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In this work we consider the superfluid stiffness of a generically non-Galilean-invariant interacting system
and investigate under what conditions the stiffness may nonetheless approach the Galilean-invariant value
n/m. Within Eliashberg theory we find that the renormalized stiftness is approximately given by n/m in the
case when the / = 0 and 1 components of the effective Fermi-surface projected interaction are approximately
equal over a range of frequencies. This holds, in particular, when the interaction is peaked at zero momentum
transfer. We examine this result through three complementary lenses: the §(w) term in the conductivity, the
phase dependence of the Luttinger-Ward free energy, and the coupling of the amplitude and phase sectors
in the Hubbard-Stratonovich collective mode action. From these considerations we show that the value of
the stiffness is determined by the strength of renormalization of the current vertex and that the latter can be
interpreted as the shift of the self-consistent solution due to flow of the condensate, or alternatively as coupling
of the phase mode to / = 1 fluctuations of the order parameter. We highlight that even though the superfluid
stiffness in some non-Galilean systems approaches the Galilean value, this is not enforced by symmetry, and
in general the stiffness may be strongly suppressed from its BCS value. As a corollary we obtain the generic
form of the phase action within Eliashberg theory and charge and spin Ward identities for a superconductor with

frequency-dependent gap function.
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I. INTRODUCTION

The superfluid stiffness D(T") is one of the key character-
istics of a superconductor: it determines the strength of the
§-functional contribution to the optical conductivity and the
energy cost of phase fluctuations. In two dimensions (2D),
Dy has the dimension of energy and we explicitly define it
via o(w — 0) = > Dy(T)8(w) + - - - or, equivalently, via
Econda = (1/8)D,[V(r)]?, where Eonq is the condensation
energy per unit volume, and ¢(r) is the phase of a supercon-
ducting order parameter A(r) = Ae™?") [1,2].

In a clean Bardeen-Cooper-Schrieffer (BCS) superconduc-
tor, Dy(T = 0) = Er/m, where Ef is the Fermi energy [3.4].
For a parabolic dispersion this reduces to Dy(T = 0) = n/m,
where # is the total electron density and m the bare electron
mass. In a dirty BCS superconductor, D; is reduced and can be
substantially smaller than in the clean case [2,5,6]. At a small
Er (the low-density limit), D; can become smaller than the
bound-state energy of two fermions in a vacuum Ej. In this
situation the system displays, even at weak coupling, Bose-
Einstein condensation (BEC) behavior where bound pairs of
fermions are formed at 7, ~ Ej, while actual superconduc-
tivity with a macroscopic phase coherence sets in at smaller
T. = (7 /8)Dy(T;) ~ Er [4,7].!

The subject of this paper is the analysis of the superfluid
stiffness at 7 = 0 in strongly coupled clean superconductors,
with special attention to systems in the vicinity of a quantum
critical point (QCP), where superconductivity emerges out of

' A more accurate expression is 7, ~ Er/loglog Ey/Er.
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a non-Fermi liquid (NFL). We will not discuss here disorder
effects [8] nor the behavior at small Er. We assume that
Er is larger than the fermion-boson interaction strength and
analyze the behavior of the stiffness within Eliashberg theory.
To shorten notations, below we label Dy(T = 0) simply as D;.

Our primary goal is to understand the interplay between
the contributions to Dy from the quasiparticle residue 1/Z and
from the renormalization of the current vertex. Without vertex
renormalization, Dy is renormalized down from the BCS value
to Dy ~ Er/Z and is substantially reduced at strong coupling,
when the quasiparticle residue is small. It was argued, how-
ever [9], that in a Galilean-invariant system, 1/Z is exactly
canceled out by vertex renormalization due to a special Ward
identity, which states that the renormalization factor for the
current vertex is exactly Z. As a result, D; = DE’"‘I is unaf-
fected by interactions and remains the same as for a BCS
superconductor (DS = n/m at T = 0).

Our goal is to understand the interplay between 1/Z and
vertex renormalizations in systems near a QCP. A frequently
used low-energy model for such systems is one of fermions
near the Fermi-surface Yukawa coupled to soft dynamical
bosonic collective fluctuations in the corresponding spin or
charge channel. The bosonic dynamics plays a crucial role
for the pairing and non-Fermi-liquid behavior in the normal
state [10,11]. This dynamical model is, however, non-Galilean
invariant, even if a fermionic dispersion can be approximated
as parabolic, because the dynamical term in the bosonic prop-
agator is not invariant under a Galilean boost in which the
momentum ¢ of a boson remains unchanged while the fre-
quency o shifts to w + vg, where v is the velocity of the
boost. Meanwhile, a QCP towards spin or charge order and
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superconductivity near it can develop already in a Galilean-
invariant system. For the latter, one then has to add additional
four-fermion interactions, e.g., an effective interaction medi-
ated by two dynamical bosons (the Aslamazov-Larkin—type
terms). It is a priori unclear how these additional interactions,
which are generally less singular near a QCP than the direct
Yukawa coupling with a soft boson, account for the cancella-
tion of the 1/Z factor in the stiffness.

We argue that near cancellation happens already without
the additional terms. The key here is the observation that for
a Galilean-invariant system, a spin or charge order emerges
with ¢ = 0 [12], hence, soft bosonic excitations carry small
momenta g. We argue that in this situation, the leading term
in the renormalization of the current vertex is the same as
in the renormalization of one of the components of the spin
vertex (o ﬂc;ackﬁ at the bare level). The fully renormal-
ized spin vertex is related to the self-energy by the Ward
identity, associated with the global spin conservation, and
cancels out 1/Z. This holds for both Galilean-invariant and
Galilean-non-invariant systems. The subleading terms, which
distinguish between the renormalizations of the current and
spin vertices, are small in ¢ and remain nonsingular at a
QCP. For a Galilean-invariant system, these subleading terms
cancel out by additional, less singular interaction terms in the
fermion-boson Hamiltonian.

In this communication we discuss the interplay between
Z and the renormalization of the current vertex near a ¢ = 0
QCP in some detail. We obtain a generic expression for D;
for interacting fermions near a QCP and show under which
condition it reduces to the BCS result Dy, = n/m. This con-
dition (the equivalence between two functions of Matsubara
frequency) is satisfied for a Galilean-invariant system, but
also approximately holds for a non-Galilean-invariant system.
We call these systems effectively Galilean. We obtain how
D, changes once the condition is violated and illustrate this
for the case of fermions interacting with a boson with prop-
agator x(q, 2m) o 1/(w} + @2 + (cq)*). We use the boson
velocity ¢ as a control parameter and show within Eliashberg
theory how the renormalization of D, evolves between the
limits of large ¢, when the scattering is predominantly in
forward direction, and small ¢, when scattering by any ¢ is
equally probable. We show that in the first case Dy ~ n/m,
while in the second case Dy is reduced to ~(n/mZ). This
last result holds for the interaction mediated by an Einstein
phonon.

These results appear naturally when the superfluid stiffness
is identified with the prefactor for the 6(w) term in the optical
conductivity. We also show how the fully dressed D, emerges
in the Luttinger-Ward (LW) description of a superconductor
with coordinate-dependent phase ¢ = q - r or, equivalently,
of a superconductor with a nonzero total momentum ¢ of a
pair. The key issue we discuss here is how the corrections
to the current vertex emerge in this approach. We show that
they originate from the change of the fermionic self-energy
due to the phase twist exp(iq - r) and that the existence of
such corrections is a general feature of linear response in
the LW formalism. We also show how the fully renormalized
superfluid stiffness can be derived within the Hubbard-
Stratonovich (HS) formalism in the context of the phase
action.

FIG. 1. Self-energy diagram within the Eliashberg framework.
The solid line is the full Nambu Green’s function, and the wavy
line is the interaction V. Vertex corrections to the self-energy are
neglected as they are small for the typical frequency and momentum
scales contributing to 3 [10,12-14].

We restrict our analysis primarily to the cases when su-
perconductivity emerges near a ¢ = 0 QCP and soft bosonic
excitations are peaked at ¢ = 0. For a QCP with a finite Q
[e.g., towards (7, 7r) antiferromagnetic order], the renormal-
ization of the current vertex is unrelated to that of the spin
vertex, and in general the fully dressed superfluid stiffness
scales with 1/Z.

The structure of the paper is as follows. In Sec. II, we
outline the model and provide a brief review of the Eliashberg
theory of superconductivity. In Sec. III, we explicitly calculate
the superfluid stiffness within Eliashberg theory as the weight
of the § function in the DC conductivity, with a particular
focus on the role of vertex corrections and the notion of
effective Galilean invariance. In Sec. IV, we recontextualize
Eliashberg theory in terms of the LW functional and employ
this description to naturally obtain the superfluid stiffness, in-
cluding vertex corrections. Finally, in Sec. V, we make contact
with the HS description of Eliashberg theory and present the
associated phase action, including the important role played
by coupling of phase and amplitude gap fluctuations. Some
technical aspects are discussed in Appendixes A-E. In par-
ticular, in Appendix B we explicitly derive Ward identities
for charge, spin, and momentum for a superconductor with
a frequency-dependent gap.

II. MODEL

We consider a model of fermions described by a Matsubara
action

§=- Z Vo (i€n — E) Vo
k

1 _ _
- E/dxdx/V(x—X’)Ilfa(x)wa(x)%f(x’)l/fa/(X’), (1)

where the effective interaction V(x — x’) is mediated by a
soft dynamical boson. The notations are k = (¢,, k) and x =
(t,x). We assume the fermion dispersion £ and interaction
V to be rotationally invariant. We define Nambu spinors
W(x) = (Y4 (x), 1/}¢(x)) with Green’s function G(x, X)) =
— (U)W (x)). Eliashberg theory approximates the matrix
self-energy by the one-loop self-consistent expression (Fig. 1)

2, 1) = Vx —x)5G(x, ¥t

— <_i2(xv-x,) + X(-xv-x/)

P(x, x') )
¢*(x', x) '

=20, x) — x(x,x)
(2)

where ¢ represents the pairing vertex while ¥ and y are,
respectively, the odd and even parts of the normal-state

144505-2



SUPERFLUID STIFFNESS WITHIN ELIASHBERG ...

PHYSICAL REVIEW B 109, 144505 (2024)

self-energy.’For a particle-hole symmetric system, x can be
neglected (see Appendix C), and we do so henceforth. The
self-energy can be compactly expressed as

S, x) = —iZ(x, x) T + d(x, x)E. 3)

For a translationally invariant system, the equations for ¥ and
real pairing amplitude ¢ can be written in momentum space

Sy =T Vk—K)t:G(k)ts. (4)
-

The dependence of the self-energy on the magnitude of
momentum is weak within Eliashberg theory, due to the sepa-
ration of momentum scales between fermions and bosons (see
below), allowing us to approximate

2k) = S.(kp), Vk—k)— Vipkr —Kp).  (5)
Then
2’\311(1(1’7) = _iznfo + ¢n7?1' (6)

Within the same approximation, the Nambu Green’s function
takes the form

iy + By)T — SkT3 — ¢ Ty
=T rete

We can now directly perform the integral over & and obtain
the Fermi-surface projected Eliashberg equations:
F 1
Vn n' (|kF - kpl)gn (kF)

i3, (kp)ts _nuTZyg S
FS
(®)

with S, the surface area of the n sphere and v the density
of states per spin at the Fermi surface (we keep dimension
d arbitrary, but will later apply the results to d = 2). Here,
8.(Kkr) is the &-integrated Green’s function weighted with %3
[15-17]:

@)

&n(kp) = - / d& 23G,(€. kr) = gu(kp)ts + fu(kp)Es. (9)

For simplicity of presentation we consider s-wave super-
conductivity, in which case we obtain the isotropic Eliashberg
equations

. P
E,l:en—i—rrvTZVl_zo/ 2

n—n =7 > ’
n 1/ En’ + ¢n’

————
8n

7

qbn_anZan — %

_,—z
I

10)

where we have defined ¥, = ¢, + ¥, and the Fermi-surface
average of the interaction

_ dky [ dK, ,
zjﬁ S Py e kD). ()
FS ©d—1 JFS Pd—-1

2We have assumed time-reversal symmetry so that the normal-state
self-energy of the two spin species are equal.

It will also be convenient to define the related quantities®
(12)

which obey equations

€

A __An
Ay =mvT Y VIS =" & "
n ,/6 +A2

T .
z, =1+ ZV’_:QG—. (13)

€ /.2 2
n
n 61/+A/

We see that there is only one self-consistent equation for A,
while Z, is a functional of A, [11]. Equations (10) and (13)
are the central equations that define the equilibrium theory.

There are two approximations used in derivation of the
Eliashberg equations. First, Eq. (5) is valid when bosons are
slow modes compared to fermions, i.e., for the same fre-
quency, a typical bosonic momentum is much larger than a
typical fermionic momentum. This approximation is justified
when the fermion-boson coupling is much smaller than the
Fermi energy. Second, vertex corrections are neglected. For
fermions interacting by exchanging soft collective bosons,
these corrections are, in most cases, O(1) parameterwise,
but are small numerically [10,12-14]. We emphasize in this
regard that a typical frequency and a typical momentum of a
soft boson in the self-energy diagram are such that vpg > w.
In this limit, a correction to the boson-fermion vertex in the
self-energy diagram is related to the derivative of the self-
energy over the momentum, which is at most logarithmic
at a QCP, and is [10] weaker than the derivative over fre-
quency, which has a power-law divergence at a QCP. This
reasoning, however, does not hold for the corrections to the
external current and density vertices, as for them the incoming
momentum g = 0, while w is finite. In this situation, vertex
corrections are generally of order of the frequency derivative
of the self-energy at k = kr and are large and singular near a
QCP.

III. SUPERFLUID WEIGHT IN THE CONDUCTIVITY

Given a solution to Egs. (10) and (13) we may calculate
the conductivity in the superconducting state, from which the
superfluid stiffness can be extracted. In this section, we outline
the calculation of the superfluid stiffness from the conduc-
tivity within the Eliashberg paradigm, comparing the generic
result with that for an exactly Galilean-invariant system.

The optical conductivity can be expressed in terms of the
retarded velocity-velocity correlator J [18]. In the supercon-
ducting state o’ (w) has a delta-function piece

o'(w) = ns(w)Re JR(w,q=0)+--- . (14)

We then identify the superfluid stiffness via D, =
—ReJR(w — 0,q =0). The low-energy velocity-velocity

*Note that, strictly speaking, Z;

Z =14 (03/36)), 0.

res

is not the quasiparticle residue
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(b)

FIG. 2. Diagrams contributing to the optical conductivity:
(a) Paramagnetic velocity-velocity bubble determining the weight of
the § function in the optical conductivity. The dot represents the bare
current vertex, while the shaded vertex represents the renormalized
current vertex. (b) Bethe-Salpeter equation for the renormalized cur-
rent vertex. The dot is the bare current vertex vp, and the shaded
vertex is the renormalized vertex vp f’n. The thick lines are the full
Green’s functions of the theory, whereas the wavy line is the interac-
tion V(k — k').

correlator is expressed in terms of the Nambu Green’s
functions G by the diagram in Fig. 2(a) as*
Q) =-T Y winGkiolk+0xkGk]. (15)
k

where Q = (iR2,,,0) and K = (i¢,, k). Here p, is the bare
velocity vertex and T'x4¢ x the renormalized velocity vertex
within the ladder approximation [Fig. 2(b)] satisfying the
Bethe-Salpeter equation

Tkiox =P+ T Z Vi k53Gk ol kr0x Gty (16)
g

The vertex correction is evaluated within the ladder approxi-
mation, consistent with the Eliashberg scheme for calculation
of the self-energy.’Nonladder vertex correction diagrams,
e.g., crossed diagrams, are suppressed to the same degree as
vertex corrections to the self-energy. The bare velocity vertex
is the conventional % = V&kTy. Near the Fermi surface this
is simply p, = vpTp. For a rotationally symmetric interaction,
in the ¢ — O limit, the renormalized current vertex must also
be proportional to vy, allowing us to split the renormalized
vertex into a product of vy and a rotational scalar, which
only depends on frequency: lA“KJrQ,K = va‘ner,n, where n
and m stand for ¢, and €2,,. The matrix f‘,,+m,n obeys the

“Below we employ the computational scheme in which we first
integrate over the dispersion & and then over frequency. In this
scheme, the diamagnetic term is canceled by the high-energy con-
tribution from the fermion bubble. For this reason we focus only on
the low-energy paramagnetic velocity-velocity correlator.

SWithin our treatment we do not consider the backaction of super-
conductivity on the bosonic action.

Bethe-Salpeter equation in the form

e A =1
Upsmn =% +0T E V.o

X / A5G EPwamn G BB (17)

where we have defined the generalized / = 1 harmonic of the
interaction [cf. Eq. (11)]

(v%5~>v’=‘—y§ dkFyg AR vV (ke — KL
d )T Jes Sacn Jes Say T o

(18)
Within the Eliashberg theory, particle-hole symmetry re-
stricts solutions of Eq. (17) to be of the form

I'= F(O)TO —+ F(l)f'l (19)

(see Appendix A for details). There is no coupling to the phase
sector and we are able to safely take the limit €2,, — 0 (at

= 0) without encountering any nonanalyticity. In terms of
the renormalized vertex [, = Fn » the general expression for
the superfluid stiffness is

2
v
D, =T Z (mer® + mo'rh), (20)
where
mny = / d tr[2" G, (£)2"G(8)]. 1)

Explicitly evaluating the fermionic bubbles one finds

2w A€,

3/2

HSO — 7
Zy(€2 + A2)

01 __
IT, =

21 A,%

Zy(€2 + A2)

)3/2 (AT +ie, I D).

= F —2mvT
Z 24 A2
(23)

Equation 23 is a general result for the superfluid stiffness
within Eliashberg theory. AtT — 0,T Y, — [ de,/(27).

In the Galilean-invariant case, there is a special Ward
identity relating the fully renormalized current vertex to the
self-energy as

. En-i—m - Zn

f‘n-l-m,n =1+i 24)

m

This relation is obtained from a combination of the Ward
identity for conservation of momentum, and the identity j =
e(k/m) allowing the renormalized current vertex to be ex-
pressed in terms of the renormalized momentum vertex (see
Appendix B 2d). At €2, — 0, this reduces to

E)o

1,—\‘ner,nzl,—\nE]"f'l. .
€,

(25)
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In components, I''¥ = 1 + ¢ "E" and I'{D = 13"’” Using these

formulas, we obtaln

D, =D = F L27vT
. Z 25 AZ)3/2
azn ad)n
AT+ — | —€, . 26
X( |: +86n] 686,,) (26)
We now use Eq. (12) and rewrite
A, A, 0, A, oA,
¢ =—1+ - —Z,+ Z,—. 27)
€, €, €, €, €,

Inserting this into Eq. (26), we obtain

2w v’ A, AN,
pi = Ty §° . — . (28)
d (2 + A2)~/ €y

At T = 0, replacing 2T ), by [ de,, we obtain

2 A, AN,
poa = 2F de,—— (A, —e,—= ). (29)
s 3/2
d (e2+A2) den

The integrand is a total derivative:

poal _ UF / do, (&) (30)
- d "de, €2 + A2

Evaluating the integral we then obtain

DS = £ — — (31)

This result implies that in an interacting Galilean-invariant
system, the superfluid stiffness retains its bare value [19].

To understand how and when Eq. (23) differs from the
Galilean-invariant result in a generic case, when there is no
Ward identity relating [',,., to the self-energy, we recall
that there are Ward identities for a generic system of interact-
ing fermions associated with global charge conservation and
global spin conservation. The latter, for the vector of matrix

spin vertex o, Fn tm.n» 18 Of interest to us. Specifically, the

(sp)
matrix [\ tmn

n

obeys the Bethe-Salpeter equation

x / A& 53 m GO, GrE) (32)

whose solution is the same as for I',4, , in the Galilean-
invariant case:

Spim— 2

F(vp) =1 . “n+m n 33

n+m,n +i Qm ( )

(see Appendix B for details). In the limit €, — 0,

when [07) = [, this reduces to [y =1 + "2" and

P = a¢” . We emphasize that these relations hold for

both the Gahlean invariant case and non-Galilean-invariant

case. We also note that Eq. (33) holds only for the spin vertex.

For the charge vertex, the equation is somewhat different (see
Appendix B).

Comparing with Eq. (17) for the current vertex IA*,Hm,,,,
we see that the only difference in these equations is that
the equation for ['?) involves the / = 0 harmonic while the
one for I involves the / = 1 harmonic. As a consequence,
the superfluid stiffness in a non-Galilean system retains its
free-fermion value n/m when the harmonics V'=%! are equal
for all frequencies. We call such a system effectively Galilean
invariant.

There is one fundamental difference between an effectively
Galilean-invariant and a truly Galilean-invariant system. In
the first, the cancellation between fermionic Z and vertex
correction occurs between terms involving only quasipar-
ticles in the vicinity of the Fermi surface. In a generic
Galilean-invariant system, the special Ward identity estab-
lishes the relation between properties of the system near and
far away from the surface. So while D; = n/m in an effectively
Galilean-invariant system, the reason why interaction-driven
corrections cancel out is in general quite different from that in
a truly Galilean-invariant system.

We now investigate in more detail how the vertex cor-
rections restore the Galilean value of Dy when V/=0 = VI=1.
The role of the vertex corrections in the effectively Galilean-
invariant case can be elucidated by the following three cases:

(a) A frequency-independent self-energy (such as from an
instantaneous interaction) and A ~ const. This is the
BCS case.

(b) A matrix self-energy of the form X, ~ ¢,, A ~ const.
This is the case of superconductivity out of a Fermi
liquid away from a QCP.

(c) A matrix self-energy in which both A, and Z, are
strongly frequency dependent. This is the case of su-
perconductivity out of a NFL at a QCP.

For case (a), Z = 1 and both vertex corrections '@ — 1

and 'V vanish, giving

0 T=0 n
D, = DO — —vaTZ - Er

2 4+ A2)*?

Indeed, one can easily verify that Z =T =1 and 'V =0
is the solution of Egs. (13) and (17) for any instantaneous
interaction, and thus all BCS-like local interactions are ef-
fectively Galilean invariant. For the vertex correction, this
follows from the fact that all components of f denr(G,,/,nr)2
vanish, either because the integrand is odd in ¢, or because
it can be reexpressed such that the both fermionic poles lie in
the same half-plane, and the integral vanishes after closing the
integration contour in the other half-plane.
For case (b), the expression for Dy is

1+09%,/0¢,
FQnVTZ 3/2( + /0¢ ) (35)
62+A2 Z

n

The constant factor in the last bracket cancels out because for
Yo xe, Z=1+2%,/¢, =14 0%,/0¢,.

For case (¢), X,/€, # (0%,/0¢,) and thus Z and 1+
0X,/0€, no longer cancel. One needs to include the fre-
quency derivative of the pairing vertex on equal footing
with 0%,/0€, to get the cancellation of Z and reproduce
D; =n/m.
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We also note that for all cases (a)-(c) the relation Dy =
n/m holds independent of the fermionic dispersion. This is,
of course, only approximately true as in linearizing about the
Fermi surface we have neglected corrections of order A/Er
to Dy. These corrections cancel out only in the truly Galilean-
invariant case, where the relation Dy = n/m is exact.

We now consider how the stiffness gets modified when
VI=0 £ vi=l We define V= =V/=0 46V, and I, =
[P 4+ 81, (in the limit when external bosonic frequency
Q,, — 0). The vertex Sf,, obeys the modified Bethe-Salpeter
equation

S0y =vT Y (V,f_:,?, / dE 23680, G 13
+8Vo / dt 3Gy f,i-f'”ék/fs). (36)
Splitting 81", into components we obtain for the stiffness

FZT[UT
Z P AZ)

x (2,87 + zenar;”). (37)

_ Gal
Dy = DS 3/2

If the difference between V=) and V'=9 is small for all rele-
vant frequencies, this will be a small correctlon of order §V.
This is the case for interactions which are dominated by small-
angle scattering, as then scattered particles do not distinguish
between different harmonics. That small-angle scattering
leads to approximate relations between the renormalized cur-
rent and spin vertices has previously been appreciated in the
normal state [20,21].

As an example, consider an interaction mediated by a prop-
agating boson with mass wp and dispersion cq:

g X0
R 9

For fermions on the Fermi surface ¢?> = |kp — k. |2
2k2 (1 —cos ), where 6 is the angle between ky and k..
can then write

X0 1

Vi _
@) 2¢2k% a,, — cos 6

= V,u(0) =

(39)

with @, = 1 + (2 + w})/(2c*k#) and express

dk dk/ 1
n[l=o 82 X0 % F ‘(f F : (40)
FS FS

2C2k2 Sd,1 Sd,1 ay — COS(@ -0 )
and
yi=t gzxgz fﬁ dkp f]g dk,  cos cos®’ o
2¢2ki Jrs Sa-1 Jrs Sa—1 am — cos(6 —0")
In d = 2 we have
Vl:() _ ngO 1 V1=1 82)(0 am 1
" 2¢2k2 Ja2 — TR 2¢2k2 a2 —1

(42)

SO
SV — gZXO apm — 1 _1
" 202k am + 1
1
- g2X02 l]— — 43)
2C2kF 402/(%
I+ Q2 4o,
and
-2 —1
8V, V=0 = = ) (44)
a,—1 22
a1+ 1+47%

The relevant frequencies €2, are of order A,,. The charac-
teristic scale for the latter is the gap function at zero frequency
at T = 0, which we label simply by A. We see that §V,,/V,/=°
is small when the velocity c is large enough such that ckp >
(A% + @3)"/2. This is the limit of small-angle scattering. We
furthermore note that in this limit, §V,, is determined by
scattering to large angles and remains nonsingular at a QCP
even if we set ©,, — 0. As a consequence, §D; = D, — DS
also remains nonsingular. For a Galilean-invariant system, this
nonsingular 8D, cancels exactly with contributions coming
from interactions with noncritical bosons.

A near cancellation between I' and Z factors in Dy for
small-angle scattering 6 is similar to the near cancellation
between self-energy and Maki-Thompson contributions to
optical conductivity in the normal state, in a similar situa-
tion of small momentum scattering (these are the insertions
of self-energy and vertex corrections into the conductivity
bubble) [22-24]. Like there, in our case the net result for
the difference between D; and DS contains the additional
factor 1 — cos@ ~ #%/2 compared to what one would get
by including only Z or only I'. Furthermore, for the truly
Galilean-invariant case, the already reduced contribution to
the optical conductivity cancels out by additional, Aslamazov-
Larkin—type diagrams [24—26]. The same happens in our case:
for a Galilean-invariant system the already reduced Dy, — DS
is canceled out by other contributions to §(w), term in the con-
ductivity, likely also Aslamazov-Larkin—type contributions. It
is also possible that for a convex Fermi surface there is an
additional reduction of Dy — D when all contributions to
the 6(w) term in the conductivity are added together [27,28].
We do not dwell on this issue here.

At ckr ~ A, 8V,,/V=0 = 0(1), i.e., D; differs from DS,
A particularly extreme example where cancellation is absent
is the case of ¢ = 0, when V!=! = 0. This case describes, in
particular, the pairing mediated by a soft Einstein phonon. At
T = 0, we have

A (e)

__ nGal
Dy =D, / O+ AEPTP

Near a QCP, Z(A) is large [29] and D; is substantially smaller
than DS, For the phonon pairing, DS ~ Ep, while Z(A) ~
22 /(wpA), where g = (g2 xom)'/?. At small wp, Z(A) > 1.
The actual stiffness is D, ~ Er Awp/g. Eliashberg theory for
electron-phonon interactions is valid as long as Eliashberg

~ DS/Z(A).  (45)
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parameter Ap = §°/wpEr remains small. Using that at small
wp, T, and A are both of order g [30,31], the stiffness can be
reexpressed as Dy ~ T, /Ag. We see that, as long as Eliashberg
theory is under control, the dressed stiffness remains larger
than 7. In this situation, phase fluctuations are weak and
Eliashberg T, nearly coincides with the actual 7.. However,
at the boundary of applicability of Eliashberg theory, D; be-
comes comparable to 7. and phase fluctuations cannot be
neglected.

IV. SUPERFLUID STIFFNESS IN THE
ELIASHBERG-LUTTINGER-WARD DESCRIPTION

While the superfluid stiffness appears naturally as a trans-
port property in the conductivity, it can also be obtained
directly from the thermodynamic properties of the system. In
particular, it parametrizes the free-energy cost associated with
twisting the phase boundary conditions of the superconduct-
ing state [2,32,33]. In this section, we obtain the superfluid
stiffness directly from the LW variational free energy for the
Green’s function in the Nambu representation. Our particu-
lar interest here is to understand how the renormalization of
the current vertex appears in this approach. We show that it
emerges naturally already within the one-loop approximation
because of the change of the self-energy due to the phase twist.
We argue that the emergence of corrections to the current
vertex is a general feature of the linear response in the LW
formalism, reflecting the conserving nature of the approach.

Luttinger and Ward showed that a many-body system can
be described by the variational free energy [34]

PN

BQIGI = —Tr In(—G™") — Tr[G'G] + ®[G].  (46)

where G, the fully dressed Green’s function, is to be mini-
mized over, and @[Q] is the LW functional, which can be
obtained diagrammatically as the sum of all two-particle ir-
reducible vacuum skeleton diagrams. This description has the
following properties:

(i) The equilibrium Green’s function G.q minimizes €.

(i) The self-energy is the functional derivative of the LW

functional ®, ¥ = §P/58G.

(iii)) The minimal value of €2 is the equilibrium free energy,

Feq = Q[geq]-

The variational free energy €2 is also known as the Baym-
Kadanoff functional [35,36] and is very closely related to
the two-particle irreducible effective action, in that T'?PD =
BQrw on the Matsubara axis [37].

Eliashberg theory corresponds to the one-loop approxima-
tion for the diagrammatic series for the LW functional ®[G]
[38—40]. Within the one-loop approximation,

A 1 A A
oG] = E/dxdy Vx = Tr[53G(x, y) 56, 0] (47)

Minimizing the free energy leads to the Eliashberg equa-
tions (4) for the matrix self-energy.

The superfluid stiffness of a superconductor can be ob-
tained by considering the energy cost associated with phase
twists of the ground state. Since the generator of the broken
U(1) symmetry is simply %3 in the Nambu basis we consider
the free energy of the superconducting state as a function of a

phase twist
W(x) — € QTBW(x) (48)

imposed on the Nambu spinors. In terms of the LW variational
free energy we define a modified functional

QolG(x — x)] = Q[ PEG(x — x)e QB (49)

to be minimized over Green’s functions with self-energies of
the form®

S, (k) = —i%,(kr )20 + du(kr ). (50)

The superﬂuig stiffness, twice the coefficient of the Q2 term
in Fp = Qg[Geq(x — x")], can then be obtained as
d2
D, = —F,
; a0 0

Functionally, the relation between €2 and €2 is that we replace

. (51)
0—0

AL A 0.
Gol—>Gol—Vp~Q—ﬁrg+--- (52)

in the LW variational free energy. Within our evaluation
scheme (performing the integration over & first) the diamag-
netic term oc Q%3 can be neglected (see Appendix D). The
Q? in the action is then entirely due to the source term v - Q.
Noting this, we can straightforwardly evaluate the derivatives
in Eq. (51) using the saddle-point equation and obtain

B dG;' dg
DS_—TZtr( 0 E)

dk dg
= —imvT Z% —FVFtr<f3£>y (53)

where in the second equality we have used the definition of
the &;-integrated Green’s function (9). We now define the first-
order variation of g due to Q via

8u(kp) = 8n +ive - Q8% + - - (54

in terms of the Q = 0 solution g,,. This allows us to compactly
express the superfluid stiffness as

2 2
D, = %Fm}T Xn:tr(f38gn) = %Fzm}T Xn:égn. (55)

What remains is to calculate §g,. We start by noting that
the integration over the dispersion & can be performed for
arbitrary X, (kr) and yields (see Appendix C)
Yu(kp)ts + ¢u(Kp)ts
VY (kp)? + ¢u(kr)?

where we have defined Y=o + X, and w = ¢, + ivy - Q.
We now introduce, by analogy with Eq. (13),

Tn (kF ) ¢n (kF)
@ (kp)’ Z,(kr)

Gn(kp) = (56)

Zn(kF) =

An(kp) =

(57)

®This is what makes this functional correspond to twisted boundary
conditions.
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Using these notations, we express g, in a form independent of
Z as

@, (kp)t3 + Ay (kp)t
Vo (ke )2 + Au(kr)?

We see that the gap equation separates into a self-consistency
condition for A and functional definition of Z in terms of A,
as in the isotropic case. It is now straightforward to obtain
the first-order correction to the & -integrated Green’s function
8g, by defining A,(kp) = A, + ivp - Q8A, + -+, with A,
the equilibrium solution. Expanding Eq. (58) to first order in
vr - Q, we obtain

gn(kF) =

(58)

Sgn = 3/2 (An 6n(SAi’I) (59)

(i +A2)

and therefore

= FZHVTZ

Note the similarity to Eq. (23).

We now make explicit the relation between the variation of
the self-energy due to Q and the renormalized current vertex
[, which appears in Eq. (23) in the previous section. Similar
to Eq. (27), we can use Eq. (57) to reexpress §A in terms of
8% and 8¢ via

3/2 (An enaAn) (60)

+A2

A, A -
8¢, = —(14+8%,) — —Z,+Z,8A,. (61)

€n €n

Using Eq. (61) we rewrite the superﬂuid stiffness as
= F —2avT Z — €,80,).
(62)

We now expand the Nambu self-energy, Eq. (8), to first order
invg - Qas

(Al‘l + Al‘l82
24+ A2)3/2

$(kp) =S, 4 ivp - Q88, + - - . (63)

Equating the first-order terms using Eqs. (54) and (56) and
splitting § %, in components as

83, = —i8%, %0 + 8¢, t1, (64)

we find

- 08
i82n%3=anZV;f_=nlf< fr (1465, + 2 e 8¢n>

(65)
The definition of the &-integrated Green’s function (9) im-
plies the identities’

9 1 aA

x_1 / de 50(E)0(E),

9 i 5 3

a_g _ / dE £0,(E)21G(E). (66)
¢ T

7Order of limits does not matter here as this is a gapped state.

This allows us to rewrite Eq. (65) as

L+i8%, =1+vT Y V)

X / de 330, (E)1 + i85, 10w (E)Es.  (67)

Equation 67 is identical to Eq. (17) with the identification
I'y =1+ i§%,, and we may rewrite Eq. (62) as

AI‘L
T Za(e2+ A2

x (AT +ie, L)) (68)

02
D, = LozvT
d

in agreement with Eq. (23). All the results of Sec. III then
follow.

We see from the above analysis that in the LW formalism
the correction to the current vertex is equivalent to the first-
order change in the self-energy due to the phase twist exp(iQ -
r) (up to a constant factor). This is a general feature of linear
response in the LW formalism, and it reflects the conserving
nature of the LW (and Baym-Kadanoff) approach.

V. HUBBARD-STRATONOVICH DESCRIPTION
AND THE PHASE ACTION

As a final perspective, we now employ the HS formulation
of Eliashberg theory [41,42] to derive the superfluid stiffness
in the context of the phase action. We start by presenting and
commenting on the final result and then provide its derivation.
The action for the phase mode 0(i2,,, q) to order ¢ is given
by

1
So =3 Xq: 0_,(2v22, + D,q*)0,. (69)

This form is identical to the BCS phase action, however, Dy is
the fully renormalized stiffness. Note that the prefactor of the
Q2 term remains the same as in BCS theory. We argue below
that this term comes from high energies, where fermions are
free quasiparticles.

We now derive Eq. (69) starting with the HS decoupling of
Eq. (1) in the Nambu basis

A 1 1 A A
Sbos[z] = — 5 /dl' dr’dxmtr[E(x, x’)ng(x’, X)f3]

—Tr In[—-B(G~! = ). (70)

One can verify that the saddle-point equations of Eq. (70)
are the Eliashberg equations (4). The phase mode 6 enters as
parametrization of the HS field

S (x) = P ®BT (x — x)e O B (71)

where 3; contains only longitudinal fluctuations around the
saddle-point solution:

3, =3 — i8St + 8¢t = By, + 8. (72)
We compute the phase action by making use of the gauge
invariAance of the theory [18]. Let us define U = % such
that ¥ = U, U". The first term of the bosonic action (70)
is invariant under application of U. For the trace-logarithm
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term, we may use the cyclic property of the trace to rewrite it
in terms of ¥; and the gauge-transformed quantity UG =10
One can verify that this amounts to replacing the partial
derivatives in the inverse Green’s function with covariant
derivatives

9 — D, = 3, +id.0%5, V —>D=V+iVot. (73)

The action is then compactly written as

Shos = Ssp + Sus[62L] — Tr In{—B(G~'[D,, D] — §51)},
(74)

where®

G7'ID., DI~ G' — (10,085 4+ vp - V), (75)

and QAS;I is the inverse of the saddle-point Green’s func-
tion (the solution of the Eliashberg equations). Performing
a second-order expansion in derivatives and in longitudinal
fluctuations leads to the Gaussian action

Soos = Sg” + S + Se. (76)

®) : (b)

where S, is the bare phase action, S, the bare action for the
longltudmal mode, and S, the couphng term. The bare phase
action is

1
s = 3 > (kP2 + DPg?) 6,1, (77)

q

where the constants ) and D) are given by

2

. ) v .

K® = _T Xk:tr[gsp(km{ DY = 7‘”1) Xk:tr[gsp(k)]2
(78)

and we recall that k = (&, €,)and Y, =T Y, [ d&.

In explicit form, we have for x®)
® [ de, tr[(_lz — &1 — ¢nf1)f3]2
= —V 3
(B2 +92+8)
/ de,

B -gten
22 +o2+g2)’
It is natural to do the integration over & first as this integral
can be evaluated exactly. This integration, however, should
be done with care as the full integral over & and €, is not
uniformly convergent. To regulate the integral, we introduce
a UV cutoff A, and then take it to infinity at the end of the
calculation (see Ref. [43] and Appendixes B and E). The inte-
gration is dominated by energies |&;| ~ A, for which fermions
are essentially free particles, and yields x ? = 2v.
For D) we have

DY = UF fdén/ tr[(—iZ, — &t — ¢ut)]?
22+w+@f

f de, Sk + ¢ —

22 + 2 + 52)
8 As discussed before, the diamagnetic term can safely be dropped
when performing integration over the momentum first.

(719)

(80)

Here we replaced f_AA d& by [ d& as the integral over
|&¢| > A cancels out with the diamagnetic contribution. Eval-
uating the integral over &, we obtain

2 AZ
ng) = %U/dellﬁ (81)
Z, (A2 + €2

This is the expression for the stiffness without vertex correc-
tions.
Next, the longitudinal action is

1 Sl oree sse s
S, = —§T3 ;Vk_lk,tr[SEk,k+qt382kr+q,krr3]
q

1 5 A
+ ET2 ; tr[Gop (k)8 St Gop (K )8 k]

l\)l'—‘

3
T3 8% [Tl 80 e (82)
kk'q

and the coupling term is

Se=TY 0y Qutr[Gop(k + )Gy (k)8 i kg] + iV
kq

-qtr[Gep (k + 9)Gep ()8 114])
=T ZG 82y k+q< m(C kg TIVF - (Cq)f,kw)’
(83)

where we have expanded 8% in Pauli matrices 8% =
» , 024" and introduced the couplings

| A A
(€ krg = 3Gk + DT Gop (K)2"],
| A A
(€ g = 701G (K + 90 (K)E"] (84)

Upon integrating out the longitudinal modes 83, the effec-
tive phase action can be written in terms of bare constants
«®, D® and vertex corrections 8k, $Dy:

Sy =1 > (1® + 812, +
q

: [DPs + 5D ](q)i(q);) 16,1

+ 0(g"), (85)

where

bk = lim T2 (C)tia T C gk
kk'

8D = lim T2 veveliCD) T JJHCD k)
kK
(86)
Since ]}(“,:q is nonsingular at ¢ — 0, we can safely set ¢ = 0
in the integrands. One can verify that lirAr‘lq_w(C‘”)f gk = 0
(see Appendix A), hence, 8k = 0. For §D{ we obtain
2
oD =~ Y (I e e)ILY, (87)

nn’
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<A

FIG. 3. Relation between the Bethe-Salpeter equation for the
renormalized current vertex and the 7' matrix in the ladder ap-
proximation. Explicitly, the renormalized vertex is a quasiparticle
contribution containing the bare vertex, and a vertex correction com-
ing from the collective modes.

where 14" is the same as in Eq. (36), and we have defined, in
analogy with V=1,

”1% =1 /
751']‘ T, (en, €,)

dkF dk;’ / ’ /
= f S_,(f S—ijVFjTW(e,,, kr;e€,, Kp).  (88)
FS Od—1 JFS dd—1

The relation between the T and V is shown diagrammat-
ically in Fig. 3: V is the interaction and 7 is the full T
matrix in the longitudinal channel, the propagator of longitu-
dinal fluctuations. One can see by inserting the Bethe-Salpeter
equation for the T matrix, Fig. 4, into this relation that the
Bethe-Salpeter equation for the vertex (16) is obtained. We
thus find that Eq. (87) is the contribution to stiffness from
corrections to the current vertex, and then combining Egs. (87)
and (80) we reproduce Eq. (23) for the full D;. From this
perspective, vertex corrections to superfluid stiffness involve
fluctuations in the / = 1 longitudinal sector, although in the
far off-shell region (i.e., far from the pole in the 7 matrix).

To recapitulate, we have shown that within the Eliashberg
theory, the phase action is generically of the BCS-type form
(69); the only difference is in the value of the superfluid stift-
ness D;. This superfluid stiffness contains the renormalization
of the effective mass (the Z factor) and the renormalization
from the corrections to the current vertex. The mass renormal-
ization factor is present already in the bare stiffness computed
using HS decoupling. Vertex corrections arise when we in-
clude the coupling to longitudinal gap fluctuations.

VI. CONCLUSION

In this work, we have calculated the superfluid stiffness
for a family of 2D non-Galilean-invariant models within the
Eliashberg approximation. We showed explicitly, by calcu-

1
+

FIG. 4. Bethe-Salpeter equation for the 7 matrix in the ladder
approximation. Solid lines are the full Nambu Green’s functions.
When restricted to the longitudinal sector T is the collective mode
propagator for Gaussian longitudinal fluctuations.

lating the delta functional contribution to the conductivity,
that in some cases the stiffness approaches its Galilean-
invariant value D%! = n/m, despite the absence of Galilean
invariance in the model. In particular, when the / = 0 and
1 harmonics of the interaction on the Fermi surface are
identical, the renormalization of the current vertex is fully
determined by the Ward identity for the spin vertex, up to
corrections of order O(A/Er). In this situation, the frequency-
dependent renormalization of the current vertex cancels out
the frequency-dependent renormalization of the quasiparticle
mass, and the stiffness remains the same as in the Galilean-
invariant case. We labeled such systems as having effectively
Galilean-invariant superfluid response.

As an example, we considered a set of models with boson-
mediated interaction in the density-density channel, strongly
peaked at zero momentum transfer, and isotropic but other-
wise arbitrary fermionic dispersion. For such systems, the [ =
0 and 1 harmonics of the interaction are nearly identical and
differ by O(62), where 6y is a characteristic scattering angle.
We showed that these systems are effectively Galilean invari-
ant with D; =~ n/m + O(QSZC). For a truly Galilean-invariant
system, the relation D% = n/m is restored by going beyond
the single-boson exchange and including Aslamazov-Larkin—
type diagrams. We also argued that for arbitrary dispersion
the O(62) term in Dy vanishes only when the boson velocity
is taken to infinity, corresponding to an instantaneous action.

We discussed one qualitative difference between an effec-
tively Galilean-invariant system and a truly Galilean-invariant
one. In a Galilean-invariant system, the relation Dy = n/m
is due to the existence of a special Ward identity relating
the renormalized current vertex and spin vertices exactly.
This Ward identity results from the combination of the Ward
identity for momentum conservation and the precise relation
j = ek/m and thus depends on the behavior of particles both
near and far from the Fermi surface. In contrast, the stiffness
of an effectively Galilean-invariant system approaches n/m
by fine tuning of the low-energy interaction parameters of
the model so that the relation between current and spin is
approximately satisfied. Thus, while the value of the stiffness
is approximately the same, the underlying physics is generally
quite different.

We also argued that for both Galilean-invariant and non-
Galilean-invariant systems with a frequency-dependent gap
function, one must include the contribution to the stiffness
from the anomalous component of the renormalized current
vertex, which is given by the frequency derivative of the
pairing vertex. This contribution must be included on an equal
footing with the usual renormalizations to the normal current
vertex. The presence of the anomalous contribution to Dj
reflects the fact that in the superconducting state, in addition
to the usual diagram renormalizing the normal current vertex,
one must take into account the Doppler shift of the pairing
vertex due to the flow of the condensate.

To further elucidate the nature of the vertex corrections
we presented complementary perspectives on the stiffness by
obtaining the above results from the LW functional and the
HS decoupling of our model.

In the LW description of Eliashberg theory, corresponding
to keeping only the lowest-order diagram in the LW func-
tional, the correct prescription for calculating linear response
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is to minimize the free energy in presence of the external fields
and take derivatives of the minimal free energy over the fields
to get the associated susceptibilities. Then at the end of the
calculation one may set the external fields to zero. This is
the sense in which the LW formalism produces “conserving
approximations” when the LW functional is truncated at any
order. Performing the calculation in this way, we showed that
the required vertex corrections to the external current vertex
appear naturally as the shift of the self-energy due to the phase
winding ' ~ (3G~'/dQ), exactly reproducing the results of
the diagrammatic calculation.

In the HS description, we extracted the stiffness from
the phase action of an Eliashberg superconductor. Using the
gauge invariance of the action, we showed that the Gaussian
action for the phase sector includes the bare phase action as
well as a coupling to the / = 1 longitudinal modes. Upon
integrating out the longitudinal modes we showed that the
phase action within Eliashberg theory takes the generic form
S=1[drdr2v]d.0* + D,|VO|*). Here, Dy is the same
stiffness as obtained in the previous sections, with the vertex
corrections arising from the longitudinal mode propagators
evaluated at q = 0, i€2,, — 0. On the other hand, the coef-
ficient of the (3,;6)? is unrenormalized from its bare value,
reflecting its origin as coming from fermions away from the
Fermi surface which are agnostic to emergence of a pairing
vertex at low energy.

For clarity and simplicity of presentation, this work fo-
cused on s-wave superconductivity in rotationally symmetric
systems. The general considerations still apply when either
of these constraints are relaxed, but the calculations become
more involved as one needs to evaluate products of velocities
and form factors of a non-s-wave gap along the Fermi surface.
The formalism may also be extended to the case of multiband
superconductors in which case one must calculate additional
susceptibilities, vertex corrections, and interaction channels
due to the presence of band indices. In general, effects which
break Galilean invariance in the vicinity of the Fermi surface
will suppress the stiffness unless the interaction channels obey
a particular relation. This includes effects which are known to
strongly affect transport such as Fermi-surface anisotropy [28]
or umklapp scattering [44]. Nonetheless, where the dominant
interactions only cause small-angle scattering on the Fermi
surface, an “effective Galilean-invariance” condition may still
be satisfied as the interactions are almost local on the Fermi
surface and thus cannot resolve the global shape of the Fermi
surface or the umklapp nature of interactions. The situation is
likely even more involved in 4e superconductors [45].

The key result of our work is that an effectively Galilean-
invariant value of the stiffness in a non-Galilean-invariant
system requires a specific relationship between the low-
energy interaction channels of the system, which is not
guaranteed by the symmetries of the system. Indeed, inter-
action via Einstein phonons is an example of a system which
strongly violates these conditions. Therefore, we expect that
generically the superfluid stiffness of a quantum critical su-
perconductor, where the pairing vertex is strongly frequency

J

n+m,n —

f[L — 2 ¢n+m¢n - ?n-&-m i:n + §n+mSn
i(¢n+m 2:n + ¢n+m 2:n )

Sn-‘rmSn (Sn+m + Sn)

dependent and the Z factor is large, may be strongly reduced
from the Galilean-invariant value DS ~ n/m. We discuss
specific examples in a separate paper [46], where we analyze
the stiffness for underlying quantum-critical models.
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APPENDIX A: FERMION BUBBLES IN THE LIMIT
OF ZERO EXTERNAL MOMENTUM

Consider the bare fermionic bubble in Eliashberg theory

Y = Y (2 G ()26, ()1, (A1)
k
where the Nambu Green'’s function is
A —i¥, — &% — ¢t -
G = ;3 ¢ L De=S24E7+42 (A2
k

In the quasiclassical approximation this can be expressed via
the integrals

1 Y
o=y f d = ’
n+m,n SD,,erDn SntmSn(Snm + Sn)

£? TV
2 =v / d& = : (A3)
b Dn+mDn Sn+m + Sn
where 52 = £2 + ¢2. Explicitly,
1); 1 2); 2
:ﬂim,n = Cr(tJ:ril“;;[n(Jr)mn + CSIJZ;LL,‘:ZIn(Jr)m,n’
A = e[ (i + Gum DT (S + GutD)],
Y — w8188V 8] = 2diag(l, —1, —1, 1Y, (Ad)
Explicitly evaluating the traces we find for ¢!
A = = 2(Gim®n — SnemSa),  (AS)
e = e = 2i(Pum S + GuBem) (A6)
CE,Q;,%ZH = 5,142;33,, = _2(¢n+m¢n + i‘:n+m2~:n)» (AT)
sz?n?n = —qullrzzn = 2(Pn+m z, - ®n i:fH-m)’ (A8)

and the remaining elements are zero. Thus, IT is block

diagonal
A ﬁfi m,n 0
Hn+m,n = ( 6 ’ 1"—IT )

n+m,n

with longitudinal block

i(¢n+m ?n + ?n-&—m i:n) ) (A9)

¢n+m¢n - Zner z:n - Sn+mSn
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and transverse block

n+m,n —

~ T 2y (_¢n+m¢n - ?ner i:n~
_(¢n+m 2:n - ¢n En-ﬁ-m)

Sn+mSn (Sn+m + Sn)

In the m — 0O limit these reduce to

ﬁL _ 27TV Ai iAnén ﬁT _ _27TV 1 0
" Zl’l{}? iA’le" _63 ' b ZnCn 0 0)’
(A11)
where {2 = €2 + A2

APPENDIX B: WARD IDENTITIES IN A
SUPERCONDUCTOR WITH FREQUENCY-DEPENDENT
GAP FUNCTION

In this Appendix, we derive Ward identities associated
with charge and spin conservation in a superconductor with
frequency-dependent gap function.

Ward identities are special relations between vertices and
self-energies, imposed by the conservation laws. For a sys-
tem of fermions with U(1) charge (gauge) symmetry and
SU(2) spin symmetry, they ensure that the total charge of
the system (and, hence, the total number of fermions) and
each component of the total spin do not change with time.
In practical terms, we focus on Ward identities which re-
late two-fermion spin and charge density vertices at zero
transferred momentum and a finite transferred frequency to
the fermionic self-energy. The relations are particularly sim-
ple in Eliashberg-type theories, in which the self-energy
3(k, €,) has much stronger dependence on frequency than on
fermionic momentum, and the latter can be neglected. On the
Matsubara axis we then approximate X(k, €,) ~ X,. Within
the same approximation, spin and charge vertices I'" and
I'*P can also be treated as functions of frequency only. Each
vertex depends on Matsubara frequencies and spin projections
on the incoming and outgoing fermions, I'*" = leima,n,s and
rSP = r;ima,nﬁ'

For completeness, we also derive the Ward identity associ-
ated with the conservation of momentum.

1. Normal state

We define ¥, in the normal state via G~'(k, €,) = i€, —
¥, — &, where & is the fermionic dispersion. The relations
between [P, [P, and T, are [22,23,47,48]

Tt g =0apls Tovpyoms = Oapl, (B1)
where
. Ethm - z:n

The bosonic €2, is the difference between outgoing and in-
coming fermionic frequencies.

To set the stage for our analysis in the superconducting
state, we present the diagrammatic proof of this relation.
For this we note that within Eliashberg theory the fermionic
self-energy is obtained within the one-loop approximation,
as a convolution of the fermionic propagator and the effec-
tive frequency-dependent “local” interaction V=9, which is

n—n'’

- SnerSn

Gnin s — 00 Enim) ) (A10)

_¢n+m¢n - 2:n+m 2:n + Sn-‘rmsn

(

Vi—w (kp — Ky integrated over the Fermi surface. Within the
same computational scheme, the vertex I'®" is obtained by
summing up ladder series of vertex corrections, with the same
V!=0. For I'*P, the analysis is more nuanced: ladder series hold
when V,_,(kr — kj) is of density-density form, i.e., when
spin projection (up or down) is conserved along the interaction
line. If V,_,, (kp — K}.) is a spin-spin interaction with spin ¢
matrices in the vertices, one has to add additional Aslamazov-
Larkin—type terms to get the proper series for I'“?) [49]. For
simplicity, below we assume that the effective interaction is of
the density-density type. The ladder series in Fig. 5 yields the
following integral equation for '), ,:

Fn+m,n =1 + vT ZV,,I_:,?/FH’-&-m,n’ / d‘i:an’-‘rm(Sk)Gn’ (é,-:k)v

(B3)
where v is the density of states at the Fermi level. The self-
energy is given by

T, =0T Y VI f &Gy (&) = —%UT 3 V/=0sgnn.

(B4)
The product of the two Green’s functions in Eq. (B3) can be
decoupled as

Gn’+m(§k)Gn’ (Ek) = [Gn’+m(ék) -Gy (Ek)]

1

x , . (B5)
Qm + l(Zner - En)

Substituting into Eq. (B3), we obtain

Iﬂn-‘rm,n =1 + ivT Zvnl_:,(,)/ / dgk

n

Iﬁn/-f-m,n
Qm + i(En’+m - En’)

X [Gn’+111(€k) - Gn’(%'k))] (B6)

One can straightforwardly verify that I, , from Eq. (B2) is
the solution of this equation. Indeed, substituting this I';y 4, ,»
into the right-hand side of Eq. (B6) we find that it reduces to

L4 v Y Vi f &Gy m(&) — Gu(E0)].  (BT)

m n

FIG. 5. Ladder series for the renormalized vertex I', solid lines
are the full Nambu Green’s functions, and the wavy line is the
interaction.
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FIG. 6. Dressed polarization bubble including the renormalized
vertex I'.

Using Eq. (B4), we reexpress this as

. Ener - Z:n
I+ Q ) (BY)
which is exactly Iy,

Using the Ward identities, one can straightforwardly
demonstrate that charge and spin correlators (the polarization
bubbles) vanish at a zero incoming momentum and a finite
incoming frequency, as should be the case for a conserved
quantity X. (The choice of zero momentum and a finite fre-
quency implies that one probes a variation of the total X in
the sample between different times. For a conserved X, there
is no such variation.) The fully dressed polarization bubble is
shown in Fig. 6. In explicit form,

H(C] = O, Qm) =vT Z / dngner,nGner('S;:k)Gn(%_k)'

(B9)
It is natural to integrate over & first as this integration is
straightforward. One cannot, however, integrate over & in
infinite limits as at large frequencies, when ¢, > %, and
Ty, — (1/27) f de,, the Green’s function approaches the
unrenormalized form G, (&) = 1/(ie, — &) and the double
integral f de,dg (i€, — &)* diverges logarithmically. The
physically sound way to regularize the divergence is to restrict
the &, integration to || < A and set A — oo only at the end
of the calculation. Carrying out the integration over & this
way, we obtain

Mg =0,Q,) =" =0,Q,)

( ernern
=v(l-— :

Szm + i2n+m - En
2. Superconducting state

) =0 (B10)

as it should be.

As in the main text, for definiteness we consider s-wave
superconductivity, in which case the pairing vertex ¢, and the
gap function A,, are independent on the angle along the Fermi
surface. We also set 7 =0 to avoid complications due to
discreteness of Matsubara frequencies. We keep the notations
3, etc., with the understanding that ¥, = X(¢,), where €, is
a continuous variable along the Matsubara axis.

a. Distinction between charge and spin correlations

We argue below that in a superconductor charge and spin
correlators have to be treated differently as the first one

acquires an additional contribution from coupling to phase
fluctuations. The distinction between spin and charge corre-
lators can be seen already for a BCS superconductor. Both
spin and charge polarization bubbles have to vanish at zero
incoming momentum and a nonzero incoming frequency £2,,,
and we show below that this is indeed the case. However, to
prove this for the charge case, extra care is needed.

Specifically, for a BCS superconductor, it is tempting to
neglect the interaction and express spin and charge correlators
as bubbles made of free-fermion Nambu Green’s functions.
For the charge bubble this gives

A
Mgt (g =0, Qm)=% / de, / dEtt[Grima () Gno (B0)]
—A

(B11)
and for the spin case we have
ffe:(q =0,Q2,) = /de,,/Adéktr
X [G;ﬂgil+m,a($k)Gn,ﬂoéa (gk)], (B12)

where i = x, y, z. For definiteness, we set i = z below.

Let us set continuous £2,, to be finite but infinitesimally
small. One can easily verify that for a nonzero A, the limit
,, — 0is entirely regular, and one can just set 2, = 0 in the
calculations. Using Eq. (7) from the main text for the Green’s
function in Nambu representation and identifying ¢, in a BCS
superconductor with A,,, we obtain

h —A—¢ )
5. (g =0,2, - 0)= /den/
52 + A2+ e2)
(B13)
and

(g =0,Q, > 0)= - fde,,
A €2
x / d& —(5" ) (B14)
A (AT +e )
In Gorkov’s notations of normal and anomalous Green’s func-

tions G,(&) = —(ie, + &)/ + € + A?) and Fy(&) =
A/(E} + €} + A?), the polarization bubbles are

V A 2
_y / de, f A5G (E0)]
T —A

— [Fu(E)1P), (B15)

HCh

free

(g =0,2, —0)

and

%@ =0,Q, — 0)

free
=; / de, / A& ([Gu(EO + [Fy(EO).  (B16)
—A

The two polarization bubbles differ in the sign of the F? term.
The integration over €, and & in Eqgs. (B13) and (B14) can
be carried out in any order, and the results are

zfe;z(q =0,Q, — 0) (61 =0,Q, —> O) —2v.
(B17)
We see that IT,>*(q = 0%2,, — 0) vanishes, as expected, but

free
M (g = 09, — 0) remains finite.

free
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FIG. 7. Diagrams formed from products of normal (G) and
anomalous (F) Green’s functions diagrams contributing to the
coupling of the spin and charge vertices to the particle-particle
susceptibility.

Because charge conservation must be satisfied, there must
be another contribution to charge polarization, which cancels
the free-fermion contribution, as was pointed out by Nambu
[50]. Such a contribution has been identified in other contexts
as well, e.g., in the analysis of A;, Raman scattering in a
BCS superconductor [51-53]. The argument is that charge
fluctuations are linearly coupled to phase fluctuations of the
superconducting order parameter and this gives rise to the ex-
tra contribution Hgi‘(q, Q) = S2(q, L) x*°(q, ), Where
S(q, 2,) is the coupling and xPP(q, ©2,,) is the propagator
of phase fluctuations. The coupling S(€2,,) is generated by
the triangular diagram, consisting of the original charge ver-
tex, one normal and one anomalous Green’s function, and
the four-fermion interaction V (see Fig. 7). This coupling
vanishes at €2, =0, but at a finite €2,,, S(2,,) x VQ,,/A.
Naively, this would imply that the extra contribution is irrel-
evant at €2,, — 0. However, phase fluctuations are massless,
and their propagator xPP(0, 22,,) o V(A/V,,)>. As a result,
H“h(q, Q) is independent of Q,, and is of order v, like
the free-fermion l'[free(q =0, 2, — 0). We now compute
explicitly the prefactor in TS (g = 0, 2, — 0) ~ v. We first
compute the particle-particle propagator. Within the ladder
approximation (the same in which the BCS gap equation has
been obtained)

17 (g, Q)
1 - Vl:O]'[pp(CL Qm) '

where the overall factor 2 is due to spin summation and

PP(q. Q)

xPP(gq, Qn) =2

(B18)

A
= f dey / d5(Gu(E)G (&) + [F,EOT). (B19)
—A

where V=0 > 0 is an attractive interaction in the s-wave chan-
nel. Using V/=°TIPP(0, 0) = 1 and expanding in £2,,, we obtain

28\’
vi=0vQ, )
We next compute the coupling S(£2,,). There are two topolog-

ically different triangular diagrams involving products of G
J

X0, Q2,) =2v (B20)

r© £+ —
2
52
Fffﬁmn= /den/ A& T & ¢2 * Vi
(82 + 92 + 5 )

and F Fig. 7. For the charge side vertex, they add up and yield

A AR,
S(Q,) =vi=_ f den/ df——"
27 A (4 e+ A

= vV’zo%

A (B21)

‘We then obtain
V=00, \* [ 2A \?
Mg =09, —0)=2v Y =2v.
VVQm

2A
(B22)
Combining with Eq. (B17), we find that Hfrhee(q =0,Q, —
0) + Hgi‘(q =0, Q,, > 0) =0, as it should be because the
total charge is the conserved quantity.

For the spin correlator, the two contributions to the
coupling S(€2,,) cancel out at order €2,,. Then there is no ad-
ditional €2,,-independent contribution to the spin propagator,
consistent with the vanishing of IT;>*(¢=0, £2,,—0). From a
physics perspective, this is a consequence of the fact that spin
fluctuations do no couple linearly to phase fluctuations.

Below we extend the analysis of a BCS superconductor to
the case when the effective four-fermion interaction is a dy-
namical V,_,,. A dynamical interaction gives rise to fermionic
self-energy X,, and also the pairing vertex ¢, and the gap
function A, become functions of frequency. The proof of
the Ward identities in this situation is more involved, and for
the charge correlator it is further involved by the necessity
to include the coupling to phase fluctuations. For this reason,
we consider Ward identities associated with spin and charge
conservation separately.

b. Ward identity for T*P)

n+m,n

As before, we use matrix Nambu notations and write
the self-consistent one-loop equation for the matrix 3, =
—i 2."%0 + ¢,71 and the ladder equation for the matrix

:lrj’::w(,l‘lﬂ = Uolzﬁ Uy, where Uy n = F,g?gm,nfo + F,i:}m W11

[see Egs. (6) and (19) in the main text]. The equations for 3,
and f‘,,+m,,, are formally the same as Eqgs. (B3) and (B4), but
now have matrix form

3, =T ZV,,I_:,(,)/de 1300 13
"

(B23)
and

a =0
1—‘n-‘rm,n =1+4+T Z Vn_n/
o

y f 468G am E s mn G (BT (B24)

Splitting ™ into components and taking the limit of €2,, — 0,
we obtain the set of two coupled equations, as schematically
depicted in Fig. 8,

i‘:n’ ¢n’

—1+—fde / Adg Ty Sk T T yis O+21 /de / 7138 N p—— < — R VS
n+m,n n n+m,n’ n n'+m,n ~ n—n n+m,n
&+ 07 +22) &+ 97+ 52)

S w

21— / dey / dg Iy, S VI=. (B25)
—A Sk +¢2 + 22)
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+ ~< [ + ~< [ + ~< [ + ~< [
= —4 [ + «4 [ + —4 [ + —4 [
FIG. 8. Bethe-Salpeter equation in the ladder approximation for the renormalized normal I'° and anomalous I'! vertices. The spin and

charge diagrams differ in their spin structure and thus the symmetry of vertices under reversal of the direction of the legs. In particular, the
relative sign of between two anomalous diagrams in each right-hand side differs for the spin and charge channels.

We assume that the dynamical interaction vanishes in the limit of large frequency transfer. The double integral over & and €,
is then ultraviolet convergent, and the integration over & can be extended to infinite limits. Integrating over & in each term in
Eq. (B25), we reduce it to

2
F((_)g =1+ 2 / de, T ,LVIZO/ + iB/den/F(,l) ,en/—An/Vl:O,
s 2 n'+m,n Zn/(Alzl, + 63,)3/2 n—n 2 n+m,n Zn/ (63, 4 Ai/)S/z n—n
rad) —K/de O &y Y / de, 7O B i (B26)
n+m,n — o +mn’ n—n’' S ' +m,n’ k n—n'*
2 Mz ra) 2 GRS
We assume and verify that the solution of these equations is the matrix extension of Eq. (B2):
P 27: m = 271 m—> dﬁn
oimn = B+ fmmm = = 0 g0 S (B27)
Q de,
Using S, = —iT,T0 + 11, We rewrite Eq. (B27) in components
dx d¢
Py =14+—", TN =i B28
n+m,n + dén n+m,n dén ( )
Substituting these forms into the right-hand side of Eq. (B26) and using Eq. (27) from the main text,
de, €, de, 6 | "de,’
we obtain after simple algebra
An/ An’ - En/ﬂ (7% Anr — en/dA—”’
r® —1++ [ dey ( de )v’fo,, [N den,Mv’f‘%. (B30)
) 2 (A2, + 62,)3/2 n—n , (Az, + 62,)3/2 n—n
Note that the quasiparticle residue Z, cancels out between Eqgs. (B26) and (B30). Using
dA, dAy
A”’(A”/ - 6”’?) 574 6"’(A s ) d AW
3/2” = 1z | 3/5 == T, o2 ) (B31)
@2 +ay? Tda\(az+e)") (a2 +e) dev\ (82 1 2)
integrating by parts, and replacing dV,,_, /d€,y by —dV,_, /de,, we obtain
d v €y d |v Ay
F(()) =1 —/d n - ) F(l) = _/d n k . B32
n+m,n + dGn 2 € (Az/ + 62,)1/2 n+m,n dEn 2 € (Az, + 62,)1/2 ( )
The self-energy and the pairing vertex are given by Eqs. (10) and (12) from the main text:
5 v / J €y é % / J Ay
n— % e}‘l,—a n — & En,—' B33
2 )™ T M ey o

Comparing Egs. (B32) and (B33), we see that the relations (B28) are satisfied. These relations are spin Ward identities for a
superconductor with frequency-dependent gap function.
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kD
r [ v

FIG. 9. Ladder series contributing to the spin and charge correlators to first order in the q = 0, i€2,, — 0 limit in terms of Gorkov’s normal
and anomalous functions. For the spin correlator the side vertex is o while for the charge correlator is 0. This causes terms containing
anomalous propagators at only one side vertex to differ in sign between the spin and charge series since [F', 6] = 0 while {F', 6°}.

.+.

+ + -

We next use these Ward identities to prove that [T (g = 0, ,, — 0) vanishes, as is required by global spin conservation.
To first order in the interaction Vl , the ladder diagrams for 1% (g, 2,,) in a superconductor are shown in Fig. 9. The full
spin-polarization bubble, expressed in terms of renormalized vertices, is shown in Fig. 10. In analytical form,

o A —Z2(e2 — A2)(1 +dX,/de,) + 2€,M,d P,/ de,
(g = 0,2, — 0) = — / de,,/ I st Gt [ fden) Dlder] (B34)
A &+ 202+ )]
Integrating over & in the same was as we did in the normal state and then taking the limit A — oo, we obtain
AX(1 +dX,/de,) — A€ dg,/de,
Mg = 0,9, — 0) =v|2 - /de,, 1+ EBn/06) = Lnoddnide (B35)
Z,(A2+€2)
Expressing d¢, /de, via Eq. (B29), we rewrite Eq. (B35) as
) An(An — enge?)
Hsp’ll(q =0,2,—>0=v|[2- /den 3 zn : (B36)
(ai+e)”
Using Eq. (B31) we reexpress the integrand in the right-hand of Eq. (B36) as the full derivative:
M%i(g = 0, 2 — 0) = 2v 1—/oode d __ & (B37)
s Nam o ndén (A2 +e )1/2
We see that [T# (g = 0, 2, — 0) indeed vanishes.
c. Ward identity for T

We now repeat the calculations of the previous section in the charge channel, for the vertex [reh = Sap f‘,Hm,,,, I, e =

n+mo,nf

7:3(Fn em.n o+ F,(,L)m »T1). The Bethe-Salpeter equation for F,,+m,,, is

Frinn = 1407 SV [ d6i8an GOl G0 (B38)

Again, working in the small-€2,, limit we can express this in components, as schematically depicted in Fig. 8,

A 2 o1 + d¥, | _ ind%
F,ﬂ)mn =1+ %/den,/ dé&;, ro 5 — ¢ 2Vn 0 4 iQ —/den / d&, Fr(zlJ)rmn [ de,,] de, anj?"
T —A ’

n'+m,n’ ~ 2
(22+¢>2+£) (Z2+ o7 +&)
1 R e
lgtlf)mn = /dén / dé):k 1(11—:-mn 2 2 2Vn[ r(l) 2 /dén / dékrr(zoj-mn n[ L ] e an—_}’(L)/ (B39)
E +¢n+$ —A ( +¢2+$k)
Integrating over &, we find
1 d):/] —ey de,
P, =1+iQu [ deyT') il bk oy p =Y e L yi=o
n+m,n ’"4 e on'+mn’ 5 > 3/2 n—n'> * n+mmn — 2 e n'+mn 2 2 n—n'
Z2(e2 + A2) Zy\J€% + A
dZ, doy
o v © A"/[l + e ] — ey e 0
—iQu— | dew T, 0 373 V.o (B40)
4 Z2(e2 + A2)
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Note that there is no term with I'® in the right-hand side of the first equation. We again use Eq. (27) to rewrite

dX, dy dA
Ap|14+ =" — ey ¢"=Zn A, ——2). (B41)
de,y €y de,
Substituting into Eq. (B40), we obtain
dAy
v T ey —
ro =1+ iQm—/dean(}) — Y=,
n+m,n 4 n'+m,n Zn/(éz, + Ai/)S/z n—n
1 A dAy
1 v 1 =0 _ .o VY 0 n T dey =0
re) = 3 / deyT),,  ——=V"0 — iy / dey T, VT (B42)
ZoJe a2 Zo(3 +A2)
One can straightforwardly verify that at €2, — 0, the solution of these equations is
A , — dAn/
v , _ d¥ 2
lim F,(fi)m,, =1+ §/d6"’An/n—d€"3/2an__,9 =1+ d_” lim T = _/d€,1, ¢n_
20— (€2 +A2) €m0 1/6,1 + A2
(B43)

Note that for this solution the last term for I'' can be dropped in Eq. (B43).
We can now verify that TI"(q = 0, i2,, — 0) vanishes as required by global charge conservation. The ladder diagrams
contributing to the bubble are still given by Figs. 9 and 10, but the side vertices are now spin § functions. Analytically, the full

I (q = 0, iQ,, — 0) is expressed as

~ dA /
dE 2 — 2 — @2 2 n .Qm Z”/ — € €
nq=0,iQ, - 0)= /de,,/f d&2 (1 + (& %i) ,¢ ! ~( i) (B44)
dei )&+ 45 W 2 (B4
Substituting F,(Sr)m , and Ff,ljm , at 2, — 0 from Eq. (B43) and doing the integrals as in the normal state, we find
A ,—€ /dAn/
nhq=0,iQ, - 0)=v| -2+ / de,,/A,,r—di% =0 (B45)
(3 +A%)

In the last line we used that the integrand is a total derivative.
We thus verify that the particle density is conserved if the
relation between the vertex function and the self-energy is
given by Eq. (B43).

With some extra effort, one can extend the analysis to finite
2,, and show that the solution of Eq. (B42) is

A

‘L’3 En+m 3 — E

1_‘n+m n = TO +1 (B46)
Qy
or in components
Toim — Gnim + &
0 + 1 . ¥n+
Fr(z-'gm.n =1+ - n;zm - ’ Iﬂr(t-'gmn =1 - ”;2 - .
(B47)

This result has been obtained by Nambu [50] by different
means. As we said, at ,, — 0 these relations reduce to
F(l)

Q>0 .2¢n
n+m,n —1 .

E’l m

e, %301 4 45

n+m,n

(B48)

Comparing Ward identities for spin and charge vertices,
Egs. (B28) and (B48), we see that the ones for I'® are iden-
tical, while the ones for I'") are different. In particular, for
the spin vertex I'") vanishes for frequency-independent gap,
while for the charge vertex it remains finite and moreover is
singular at 2,, — 0. As we said, the origin for the difference

(

is in the fact that charge fluctuations couple linearly to mass-
less phase fluctuations and spin fluctuations do not couple to
phase fluctuations.

d. Ward identity for momentum conservation

For completeness, we also consider the Ward identity asso-
ciated with translational invariance, i.e., with conservation of

FIG. 10. Bubble diagram for the renormalized spin or charge
correlator at q = 0. The normal I’ and anomalous I'! vertices are
solutions of the Bethe-Salpeter equations (B24) and (B38) for spin

and charge, respectively. The diagrammatic formulation of the vertex
renormalization is shown in Fig. 8.

144505-17



RAINES, ZHANG, AND CHUBUKOV

PHYSICAL REVIEW B 109, 144505 (2024)

the total momentum. Let us consider a model with action

S=3 WP -3 + H@I¥P, 1)

np
+1 3 /drdr/V(t—t/ q)\TJ(k+g r)f
2 9 2’ 3
k. k',q
X \IJ(k — g, t)@(k’ — g, T/>‘f3\lf(k+ g, T’),
2 2 2

(B49)

where W are Nambu spinors and we allow for the possi-
bility of a time-dependent interaction due to exchange of
bosons. The local symmetry transformation associated with
translational invariance and appearing in Noether’s theorem is
Y(p, 7) = PP/ (p, 1) for the Nambu spinors. Under such
a change of variables the action changes as

Sly, ] =S¥, ¥']+ 8S[¥, ¥ ]+ O(?), (B50)

where

5 = [ dvatr)- 0 3 pitp. e )
P

l / / / T
- lzk;qdr dv'q - [a(r) —a(THIV(t —t, Qv

o (e Lol - 40)

x ty (ke + a4 o).

> (Bs1)

This defines, through Noether’s theorem, the total momentum
of the system (P(t)) via

88 = i/dr a(t) - §,P(1). (B52)

Note that only for an instantaneous interaction is the total
fermionic momentum separately conserved. This simply re-
flects the fact that the bosons mediating the interaction may
carry momentum too.

In the usual fashion [54] one may obtain a Ward identity
by considering such a symmetry transformation within the
functional integral. Specifically consider the following expec-
tation value, where we perform a change of coordinates in the
functional integral:

(W(k, WK, 1)) = % %D[\I], Wk, )P (K, _L,)e—S[\IJ,\IJ]

= %fD[\Il, W][1 +iae(7) - K]
x W'k, )W K, )1 —ia’) K]

y e—S[\il’,W’l(l — 8S[¥', W' + O(a?).
(B53)

Using the fact that the measure is invariant under the change
of variables ¥ — W’ we then obtain

lioe(7) - k — ia(t') - K'|(W(k, )W (K, 7)) + O(a?)
= (W(k, )W (K, 7)8S[P, ¥]). (B54)
The expectation value on the left-hand side is simply the
Green’s function, while the right-hand side is related to the

vertex function via the usual rule, expressed here in terms of
Matsubara frequencies,

<wn(k>®n/(k’) D U (p) 7 (P) W <p>>

n’.p

= G,k )Gy (K)S(k — k), (B55)

where [ is the fully renormalized vertex corresponding to 7.
Using these expectation values and writing the correlators in
terms of Matsubara frequencies we then can rewrite Eq. (B54)
as

T licty - k(=G m(K)BSy—md(k — k)]
=T Y ety - K (=Gu(K)BS bk —K))]

=i (iQu)enGu (KT, ()G, (K)S(k — K).

(B56)

We now use the fact that «,, is arbitrary and additionally act on
both sides with the inverse of the Green’s functions to arrive
at the Ward identity for the momentum vertex

i, 100, (6) = K(G. L, = G) (B57)
or
- Sl — 5
Erima(0) = k| 14i=te—— ). (BS8)

This relation holds for both Galilean-invariant and non-
Galilean-invariant systems. However, in general this does not
determine the form of the current vertex. Only in a Galilean-
invariant system is the current given by

JO =P =Y et Ip.ovp.) (B
p

and thus the renormalized current vertex is determined di-
rectly from Eq. (B58).

APPENDIX C: §-INTEGRATED GREEN’S FUNCTION
WITH SUPERCURRENT

For a translationally invariant state, we can express the
inverse Green’s function to second order in Q as

5 - k 2
G =i% - Q- (sk+ < +xk)f3 — g1 (D)

| 2my
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The &-integrated Green’s function is then, according to Eq. (9),

) 1 [£,(kp) + iV - QIts — i[E + 2 + xu(kp)] + pulkrp)ts
fulkp) = — [ ds— : - 2 : €2
i [£0(kp) +ive - QP + [§ + 5o + xa(kp)]™ + |¢a(kp)I?
As long as the quasiclassical approximation holds, we can shift £ to eliminate (Q?/2m;) + x leaving simply
i:n k [ ) T n kr)?
3, (kp) = [ ~( F)+1V‘F Qlts + du(kp)tr . ©3)
VIE kr) + ive - QP + [da (k)P
(
APPENDIX D: QUASICLASSICAL FREE-ENERGY which lets us write
FUNCTIONAL FOR ELIASHBERG THEORY . )
A
Starting with the inverse Green’s function IL,(kp)=A / dz In [F[(z + r)2 + s2]i|
-1
5 = k 0’ 1+
1 o . _ = S A A r
gk - lzn m Q (%‘k + 2]’}12 + Xk>r3 ¢krl (Dl) = 4A In ? + A/ dZ ln(22 +S2). (D9)
—1+r

we can evaluate the quasiclassical free energy as a sum of a
kinetic term

Fin = —T In[ —det (- G ")] (D2)
and a potential term
1 s »
Foo= =517 ) Viewtrlt3GitsGel. (D3)

k,k'

Note the presence of an additional minus sign inside the
logarithm of the kinetic term, coming from the Nambu spinor
measure

dViydYigdy i dV iy = —dYirdYipd gy d gy

= dV d ;. (D4)
1. Kinetic term
For the kinetic term we can start by writing
Fin=—-T ) In(— p*detG."). (D5)
k

The determinant is
Dk = —det C;k_l
kY 0’ o
=(2+i— Q) +|&k+—+xx]) +¢. (D6)
nmi 2m2

To regulate the sum, we will first integrate over momentum
within finite limits and then take the limits to infinity at the
end. Defining S,(kp)? = (£, + i - Q) + ¢,

2 0* 2
dkp [N SikP+ (8c+ £+ )
Fkinz_VTZf —/ d§
— Jr —A

s Sa—1 T
dkr
=—T f —1I,(kp). (D7)
; ws Sact
Let us define dimensionless variables
QZ
X+ 5 S &

= LS =—, 7= =, D8
r . s A Z A (D8)

We can expand Taylor in the limits of the integral

14+r 1
/ dxf(X)=/1dxf(X)+r[f(1)—f(—1)]+0(r2)

1+r
(D10)
and we find

A 1
L(kp) = 4A ln7+A/ dz In(z* + %) + O(*). (D11)
-1

We can thus safely neglect x and Q?/(2m,) since they are, by
assumption, much smaller than A. We evaluate the remaining
integral using integration by parts:

272
22+ 52

L,(kr) £ 2 /1
= n + +z 1 | Z

A 1 ZZ+SZ—S2
=4In=+ -2 [ dz=——
T+ /_1 ¢ 22+ 52
1/s

A
=41n—+—4+2/ d
T —1/s y1+y2

:41n£+25tan’1y|l/s :41n£+2ns+0(52)
eT —1/s eT )
(D12)

In the limit of A — oo, the integral I,(kr) consists of an
(infinite) constant term, which is irrelevant for the response

of the system plus a a term of order A°:

lim 1,(kp) = Ca + 275, (k). (D13)
— 00

We thus arrive at the expression for the kinetic part of the
quasiclassical free energy

dk
Fin = —2anZ¢ S—F
— Jrs Sd-1

X A IEnke) + ivr - QP + (k).

(D14)
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2. Potential term

The potential term is straightforwardly simplified using the
definition of the &-integrated Green’s function (9):

1 dkp
Fo— — L2 f 7§ (ke =KD
Pt 2 Z s Sa—1 Jrs Sa—1 "

v /ds/dé (1560 (& kp 3G (&', K]

dk

22 F F /

=v27?T E ¢ ¢ —Viw(kr — Kg])
ts Sa1 Jrs Sa_i d

x [8n(kp)gw (Kp) + fu(kp) fu (Kp) (D15)

3. Total quasiclassical expression

In combining the two terms we note that we can rewrite the
kinetic part

dkp Ty (kp)? + ¢ (kp)>
Fkin=—27TVTZ% F Ya(kp)” + ¢u(kp)

FS Sd—1 S,(Kp)
=-2mvT Z% dkr @n(Ke)Yalkr) + An(Kr)fn (k)
- Fs Sd—1 S,(Kr)

= 2mr Y f o, (D) + 0 f )

Sdl

omT Zf DKL e 0K

Fs Sa—1
dk dk’

~ter Y g S ke - k)
o JEs Sa—1 Jrs Sa—1

X [gn(Kp)gw (Kp) + fu(kp) fir (Kpp)]

where in the last equality we used the gap equation. We see
that the second term is just —2F, and thus we have

(D16)

- —vaTZ% ke )

dkr dk’
2_2p2 # ¢ F ,
T E — —V—w (kg — Kz|)

s Sa—1 Jrs Sa—1 " Ik =k

x [gn(kp)gw (Kp) + fulkp) fir (k)1 (D17)

APPENDIX E: EVALUATION OF DYNAMIC COEFFICIENT

The integral of £ may be performed immediately in
Eq. (79). By rescaling the integration variable, we may then
express the frequency integral as

dz 2
Kk =2v hm _ (ED)
27 14 2222(Az)

In general Z(¢) has the following properties:

(i) Z is an even function of frequency;
(i1) at large frequencies Z goes to 1, i.e., 30 < Q. K
Ast Vel > Qp,Ze — 1 < (QpL/A).

With this in mind, we split the integration into a low-energy
and a high-energy part:

/ dz 2
k=20 | ——————
27 1+ 72Z%(Az)

QFL/A o0 dZ 2
= 4v + f E___ S ®m
/o o2 T¥ 2200 B

The first term can then be bounded by

QrL/A 1 QL
dg—— E3
/0 N1222(00) S A E3)

while for the second term

o0 1
di————
/QFL/A 1 +22Z%(Az)

*° 1 1
= dzl 5 e
Q1 /A +27 1+ £=[2%(A2) — 1]

+z?
foo dz— (1 3 [Z3(Az) — 1] + )
=~ Z —_ z7) —
QpL/A 1+22 1+Zz
o 1 QFL)
~ dz—— +0 E4
fo 1+ 22 ( A (E4)
We thus arrive at
2”/00 L _, (ES)
K=2— — =2y,
T ) oo 1+ 22

where all other terms vanish in the A — oo limit.
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