must be produced on the phase and the
modulus of the order parameter to maximize the weight of the continuum mode in the signal, for a fixed observable. If
these optimizations are made jointly on the excitation and the observation, one achieves the maximum modal weight
accessible for fixed norms of (xqps| and [yexc), of residue Zoy|lobsll [lexcll- To compute the denominator of M in (77),
we need the spectral density derivatives with respect to z, which can be written simply (see §8.123 of [20]):

Hen=—otlen ad gl - %ﬁﬂ] ) (81)

az’ —4A az’

where Z = z/u as in (58). The derivative of the matrix elements of M is obtained by differentiation of the forms (50,
51) under the integral sign.

4.4. Numerical results on the continuum collective branch

We solve numerically the eigenenergy equation (76) on the continuum mode, by evaluating the integral forms (50,
51) and the elliptic functions in the spectral densities of table 2 as in section 3.4.1. Here, u > 0 and the analytic
continuation is done through the interval II, 2A < € < €(g), so that the wave number g varies between opening
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point g = 0 and closing point g = 2k, of the interval. The dispersion relation, the residues in the phase and modulus
channels, the optimal reduced residue Z,, and the angle 6 defining the optimal observation channel thus obtained
(see section 4.3) are shown in figure 4, for a weak coupling A/u = 1/5, a strong coupling A/u = 1 and a coupling
A/p = 10 close to a zero chemical potential.

In all cases, the imaginary part of zq is a decreasing negative function of the wave number ¢. The real part has a
richer behavior in weak coupling: it passes by a relative maximum > 2A then by an absolute minimum < 2A at weak
g, before starting to grow approximately linearly at large ¢g. In strong coupling, the rich structure is maintained but is
stretched in wave number (the absolute minimum is located at g = ko) and the relative maximum is hardly noticeable.
Near the zero of u, the real part in turn becomes a decreasing function of ¢, and is everywhere less than 2A, which
does not really bring the mode into the gap [0, 2A] since its complex energy zq remains separated by the part of the
branch cut folded over ] — oo, 2A] in the prescription (12); in particular, we do not expect a Lorentzian peak in the
response functions of the system at the angular frequency w = Re zq/h because it is outside the observability window
(see section 4.3 and reference [3]). The situation is the same for the part of the branch with Re zq > e (g), which is
separated from the real physical axis by two superimposed branch cuts, the one existing and the one coming from the
folding back on [€(g), +oo[ of part of the branch cut [2A, e2(g)]. Paradoxically, we notice that the largest real and
imaginary parts of Z, — 2A in absolute value over 10, 2ko[ are reached in the weak coupling regime rather than in the
A/u > 1 regime.

The residue Z_ in the — channel of the modulus deviations of the order parameter strongly dominates that Z,. of the
phase deviations, as we see in the second column of figure 4, except in weak coupling for g = ky where |Z,| = |Z_|; the
dominance of |Z_| is particularly clear at low ¢, where |Z,| tends to zero much faster than the linear law followed by
|Z_]. From the point of view of its spectral weight, the continuum mode therefore remains here essentially a modulus
mode, as it was in the weak coupling limit at g/ky = O(A/u), even if the phase-modulus coupling M, _ in matrix M
cannot absolutely be neglected in the calculation of its eigenenergy zq, on the contrary of equation (34). As for the
relative phase 6 between the two channels maximizing the spectral weight, in the third column of figure 4, it grows
vaguely linearly in g over the entire interval ]0, 2ko[, except in weak coupling where it reaches a plateau close to zero.

The analytical studies of sections 4.5, 4.6 and 4.7 provide a physical and quantitative explanation of these obser-
vations.

4.5. The continuum collective branch at low q
As in the pioneer reference [2], first of all it is necessary to study analytically the continuum mode at low wave
number. Here we largely resume the results of [3] at infinitesimal g (section 4.5.1) by refining them (section 4.5.2

specifies the domain of applicability in wave number) and extending them to other quantities than zq and Z_ (section
4.5.3).

4.5.1. The quadratic start and its coefficient

As shown by reference [2] in the weak coupling limit A/u — 0 and reference [3] for any coupling A/u > 0, the
continuum collective branch (for an analytic continuation of type II) has a quadratic start at low wave number g:

2
24 = 2A + {CIX +0() (82)

with a complexe coefficient £ solution in the lower complex half-plane of the transcendental equation 2

+1287% [M,_(2A,0)]> = 0 (83)

[n — asin %} [(n — asin «/LZ)( - Vi-1

The non-diagonal element of M, that is to say the phase-modulus coupling, is written here at zero order in g therefore
at energy 2A and at zero wave number, in a dimensionless form which we will apply in the following to all the matrix

22. By setting S = 2(r —asin %), we also have £ = 2/(1—cos §) with S solution of S (S +sin S )+256x2 [M,_(2A, 0)]2(1 —cos S) = 0 (knowing
that [(1 + cos §)/(1 — cos $)1/2 = —sinS/(1 — cos §)), which in the weak coupling limit looks like equation (2.16) of [2].
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Figure 4: In a gas of fermions with zero range interactions (case of cold atoms) and chemical potential 4 > 0, in column 1: complex dispersion
relation g + zq of the continuum mode, obtained by numerical solution of equation (76); the analytic continuation is of type II, therefore g spans
10, 2ko[ where ko = (2my)'/? /1. Solid black line: real part shifted from its limit 2A at the origin; solid red line: imaginary part. The order parameter
is equal to on row (a) A/u = 1/5, on row (b) A/u = 1 and on row (¢) A/u = 10. In column 2: residues |Z,| (green) and |Z_| (red) of the mode
in the phase (index +) and modulus (index —) channels of deviations of the order parameter from equilibrium, and accessible reduced maximum
residue |Z,| + |Z_]| (black), as functions of the wave number ¢ in units of ko, after rescaling as in equation (84). In column 3: angle 6 appearing in
the optimal excitation and observation channels (79) allowing to reach the reduced maximum residue |Z;| + |Z_|. The insets in (al) and (bl) are
enlargements.

elements and by ricochet to the residues:

2mk0 v v v h4k() v
Ms‘s’ (Z7 Q) = ?M‘\'s’ (Z7 CI) and Zi = Wzi (84)
By setting 1/A = sh, we take from [3] the explicit form
. . 2t _ 1 1/2 K(ieT
M, &0y = - =D Re e ien) - (e ie™) + X9 | <0 vaju>0 (85)
(27)? sht

We also reproduce the low and large A/u expansions of [3], by pushing the calculation one order further at large
A/ u: 23

T

22 (AV A o 128 . 24iV2 cih 5 4 .
% In> —+O0(A*In“A) and ¢ = —-——[[(5/H]*A- 1\/_[F(5/4)]2A1/2+—+—+O(A‘1/2)
8e Aotoo T /2 22 3

(86)

= &
Aot T Lo—1

00

23. In (86), we used, among other things, the non-trivial fact that Re I1(e7, ie7) —())+ K(@) — E(i)/2; compared to [3], we preferred to show a I"
T
function rather than elliptical integrals, using identities K(i) = (8/mY2[(5/4)1% and E(i) — K(i) = [[(3/4)1%/(2m)'/2.
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The value ¢ is that (38) of the weak coupling limit, and it should be noted at large A/u that ¢ is real at the dominant
order. Reference [3] also gives an equivalent of Z_, see our equation (92). It is not useful here to specify the value of
the exponent @ > 0 in (86).

4.5.2. Validity regime of the quadratic approximation

Reference [3] does not specify up to what value of ¢ we can be satisfied with the quadratic approximation (82) on
Zq. Let us therefore make a critical review of the various approximations leading to it. Essentially, [3] sets k=1+gK
in the integral definition (8) of the matrix elements of M and, in spherical coordinates of axis ¢, made ¢ tend to
zero under the integral sign at fixed K. In the denominator of the integrand, this supposes a quadratization of the BCS
dispersion relation ¢ around its minimum (reached in k = 1), which actually concatenates the two following quadratic
approximations,

. . o 20k - 1)?
& = [ =1 + 12 ~ [4k - 1) + 212 =~ A + (T) (87)
whose global validity condition is 5
|k — 1| < min(1, A) (88)

We end up in fine with equivalents (u is the cosine of the polar angle): **

o 4K (¢ = )
V) 1, g f | Rrepn w0 -G :0_4A(27r)3f | Ereron
(89)

whose explicit integration and analytic continuation from Im¢ > 0 to Im{ < 0 through [0, 1] (this is the interval to
choose given the behavior of &(g) at low ¢ in section 4.2.1) gives [3]

Moo ) in?A ( 1 ) & M) in’g [( 1 ) 7 1] ©0)
Z5»4) ~ ————|m—asin—| an Gy ) ~ - = [[7 —asin — | - ¢ -
++1 &g, 4 >0 (213 V7 g, g o0 (2n)2h V7
and reproduces (83). In reality, integrating with respect to K over all R only makes sense if the integrals converge
within the validity domain of the quadratic approximation (87), so if k — 1 = gK satisfies the condition (88). Since
the width in K space in (89) is of the order of |¢|'/? if 1 < |Z| and of the order of unity otherwise, we end up with the
constraint

. mind, A) A if A-o0
A+ VA2 i A > oo
In the weak coupling limit, it reproduces the expected inequality § < A [2] i.e. ¢ < 1 where ¢ is the size of a bound

pair. In the vicinity of the chemical potential zero, it shows the unexpected wave number scale § ~ A~'/2, of which
we do not have any physical interpretation but which will emerge in section 4.7.

oD

4.5.3. Other observables at low g

From equivalents (90) on the analytically continued matrix elements of M, we get the equivalents of the residues
in the phase channel + and the modulus channel —, and of the relative phase between the two channels maximizing
the global residue:

i 2n)? [(n — asin \/Lz)g“ - \/ng]

3 S
. 2 (27)?(m — asin —=) .

7 o~ 24 Ve and 7, ~ -4 (92)

g—-0 72 o (r-asin L)z-/Z-1 3-0 72A2 o (r-asin L)z- /21

(r—asin —=)? + —— 1" (mr—asin —=)? + ——— 1"

VZ 20 \e-1 V¢ 2 AJ-1
1

6 ~ arg|(—i)|m—asin — 93
im0 [( )( \/Z)] &9

It was enough for that to return to the definitions of these quantities in section 4.3 and take the derivative of (90)
with respect to . The equivalent of Z_ was already in [3]. That of Z,, which vanishes cubically rather than linearly,
explains the overwhelming domination of the — channel at low g in the second column of Figure 4. Finally, relation
(93) gives the starting point of the curves in the third column of figure 4.

24. The second integral of (89) appears in equation (2.13) of reference [2] up to the trivial change of variable K = K’ /2.
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4.6. The continuum collective branch for Aju < 1

In the weak coupling limit, we study the continuum collective branch (by type II analytic continuation) at wave
number scales g/ko ~ A/u (section 4.6.1), g = ko (section 4.6.2) and g/ko ~ (A/u)*’® (section 4.6.3). The first scale is
natural, it corresponds to 1/& where ¢ is the size of a T] bound pair; the spectral study having already been made in
section 3, we will content ourselves with adding some results on the residues and on the angle 6 of section 4.3. The
second scale was ignored in section 3 but it remains natural: it corresponds to the width 2k, of the existence interval
of the branch in g space. The third scale results from an in-depth study: it is the missing link making it possible to
connect the large wave number limit of the first scale and the low wave number limit of the second; it also contains
the minimum of the real part of the dispersion relation.

4.6.1. At the wave number scale § ~ A

As in section 3.2.1, we make A/u tend to zero at fixed g = 2@/& after rescaling of energies by A, 7 = z/A. At
zero order in A/u, we find the same limiting dispersion relation g +— Zg)), solution of (34) and the study of which has
already been done in section 3.4. However, let us give some additional results. Numerically, we show in figure 5 the
real part of the dispersion relation, with the rescaling g and 7 of the variables, for weak and decreasing values of A/, in
order to illustrate the convergence towards the limiting law and to reveal the presence for increasing g of a decreasing
minimum, totally absent from this limiting law and whose elucidation is postponed to section 4.6.3. Analytically, we
complete section 3.4 by giving an equivalent of the residue of the continuum mode, within the meaning of section 4.3,

in the modulus channel: |

7 R Z0 with 720 (94)
A0 M. 9
From sections 3.4.2 and 3.4.3, we derive its behavior at low reduced wave number
Z) =2ily/(m~JLp — 1) ~ —-0.125634 + 0.235 1321
70 = @n? [Zlq + 203 + 733 + 0@4)] with Z, = 2§§(32§0 - 5)/[3n%(lo — 1)*]~  0.043448 +0.046 167 i
- -0 ‘ _ 2 3n® 8/9 N _ .
=75 |1+ %+ 255] ~ 0.008812-0.017157i
95)
and at large reduced wave number (it is not useful to specify the value of the exponent a):
_ 2m)%a _ 2722 [1/2 + atan Yy + Y /(1 + Y?)]
mz® = — %4 _ L o005/5) and Rez” @) ot W/ Yl sa)
G-+ 71/2 + atan ¥, goto Y5(m/2 + atan Y)3
(96)

where the real number Y is the solution of (44). Finally, we give to leading order the residue in the phase channel and

the relative phase 6 between the two channels maximizing the total residue:

M2z, 9
~(0) -(0) -
M) @)

v o=

79 = K79

M) (Z(qo)"—i)} 97)

2
and 09 =arg {—VHL—
] M), q)

The expressions of the matrix elements are given at zero order in A/u by (31, 33) (before analytic continuation and
without rescaling (84)), and to order one for the phase-modulus coupling by equation (109) to come. We thus see that
the residue in the phase channel is, relative to the modulus channel, reduced by a factor A2 < 1. Figure 7 shows all
of these quantities for a fixed, very small value of A/pu.

4.6.2. At the wave number scale § ~ A°

Whether we are in weak coupling or not, most of the continuum collective branch (for an analytic continuation
of type II) lives with a wave number ¢q of order ky. We therefore study it here by moving to the limit A — 0 at fixed
g €]0,2[; given the numerical results of figure 4, we expect a reduced eigenenergy Z, of order 0 in A. Starting from
section 4.2.1, we note in this limit that gy — 2 > ¢, so that the spectral densities include a priori three distinct points
of non-analyticity on the positive real semi-axis, whose expressions are very simple at zero order in A:

Q@ -0, &P —-8@D=¢2-p and &G — Q) =21 -F/4) (98)
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Figure 5: In the limit A/u < 1, convergence of the continuum collective branch ¢ = z4 (a) at fixed g = h2kog/mA to the limiting law g > 2%0),
where 2570) is solution of equation (34), and (b) at fixed § = g/ko to the leading order law g — Zg)) defined by equation (102). In (a), restricted for
simplicity to the real part of zq, in solid line: exact dispersion relation, obtained by numerical solution of equation (76) (in color), or equation (34)
for A/u — 0 (black); dashed: dispersion relation to second order in A (111); roughly dotted: prediction Z;"“ (118) of the second degree equation
(117) on zq. In (b1) for the real part and (b2) for the imaginary part: in solid lines, exact dispersion relation; in dashed line: leading order law (102)
(for A/p = 1/30, the dashed line is present but it is masked by the solid line). The values of A/u used are specified in the figure.

However, the computation of the spectral densities of table 2 when A — 0 at fixed energy & brings up a new kink
é(q) = q(2 + ¢), located, depending on the position of g with respect to 2/3, between &(g) and &(g) or beyond &(g):

0<g<2/3]0<e<&@ | @ <é<q2+9 G2+ <E<&Q) V(g < €

20& ) = g_; Z_; + %(ém _ i ExTEn Egm)l/z n (,%0) 97 (e é§0))1/z

50 ) = 0 Z_; _ %(650) _gln %[(é + é§0))1/2 _ (é;0> —9' %(é " é§0))1/2 0
2/3<4<2]0<e<&@ | &@<e<&@) &G <E<q2+9) J2+g) <& ©9)
PR ) = = @ -9 = Z(E+ENT”

P& = 0 -E@-9"” = T+

This additional kink remains simple to interpret: as we can see on (59), the polynomial Pg(X) has for A = 0 two
positive real roots, one is é;o) (g) as it should be, and the other is precisely & (g); the fact that the first root is always less
than the second, while &/(g) is the largest real root of Pg(X) at nonzero A, is only a paradox that the last sentence of
footnote 21 explains perfectly. Then let’s take the limit A — 0 at fixed ¥ in expression (50, 51) of the matrix elements
of M, using (99) and the limiting behavior C(A) = 2n[In(8/ A) — 2]+ o(1) of the regularization scoria. We come across
energy integrals that are fairly simple but a little long to calculate; after analytic continuation of type II as in (76), we
finally find for Im % < 0 to zero order in A:

W) O ) o) with WO ) = (“(Z) ﬁ(Z))

Koo B3 o) (100)

The eigenenergy equation therefore separates into @ + 8 = 0 and @ — 8 = 0; as we can verify, the first of the two
equations contains the continuum mode, and it is therefore the only one that we will write explicitly here:

Qn)*[aZ) +BE)] = In (i) + NG+ 29 - ) — InG - 23 — ) — 2in]
Ae 4q

v (0,5 \1/2 v | 2(0) w\\71/2 N
Z+E€ [2(Z + € ] 2 -
— (;(q)) argth (V¢ + argth + (101)
2 qg+2 2G + & (@)]'?
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As we can see, there remains in the equation a logarithmic dependence with the rescaled order parameter A. The
eigenenergy thus has a well defined zero order in A, but not a finite limit. We write to summarize:

4T o) with () +BEY) = (102)

A—0

By numerical solution, we obtain the dashed curves in figures 5b1 and 5b2, in remarkable agreement with the exact
result except in the neighborhood of ¢ = 0, although the values of A chosen are not extremely small. We also obtain
analytically the behavior of the mode eigenenergy to order zero at low wave number:

do = =2Y0l2/a = 2Zol-g/a

lII

V(O) Z + O3+ o) with Yo [ln % + (751 + atan YO) YO] (103)

5 +atanYy

g=24/A

where Y| is solution of the transcendental equation (44). It is understood that the limits A - 0 and g — 0 do not
commute. One can wonder however, in the limit A — 0, if the regimes ¢ = 24/ A > 1and g < 1 are connected.
By comparing the coefficients of the asymptotic expansion (43) of section 3 and of the Taylor expansion (103), we
find that the imaginary parts perfectly match to dominant order ¢ (we find in (103) the coefficient Z, of (43)), but the
real parts do not match at all, even in terms of their power law (1/g and §* have different exponents —1 and +2 in g);
this very interesting fact will be exploited and explained in section 4.6.3. We also obtain the asymptotic expansion of
eigenenergy in the logarithm of the order parameter:

.y v i 12 i v -1/2 -1 -3/2
a0 dedies _2iq, 8 gret 8 NE g et L (0 3R 8 Va8 T
q In %—H—oo /8 Aez 7T1/2 Aez 4 2 16 Aez 3 Aez A

(104)
The logarithm is never very large in a cold atom gas, the practical interest of (104) is quite small, although we went
to an unreasonably high order. We get from it however, by removing all rescaling, a very suggestive equivalent in the
mathematical limit of weak interaction >

gel02kslfixed  1R2q
kra—0~ 2m|a|

(105)

where, remember, a is the scattering length and kg the Fermi wave number. Finally, to be complete, let us give the
expression of the other observables of section 4.3 at zero order in A at fixed §, namely the residues in the phase channel
+ and in the modulus channel —, as well as the relative phase in the superposition of these two channels maximizing
the total residue:

~0) 1/2 @mq 1) + &"@) o
Z O a0 0 L 2 <(0) > (0) NPy g andd7 =argl =0
a (ZZ/ )+ (z(7 ) [z +2€ (q)][ln( +24- 4% — ln(z —2¢ - %) - 2in] - 4qIn 5

(106)
These expressions result directly from the fact that the matrix residue in (77) is written after rescaling

. 1/2 1 1
M= _a (Z(O)) +ﬁ’(2(0)) ( 1) (107)

which shows that the continuum mode is, in this limit, a linear superposition with equal amplitudes of small phase
and modulus deviations of the order parameter. Results (102) and (106) are shown in green solid line in figure 7 for a
very small value of A/u, which makes them very close to the exact result for a not too small reduced wave number ¢.

25. We used the BCS result A ~ 8e~2e~/2k¢lal when kra — 07 and replaced ko by its limit kg.

27



4.6.3. In the vicinity of the eigenfrequency minimum: the unexpected wave number scale § ~ A*?

Our motivation to go beyond sections 4.6.1 and 4.6.2 was to understand the origin of the absolute minimum that
we can see very well in the real part of the continuum collective branch in figure 5a, in weak couphng regime A<l.
In particular, this minimum does not appear at all in the limiting dispersion relation g z, ) obtained for A — 0 at

fixed g = 2g/ A in section 3.4 (see the black curve in figure 5a), to our dissatisfaction. This led us to the discovery of
the non-trivial wave number scale § ~ A3, as we expose it here.

The first idea to account for the minimum at § = gy, > 0 in figure 5a is to go to next order in the small parameter
A. At fixed g and 7 = z/A, we therefore continue the expansion of the matrix elements of M, to order one for the
phase-modulus coupling and to order two for the modulus-modulus coupling:

zandqhxed v(())( zandqhxed V(l)(

9) + M2z, g) +0o(A*) and M. (Z,§)

A—0 A—0

M__(z,9) z.9) +o(d) (108)

The zero order appears, in non-dimensionless integral form, in equation (31). The rest of the calculation, which is a
bit long, is based on integral representations (50, 55). Let’s give the result, explicit: 2°

(4+q2_z2)l/2 (4+qz_22)]/2
— acos
(2 - g2)\2 )

y Az A
MLz g = 2?2;)3 [m 5 TG q)} with  ¢(z,§) = (109)

X2 X 12 =254 22452, @52\ =6 ) N
v o TAT s Ae'” GHG@' +@A-2)7" +82) -(4+3)T +q7(16-3)7°+q° , _ _
M (z,q9) = —m @ +77-41n g @) + @-77 &z, q)| (110)

Note the appearance of logarithmic terms in A, and the fact that the function ¢(Z, §), introduced for simplicity, has, in
terms of the variable Z, no branch cut on the interval [, (O)] = [2,(4 + 3)'/?], so the first order correction to M. _
and the second order correction to M__ are analytic and thelr continuation of type II to the lower complex half-plane
is all done, #"" 9 = Mz, g) and M? \Z9) = M?(z,§). For the phase-phase coupling, it will not be useful to
go beyond the zero order, already given in the integral form (33). Although the phase-modulus coupling is first order
in A, it appears squared in the eigenenergy equation (76); the first eigenenergy correction is therefore second order:

—(2)

fixed X .
7, = 2 +77 +0(A*)  with
A—0

M(z)(Z(O)):' M(O)l(z(o)’ q) — [M(l)(Z(O), q)]Z (11)

To obtain this expression, it was enough to replace in (76) M,_ and M., by their dominant behavior taken at unper-
turbed energy (after analytic continuation of type II for M. ,); in the second order term of M__, see (108), we could
do the same, but in the zero order contribution (after analytic continuation of type II), we had to do a first order Taylor
expansion:

MO\ q) = M2 G + G -3¢ M(‘”l(z“”,qn... (112)

then use relations (34, 94). In other words, the first correction to the universal dispersion relation g z(o) of the weak
coupling limit results from two physical effects, a priori of the same importance: (i) the effect of the phase-modulus
coupling, completely ignored in section 3.4, and (if) a correction to the equation in the modulus channel, that is to say
to the modulus-modulus coupling, also omitted.

26. To calculate Mil_), we split in rescaled (50) the integratign domain into two sub-intervals I. = [&(g),n] and I = [, +oo[ where n < 1 is
fixed. On the first one, we expand the integrand in powers of A at fixed € = €/A. On the second one, we expand at fixed €. To do this, you must
expand the roots s; and 52 of (71). On I, s12 = Fso — AA with 52 = €282 - 4 - §9)/[(@ - 4@ - §»)] and A = &3*/[(&* - H)'/*(& - 7*)*] so
that po— ~ FAEE -4 - P)2)@ - ). On I, 512 = 71 - PAYEF2)/& hence pi— ~ Z[(1+&/2)V? - 02 - (1 - &/2)'/]. Integration
on energy brings up formally divergent terms of the form AlInz, which exactly cancel between the upper and lower parts, and we obtain (109).
The calculation of M“ @ ~ proceeds in the same way, starting from the clever form (55), but it is heavier: (i) you must add the subinterval [&, &(§)],
on which there is however no deviation from the Spectral density p(O)lIlJ of table 1, (ii) on I., you have to expand s;> up to order A2, to get
P — ;;(_02 m 3”2A2(E -4-gq 20 — (4 + q et — q (q - 16)&* + q6]/(é ‘2)5/2, (iii) on I, you have to expand s 2 up to order A to get

o . . . X2 . _ .
P = E[(A+E/2)'? + 02 - &)(1 - &/2)!/?) - o [T H80e fzj‘:f,j;"“ +O(2 - HLEtest Tl + OAY.
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Let us analyze result (111) in simple limiting cases. At Iow g, the dominant contribution to the energy correction
is quadratic in wave number and comes from phase-modulus coupling, that coming from M? being only cubic. We
thus find

v

Ry & AV
ol T _% (m —)

=(2)
~ 7 [y ~ = 3e (113)

g—0 += g—0 27‘[2 &) -1
which reproduces the term of order A? of the quadratic-start coefficient of the continuum collective branch, see (86).
At large g, the calculation is simple when we have explicit expressions, and we get the dominant order in g:

irAYyg A‘1+Y21/2 A2 (1 - Y2 G(1 + Y2)'2e!/2
inAYog . Ag(l +Yy) nd 120, )= - TATA-Y) | h| 2 ) e - (1-yp™

MOEO, g)~
G D 50 T ge > 16(27) 8

(114)

where Yy is given by (44). The calculation is more laborious on integral forms: atz ~ g ~ Z; O the zero order matrix

elements Mfroj and M behave in the same way to dominant order in g, therefore at this order both vanish when

zZ = zf ). we work a lot for a zero result... It is therefore clever to work directly on the difference between (33) and

(31), by setting Dz, q) = Mioj Z,q9) — s (Z,9). So, after analytic continuation and always to leading order in 7, >® we
obtain in terms of the Bose function g,(z):

1 1) 1 2
_ 7z _ - 2N1/2 - - -
{nln( 2igY,) - In|g(1 + ¥3) ]atan(Yo) Imgz(iYO)+ ZImgz(iY0+1)} (115)

The behavior of the residue Z at large wave number is in (96). We deduce from all this that again, the phase-modulus
coupling brings the dominant correction of order A? to the continuum collective branch and we can keep

_ o MPGPPR .
22 = EO)TO)Q) A2 (116)
1(Z54 G

D)) =

>>1 (27T)3Y >

At intermediate wave numbers, g = 1, it turns out that the phase-modulus coupling contribution to Rez '( ) in (111)

vanishes, the point where it vanishes depending little on A and remaining close to § = 5 for the parameters of figure
5a. The contribution of M® to this observable is certainly no longer negligible compared to that of Mfr]_) but it remains
small in absolute value, and we can ignore it in practice; this explains why the different solid lines (including the black
limiting curve) seem to intersect at § =~ 5 in the figure.

As we can judge in figure Sa, by comparing the dashed curves to those in solid line, the calculation (111) of
Z4 to second order in A explains the existence of a minimum on Re 74> but in a more qualitative than quantitative
way. In particular, it fails to properly describe the rise in the curve beyond the minimum, the agreement with the
numerical results in this area not even improving at very weak coupling. The problem comes from the approximation

Mio+ L (Z4,9) = M © l(z(qo), g) made in equation (111). Indeed, as we said, Miol and M? evaluatedin z ~ g are equivalent
and of order ~ ° at large g; as M( ) vamshes by construction in Z '(0) Mfroi . is abnormally weak at this point, that is

to say of order 52 as we read it on (1 15), rather than of order ° as you might expect. In this case, we must write
M, = D+ M__|, approximate the small contribution D by its value in Zg)) but make on the remaining bit M__, the

same Taylor expansion as in equation (112). We can also omit the correction M@, which we showed in the previous
paragraph to be very small at any g and even sub-leading at large g. We finally replace the first degree equation (111)

with a second degree equation (trinomial) on Z,, hence the notation « trin » in exponent: %

(Ztrin _ Z(-O)) strin __ —(_0)
L+ DY | = . 91 (117)

70 70

27. After analytic continuation, they are both equivalent up to a constant factor to Mo(Z, §), as in (40).
28. We come across integrals like those I and J of footnote 9, that we treat in the same way.
29. By anticipating the law Gmin ~ A™1/3, we check around the minimum that the imaginary parts of the two terms in square brackets in (117)

are effectively of the same order of magmtude ~ l/qmm, we have to consider their imaginary part here because we want to access the real part of

(ng - z(.o)) in prefactor of the square brackets; however the residue in the denominator of this prefactor is purely imaginary to leading order in g
and the right-hand side of (117) is real.
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The correct solution of the equation is written

=trin _ 5(0) 1/2
%

Z 1
“So = DD+ Dl(z“”,@ +M2ED a7 (118)

where the sign 7 is that of Re D, (Zg)) , q), positive for g large enough, negative for g small enough. The corresponding
prediction, shown in dotted lines in figure 5a, is in good agreement with the exact results, an agreement all the better
since A is weaker, even in the rise beyond the minimum. When we move away from the minimum in the direction
of increasing g, the contribution of D| in (118) becomes more and more negligible and the rise in the curve takes the
simple form 3°
strin __ Z(_O)
T (LR LR (119)
7 3> Gnin
When we move away from the minimum in the direction of decreasing g, the contribution of D | becomes dominant and
(117) is reduced to expansion (111) (up to the omission of M®), which is therefore only retrospectively applicable
at § < gmin- To be complete, we give the expression taken from (117) of the residues in the phase and modulus
channels, 3! as well as the relative phase in the superposition of these two channels maximizing the global residue:
5(0) 27(1) 2(0) = 50) 74 (=(0) =
glrin = arg _Z(_ )Mi_)(zgl )’ q) and Ztrin - 12(_0) ¥ Z(_ )Dl(Z(— )’ q)/4
Zgin _ Z(O) * 2

o (120)

n
0) = D),=0) =
7 [ DL(Z( )’q)z M( )(Z( ) )2]
Let us now proceed to the in-depth study of the real part of the continuum collective branch in the vicinity of its
minimum at ¢ = gpip > 0 in the limit A — 0. For this, we must first determine the scale law of gy;,. A first way
to do this is to say that z(o) (2) at ¢ = gmin, Which, taking into account (43) and (116), leads to Gmin =~ A™!/3 so to

Gmin * A?3, which is the unexpected wave number scale announced in the title of this section 4.6.3. A second way
is to require that D | R Mfr]_) in the expression between square brackets in (118), which, given (114) and (115), leads
to the same result. We deduce that Rez, . =~ A3 or Re Zgmn ® A*3. The rescaling of the dispersion relation adapted
to the new scale will be indicated by a hat. So we first put ¢ = A*33, that is to say § = 2A~/33. Then we obtain the
expression of the real part of the branch thus rescaled to leading order in the limit A — 0 at ﬁxed g, by working a little
on (117):%?

2m)2aA1/3 1. . 1/2
( ) q m asymp( (0),Q)2 + Mil_),asymp(ZE?O),q)Z

(121)
g) and Mil,)(zf_io)) have been replaced by their dominant order (115) and (114) at large g, as it was also

v ﬁxed A(0) A(O)
Re?, "2 A4/3 [Re 5 < +o(l)| with Rez!
A0 [ ( )] 7 +atan ¥ 471

where D, (z(o)

necessary to do for 7O using (96), and as indicated by the exponent « asymp ». The wave number dependence of
result (121) unfortunately remains rather obscure, since Y; in (44) has no simple dependence on g.3* To progress,
let’s make the clever change of variable

TK

P with &= A?3 (122)
ne

=
1l

30. There is a — sign before the term M(l) in (119) because, for 1 < § < 1/A, its imaginary part is positive, its square is negative and Im(Dz) <0.
31. We obtain the derivative of the analytically continued determinant of M by taking the derivative of the left-hand side of (117) with re%pect to
‘““ ; the right-hand side is constant and gives zero contribution.

32 An important simplification comes from the fact that to leading order in g, Re Z '(O) L Re[ZSO)ﬁ | (Z(O) Pl
33. On the other hand, we know how to express g as a function of Yy, and (121) has a complicated explicit form in terms of Y.
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then make ¢ tend to zero at fixed « in (121). The dominant order in |In £] is simple to calculate, 34

2 1

if k<23
lIng[1/3 (42 — 3)172

Re E(AO) K fixed
4 £50

(123)
|2/3 (KG _ 4)1/2
K

|Ine if k>2!/3

and reaches its minimum at k = 1. After returning to the original dimensionless variables (58), it leads to the very
beautiful equivalents

e 2ne?

Jmin ~ ————= and ReZ, . ~
qmll’l 60 |ln8|2/3 qum &

-0 312|Ing|'3 (124)

shown in solid lines in figure 6, and which are already quite close to the exact values (symbols). We pushed the

computation to the sub-sub-leading order in (121), the small expansion parameter being 1/|Ing|: 33
ne [+ (i —c)llngl! 3
Gmi = + 0w Ingl™ 125
dmin =y |1n8|2/3{ c1—cllng|™! (&™) (125)
2ne? 1
Re?,. = + 0w ne|? 126
min 250 31/2“118']/3 [1—d1|lns|‘1+(d%—d2)|ln8|‘2 ] | ):| ( )
where we introduced w = In(2 | In&|'/3), coefficients ¢, and d,, functions of w,
__19 1 _ 959 , sn? 2 5 8,2
cr=-8 1y cr= 3%+ +2In2+47 2+ (F - 42w+ Sw a2
- _3 = 1223 21 —(Us 4 10 23,2
di=3+2In2- 3w dy="12 -2 4+ 122 (12 + Ln2)w+ Zw

and we leave the exponent o undetermined in the error terms. Of course, these coefficients are those of the expansion
in powers of |Ing|! of the expressions in square brackets in (125, 126), but we preferred to write the result in the
Padé form (1,1) or (0,2) because this greatly improves the speed of convergence with |In&|~!: dashed lines in figure
6 already agree very well with numerical results for modest values of u/A.

Finally, it must be verified that, in the limit A - 0, no wavelength scale of the continuum collective branch has
been forgotten between the new ¢ = A3 and the old q = A0 30 Analytically, we get from (119), limited to the
first term in its right-hand side, that Re 22)) ~ £1§* at large wave numbers compared to the new scale, § > A2 in

other words § > 1, where /| is exactly the same coefficient as in expansion (103) of Re Z;O) at low wave numbers

compared to the old scale, § <« A%: the connection is perfect. Numerically, we produced the synthetic figure 7, fairly
mathematical given the very small value of A chosen, but which shows how the prediction (117) on Z, and its derived
predictions (120) on the residues and the optimal phase-modulus relative phase interpolate beautifully between the
predictions at the scale § ~ A in section 4.6.1 and those at the scale ¢ ~ A° in section 4.6.2, all agreeing very closely
to the numerical results in their validity regime.

4.7. The continuum collective branch for Af/u > 1

In the vicinity of the chemical potential zero, on the positive side, we find that the continuum collective branch
(for an analytic continuation of type II) presents two scales of variation with wave number, that ¢ ~ A° fixed by the

173 )

K ﬁi‘:)d k, taken from (117) and in agreement with (43, 44) since at this order Im Zgi“ is dominated by Im Zgo .

34. Let’s also give ImZ, —g|lng]|
£

This means that to leading order, Z; is pure imaginary of order &7, The relative error in these expressions, including (123), is O((In|Ing)*/|Ing|),
where the value of the exponent @ does not matter.

35. Let’s set x = |Ing|""®> — 0 and n = In(x/x). From the expansion 7Yy = ﬁ + 7+ 2px° + O(*x0) we get for k < 21/3: Reéf;))

! 3 6 .
K(A—Z% 1+ 4f7(b0 + bek®) + m(co +cek® + c126'2) + 0% ) | with by = 8(1 = 1), bg = 1 +In2 + 35, co = 64(1 = 3 + 1%, ¢

34 -27% +41n2 - 6102 + 425+ 7In2)y —46n* and c1o = 1 + 81n2 + 31n% 2 — 4(1 + In2) + 952
36. We have already seen how (117) is connected to the scale § = A. Indeed, if g = A, we have J < Jmin ® lzv/ 3. However, as it is said below
(119), equation (117) for ¢ < gmin is essentially reduced to (111), therefore gives the right behavior of z, for g ~
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Figure 6: For interactions of zero range (case of cold atoms) in weak coupling regime, position gm;, (a) and value Rez, . (b) of the minimum of
the real part of the continuum collective branch g — Re zq for an analytic continuation of type I, as functions of the inverse of the order parameter.
Black circles: exact values from a numerical solution of equation (76). Red disks: predictions of the quadratic equation (118) on zq. Solid black
line: asymptotic equivalents (124). Black dashed line: Padé approximants (125) and (126). These last two elements belong to the unexpected wave
number scale § ~ A%/3

width of the branch existence interval (section 4.7.1) and that § ~ A~'/2 required by the quadratic approximation (82)

of the branch (section 4.7.2). These two regimes are perfectly connected as we will see, there is no other wave number
scale to consider.

4.7.1. At the wave number scale § ~ A°

We make here A tend +co with fixed reduced wave number §, by postulating a finite-limit difference between the
branch and the edge of the broken pair continuum:

¢~ gfixed
=g TZ0 R0 (128)
A*)+oo

as suggested by the numerical results in figure 4 and the quadratic approximation (82, 86) written in the limit (91) of
its domain of validity. To obtain an equivalent of the matrix elements of M, we return to their integral formulation (7,
8) in the space of relative wave vectors k of the broken pair, with the integration domain D replaced by R? of course.
We can identify a priori three natural energy scales €,.q/2 = € in these integrals, so three wave number scales k:

v v

@ &-ArxA "= k~A" ; ) :&-ArxA =k~A"" ; () :&-A~A=k~A"? (129

and three corresponding changes of variable

v v

k= A°K, = AV*K, = AV?K, (130)

To obtain the dominant contribution to the integrals of the first (a), the second (b) or the third scale (c), you must make
A tend to +oo for fixed values of K,, K}, or K. in the integrand. In M, scale (b) dominates and we fix Kp; in the
phase-modulus coupling, scale (c) wins and we fix K.. We thus obtain the equivalents

. s oK fix . +oo (27r)721v(2 —7) 4R34
Moy TEE o [ gt D (131)
Aortoo 0 Z-K; 87 V2
M%) Z=%-2A fixed A-174 f+w dk, (Zn)_ZZKg _ (=Z)AA-14 (132)
77’ A-+oo 0 Z - kg 8 \/z
CL +00 -2 2%1/2
v o Z=22Kfixed  X12 > —2m—= [IG/4IFA
M, (3, ~ A dK. _ = - 133
g TR [ ek T e i (133)
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Figure 7: For a gas of fermions with zero-range interaction in the limit A = A/u — 0, illustration of the unexpected wave number scale § ~ A3
and its connection with the scales § ~ A and § ~ A° on (a) the real part of the dispersion relation of the continuum mode of type II, (b) the spectral
weights of the mode in the phase channel + and modulus channel — of the deviations of the order parameter from equilibrium and (c) the relative
phase 6 between the two channels maximizing the mode spectral weight according to equation (79). Big black dotted line: numerical solution of
equation (76) and its insertion in the definition of Z, below (77) and in (80). Solid red line: dominant order in A at the scale q= A (A — 0 at fixed
q= 2(?/&), namely the numerical solution of equation (34) and its insertion into expressions (94) and (97). Solid green line: dominant order in A
at the scale ¢ ~ A? (A — 0 at fixed § = g/ko), namely expressions (102) and (106). Solid orange line: dominant order in A at the scale § ~ A%/3
(A = 0 at « fixed in the change of variable (122)), namely expressions (121) and (120) in which we wrote the coefficients to leading order in Aas
in eql&ations (96), (114) and (115). Thin vertical line: wave number at the center of the scale § ~ A23 ie. value of g corresponding to xk = 1. We
took A = 1/ 1000.

where the explicit value of the integrals is given for ImZ < 0, in a form adapted to the case to come, InZ — 0~ at
fixed Re Z < 0. In order to use the procedure of Nozieres (12), we expand directly the nonzero spectral densities of
type Il in table 2,

o . y L 2% 7
Iy oy Z=i—2hfixed T A Z ( 1 )} sy gy #7220 fixed ﬂ—Z[ z (—1 )}

z, ~ — |1+ —=+0|+ and p_-(Z, ~ — 11— x T OIX -
P @ Q) Ares 2 [ 4R A2 p—-& Q) A—+oo 4g 8A A2 { )

We note then that the matrix elements M, are dominated by the Nozieres term performing the analytic continuation,

larger by a factor A'/4. This is disturbing and suggests a continuum mode very far from the experimentally accessible

energy axis Imz = 0" therefore without much physical sense. The solution to leading order of the eigenenergy

equation gives

2 f“/ﬁ~xed _1_258
b8

A—+o00

TG/ (135)

The real part of the energy of the mode is thus effectively outside the interval [2A, e;(g)] of analytic continuation,
which is also the interval of observability in the response functions of the system, within the meaning of section 4.3
(the energy e(g) is given here by (63)). It should be remembered, the mode is not really in the physical gap [0, 2A]
even if its real part is mathematically there; it is separated from it by the end of the original branch cut folded over
] — o0, 2A] by the procedure (12) [3].

Remarkably, the negative real result (135) coincides to leading order with the quadratic approximation in ¢ of
the branch, see equations (82) and (86): the quadratic approximation is valid everywhere, and the infinitesimal wave
number scale for ¢ predicted by its validity condition (91) does not appear. The situation changes on the next orders,
the two expected wavelength scales appear and the condition (91) takes on its full meaning. The rather technical
calculations are given in Appendix B.1. They are now multi-scales: we must include in the same matrix element M,
scales (b) and (c), as well as the intermediate scale, denoted by (bc), deduced by geometric mean and requiring the
change of variable k = A¥3K;.. On the other hand, it is not necessary to treat apart scale (a) at the maximal order
considered here (relative error O(1/A) on My and in fine on Zq). Here is the result:

%, - 28 "2 gy b AV 4+ RV 4 A+ (AT (136)

A—)Jroo
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with

@ = -~ (137)
a = 16-2Y44 =3iV2)y [T (5/4)1 /n' (138)
@ = [9V2r+ 16i(18 + 97 — TG [T(5/4)1%/Br'/?) (139)

MRASID)

ay = {-96(2V2+3i)r’ +[2V2(1127° - 2256 — 3037) +i(3127° - 5760 — 585m)14° 18

(140)
If we tried to use (136) for ¢ — 0, we would find the real dominant term as we said, but not the pure imaginary sub-
leading term of the coefficient of the quadratic start in (86), since a, above tends to zero cubically in wave number. On
the imaginary part of the dispersion relation, which varies to leading order as ¢/, the quadratlc start range is reduced
to zero at large A, as predicted by (91), and we cannot exchange the limits § — 0 and A — +co. To be complete, let
us give an expansion of the residues in the phase and modulus channels, and of the relative phase between these two
channels corresponding to the maximum global residue:

2 1/4x1/2 . . e 4[T(1/4 4%3 . 2 1/4%1/2
16(} |- (2m) q +0(A_1/2) A qued [T(1/4)] q and 9+7_T qh~xed _(ﬂ/ ) q

s | gfixed
Aotoo 20(1/4)A14 Ao A 2 fsro T(1/4)AV4

|Z_| (141)

4.7.2. At the wave number scale § ~ A~"?

To study the continuum branch of type II with reduced wave numbers § ~ A~'/2 near the chemical potential zero,
we set ¢ = QA2 and let A tend to infinity at fixed Q. According to (91), the wave number scale considered is that
of the validity limit of the quadratic approximation (82), which we can therefore use to find the energy scaling law.
According to (86), the coefficient of ¢ in (82) is of the order A°, so that 24— 2A ~ A~! and you have to set

1/2

-2A

D><| e

(142)

It remains to take the limit A — +co in the matrix elements of M(Z, §) at fixed  and Q. We proceed in the same
way as in section 4.7.1, by distinguishing the three wave number scales (129) in the integral on the relative wave
vector k of a broken pair. We find that the diagonal elements M, are dominated by wave number scale (a), while the
phase-modulus coupling M, _ is dominated by scale (c):

v \, +00 252 v
v .. landQfixed Y41 . (2m)7°K; -A [ w12 ERT 1/2]
M., £ A f dK, —— = V 1+i(= +(1—i(= 143
A i o1 T (1+i=D"72) 7+ (1-i=D"2) 7| (143)
. +00 —2¥p2 172
L. ZandOfixed  x_g . (2m)°LK; =0 [ w12\ 12 ENT 1/2]
M__(, = A f dK, ——— = — (1 +i(- +(1-i= 144
@ R K T T ek (1+i=D") 7+ (1-i=0"?) (144)
v « +00 -2 2
~ v vy ¢andQfixed x1/2 . —(2n) _ (I'(5/4)] X1/2
M, (%, £ A dk, v = A 145
N j; ‘(1 + KH12 52 (145)

where the explicit form of the integrals is suited to  close to a negative real number. The expansion of the spectral
densities useful for the analytical continuation through the interval II is carried out directly from table 2:

VI v v (andQﬁxed T A 32 {andQﬁxed Ys {A 12

P )

+OA?* and P29

A—too Astoo

+ O(A™%) (146)

As in section 4.7.1, the diagonal matrix elements M, are much smaller than the spectral densities, this time by a factor
~ A2, and do not contribute to leading order to the analytically continued values M, 1. By solving the eigenenergy
equation (76), we find the equivalent

N 12 « < 0 12
o~ —ﬂ—f[r<5/4>]4Q2 thatis %, — 24 9% - 8[r<5/4>]4 s (147)

Astoo
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In first approximation, the dispersion relation is real and coincides with its quadratic approximation, even for Q > 1.
To put an end to this paradox, we must calculate the first correction, of relative order A='/2. For the diagonal elements
M, |, equations (143, 144) are sufficient. For non dlagonal elements, in which the spectral density p”” is identically
zero, it remains to determine the sub-leading order A of M., _. This time, we must add the contribution of scale (a) to
that of scale (c). The scale (b) contributes indirectly, that is, only in the form of a cut-off AA on the wave number
k, where A is a positive arbitrary constant. It is a high (ultraviolet) cut-off for scale (a), without which the integral on
K, would diverge at infinity. It is also a low (infrared) cut-off for scale (c), without which the integral on K, of the
sub-leading term would diverge in zero. In the limit A — +oo, scale (b) thus combines the two sub-leading pieces in
a A-independent way and we find the correction sought to (145), as detailed in Appendix B.2:

L . [T/, Fand Ofixed KX(K?-1) 1 oy /2 EPPNT)
M+_(z,q)+TA”2 S @) f [ +1]=@[(1+1(—§)1/2) -(1-i=H"?) ]

Asteo —(K2-1)?
(148)
We end up with the non-quadratic dispersion relation
Ofed cip|iV2 . 3i/2 -
Lo =, -20A —CO{1+A [—(r -+ r +O0(A™) (149)
em krteo AV ZVC

with the notations C = %[F(S /M]* and r = (1 +iC'/? Q)l/ 2. At low Q, we can approximate r ~ 1; we find the first
two terms of expansion (86) of the branch quadratic start coefficient, i.e. the dominant order for the real part and for
the imaginary part. At large Q, we can approximate r ~ exp(ir/4)C"/*Q'? + exp(—in/4)C~"/*Q~1/2 /2, which gives
rise to contributions 0%, 0% and (0*/?; we then find the low ¢§ limit of expansion (136).3” The connection is perfect,
and there is, in the continuum branch of type II near zero chemical potential, no other wavelength scale than § ~ A~1/2
and g = A°. To be complete, let us expand the residues in the phase and modulus channels, and the relative phase
between these two channels leading to the maximum global residue:

16 20R . ;| Ofea 8CO° R
g Ous 1000, VIORer |, 0 8COT g Toma gapRer g
A—4o0 Al/2 2Al2 ,1+CQ2 Ao+oo AS/2 2 kostoo 71'\/6

4.8. Analytical extension for u > 0 through the windows € > €(q) and case u < 0

We briefly examine in this section the continuum collective excitation branch(es) obtained by analytic continuation
of the eigenenergy equation through energy intervals other than [€(g), €2(¢)]. Recall that the branch points €;(g) of
the equation and their domain of existence with wave number g were the subject of section 4.2.1.

4.8.1. On the BCS side: u >0

Let’s start with the case of a positive chemical potential. For wave numbers g < go, where gy is given by (57), the
other possible extension intervals are [€(q), €3(¢)] and [e3(g), +oo[. In the procedure (12), it is then necessary to use
respectively form III and form IV of the spectral densities p,y (€, q), within the meaning of table 2.

The essential difference with the type II form is that the p,y (€, q) depend on the real energy e through the first two
roots 5| and s, or the second root s, of the cubic equation (71) on s, this equation being parametrically dependent on
€. It is now necessary to analytically continue the spectral densities therefore the roots s; to complex values z of the
energy in the fourth quadrant Rez > 0 and Imz < O to which our study is limited. Using Cardan formulas, we find
that the roots s; have, as functions of z, branch cuts where the Cardan discriminant is real negative, and a branch point
where it vanishes. > We get rid of the branch cuts by numerically performing a continuous mapping of the three roots

37. Let’s replace ¢ with A‘”ZQV in (136) and expand to the relative order A=172. Term ap returns the O? contribution, term a; returns the 0°/2
contribution, and the tf/ 2 bit of term a3 returns the 03/2 contribution. Term a and the (?7/ 2 bit of a3 contribute to the relative orders A~! and A=3/2,
out of range of (149).

38. This phenomenon is general for a polynomial P(X,z) whose coefficients depend analytically on z. Consider an analytic mapping of a
root s(z) along a path in the complex plane. Taking the derivative of the definitional equation P(s(z),z) = O with respect to z, we find that
ds/dz = =0, P(s,2)/0x P(s, z), which remains well defined as long as dx P(s, z) # O therefore as long as s(z) is not a multiple root of P(X, z).
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5i(z) of the cubic equation along a path C connecting z to an origin point € fixed in the analytic continuation interval
[e2(9), 3(q)] (for example, its middle) or [e3(q), +oo[ (by example 2€3(g)). On the other hand, we cannot eliminate
the branch points of s;(z). Their positions in the complex plane (other than the expected values +2A) are given by the
roots of the polynomial Pg(X) of degree eight, see (59), which is related to the discriminant of the cubic equation, as
we have already pointed out in section 4.2.2. Fortunately, it follows from footnote 21 that Pg(X) has within the fourth
quadrant only one complex root e. It remains to be specified on which side of a the continuous mapping of s;(z) takes
place: at fixed starting point €, and arrival point z, go to one side « or the other has the effect of exchanging the roots
s2(z) and s3(z), as we have verified numerically, which changes the spectral densities. In the present study, we have
chosen never to go under the point «, that is to say go around above and to the left if Rez < Re @ and Im z < Im «; the
corresponding branch cut on the s;(z), and therefore on the analytically continued spectral densities pyy (2, q), > is the
vertical half-line starting from @ downwards.

The results of our numerical study are shown in figure 8, for three values of the interaction strength, A/u = 1/10
in the weak coupling regime, A/u = 1 in the strong coupling regime and A/ = 5 close to a zero chemical potential.
We find a branch g — z, of type III, at least as long as A/u is not too large (it is absent from the fourth quadrant
for A/u = 5), see figures 8a and 8b. Its wavelength domain of existence is an interval g, go]; the upper bound has
the maximum accessible value g, but the lower bound is positive, because the real part of z, vanishes (and z, passes
virtually in the third quadrant) before g reaches zero. In the weak coupling regime, we can as in section 4.6.2 make A
tend to zero at fixed Z and reduce the eigenenergy equation to Miol l(i, q) + M(f_) L(Z’ ¢) = 0asin (102). For g > 2/3, it
follows directly from equation (99) that

pOME g+ pMME ) = Z} = g2 + M E 9 (151)
so that the Nozieres term takes exactly the same form for the extension intervals [€], ] and [e, €3]. For ¢ < 2/3, the
extension interval [e;, €3] is cut in half by (2 + ¢) but, as we pass above the point « in the continuous mapping of the
roots, it is the third column of (99) which counts and relation (151) remains true. Indeed, the bound ¢(2 + ¢) is none
other than the limit of « at low A (see the sentence below (99) and footnote 21). We deduce that the type II and type
111 branches coincide in the limit A — 0 at fixed ¢, which numerical calculation confirms masterfully, see figure 8a.
On the other hand, we find one or two branches of type IV depending on the case, see figures 8d, 8e, 8f. Their wave
number domain is a union of two intervals, according to the vanishing of the real part or the imaginary part of z,. The
upper interval is compact for A/u quite large, but extends to infinity otherwise. Remarkably, the lower interval begins
at g = 0, where z, tends to zero; this behavior differs from that of the continuum branch of type II studied in the other
sections and rather evokes the acoustic branch.

Let us now show analytically that the collective branches of type IV do not have an acoustic start z, ~ g but a
hyperacoustic start z, ~ g* (the group or phase velocity diverges in ¢ = 0) or hypoacoustic 74 ® ¢*'* (the velocity
tends to zero). For this, let s build an approximate form of the equation on z, at low energy and low wave number, first
by replacing the matrix elements of M (not yet analytically continued) by their dominant order in g at fixed ¢ = /g, *°

B+CH ., .. D¢g
Qnp}’ Qmp 1 Qn)3

(&g =
then replacing sh Q by —i in equations (66, 67, 68) useful for analytic continuation (12). We assumed in the second
step, by checking it numerically, that s,(z) is in the fourth quadrant, just like {. We thus end up with a much simpler

M__(%q) ~ M__(0,0) = M (Z) =

(152)

39. The roots s;(z) are then inserted in the arguments of the incomplete elliptic functions E and F, see (66) and (67) for example. These
elliptical functions have branch cuts described in footnote 20, which can always be moved by continuous deformation, and irremovable branch
points. Let us show by the absurd that the arguments of E and F never reach these branch points, during the journey of s;(z) in the complex
plane: if this were the case, we would have 1 + (1 — 52) sh?Q = 0, with sh?Q = (2% = 4A%)/(4A?%) and s solution of the equation deduced
from (71) by replacing € by z; elementary manipulations in (71) thus modified bring down the impossible condition to satisfy 1/sh>Q = 0. To
numerically calculate the functions E and F, we return to their integral definition, see §8.111 of [20], and if necessary move the branch cut of
the square root in the integrand by continuous mapping. We can alternatively work directly on the functions (66, 67), by writing for example

. 1 .
f—(§ —asins) = ﬁz ‘% e XXZS?ShZ RYEE thanks to the change of variable X = cos a.

40. We give A = fd‘szi,

B= f % (ﬁ Azkz) C= fd3k( and D = fd%k f"k There is no linear term in ¢ in M, (Z, §) because it is an

482

even function of Z. According to relation (A6) of [21], we also have B = f d3k6"? as in equation (23) of reference [23].
%
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Figure 8: In a gas of fermions with zero range interactions (case of cold atoms), continuum collective branches g + z, obtained by carrying out the
analytic continuation of the eigenenergy equations through other intervals than the one [€](q), e2(¢)] of type II used so far. Solid black line or black
dashed line: real part; solid red line or red dashed line: imaginary part. The interruptions of the branches, due to exits from the fourth quadrant (the
only one explored here) (the real or imaginary part of z, vanishes) are identified by vertical dotted lines. For p > 0, numerical results for branches
of type III (extension through the interval [ex(g), €3(¢)]) in (a) and (b), and of type IV (interval [e3(g), +oo[) in (d), (e) and (f). For u < 0, numerical
results for type IV branches in (c) (the interval [e3(q), +oo[ is the only possible). Here kg = (2mu)'/?/h, ky = @mlu)"?/h, A/u = 1/10 in (a) and
(d), A/u = 11in (b) and (e), A/u =5 in (f) (no type III branch for this value) and A/ = —1/5 in (c). The interval [ex(g), €3(g)] closes and the
type III branch ceases to exist at ¢ = go(A) given by (57) and marked with a solid vertical gray line. At weak coupling, in (a), the type III branch
almost merges with that previously studied of type II and is very well reproduced by the solution of (102) (large dark blue or orange dots). Insets:
enlargements; the values at ¢ < 0.001 are taken from (154) after numerical solution of (153) rewritten as an equation on s5(z). Trajectories of type
IV branches in the complex plane for A/u = 1/10 in (g), A/u = 1 (black) and A/u = 1/2 (green) in (h), A/u = 5 in (i); the arrows indicate the
direction of the increasing g. Everywhere for type IV branches: solid line (dotted line), hypoacoustic branch (155) [hyperacoustic (157)] and its
possible emanation at large g after excursion outside the fourth quadrant. In (c): the dotted branch is of another nature, see its analytical behavior
(158) at low ¢ (solid orange line).
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eigenenergy equation,

In(1+ V1-52)—In(1- V1-52)

v 7T2§2 i 2 ¢__(S) - 2 24172
i A ¢ (s2) + Ag] [—i—v¢++(sz) +(B+ C{2)5I}—[—7§¢+—(52) + DL\ =0 where 1 ¢ (s) = Lp__(s) + 5=
4A ¢ (s) _ (1_s2)1/2 ;
+-= - s

(153)

To be consistent, we must also approximate equation (71) on s,(z) as follows,

4 - 1 — 52
?(1 —isnd) = — 2 (154)
2

which allows us to easily eliminate ¢ and consider (153) as an equation on s,(z).

A first type of solution of (153) corresponds to { — O therefore s, — —1/ A +0*. In the limit g — 0, we find by
trial and error that /2/g has a finite limit 7y, *' and that (153) is reduced to an affine equation on . Hence the exact
hypoacoustic behavior of the branch:

—4in>BA ¢__(s)
(Prs0—— = 39 |i=i/dsor

(155)

% =, 7P+ 0@) with y =

For z, to be in the fourth quadrant, y must have a negative imaginary part, which imposes A €10, Ao with Ay ~
2,138.42 This explains why the hypoacoustic branch does not appear at low ¢ in figure 8f. Furthermore, we show that,
among the Z, residues of section 4.3, the one Z, in the channel of small phase deviations is dominant, and diverges
as §~'/?; at low ¢, the hypoacoustic modes are therefore mainly phase modes of the order parameter.

A second type of solution of (153) corresponds to [{| — +co therefore s, — 1 —i0*. Then, in (153), we neglect B
in front of C¢2, we divide the remaining equation by (7%¢/2)?, we expand and collect by powers of §, then we neglect

the > terms to obtain:
4q L iA
(——ir — ¢ )(s2) + ﬂ—? D¢, (s2) +iCA¢__(52) - E¢++(52) =0 (156)

It remains to replace each contribution by its dominant order in the small parameter u = (1 — s%)l/ 2 in the second
term of (156), it suffices to know that ¢__ ~ ¢, ~ ¢, ~ u, but in the first, we must expand each function ¢ up to the

relative order u* (this is the sub-sub-leading order) to obtain the equivalent u°/45. Hence the law u ~ §'/3uqy and the
exact hyperacoustic behavior of the branch:
, 4GA - 1) (180)1/5(' . )1/5
¥ _ pl/2:4/5 ~2/5 _ _
g = 1+0 with 8= ——— and uy=[(— — —iCA-D 157
s =B 1+ 0@ P o=\7) i (157)

In (157), we must choose the value of the fifth root so that u is in the first quadrant and 8 has a negative imaginary
part, which can be done for any value of A > A; ~ 0.05283, hence the systematic presence of a type IV hyperacoustic
branch at low ¢ in figure 8.4 We verify that, among the residues Z. of section 4.3, the one Z, in the channel of small
phase deviations is dominant, and diverges as §~*/°; at low ¢, the hyperacoustic modes are therefore also mainly phase
modes of the order parameter.

It remains to understand physically the type IV branch on the upper wave number interval. We affirm that this
connected component is only the continuation at large g, that is to say the result of the irruption in the fourth quadrant,

of the hypoacoustic branch or of the hyperacoustic branch. We can clearly see this by mentally extending the curves

41. %/g cannot tend to infinity because ¢, ¢__ — ¢>_ does not vanish at s = —i/A + 0*. Suppose that £2/§ = o(1) leads to the contradictory
result 72 ~ §.

42. IfA =sht,p__ = t+in/2, p4y = (t—shrcht+ir/2)/2 and $,_ = ichtin (155). In addition, y'/2 ~ =2i/[3A(x%/8 — 1)]'/2 when A — 0.

43. The continuation of 8 to A €]0, A|[ has a positive imaginary part and obeys /2 ~ (87A/45)!/5 when A — 0.
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in figure 8d, the large ¢ component would be the return of the hyperacoustic branch after a passage in the first
quadrant. Similarly, in figure 8e, the large ¢ component seems to be the return of the hypoacoustic branch after a
detour in the first quadrant. On the other hand, in figure 8f, we interpret the large g component as the first entry of the
hypoacoustic branch in the fourth quadrant, this branch pointing from the start at low g towards the first quadrant, see
the discussion below equation (155). To make these interpretations easier to follow, we have shown in figures 8g, 8h
and 8i the trajectory of type IV branches for 4 > 0 in the complex plane. To justify them numerically, we also show
the trajectory of the branches for A/u = 1/2 in figure 8h: the hypoacoustic branch is a connected set in the fourth
quadrant. These figures lead to the following empirical remark: the branches which venture into the third quadrant
(Rez < 0 and Imz < 0) never return (at subsequent g) in the fourth quadrant, unlike those that venture into the first
quadrant.

4.8.2. On the BEC side: u <0

Finally, let’s look for a continuum collective branch in the case of a negative chemical potential. As we said in
section 4.2.1, the spectral densities then have, on the real energy axis, e3(q) of equation (56) as the only point of non-
analyticity. The analytic continuation of the eigenenergy equation can only be done through the interval [e3(g), +ool,
therefore can only be of type IV. The rescaling of the variables must be revised and the calculation of the spectral
densities must be redone. We now express the wave numbers in units of k, = (2m|ul)'/?/h, for example § = g/ky,
energies in units of |u|, for example € = €|/|u| and Ek =% + 1, the spectral densities and the matrix elements of M in
units of 2mk, / h%. We find that the reduced spectral densities are always given by form IV of table 2, provided that the
term 1 — §*/4 is replaced by —(1 + ¢*/4) in cubic equation (71). For &€ > &(§), the modified equation has indeed, for
all g > 0, three real roots, s1(€) < —1, s2(€) € [0, 1] which appears in the spectral densities, and s3(€) > 1, as one can
show in a graphical discussion. The analytic continuation of s, to complex energies z is done by continuous mapping
as in section 4.8.1, never passing below its branch point(s), i.e. complex roots of the polynomial Pg(X) in the fourth
quadrant. **

We have studied numerically the case A= A/lul = 1/5, see figure 8c. At low ¢, we find a hyperacoustic branch
whose start is well described by (157) if we think of changing the factor iA—1iniA+ 1in B, but which ends up leaving
the fourth quadrant; equation (157) thus modified also makes it possible to show that this hyperacoustic branch exists
in the vicinity of ¢ = 0 for any value of A. We also find a second branch, which does not reach the large ¢ but tends to
the value 2A at the origin of the wave numbers by following the real axis closely (its imaginary part tends to zero as

¢°). We analytically predict a quadratic start *3
1 R Yy + siny cos i) y . 2
7y = 20— —————+0(¢°) with =|1-81M._(2A,0 158
15022 Koy 2 T 0@ oy | +-(24,0)] (158)

shown as a solid orange line in figure 8c and in good agreement with the numerical results; the transcendental equation
on iy = /2 — asin s, has a unique solution in the interval [0, 7]. Result (158) is in fact only valid for < 7/2, that
is to say A < 0.222; for A > 0.222, the branch leaves the fourth quadrant towards the first quadrant (its imaginary
part vanishes) before reaching ¢ = 0. 46 The quadratic start (158) is reminiscent of that (82) of the usual continuum

44. For u < 0, you must replace § by ig in the definition (59) of Pg(X). Then Pg(X) has for § < .(A) a single root  strictly inside the
fourth quadrant, and has two, @ and «’, otherwise. Here, c}*(ﬁ) is the real positive root of the Cardan discriminant ¢ of footnote 21 considered as a
polynomial in ¢ and also subject to the substitution § — ig.

45. If we have that z; — 2A = q2, we see that shQ ~ ¢ — 0 and chQ — 1 in (66, 67, 68) so that f__(¥) ~ Shzg(w + siny cosy), fr+(¥) ~ ¢,
fi_ W) ~ shQsiny. In addition, the lower edge of the broken pair continuum is 2(A? + y%)!/2 > 2A for y1 < 0 and g = 0; therefore, M, (z4,q) and
M, _(z4,q) have a finite limit M., (2A,0) and M,_(2A,0) when ¢ — 0, while M__(z4,q) = 0(g%) since M__(2A,0) = 0 as in (53) and M__(z, q)
varies quadratically in ¢ and linearly in z — 2A around (z,q) = (2A,0). Given the analytic continuation procedure (12) and the factor 1/g in the
spectral density, see table 2, the contribution of M., and M__ is negligible in the analytically continued matrix element while that of M,_ is not.
Finally, by taking the limit ¢ — 0 in equation (71) modified for u < 0, knowing that z; is in the fourth quadrant and that siny = [1 - s%(zq)]” 2, we
find that sh Q ~ —igj/(A siny) and we end up with (158). Expression (85) of M,_(2A, 0) and its sign still apply if we set T = argsh(u/A) < 0 and if
we replace the now purely imaginary factor —(e*™ — 1)1/2 by (1 — e?")!/2.

46. In the limit § — 0, the root s5(z) obtained by continuous mapping is positive for ¥ = 2A + (C — i0")4?/A as soon as the real coefficient C is
< —1, asitis the case in (158). Using (71) modified for 4 < 0, we find that s%(z) — (1+C—i0*)/(C—i0") therefore 52(z) — [(1+C—i0")/(C-i0*)]/?
since s must be close to 1 when C > 1. Now we have s, = cosy. The condition s, > 0 therefore imposes ¢ < x/2. In addition, we have
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branch; the reasoning that led to (92) here also gives zero limit residues in g = 0, 7~ g and Z, x é3. However, there
is no hypoacoustic branch. Moreover, the reasoning leading to (155) is not transposed to the case u < 0: for z = 0(g),
we find numerically that s,(z) = o(1), and that the root s3(z) has the expected limit i/ A, in the continuous mapping
passing above the @ branch point.

5. Conclusion

In a spatially homogeneous three-dimensional unpolarized gas of spin 1/2 fermions with attractive interaction,
prepared in the thermodynamic limit at zero temperature, therefore fully paired and condensed in the form of T
bound pairs, we have analytically studied the continuum branch corresponding to the collective pair-breaking exci-
tation modes of the gas. As shown in reference [3], under certain conditions, such modes can manifest themselves
experimentally by a Lorentzian peak w — |Zq/(hw — z4)I in the intensity of a frequency response function on the
collective variable of the perturbed gas given by the complex order parameter A(r, ). We thus analyzed the complex
energy zq of the mode as well as its residue Zg for an arbitrary very weak non-polarizing and bounded in time exci-
tation, according to wave vector q, in order to obtain a complete description of the branch. Mathematically, we use
time-dependent BCS theory linearized around the minimal energy stationary solution, to obtain an equation on the
eigenenergies of the modes, which one must always analytically continue to the lower complex half-plane across the
branch cut resulting from the broken pair continuum at fixed q, if we want to find z4. Physically, the fact that Im z4 is
negative reflects the damping of the mode by breaking of pairs and emission of free fermions of wave vectors q/2 + k
in the continuum, k € R3. Our work analytically studies the branch at any wave number ¢, and for any interaction
strength; it therefore goes significantly beyond previous work, which obtains analytical results only in the limit of low
wave numbers g — 0, that is to say only on the quadratic start of the branch z4 — 2|A| o ¢*, within the weak coupling
limit |A|/u — 0" [2] or for an arbitrary coupling |A|/u but a positive chemical potential u [3].

In the weak coupling limit |A|/u — 0%, the real part of the dispersion relation exhibits three scales of variation
with wave numbers. (i) The first one q; = ko|A|/u, where ky is the wave number minimizing the energy e of a BCS
quasiparticle (e, = |Al), unsurprisingly corresponds to g =~ 1/& where ¢ is the size of a T] bound pair. The branch has
a universal limiting law when zg is expressed in units of |A| and when |A|/u tends to zero at fixed g/q; : this law applies
as well for fermions with attractive contact interaction in the s wave (case of cold atoms) as for charged fermions with
a long-range repulsive Coulomb interaction (case of a BCS superconductor in the sense of reference [2] that is to say
without real inclusion of the phonons of the crystal lattice). If we start from ¢ = 0%, the real part increases, exhibits a
maximum = 2.16 |A| at g/q; ~ 1.70, then decreases and tends to zero as |Alq; /g, up to a logarithmic factor in g/q;; the
imaginary part is decreasing and diverges linearly as —uq/ko up to logarithmic corrections in ¢/q;. At the dominant
order, the residue is carried by the channel of small modulus deviations of the order parameter from its equilibrium
value. The continuum mode is a modulus mode and one can neglect the phase-modulus coupling in the linearized BCS
equations. (i7) The second wave number scale is g» = ko(|A| /1)?’3: on the real part of the branch, the decrease 1/¢q
of the previous scale is gradually interrupted, Re zq goes through a minimum of the order of u(|A /i)*3 and located
at gmin ® ¢2, Up to logarithmic factors in |A|/u, then goes up; this is due to the contribution of the phase-modulus
coupling. The imaginary part continues to decrease in the same approximately linear way in g. Even if the residue
in the modulus channel still prevails, that in the phase channel is no longer negligible. The continuum mode is in
phase-modulus hybridization. (iif) The third scale is g3 = ko; the imaginary part of zq is approximately proportional
to —uq/ko, with a logarithmic coefficient in |A|/u, while the real part is increasing, approximately proportional to
p(q/k0)3/ 2, again with a logarithmic coefficient in |A|/u; the residues in the phase and modulus channels are almost
equal: the mode lives with almost equal amplitudes in the two channels. At g = 2k, the interval between branch
points of the eigenenergy equation, through which the analytic continuation was carried out, closes and the branch
ceases to exist. The results at the scales ¢, and g3 are valid for a short-range interaction, as in the cold atom gases, to
which we limit ourselves hereinafter; we do not know if they survive at least qualitatively the Coulomb interaction.

analytically calculated the coefficient of the term ¢ in expansion (158). We find that it is pure imaginary, that its imaginary part is < 0 for < /2
and vanishes by changing sign at = x/2. It is also at this threshold value ¥ = /2 (A = 0.222) that Z4 merges to second order in ¢ with the real
root &(g) of the polynomial Pg(X) of (59) transposed to the case u < 0, so with a point of non-analyticity of two of the roots s;(%): for u < 0, it is
indeed necessary to replace ¢ by ig in (59), and therefore in (62), as footnote 44 says.
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In the right vicinity of the zero chemical potential, 1/|A|] — 0%, which is in the strong interaction regime, on
the positive scattering length side of the BEC-BCS crossover, the continuum collective branch zq is, to leading order
in u/|Al, purely real and quadratic in g, zq — 2IA| = —128[I'(5/4)]*2~5h*q*/2m, over its entire domain of existence
10, 2ky[, domain which becomes more and more narrow since here kg = (2m,u)1/ 2 /11, where m is the mass of a fermion,
tends to zero. At the next order appears a nonzero imaginary part of zq, which reveals the existence of two wave
number scales. The first scale, Q = ko(u/|A])!/?, corresponds to the limit of validity of the quadratic approximation
on zq (this requires ¢ < Qy, which reference [3] did not say) but has not yet received any other physical interpretation.
At this scale, the imaginary part is of order of magnitude u(u/|Al)*>?, and goes monotonously from a quadratic start
to an asymptotic semiquintic plunge in g. The second scale is Q> = ky: at the dominant order, the imaginary part
of zq is of the order of u(u/|A|)"/*, is decreasing, and varies with the same power law ¢*/? as in the asymptotic part
q > Q) of the previous scale. On both scales, the dominant residue is carried by small modulus deviations of the
order parameter from its equilibrium value: the continuum mode remains from this point of view a modulus mode,
even if it is absolutely necessary to include phase-modulus coupling in the calculation of its energy to have the right
result, unlike what happens in the weak coupling limit at ¢ = O(q;).

The previous results, obtained for u > 0 and g < 2k, result from an analytic continuation of the eigenenergy
equation across the branch cut joining its first two branch points €,(q) and €,(g) on the positive real energy half-axis.
They always correspond to a continuum collective branch of limit 2|A| and of quadratic start at ¢ = 0. For a not
too large wave number (¢ < qo(A, 1) €]2ky/ V3, 2ko[), there is a third branch point €.(g). The analytic continuation
through the interval [€,(g), €.(¢)] gives rise to a new branch of excitation in the lower right quadrant of the complex
plane, at least for |A|/u not too large and g not too small; at weak coupling, it almost coincides with the continuum
collective branch studied previously.

Finally, it remains to perform the analytic continuation across the non-compact interval [€pax(g), +oo[ where
€max(q) 1s the largest branch point on the real axis. For g > 0 and ¢ < 2k, we have e€n.x(q) = €.(g) or €(q) de-
pending on whether ¢ is lower or greater than go(A, i), as shown in the previous paragraph. For u > 0 at any g > 2k,
or for u < 0 at any g > 0, the eigenenergy equation has only one branch point with real positive energy, it is the lower
edge 2e,—q2 Of the broken pair continuum, with which ey (q) therefore coincides. Analytically continuing through
[€max(q), +oo[, we find two new branches. Their wave number domain generally has several connected components,
the borders of which mark their entry or exit points in the lower right quadrant of the complex plane. For y > 0,
when these branches reach ¢ = 0, they acquire hypoacoustic behavior at low wave numbers (the complex energy
g R ¢*'* tends to zero faster than linearly and the phase velocity tends to zero) or on the contrary hyperacoustic (the
energy 7, ~ ¢*> tends to zero more slowly than linearly and the phase velocity diverges), the dominant residue being
always carried by the small phase deviations of the order parameter from its equilibrium value. For ¢ < 0, we observe
a hyperacoustic branch; on the other hand, the hypoacoustic branch is replaced by another branch, of limit 2|A| (as
reference [30] hoped, this is twice the order parameter and not twice the binding energy of a pair 2(|A* + 1?)!/?) and
of a purely real quadratic start at ¢ = 0 for A/|u| < 0.222, and which then resembles the usual continuum branch,
except that it is on the bosonic side of the BEC-BCS crossover.

Finally, let us indicate some possible extensions of this work. BCS theory that we used is no longer quantitative
in the strong interaction regime, in particular at the unitary limit often used in cold atom experiments; in this case it
would be good to use a more elaborate approach, like that of reference [31]. Our calculation of the continuum mode
dispersion relation does not take into account coupling to the Bogolioubov-Anderson acoustic branch (in neutral
particle gases), which has a priori no reason to be negligible at any wave number and any interaction strength. Finally,
one could ask what is the contribution of the continuum collective branch to the thermodynamic quantities of the
fermion gas at low temperature, that is to say for kg7 small compared to the binding energy of a pair.
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Appendix A. On the analytical computation of the spectral densities

Appendix A.1. In the weak coupling limit

Let us show how to pass from expression (29) of the spectral density pg)_) to expression (30), integrating on the
reduced wave number K with fixed value u of the cosine of the polar angle. You just have to find the zeros of the
argument of Dirac’s ¢ distribution in the integrand. To simplify, we can immediately impose € = €/A > 2 (the spectral
density is zero otherwise) and restrict to the integration domain u > 0 and K > 0 due to integrand even parity. We set
a=qu>0sothat x, = K +a/2 and e, = [1 + (K + a/2)*]"/? in (16). We must solve the equation & = e, + e_ on the
variable K. By cleverly squaring and collecting terms to make the square root disappear, it comes:

E=e,te. © e = ei+ez+2e+e_ S 2e,e_ = Ez—(ei+e%) =3 (2e+e_)2—(ei+e%—éz)2 =0and & > ei+ez (A.1)

Let’s introduce R = [€% — (4 + a®)]/(€? — a*) and make each term of (A.1) explicit, to get the root K and its condition
of existence:

& (& — a*)? + 4d?

E:e++e_<:>l_(2:ZRand ) >0 K=Ky=-R"ande> 4 +d*)"? (A.2)

N M

Indeed, the first inequality imposes & — a*> > 0 (the fraction it contains has a numerator > 0), and you have to have
R > 0. With the same effort, we obtain the value of e, — e_ at K = Kj by a clever rewriting, and therefore the values
of e, and of x.:

e2—e2  2ak _ €+ aR!/? € —aR'/? ERV? + ¢4 ER'? — ¢
e+—e,=ei+e_=—E0=aR1/2=>e+= S e P St S s (A.3)
The resulting identity below makes it possible to integrate (29) on wave number to obtain (30):
- -1 - 24172 = > . d X4 X—
ole,+e.—86)=J OE-@A+a)'")6(K—-Ky with J= d—l_((e++e_)= —+—2=>0 (A4)
e, e_

Appendix A.2. In the general case

In the continuous limit of the lattice model, we show how to express the spectral densities p,y (€, q), s, 5" € {—, +},
in terms of elliptical integrals as in table 2, starting from their definition (13) and limiting ourselves to the case u > 0
and € > 2A. First, we rescale as in (58, 64) then we integrate (13) in spherical coordinates of polar axis the direction
of q. The integration on the azimuthal angle is straightforward, since the integrand does not depend on it. We then
integrate on u, cosine of the polar angle, after having reduced to u > 0 due to even parity of the integrand. It is
necessary for that to find the zeros of the argument of the Dirac ¢ distribution in (13), therefore to solve the equation
&= ¢& +& onu, with & = &gy (similarly we use the notation £, = &i.qy2). Leta = k2 + 1 -landb= kg, so

E.=axbu and & =[(a=+bu)’+A*)"? (A.5)

It is a clever reparameterization, in the sense that a = 0 at the place of the minimum of k — min, €, + e_ (this function
was introduced in [3] to determine the extreme values of k accessible for fixed €, + €_). Let’s take advantage of some
of the work done in the weak interaction limit (section Appendix A.1) by directly using the two ends of the chain
(A.1):

& . & —4a%)* + 16a>A2 E o 1 . 1 ,
E=¢+é ou’ = :?Rand (€ ;)_4a2 a >0 u=uy= %Rl/z amd—E(Ez—4A2)l/2 <a< 5(62—4A2)1/2
(A.6)
now with R = [€% — 4(a® + A?)]/(&* — 4a?), then by proceeding as in (A.3) to calculate &, — & at u = u:
) v v v v
- 4ab . . . . . Y .
Gt = T o e = SR & = SRR, E = ar SRV2 E = a— SRV (A7)
& + € 2 2 2 2
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We thus obtain the Dirac ¢ expression adapted to polar integration:

S(E—¢8 —&)= Mé(u —up) with J= %(a +&)= b(f— - ‘i) >0 (A.8)

J & &

As we have taken into account in (A.8) the geometric constraint #y < 1 by means of a Heaviside function ®, we
can integrate on u € [0, +oo[. It remains to integrate on the radial variable Ivc, which, due to function @, is not that
simple, the domain of integration splitting into various sub-intervals according to the number of roots of the equation
up(k) = 1. Let’s explain how to do this using the example of ,_. First, we use a rather than k as the integration
variable. Then, taking into account the range of variation of @ in (A.6) and the hyperbolic parametrization (65) of the

energy & by Q, we puta = 1(& - 4A%)12 5in @ = A sh Qsin 6 where 6 € [-r/2, 7/2]. Then, using (10),

3E-aRYY 4eR2a O(1 — up) /g A 72 @1 - up)sin 6
2
b+_(é,51)=f d neA a O - uo)/g —”—sthth gg— 20 —uo)sin

a < - 9
L@-akye (8 —4a2PR(E - 4a* + A2 2 a2 (1 +sh>Qcos? )32

(A9)

To know the sign of the argument of ® according to the value of s = sin6, we must by continuity find its zeros
therefore solve the cubic equation u% = 1 on s, that is to say (71) except for a trivial rearrangement. The graphic
discussion of (71) is done in figure 3c and in section 4.2.2, let us recall the conclusions here: (i) if € < &(g), the
equation has only one real root s3, which is > 1, so that uy(s) < 1 for all s € [—1, 1]; (ii) if &(g) < € < &(gG) (this can
happen only if ¢ < go), the equation has three real roots, the first two s; and s, in ] — 1, 1[, the third s3 > 1, so that
up(s) < 1 on [—1, 51[U]sy, 1]; (@i0) if &(g) < €, the equation has three real roots, s; < —1, s, €] — 1, 1[ and s3 > 1, so
that up(s) < 1 on ]sz, 1]. The critical energies & 3(g) and the critical wave number ¢y are defined in section 4.2.1. The
integral in the right-hand side of (A.9) is therefore written

/2 dfsin 6 S
fn/z (1 + sh? Q cos? §)3/2 if2A < € < &(q)
/2 O(1 — up) sin @ asin s, /2 d0sing
N ) +f ) if&(9) < €< &(g (A.10)
fn/z (1 + sh? Q cos? §)3/2 ( 2 wins:) (1 + sh> Qcos? 0)32 2(q) 3(q)
fﬂ/2 dfsin @ e (V) .
1I € €
asins, (1 + sh? Q cos? 9)3/2 3lq

The integral of the case (i) in (A.10) is zero due to odd parity of the integrand. In the other cases, it remains to make
the change of variable § = @ — /2 in the integral of lower bound —r/2 and 6 = /2 — « in the integral of upper bound
7/2; one thus gets the function f,_(¢) of (68), expressible analytically in a simple way. For the spectral densities
and p__, we do the same, except that we have to recognize elliptical integrals, that are complete in the case (i) and
incomplete as in (66, 67) otherwise. We find table 2.

Appendix B. On the limit A/u - +co

Appendix B.1. At the wave number scale § ~ A°

This is to explain how the following expansions were calculated, useful for obtaining result (136) on the continuum
branch of type II (here, § and Z = % — 2A are fixed, with Im Z < 0):

. g 2fixedy 2 T L QM) 2K2 L ML (270)72 1 T L 22582 - 12)K* .
MGy "2 edA”‘f aig 0K +A'/2f a0 (1 - _ )+A”‘f Ak E_CT 1K k-1
A 0 K* 0 V1 + K4 0

A—s+co - K2 6(Z — K*)?
—-Z)" 14 INRYZS I 52-12) .
_EDT T pea, I 22)] g2y BT =12 xis - (B.1)
8T V2 475/ 1927 V2(-Z)3/4
Y -2 T3/HPZ + AT/ 12 - 1353 (-2)"* « <
M__(%,0) g, 2 fixed (=2) A-1/4 3[CGB/DI"Z +4A[T(5/D]g A2 ( 3¢ )(=2) R34 4 O(A,5/4) (B.2)
Aot 872 127572 19272
v L(5/H « 7y 7 —4)(=2)"1 <
M, (%) qizg ed _%Al/z + (=2) X4 4 (3g )(=Z) A-1/4 4 O(A_l/z) (B.3)
Ao m 87 V2 6412
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For that, let’s start from integral expressions (8) of the matrix elements, let us rescale them and formally integrate on
the polar and azimuthal angles of axis the direction of q. Integrals remain on the relative wave number k of certain
functions f(k, A). Let’s apply the multi-scale analysis explained in the text above (136), which amounts to splitting
the integration domain into three sub-intervals:

+00 . . 7

f dk £k, A) = f

0 0
+00

/e A
=f deA'/4f(A'/4Kb,A)+f dKoe A3/8f(A3/8KbC,A)+f dK. A2 f(A'PR,A) (B4
0 N e’ n N’ Ae N e’
=f(Ky.2) = foe(Koe.2) =fe(Ke2)

A3/8 AA3/8

ak £k &) + f V

nA3/8

kst [ kgl &)

AR

where the small parameter is & = A~!/%. The cut-off parameters ;7 and A are arbitrary; at the end of Taylor’s expansion
in &, it will be necessary to take the limits A — +co and 7 — 0 in the coefficient of each power &".%7 It remains to
expand the functions f,, f; and fpc in powers of ¢ at fixed Ky, K. and Ky, with coefficients £, £ and flfg), then
integrate. If the integral of a f, ™ is UV divergent or the integral of a f“) is IR divergent when & — 0, you have to take
out a simple equivalent of the integrand (typically, a sum of power laws in the integration variable) which will leave
behind a convergent integral. We then reexpand everything in powers of &.

Let us give the example of the matrix element M., to be determined with a relative error 0(&®) therefore an

absolute error O(g?). Let’s start with scale (c). Taylor’s expansion of the integrand is written
(27r) e
0o K2V1+K

The integral of the first term is IR divergent when € — 0; we go through a succession of elementary manipulations to
reduce it to a sum of power laws:

+00 +oodK 1 f+codK f+oodK ( ) fAe . 6 -1
—1)- dK[——K +O(K )]+—
\[A; K2V1+ K f/; ( ) A 1+ K4 0

2 -1
_[F(j# %83 + 87 +0(@") (B.6)

fu(K,e) = -+ YK et + 12K e + 0(%) (B.5)

The integral of the second and third terms of (B.5) is UV convergent but is IR divergent; the same manipulations are
necessary. However, it suffices to know that

Gy = Z (277)_2(5é2 -12) @em7?*Z ! Dy = o1k B
fe( )k—>0 76 % Yz +0(1) and fo 7 )1“(—>00(/ ) (B.7)

At the order of the calculation, the two most divergent terms of fc(4)(lv() contribute, and fcm)(lv() is negligible. The
same procedure is to be repeated for scales (bc) and (b). It suffices here to know that

y Qr2 S Z 1 Qm)2(54% - 12)

fulK.6) = ——m—e” + m) 2( s +2K2) + e+ 0 (B.8)
y Qn) K> _ L@ 2547 - 1DK* o) 5 @ LK?

fK.e) = T G- Fy e+ fP(K)E® + O(e°) where f (KI)H+ ogzn) —+0(1< 2)B.9)

We thus end up with the middle part of (B.1), the elements of which the reader will recognize above.

47. Taking the limit is actually only necessary for M__. For M, and M,_, the dependence on A and 7 disappears by itself in the coefficients of
&" useful here; we could therefore take n = A = 1 which would amount to keeping the scales (b) and (c) fully but introducing the scale (bc) only as
a cut-off.
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Appendix B.2. At the wave number scale § ~ A~/

To establish equation (148) on the phase-modulus coupling M, _, we proceed as it is explained in the text above
it. After formal angular average of (8) in spherical coordinates of polar axis the direction of q, M. is written as an
integral on the wave number k of a certain function F(k, A). Let us take as small parameter & = A~'/3, let us split the
integration domain in two around the cut-off AA!/* (A is a constant) and make the changes of varlable (130) of type
(a) and (c):

AAI4 +00 Ae2 +00
M+_(z,g)=f dlch(lvc,A)+f dl?F(/E,A):f df{aF(f(a,A)+f dk. A'"?FA'?K., A (B.10)
0 AA]/A 0 N—— Ag2 ——
=F,(Kyp.6) =F.(K..e)

It remains to expand in powers of & under the integral sign at fixed K, or K., with Q = AV 2§ and ¢ defined by (142)
fixed,

y 2m)2K2(K? -1 8 -2n) 2™ 4
Fufae = K& D, ( £ ) and  Fo(Ke,) = &+0(‘?—) (B.11)
e=0 [ —(KZ-1)? 1+ K? -0 (1+ K12 K?
then to integrate:
Ae2 . . +oo .
f dk, FOK,) = FO(+00)Ae™? + f dK[FO(K,) - FO(+00)] + O(?) (B.12)
0 0

o o e A [T(5/4)) 4
f dK, FTY(K,) = f dK. FCY(K,) - f dK F >(KC)=——5/2 — ASFUY0) + 00 (B.13)
Ag? 0 0 4

Here, the functions F™ are the coefficients of the terms of order " in (B.11). In (B.12), we used a minus-plus trick
by subtracting from the integrand its limit at infinity. In the remaining integral, the integrand is now O(1/ Iv(ﬁ); we can
therefore replace the upper bound by +co, introducing a negligible error O(£?). In (B.13), to go from the middle part
to the right-hand side, we first carried out the first integral then, in the second integral, we approximated the integrand
by its value at the origin; as the latter varies quartically near K. = 0, the error made is indeed O(¢'). By collecting
the contributions (B.12) and (B.13) in M,_ with weights 1 and e™*, we see that the linear terms in A in the right-hand
sides of these equations cancel each other. It remains (148).
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