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In a Bose superfluid, the coupling between transverse (phase) and longitudinal fluctuations leads to a
divergence of the longitudinal correlation function, which is responsible for the occurrence of infrared diver-
gences in the perturbation theory and the breakdown of the Bogoliubov approximation. We report a nonper-
turbative renormalization-group calculation of the one-particle Green’s function of an interacting boson system
at zero temperature. We find two regimes separated by a characteristic momentum scale k¢ (“Ginzburg” scale).
pl. |o|/c>kg (with ¢ as the
velocity of the Bogoliubov sound mode), in the infrared (hydrodynamic) regime, |p|, |w|/c<kg, the normal
and anomalous self-energies exhibit singularities reflecting the divergence of the longitudinal correlation func-
tion. In particular, we find that the anomalous self-energy agrees with the Bogoliubov result 3,,(p, )
= const at high energies and behaves as 3,,(p, w) ~ (¢2p?— ®?)@=3)2 in the infrared regime (with d as the space
dimension), in agreement with the Nepomnyashchii identity ¥,,(0,0)=0 and the predictions of Popov’s hy-
drodynamic theory. We argue that the hydrodynamic limit of the one-particle Green’s function is fully deter-
mined by the knowledge of the exponent 3—d characterizing the divergence of the longitudinal susceptibility
and the Ward identities associated to gauge and Galilean invariances. The infrared singularity of X,,(p,®)
leads to a continuum of excitations (coexisting with the sound mode) which shows up in the one-particle

While the Bogoliubov approximation is valid at large momenta and energies,
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spectral function.
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I. INTRODUCTION

Following the success of the Bogoliubov theory [1] in
providing a microscopic explanation of superfluidity, much
theoretical work has been devoted to the understanding of
the infrared behavior and the calculation of the one-particle
Green’s function of a Bose superfluid [2]. Early attempts to
improve the Bogoliubov approximation encountered difficul-
ties due to a singular perturbation theory plagued by infrared
divergences [3-6]. Although these divergences cancel out in
local gauge invariant physical quantities (condensate density,
Goldstone mode velocity, etc.), they do have a definite physi-
cal origin: they reflect the divergence of the longitudinal sus-
ceptibility which is induced by the coupling between trans-
verse (phase) and longitudinal fluctuations. This is a general
phenomenon [7] in systems with a continuous broken sym-
metry as discussed at the end of this section.

Using field-theoretical diagrammatic methods to handle
the infrared divergences of the perturbation theory, Nepom-
nyashchii and Nepomnyashchii (NN) showed that one of the
fundamental quantities of a Bose superfluid, the anomalous
self-energy X,,.(p), vanishes in the limit p=(p,w)—0 in di-
mension d=3 even though the low-energy mode remains
phononlike with a linear spectrum [8-10]. This exact result
shows that the Bogoliubov approximation, where the linear
spectrum and the superfluidity rely on a finite value of the
anomalous self-energy, breaks down at low energy.

An alternative approach to superfluidity, based on a
phase-amplitude representation of the boson field, has been
proposed by Popov [11]. This approach is free of infrared
singularity but restricted to the (low-momentum) hydrody-
namic regime and therefore does not allow us to study the
high-momentum or high-frequency regime where the Bogo-
liubov approximation is expected to be valid. Nevertheless,
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the theory of Popov and Seredniakov [12] agrees with the
asymptotic low-energy behavior of X,,(p) obtained by NN
[8—10]. Furthermore, the expression of the anomalous self-
energy obtained by NN and Popov in the low-energy limit
yields a continuum of (one-particle) excitations coexisting
with the Bogoliubov sound mode [13], in marked contrast
with the Bogoliubov theory where the sound mode is the sole
excitation at low energy.

The instability of the Bogoliubov fixed point in dimension
d=3 toward a different fixed point characterized by the di-
vergence of the longitudinal susceptibility has been con-
firmed by Castellani and co-workers [14,15]. Using the Ward
identities associated to the local gauge symmetry and a
renormalization-group approach, these authors obtained the
exact infrared behavior of a Bose superfluid at zero tempera-
ture. Related results, both at zero [16—19] and finite [20-24]
temperatures, have been obtained by several authors within
the framework of the nonperturbative renormalization group.

In this paper, we study a weakly interacting Bose
superfluid at zero temperature using the so-called
Blaizot-Méndez-Galain—-Wschebor (BMW) nonperturbative
renormalization-group (NPRG) scheme introduced by
Blaizot and co-workers [25,26]. Compared to more tradi-
tional RG approaches, the NPRG approach presents a num-
ber of advantages: (i) symmetries are naturally implemented
[by a proper ansatz for the effective action or the two-point
vertex (Sec. I)] and Ward identities are naturally satisfied;
(ii) the NPRG approach is not restricted to the low-energy
asymptotic behavior but can deal with all energy scales. In
particular, it relates physical quantities at a macroscopic
scale to the parameters of the microscopic model; and (iii)
the BMW scheme enables us to obtain the full momentum
and frequency dependence of the correlation functions [19].
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In the NPRG approach, the main quantities of interest are
the average effective action I'; (the generating functional of
one-particle irreducible vertices) and its second-order func-
tional derivative, the two-point vertex T,({Z)(p), whose inverse
gives the one-particle propagator (Sec. II). Fluctuations be-
yond the Bogoliubov approximation are gradually taken into
account as the (running) momentum scale k is lowered from
the microscopic scale A down to zero. In Sec. III, we show
that the infrared behavior of the one-particle propagator is
entirely determined by the Ward identities associated to the
Galilean and local gauge invariances of the microscopic ac-
tion and the exponent 3—d characterizing the divergence of
the longitudinal susceptibility (see the discussion at the end
of Sec. I). In Sec. IV we derive the BMW flow equations
satisfied by the two-point vertex I'®(p) and obtain the ana-
Iytical solution in the infrared regime. Numerical results are
discussed in Sec. V. We find that the Bogoliubov approxima-
tion breaks down at a characteristic momentum length kg
(“Ginzburg” scale) which, for weak boson-boson interac-
tions, is much smaller than the inverse healing length &, (k;
is defined in Appendix A). Although local gauge invariant
quantities are not sensitive to kg, the effective action I'; is
attracted to a fixed point characterized by the divergence of
the longitudinal susceptibility when k<<k;. We discuss in
detail the frequency and momentum dependence of the two-
point vertex I'?(p). While for |p|> kg or |w|/c> kg (with ¢
as the velocity of the Bogoliubov sound mode) F,((z)(p) is
well described by the Bogoliubov approximation, we repro-
duce the low-energy asymptotic behavior obtained by NN
when |p|, |o|/c<kg. In this regime, the longitudinal corre-
lation function becomes singular and its spectral function
exhibits a continuum of one-particle excitations in agreement
with the predictions of Popov’s hydrodynamic theory. Thus
our approach provides a unified picture of superfluidity in
interacting boson systems and connects Bogoliubov’s theory
to Popov’s hydrodynamic theory. In Sec. VI, we comment
about a possible extension of our results to strongly interact-
ing or one-dimensional superfluids.

Infrared behavior of interacting bosons

Since the divergence of the longitudinal susceptibility
plays a key role in the infrared behavior of interacting boson
systems, we first discuss this phenomenon both in classical
and quantum systems (for a pedagogical discussion, see also
Ref. [27]). Let us first consider a ¢* theory defined by the
action

S:%f ddr{(Vgo)2+vqo2+%(¢2)2}, (1)

where ¢(r) is a real N-component field and d is the space
dimension. When v <0, the mean-field (saddle-point) analy-
sis predicts a nonzero order parameter ¢,=(¢). Including
Gaussian fluctuations about the saddle-point ¢, we find a
gapped mode and N—1 Goldstone modes corresponding to
longitudinal (S¢ll¢,) and transverse (S¢ L ¢,) fluctuations,
respectively. The correlation functions read
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I\P)= >
P>+ g
1
G,(p)=—>. (2)
p

This result, which neglects interactions between longitudinal
and transverse fluctuations, is incorrect. In the ordered phase,
the amplitude fluctuations of ¢ are gapped and the low-
energy effective description is a nonlinear o model [28],

S[n]= g J dr(Vn)?, 3)

where n is a unit vector (n*=1). To a first approximation, Eq.
(3) can be obtained by setting ¢=|¢y/n in Eq. (1) (which
gives p=qo(2)). The nonlinear o model is solved by writing
n=(o, ) in terms of its longitudinal and transverse compo-
nents (n-¢y=0l¢y| and 7 L ¢;). In the low-energy limit, the
action [Eq. (3)] describes N—1 noninteracting Goldstone
modes with propagator G, (p)~1/p>. The longitudinal
propagator can be obtained from the constraint n’= o>+ 7>
=1, ie., o=1-7%/2,

N-1 1
Gy(r) =(a(r)o(0)). = TGi(r) ~ P (4)
where (- --). stands for the connected part of the propagator
and G, (r)~1/|r|? denotes the transverse propagator in
real space. Equation (4) is obtained by using Wick’s theorem.
In Fourier space, we thus obtain

Q@NE% (p—0) (s)

for d<4 and a logarithmic divergence for d=4. Contrary to
the predictions of Gaussian theory [Egs. (2)], the longitudi-
nal susceptibility is not finite but diverges for p—0 when
d=4 [7,29,30]. This divergence is weaker than that of the
transverse propagator for all dimensions larger than the
lower critical dimension d; =2. The appearance of a singu-
larity in the longitudinal channel, driven by transverse fluc-
tuations, is a general phenomenon in systems with a continu-
ous broken symmetry [7]. The momentum scale k; below
which the Gaussian approximation [Egs. (2)] breaks down is
exponentially small for d=4 (and A — 0) and of order A/~
for d<4 (see Appendix A 3 for the estimation of kg in a
Bose superfluid).

The same conclusion can be drawn from the NPRG analy-
sis of the ordered phase of the linear model [Eq. (1)]. The
NPRG predicts the coupling constant to scale as N ~k*,
where k is a running momentum scale [31]. This scaling
follows from the flowing of the dimensionless coupling con-

stant N=M\k“"* to a finite value N* for k—0 (A~ 1/In k for
d=4). The longitudinal propagator then diverges as Gy(p
=0)~ 1/N@i~ 1/k* and, identifying k with |p| to extract
the p dependence of the propagator, we reproduce Eq. (5).
Thus, the divergence [Eq. (5)] of the longitudinal suscepti-
bility is a consequence of the fixed-point structure of the RG
flow in the ordered phase of the linear model [Eq. (1)].
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These considerations easily generalize to a quantum
model with the Euclidean action,

8
§= %f de ddr{(V¢)2+c‘2(<97¢)2+v¢2+ %(402)2}, (6)
0

where 7 is an imaginary time varying between O and the
inverse temperature S=1/T and c is the velocity of the Gold-
stone mode. At zero temperature, we expect the (Euclidean)
propagator to behave as

1
G (piv)~—5—5> 0, 0),
L(p lw) C!)2+C2p2 (p_> o — )

1

Gy(p,iw) ~
i(p,iw) (0 +?p

s (p—0,0—0), (7)

where o is a Matsubara frequency. (The divergence of G is
logarithmic in three dimensions.) The expression of G fol-
lows from Eq. (5) with |p| replaced by (w*+c?p?)"/? and d by
the effective dimensionality d+1 to account for the imagi-
nary time dependence of the field. As in the classical model
[Eq. (1)], it can be justified either from an effective low-
energy description based on the (quantum) nonlinear o
model or directly from the linear model [Eq. (6)]. After ana-
lytical continuation iw — w, the transverse propagator G | ex-
hibits a pole at w= = c|p|. On the contrary, G, has no pole-
like structure but a branch cut which yields a critical
continuum of excitations lying above the Goldstone mode
energy w=c|p|. This continuum results from the decay of a
normally massive amplitude mode with momentum p into a
pair of transverse excitations with momenta q and p—q [32].

Interacting bosons are described by a complex field ¢ or,
equivalently, a two-component real field (¢, ). In the or-
dered phase, the global U(1) symmetry [33] is broken, giving
rise to a gapless (Goldstone) phase mode (the Bogoliubov
sound mode). Although the action of nonrelativistic bosons
differs from the relativistic-type action [Eq. (6)] [see Eq. (13)
below], the preceding conclusions regarding the longitudinal
propagator still hold in the superfluid phase. The reason is
that the argument leading to Eqgs. (7) relies on the existence
of a Goldstone mode with linear dispersion w=c|p| rather
than the precise form of the microscopic action. The one-
particle propagator in the superfluid phase is usually ex-
pressed in terms of a “normal” self-energy, 2, (p,iw), and an
“anomalous” one, X,.(p,iw) [34,35]. In Appendix A, we
show on general grounds that

Gy(p.iw) = - (p—0,0—0). (8)

23 u(piw)
Comparing with Egs. (7), we conclude that the anomalous
self-energy

Sn(piw) ~ (@ +pH)P D2 (p—0,0—0) (9

is singular at low-energy for d=3 (the singularity is loga-
rithmic when d=3). This singularity, which also shows up in
the normal self-energy, is related to the infrared divergences
that were encountered early on in the perturbation theory of
interacting boson systems [3-6]. The exact result 2,,(0,0)
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=0 and asymptotic expression (9) were first obtained by NN
from a field-theoretical (diagrammatic) approach [8-10].
NN’s analysis shows that the infrared behavior markedly dif-
fers from the predictions of the Bogoliubov theory
[2,.(p,iw)=const]. One can estimate the momentum Gin-
zburg scale ks below which the Bogoliubov approximation
breaks down from perturbation theory [15,36] (see Appendix
A),

(gmk;) "3~ (d<3)
ks ~ 42 10
¢ khexp<— : ) (d=3). (10)
gmky,

In three dimensions, k; vanishes exponentially when the di-
mensionless interaction constant gmk,—0. In two dimen-
sions, the vanishing of ks with gm is only linear.

It was realized by Popov that a phase-density representa-
tion of the boson field ¢=\ne'? leads to a theory free of
infrared divergences [11,10]. Popov’s theory is based on an
hydrodynamic action S[n, ] and is valid below a character-
istic momentum k. Since the long-distance physics is gov-
erned by the Goldstone (phase) mode, a minimal hydrody-
namic description would start from the phase-only action,

B
5= j drf d'r(V6)* +c(9,0)°], (1)
2m 0

where n, is the superfluid density. This action can be ob-
tained from the hydrodynamic action S[n, 6] by integrating
out the density field. It is equivalent to that of the nonlinear
o model in the O(N) model [Eq. (3)]. Writing ¢=\ne'? and
expanding with respect to phase fluctuations (with the boson
density n=const), one finds

G (r7) =nGyy(r7),

Gilrr) = Golrry? (12)

for the propagator of the transverse (5¢=i\s’;¢9) and longitu-
dinal (Sy=—\n6?/2) fluctuations, respectively. Gy is the
phase propagator whose Fourier transform (m/n)(p?
+w?/c?)7! is read off from Eq. (11). In Fourier space, Eqs.
(12) coincide with Egs. (7). Thus Popov’s approach repro-
duces the infrared behavior [Eq. (9)] obtained by NN [12].
The determination of the characteristic momentum k, below
which the hydrodynamic approach is valid is nontrivial in the
Popov approach as it requires to integrate out all modes with
momenta |p| >k to obtain the low-energy hydrodynamic de-
scription [11,12]. Interestingly, &, coincides with the Gin-
zburg scale kg [15].

II. AVERAGE EFFECTIVE ACTION

We consider interacting bosons at zero temperature, with
the action

S:fdx{t/l*(x)(r?r—ﬂ—%)éﬁ(x)+§|‘/f(x)|4] (13)

(h=kz=1 throughout the paper), where #(x) is a bosonic
(complex) field, x=(r, 7), and [dx=[Bdrfd’r. T [0,B] is an
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imaginary time, S— % is the inverse temperature, and w de-
notes the chemical potential. The interaction is assumed to be
local in space and the model is regularized by a momentum
cutoff A. We assume the coupling constant g to be weak
(dimensionless coupling constant gmiz'~>¢< 1, with 77 as the
mean density) and consider a space dimension d larger than
1. It will often be convenient to write the boson field

W) = \}—Ewlw +igh()] (14)

in terms of two real fields ¢, and .

To define the average effective action [31], we add to the
action [Eq. (13)] a source term —[dx(J*+c.c.) and an infra-
red regulator

ASszdxdx’t//*(x)Rk(x—x’)a,lr(x’), (15)

which suppresses fluctuations with momenta and energies
below a characteristic scale k but leaves the high-momenta/
frequency modes unaffected. The average effective action

T[¢", l=—1n Z,[J*,J]+ f dx[J*(x) p(x) + c.c.]

is defined as the Legendre transform of —In Z,[J*,J/],
(Z,[J*,J] is the partition function) minus the regulator term
AS,[¢*, ¢]. Here ™) (x)=(f)(x)), is the superfluid order
parameter.

The effective action [Eq. (16)] is the generating functional
of the one-particle irreducible vertices. The infrared regulator
Ry is chosen such that for k=A all fluctuations are frozen.
The mean-field theory, where the effective action I'\[ ¢, ]
reduces to the microscopic action S[¢*, @], becomes exact
thus reproducing the result of the Bogoliubov approximation
[see Egs. (26) below]. On the other hand for k=0, provided
that R,_, vanishes, I'; gives the effective action of the origi-
nal model [Eq. (13)] and allows us to obtain all physical
quantities of interest. In practice we take the regulator

_Zax( 12) <_2 i)
Ri(p) = Y. (p + 6(2) r 2 + kzcé , (17)
where r(Y)=(e'-1)"" and p=(p,iw). The k-dependent vari-
able Z, ; is defined below. A natural choice for the velocity
¢y would be the actual (k-dependent) velocity of the Gold-
stone mode. In the weak-coupling limit, however, the Gold-
stone mode velocity renormalizes only weakly and is well
approximated by the k-independent value cy=vgn/m (i is
the mean boson density). The regulator [Eq. (17)] differs
from previous works where R, (p) was taken frequency inde-
pendent [16—19]. The motivation for the choice [Eq. (17)]
will appear clearly when we will discuss the BMW NPRG
scheme.
We are primarily interested in the effective potential

1
U() = B—‘/F[cﬁ] (18)

¢ const

(V is the volume of the system) and the two-point vertex
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2)

MOty —2le (19)

! 5¢i(x)5¢j(x’) ¢ const
computed in a constant, i.e., uniform and time-independent,
field. To alleviate the notations, we now drop the k index. We
consider ¢p=(¢;, ,) as a two-component real field [see Eq.
(14)]. U and Fgf) are strongly constrained by the global U(1)
invariance of the microscopic action [Eq. (13)] [33]. The
effective potential U(n) must be invariant in this transforma-
tion and is therefore a function of the condensate density n
=%(¢f+¢§). The actual (k-dependent) condensate density n

is obtained by minimizing the effective potential

U’ (ng) = 0. (20)

Equation (20) defines the equilibrium state of the system. On
the other hand, Fl(-]z) must transform as a tensor when the
two-dimensional vector (¢, ¢,) is rotated by an arbitrary

angle a. Since one can form three tensors, J; j, €; ;, and ¢;¢;,

from the two-dimensional vector (¢, ¢,), the most general
form of the two-point vertex is [37]

TP (p:d) = 6, Ta(psn) + ¢ Ta(pin) + € Tc(psn)  (21)

in Fourier space. €; denotes the antisymmetric tensor. In ad-
dition, parity and time reversal invariance implies

I'P(p.iw:d) =T~ p.io:¢).

T (p.iwid) =26, - DT (p.~iw:d),  (22)

where ¢=(¢;,p,) and ¢*=(p;,—¢,). From Egs. (21) and
(22) we deduce

Ca(pin) =T (= psn) =T4(p,—iw;n),
Ip(pin) =T'g(=psn) =Tp(p,—iw;n),

Le(pin)==Te(=pin) ==Tc(p.—iwin).  (23)

For p=0, we can relate the two-point vertex to the deriva-
tives of the effective potential,

FU(n)
dp; d b;

IP(p=0;¢) = =6,U'(n) + i U"(n), (24)

so that
Ly(p=0:n)=U'(n),

Ip(p=0:n)=U"(n),

Fe(p=0;n)=0. (25)
For k=A, one has I'}[ ]=S[¢] and therefore

1
Upr(n) == un + §n2 =- Egné + §(n —np)?,

FA,k:A(P;”) =€t g(n—ny),
FB,k:A(p;n) =8,
Lcp=n(pin) = o, (26)

where ng=ng;_\=u/g.
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We can also relate the two-point vertex to the normal and
anomalous self-energies that are usually introduced in the
theory of superfluidity [34,35],

3.(p) =iw+ pu— €+ La(p) +noly(p) —iCc(p),

2an(p) = nofs(P) (27)

(see Appendix A), where T (p)=T",(p;n,) (a=A,B,C) de-
notes the two-point vertex in the equilibrium state (n=n).
In the equilibrium state (n=n,), the transverse part [37]

L,(p=0)=U’(ny) of the two-point vertex vanishes. This re-
sult is a consequence of the invariance of the effective action
I'[¢] in a global U(1) transformation and reflects the exis-
tence of a (gapless) Goldstone mode. When expressed in
terms of the normal and anomalous self-energies [Egs. (27)]

[with the condition T(p=0)=0], it reproduces the
Hugenholtz-Pines theorem [5] [Eq. (A3)].

II1. DERIVATIVE EXPANSION AND INFRARED
BEHAVIOR

On the basis of the arguments given in Sec. I, we expect
the anomalous self-energy

2)(3-d)12

Ticos(p) ~ (0 +%p (p—0,0—0) (28)

to be singular in the low-energy limit [see Egs. (9) and (27)].
From Eq. (28), we infer

Tp(p=0)=U"(ng) ~ & (k—0). (29)

Equation (29) will be obtained in Sec. IV from the NPRG
equations. In this section, we show that it is sufficient, when
combined with Ward identities associated to Galilean and
gauge invariances [6,15,38], to obtain the infrared behavior
of the propagators.

The infrared regulator [Eq. (17)] ensures that the vertices
are regular functions of p for |p| <k and |w|/c <k even when
they become singular functions of (p,iw) at k=0 (c=c is
the velocity of the Goldstone mode defined below) [39]. In
the low-energy limit |p|, |w|/c <<k, we can then use the de-
rivative expansion

fA(p) = ZASp + VA(,()Z,

Tp(p) = U'(ng) =\,

Telp) = Zcw, (30)

consistent with T'4(p=0)=0 and the symmetry properties

[Egs. (23)]. To obtain Eqgs. (30) we have expanded T'z(p)
only to leading order, dropping the next-order term Zze,
+Vyw?. Because of the singularity [Eq. (28)], the coefficients
Zp and Vg would diverge for k— 0 contrary to Z,, Z., and V,
that reach finite values. The justification for neglecting the p

dependence of the vertex I'y comes from the fact that for d
>1, A=0(k*9) is a very large energy scale with respect to
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[, T¢ for typical momentum and frequency |p|, |w|/c

~ k. The p dependence of T'g(p) does not change the leading

behavior of I'g(p) ~ O(k*~?) which essentially acts as a large
mass term in the propagators.

A. Goldstone mode velocity and superfluid density

The excitation spectrum can be obtained from the zeros of

the determinant of the 2 X2 matrix l:g)(p) (after analytical
continuation iw— w+i0%),

det T (p) = T4 (p)[T4(p) + 21T 5(p)] + fzC(p)

=~ 2L 5(0)T4(p) + Te(p)
= 2ngN(Zy€, + V40%) + (Zew)?, (31)

where the approximate equality is obtained using I'z(p)
~i3 Ty(p), Ti(p)~p?, % and |p|, |w|/c<k. Equa-
tion (31) agrees with the existence of a Goldstone mode (the
Bogoliubov sound mode) with velocity

( Z4/(2m) ) 12
c=\—""—FH_ __ _ .
Vo + Z¢ (2\ng)

(32)

The low-energy expansion [Egs. (30)] can also be used to
define the superfluid density nry._Suppose the phase 6(r) of
the order parameter ¢(r)=1v2nq(cos 6(r),sin 6(r)) varies
slowly in space. To lowest order in V 6, the average effective
action will increase by

ST = %2 T () ol p)ho(p)
4

= 10> T(p.=0) (- p) A(p)
p

- %BJ dr(V )2 (33)
2m

Identifying the phase stiffness with the superfluid density
[40], we obtain

I’ls:ZAno. (34)

B. Symmetries and thermodynamic relations

The two-point vertex satisfies the following relations:

J = i
—T — ,
(9[)2 4(p) o 2mn,
9 1 FU
—T = ——
dw? Ap) p=0 2ng du? n
J FU
—Tp)| =- , (35)
Jw p=0 onadu ng

which follow from Ward identities associated with Galilean
(for the first one) and local gauge (for the last two) invari-
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ances (see Appendix B). Here we consider the effective po-
tential U(n, u) as a function of the two independent variables
n and w. The condensate density ng=nq(w) is then defined by

2

=0, 36
o (36)

o

while the mean boson density is obtained from

U
on

dny __ U

ny A1t p

_ dU( ) au
n=——Umppu)=— —
du 0K dp

9
o

(37)

o

where d/du is a total derivative. Equation (36) being valid
for any u, one deduces

d dU PU FU| dng
daon|,” mo o |, ap = O
From Eqgs. (35) and (38), one deduces
l’ls:ZAno—f’_l,
__ L#&u
21’10 (9“2 "0,
FU dn
Zo=- =A—. (39)
onadm n du

The first of these equations states that in a Galilean invariant
superfluid at zero temperature, the superfluid density is given
by the full density of the fluid [6]. The velocity [Eq. (32)]
can be rewritten as

, 1 (40)
== .
m  FU FU (dn0>2
- — — puada 1
o,y on” |, \du
Comparing with
dn FU FU| (dngy\?
Ta- e (TR @
du p n on n du

we deduce that the Goldstone mode velocity

= 12
N .
m(dn/dw)

is equal to the macroscopic sound velocity [6].

Since thermodynamic quantities, including the condensate
“compressibility” dngy/du, should be finite, we deduce from
Egs. (39) that Z-~ k>~ vanishes in the infrared limit and

7 1/2
4 ) . (43)
ZmVA

lim ¢ = lim(
k=0 k=0
Both Z,=n/n; and the macroscopic sound velocity ¢ being
finite, V, (which vanishes in the Bogoliubov approximation)
takes a nonzero value. In the infrared limit, the w? term of

[4(p) is therefore crucial to maintain a linear spectrum and
superfluidity. As discussed in more detail in Sec. IV C, ex-
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pression (43) is a manifestation of the relativistic invariance
of the effective action which emerges in the low-energy
limit.

C. One-particle propagator

We are now in a position to deduce the infrared limit of
the one-particle propagator G;;. For symmetry reasons (see
Sec. 1I),

Gip:p) = %Gu(p;n) + (b}j - MZ)Gn(p;n) +€,Gy(p;n)
n 2n

(44)

for a constant field ¢, where

Lalps
Gy(p;n) =— %,
o _Lclpin)

Glt(p’n) = D(p,l’l) s (45)

and D=T3%+2nI"yI+T'%. Equations (45) follow from the
matrix relation G™'=—I'®, Using N\, Zo~k>"¥>k>, we then
find

D(p) = 2n\V,(* + c*p?) (46)
and
_ 1
G ==,
11(17) 210\
e YL S S 2ngmc® 1
WP/ = V0> +(cp)? i o+ (cp)*’

_ Z w mc*dn w
Gulp) =7 ° (47)

2NV, 02+ (cp)? 71 dp w0+ (cp)®

The propagators G, and Gy, have well defined limits when
k—0, while the longitudinal propagator Gy~ 1/k*~? di-
verges in agreement with the general discussion of Sec. I.
Stricto sensu, Eqs. (47) hold in the limit |p|, |w|/c<k. We
can nevertheless obtain the propagators at k=0 and finite
(p,iw) by stopping the flow at k~ \p>+w?/c? (see the dis-
cussion in Sec. IV C). Since the local gauge invariant (ther-
modynamic) quantities are not expected to flow in the infra-
red limit (Sec. V), this procedure amounts to replacing ny, 7,
¢, and dny/du by their k=0 values. As for the longitudinal
correlation function, we reproduce the expected infrared sin-
gularity

1
. 48
2nyClw” + (cp)z](3_”i)/2 (48)

The constant C can be estimated by comparing Eq. (48) with
the result of Popov’s hydrodynamic theory [13],

éll(p) ==
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_\2
c:(2">. (49)

mcn

From these results, we deduce the infrared behavior of the
normal and anomalous propagators,

_ n0m02 1
Gn(p) - <¢(P)¢ (P)> - (1)2 + (Cp)2
_mc dno iw
7 du o? +(cp)2 Gu(p)
2
Gulp) == )= ) =" s 4 Gl
(50)

The leading order terms in Eqgs. (50) agree with the results of
Gavoret and Nozieres [6]. The contribution of the diverging
longitudinal correlation function was first identified by NN
and later in Refs. [13-15,27].

IV. RG EQUATIONS

To compute approximately the effective potential U and
the one-particle propagator, we follow the BMW NPRG
scheme proposed in Refs. [25,26,41] with a truncation in
fields to lowest nontrivial order [42].

A. BMW equations

The dependence of the effective action on k is given by
Wetterich’s equation [43],

Il ] @le1+R)7}, (51)

where t=In(k/A) and R=4,R. In Fourier space, the trace in-
volves a sum over frequencies and momenta, as well as a
trace over the two components of the field ¢p=(;, p).

The flow equation for the effective potential U(n)
=(BV)"'T[ ] with ¢=(\2n,0) is directly derived from Eq.
(51),

= %Tr{R(F

9,U(n) = - %f R(P)Gu(p:n) + Gylpim)],  (52)
p

J J J J <2w)df_mz77- (53)

The flow equation of the condensate density is then deduced
from

where

U’ (ny) =o,U’ |n0 + U"(ng)dny =0, (54)
while that of N=U"(n;) is obtained from
IN = a,U”|,,O + U"(ny)dng. (55)

Note that the propagator G in Eq. (52) and below is defined
as the inverse of —(I'®+R).
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Equation (51) leads to a flow equation for the two-point
vertex I'® which involves the three-point and four-point ver-
tices,

1

or(p:¢) = 52 G DT (= p.g— 43 8)
1
"2, E Y. (p.a.-p-q:)

L3 (= p.p+a.- :B)3,Gi (45 )]
XGi;(p+a:d)+(p—-piej  (56)

where the operator d,=(JR/dt)dg acts only on the ¢ depen-
dence of the regulator R. The field ¢ is assumed to be uni-
form and time independent.

The BMW approximation is based on the following two
observations [25]. (i) Since the function EGij(q;(b) is pro-
portional to d,R(q), the integral over the loop variable ¢
=(q,iw) in Eq. (56) is dominated by values of |q| and |w|/c
smaller than k. [Note that this argument requires a regulator
R(g) that acts both on momentum and frequency.] (ii) As
they are regulated in the infrared, the vertices I'™ are smooth
functions of momenta and frequencies [39]. These two prop-
erties allow one to make an expansion in power of q°/k* and
w?*/(ck)? independently of the value of the external variable
p=(p,iw,). To leading order, one simply sets ¢g=0 in the
three- and four-point vertices. We can then obtain a close
equation for F(z)(p; ¢) by noting that [25]

(3) = T®@
L5 (p,=p,0; ) = BV07¢ I (ps @),
P00 == — ) (57)
ljlm -D ng(ﬁlaﬁbm lj

The flow equation for I" ,(p;n) is given in Appendix C [Egs.
(C3)-(C3)].

B. Truncated flow equations

We simplify the BMW equations by considering two ad-
ditional approximations. First we define the self-energy
A (p;n) (a=A,B,C) by

Ca(pin) =€, + U'(n) + Ay(p:n),

U'p(psn) =U"(n) + Ag(p;n),
Le(pin) = 0+ Ac(pin). (58)
It satisfies A, (p=0;1)=0. We then expand A (p;n) about ny,
Aulpin) = Ag(ping) +(n=ng) AL (ping) + -+, (59)

and truncate the expansion to lowest order, i.e., we approxi-
mate A, (p;n) by its value A (p)=A,(p;ny) in the equilib-
rium state. Similarly we truncate the effective potential U to
second order, i.e.,

043627-7
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V)= Ulng) + 51 o), (60)
where A=U"(n,). For k=A, the effective action is given by
the microscopic action S[¢] (Sec. II), so that ng|,y=u/g,
N|iea=g, and A, |,_,=0 (Bogoliubov approximation).

The second approximation is based on a derivative expan-
sion of the vertices and propagators. We have already
pointed out that the integral over the internal loop variable ¢
is dominated by small values |q],
since the external variable p=(p,iw,) acts as an effective
low-energy cutoff, the flow of l"(z)(p ¢) stops when k be-
comes of the order of |p| or |w|/c Thus all propagators and
vertices in Eq. (56) should be evaluated in the momentum
p+q|=k and |w|/c, /e
=<k. In addition to the BMW approximation, we can there-
fore use the derivative expansion [Egs. (30)] of the vertices
in the right-hand side of Eq. (56). This approximation has
been shown be very reliable in classical models [41,44,45].
While we also expect a high degree of accuracy in the low-
energy limit p — 0, the approximation is more questionable
in the high-frequency hmlt The high-frequency behavior of
the two-point vertex I' (p) [and in turn of the propagator

G;(p)] follows from the high-frequency behavior of the
propagator G(p+q) appearing in Eq. (56). Clearly the deriva-
tive expansion does not reproduce the expected high-
frequency limit of the propagator. We shall see nevertheless
that the solution of the flow equations does not contradict the
w,— 0 limit of the propagator (Appendix E) although the
leading corrections O(1/w,) and O(I/w,%) are likely to be
incorrect.

These two approximations lead to the flow equations (see
Appendix C)

37 17
g = 5111 + Eltta

A== N9731(0) = 6J31,(0) + J; (0], (61)
and
_ N — _
3 A4(p) = Ndng— 5(111 +31,)
= 2noN[Jy4(p) + Jin(p) + 2J31(P) 1,
_ AN — _ _ _
Ag(p) == I\ + g(ln = Iy) + N[= 9uu(p) + Jy.u(p)
0
+ jtt,ll(p) - jtt,tt(p) + Sjlt,lt(p)]s

&tEC(P) = 2”0)\2[-7tt,h(P) - jh,n(l’) - 3~711,11(P) + 3~71t,11(P)]’ (62)

where the coefficients jaﬁ(p);/aﬂ(p;no) and 1,=1,(n,) are
defined by

1,(n) = J 3,Go(q;n),
q

Jap(pin) = f [9,Go(q:n)1Gg(p +q:n). (63)
q

with a, B=I11,tt,1t. The flow equations for Z,, V,, and Z are
simply derived from

PHYSICAL REVIEW A 80, 043627 (2009)

J
9Zy= ——3dLlalpin) :
Ep n=n0,p=0
J
(?tVA = _Z&IFA(p,n) s
w n=n0,p=0
J
0Zc= ——dlc(p;n) (64)
dw n:no,sz

This gives

J — _ _
9Ly =- 2”0)\2(9_[1 e(P) + Jen(p) + 201(p) 1 p=0-

€

G Va=— 2”0)\ [Jn «P) + Jun(P) + 2411(P) ] =0,

dZc= 2’107\ [Ju 1(P) = iu(p) = 3Ju(p) + 3T1n(P) ] p=o-
(65)

Equations (61) and (65) agree with those obtained from a
simple truncation of the effective action I'[¢] [17].

C. Analytical solution in the infrared limit

It is convenient to write the flow equations in terms of
dimensionless variables

}’TO = k_dZCno,
N =kl (Z,Zo) '\,
‘7/4 = kaAZEvZVA (66)

(see Appendix C). In the infrared limit k— 0, the RG equa-
tions simplify

Ud+1 )\2
ON=(d=2+ o)\ + 8-+
d+ 1V1/2
poe gt N
c=- — 1’
d+1VX
07th =(2+270) VA’ (67)

where 70-=-4d, In Z (see Appendix D). We deduce
aN=(d=2)X (68)
and
dmc=(d=3)nc— 1. (69)
For d=3, one finds
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TABLE I. Asymptotic behavior for k—0 (e=3—d). The stared
quantities indicate nonzero fixed-point values.

d=3 1<d<3
ng ng ng
A (In k)" k€
Zc (In k)71 k€
Va Vi Vi
7 (k3 In k)~! k3
X k ki=e
v, (k In k)? Kr2e
ﬁ(’) k—2 kE—Z
N (In k)™! N
0
Tc
1+ 7net
with 7;2 as a constant, whereas
Ne—d-3 (71)

for d<<3. The asymptotic behavior deduced from Egs. (70)
and (71) is summarized in Table I. In particular one finds that
the coupling constant \ vanishes when k— 0, A ~ (In k)~! for
d=3 and N\~ k>~ for d<3, in agreement with the expected
divergence of the longitudinal correlation function (Sec. IIT).

In the infrared limit, Z is suppressed (Table I) and does
not play any role in the leading behavior for k—0 [Egs.
(67)]. Discarding Zc, the two-point vertex I'® exhibits a
space-time SO(d+1) (relativistic) symmetry. It is possible to
eliminate the anisotropy between time and space by rescaling

the frequency, @— 5‘7;1” 2 (the dimensionless frequency @ is
defined in Appendix C 4 c¢). To maintain the dimensionless
form of the effective action, one should also rescale the (di-

mensionless) field, ¢— \7;\1/4[75. This leads to an isotropic
relativistic model with dimensionless condensate density and
coupling constant defined by
- - X\
y=\NVaitg, N =—F7—. (72)
Va
The asymptotic behavior of 7, and N is in agreement with

the known results of the classical (d+1)-dimensional O(2)
model (Table I). In particular, the dimensionless coupling

constant N’ vanishes logarithmically when d+1=4 and

reaches a nonzero fixed-point value N'* when d+1<4. Us-
ing

A=k Z,e) VPN ~ PN, (73)

we deduce that \ vanishes as k*~¢ when d <3 and logarith-
mically when d=3. Thus, the divergence of the longitudinal
susceptibility (which follows from the vanishing of \) can be
understood as a consequence of the low-energy behavior of
the classical (d+ 1)-dimensional O(2) model.

PHYSICAL REVIEW A 80, 043627 (2009)

As explained in Appendix D, the infrared limit of the
self-energies can be obtained from the derivative expansion
if we stop the flow at k~ (p*+w?/c?)"?. This yields

Car0(p) = V40 + Zy€,,

fB,k:O(P) ~ (0 + c2p2)(3—d)/2,

1:C,k=0(.l7) ~ w(w2 + 62p2)(3—d)/2. (74)

Since Z, and V, do not flow when k— 0, they can be evalu-
ated for k=0 and related to thermodynamic quantities (Sec.

IIT). We expect the following relation between I' and T':

limr_c’k;()(p) fimZ€ - 0| (75)
r0wlpiolp)  *70 A dp 1o
This relation will be confirmed numerically in Sec. V. From
Eqgs. (74) and (75), we reproduce the infrared limit [Egs. (47)
and (48)] of the propagators obtained in Sec. IV C from gen-
eral considerations.

V. NUMERICAL RESULTS

In this section we discuss the numerical solution of the
flow equations. We consider a two-dimensional system in the
weak-coupling limit 2mg=0.1. The actual boson density 7
= is fixed and the chemical potential w=gng -, is fine
tuned in order to obtain n, =2, ;ng,=n for k=0.

The flow of N, Z., and V, is shown in Fig. 1. (The
asymptotic behavior of various quantities as a function of the
space dimension is summarized in Table I.) In agreement
with the discussion of Secs. III and IV, we find that N, Z.
~k are suppressed as k— 0, while V, flows toward a finite

value. The anomalous self-energy 3.,,(p=0)=nI"5(0)=no\
therefore vanishes for k— 0 in agreement with the exact re-
sult [8]. From Fig. 1, one can clearly identify the momentum
scale ks below which the Bogoliubov approximation breaks
down. The inset in the figure shows kg, obtained from the
criterion Vy ; =V =0/2. It is proportional to V(gm)’n
~gmk;, <k, in agreement with the perturbative estimate
[Eq. (10)]. In practice, we use the definition kg
=\(gm)*nn/4m. Note that the healing scale k,=\2mgi (de-
fined in Appendix A) keeps its mean-field (Bogoliubov) ex-
pression since the renormalization of the two-point vertex is
very small for k~k;,> k.

Figure 2 shows the behavior of the thermodynamic quan-
tities ng, ng, and c. Since Z,;-0==1.004, the mean boson
density n=Z4n, is nearly equal to the condensate density ny.
The condensate compressibility dng/du=Zq/N [Egs. (39)]
is shown in Fig. 3. Apart from an initial variation at the
beginning of the flow (k=<k,,), these quantities do not vary
with k. In particular, they are not sensitive to the Ginzburg
scale kg;. This result is particularly remarkable for the
Goldstone mode velocity ¢, whose expression (32) involves
the parameters \, Z., and V,, which all strongly vary when
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05k &/ N - Zo

L A— K
307 107 10° //
2myg 8

In(kg/k)

FIG. 1. (Color online) Top panel: N/g, Z¢, and V4/ V4 -0 Vs
In(kg/k), where kg=\(gm)3 /4 for n=0.01, 2mg=0.1, and d=2
[In(kg/k;) =—5.87]. The inset shows kg vs 2mg obtained from the
criterion Vak,=Vak=0/2 [the green solid line is a fit to kg
o (2mg)*?]. Bottom panel: In(\) and In(Z.) vs In(kg/k). N and Z,
vanish as k for k<<kg (blue dotted lines). All figures are obtained
with A=2m=1 and the regulator [Eq. (17)].

k~kg. These findings are a nice illustration of the fact that
the divergence of the longitudinal susceptibility does not af-
fect local gauge invariant quantities [15].

In Fig. 4 we show the flow of ,=-d,InZ, and 7=
—d,In Z- for k>kgs. Both 7, and 7. exhibit a maximum
corresponding to a slight increase of Z, and Z; (Z, then
saturates to Z, ;—o while Z strongly decreases when k ~ k).
The location of these maxima is given by the healing scale
k;, (see the inset of Fig. 4) [46]. The maxima of 7, and
nc become more pronounced as 2mg increases but remains
very small in the weak-coupling limit, 2mg=<1. The small
window around k;, where the anomalous dimension 7, is
finite is likely to be a remnant of the critical regime that
exists near the Goldstone regime at higher temperatures and

]7 T

0_9f ."-,_ n()/n(),k,:/\

: B ns/nstk:A
o8F |m C/Ck:A
07: R :
0.6] 1

[ L~ - ‘ : ]
0319 5 5 10

n n (\) n n |
In(ke/k)
FIG. 2. (Color online) Condensate density n, superfluid density

ny=Zano=n, and Goldstone mode velocity ¢ vs In(kg/k). The pa-
rameters are the same as in Fig. 1.
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103
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dng _ Z¢
1011 i A
| | |
9% 5 10

i

FIG. 3. (Color online) Condensate compressibility dng/du
=Zc/\ vs In(kg/ k) [Egs. (39)].

which is progressively suppressed as the temperature de-
creases.

A. Self-energies
The self-energies are obtained from the numerical solu-
tion of the flow equations [Egs. (62) or (C10)]. By comput-
ing A(p,iw) for N frequency points iw; (I=1,...,N with
typically N~ 100), one can construct a N-point Padé approx-

imant P ,(p,z) which is equal to A (p,iw) when the complex
frequency z coincides with one of the Matsubara frequencies
iw,;. The retarded part of the self-energy is then approximated

by Eﬁ(p, ®)=P,(p,w+i0%) [47]. (All self-energies discussed
in this section corresponds to k=0.)
Let us first discuss the momentum and frequency depen-

dence of Ag(p) at k=0. Note that Ag(p)=T3(p)=3,.(p)/n,

since A\;_y=0. In the following, we shall rather discuss I'z(p)
which is the right quantity to consider when comparing to

the Bogoliubov approximation. Figure 5 shows that I'g(p) is
a_function of w?+(cp)? not only in the infrared regime
Vp*+ w?/ c? <k but also for \p?+ w?/c?> k. Furthermore,
I'3(p) is related to the running coupling constant X\, by

fB(p) = )\|k=\““p2+w2/cz' (76)

This confirms that I'yz(p) can be (approximately) obtained
from ' (p=0) by stopping the flow at k~ \p>+w?/c?. For

3 ‘,z ‘71
107 10 10 10 \
2myg

FIG. 4. (Color online) 74 and 7¢ vs In(kg/k). The inset shows
the location of the maxima in the curves 7, (red crosses) and 7¢
(green stars) vs 2mg (the blue solid lines correspond to const
X \2mgir o ky). The parameters are the same as in Fig. 2.
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0.1,
008k v
[ 2 |p|/ke ~ 1400
0.06F + |p/ke ~25 ]
0.04F ~ Ipl/kc ~0.036 1
L [pl/ke =0
0.02F .
O S 11
21 (p)2
hl%
cka

FIG. 5. (Color online) fB,k:Q(p,iw):&B’kzo(p,iw) (symbols)
and Nj- pZro%a (solid line) vs \w?+(cp)?* for various values of [p|.

The inset shows ln(fB’k:()) and a fit to CVw?+(cp)? (solid line).

\p*+w’/c*> kg, one therefore recovers the Bogoliubov re-
sult T'z(p) =g, while for \p>+w?/c?<kg one obtains

Ty(p) = CVw? + *p2, (77)

with C as p-independent constant.

The Ginzburg scale k; manifests itself also in the fre-
quency dependence of the retarded vertex I'x(p=0,w) (Fig.
6). For |w|>ckg, the imaginary part Im[T'X(0,w)] is very
small and the real part tends to g in agreement with the
Bogoliubov approximation and the exact high-frequency
limit (Appendix E). But for |w| < ckg, the real part is strongly
suppressed and becomes of the same order as the imaginary
part. The crossover between the Bogoliubov and the infrared
regimes can also be observed by varying |p| (Fig. 7). While

the Bogoliubov result I_‘g(p,a))z g is a good approximation

when [p|>kg, ['R(p, w) develops a strong frequency depen-
dence for |p| =< kg. For |p| <k, we can use Eq. (77) to obtain
the low-frequency behavior (|o|<ck),

TR(p,w) = CV- (w0 +i0%)% + (cp)?
= Cl(clp| - |w|)V(cp)® - &*
—iC sgn(w) (| w| - c|p)Ve® - (cp)®> (78)

[6(x) is the step function]. The Bogoliubov result fg(p,w)

0.05

w/(cke)

FIG. 6. (Color online) Real and imaginary parts of the retarded
vertex ngkzo(pzo,w) vs w/(ckg).
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w/(clpl)

FIG. 7. (Color online) Real and imaginary parts of the retarded
vertex I:gykzo(p,w)=2§“(p,w)/ ng for various values of |p| ranging
from 0.3kg up to 170kg~k;,/2 (7=0.01 and 2mg=0.1). The Bogo-
liubov approximation corresponds to ['§(p,w)=g=0.1. (Re[l'}]
=0 and Im[T'5]=0.)

=g is nevertheless reproduced for |w|>cks (Fig. 6). As
shown in Fig. 8, the square-root singularity [Eq. (78)] is also
obtained from the numerical result based on the Padé ap-
proximant. The asymptotic result [Eq. (78))] was first ob-
tained by NN within a diagrammatic approach and later re-

0

2107

ax10™'F

3x10°F ‘ 7
om\\\\vyf/f
— Re[Aj(p,w)]
g AP ) ,
0 I 2
3x10” /
| —RefAfpw)]
2x107F - hn[Ag(p,w)]%/*{ 1
L //X'// 4
1x10”F x b
O‘K

I
w/(c|pl)

FIG. 8. (Color online) Real and imaginary parts of the retarded
self-energies AX(p,w), AN(p,w)=T}(p,w), and AK(p,w) for |p|
=0.036k; and k=0. The blue crosses correspond to expressions
(79) obtained from the derivative expansion, while the dotted lines
show the analytical result [Eq. (78)] obtained from the approxima-
tion [Eq. (77)].
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wl'p(p)
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w/(c|pl)

FIG. 9. (Color online) T'o(p)/[wl5(p)] vs w/(c|p|) for |p]
=0.036k; and k=0. The dashed line shows the value of
d’lo/d,u|k=0=1imk‘>0 Zc/)\

produced by Popov and Seredniakov in the hydrodynamic
approach [12]. Figure 8 also shows the numerical results for

AR(p,w) and A¥(p,w). In the infrared regime |p|, |w|/c
<k, these self-energies are very well approximated by their
derivative expansion,

Kf(p, (1)) = — Vsz + (ZA - 1)6 N

AR(p,0) = iw, (79)
where V=V, . and Z,=Z, ;. The leading correction to
Elé(p,w)ziw is given by relation (75) between I'z(p) and
o|/c<kg

L(p), which is rather well satisfied when |p
(Fig. 9)

The imaginary part of Eﬁ and the real part of Elé give a
finite lifetime to the sound mode. They arise from the decay
of a phonon with momentum p into two phonons with mo-
menta q and p—q (Beliaev damping [4]). This damping pro-
cess follows from the second contribution (proportional to
reOr®) to 9I'® [Eq. (56)]. Figure 10 shows that
Im[AX(p, w)] and Re[AX(p, w)] vanish for |w| < c|p|. The ab-
sence of damping below the threshold frequency ~c|p| is
due to the energy conservation w=c|q|+c|p—q| in the decay
process. While it appears difficult to decide from the numeri-

cal results whether Im[AX(p,c|p))] and Re[AX(p,c|p|)]
(which determine the lifetime of a phonon with momentum p
and energy c|p|) are zero or not, it is well known that for
quasiparticles with a linear spectrum, Beliaev damping can-
not take place as there is no phase space available [48]. Be-
liaev damping requires a positive curvature of the quasipar-
ticle dispersion, i.e., Ey=c|p|+a|p[’ (a>0). In this case, the
threshold frequency, obtained from the condition w=E,
+E,_ (with p fixed), lies below E,. The decay of a quasi-
particle into a pair of quasiparticles then gives a scattering
rate of order |p|® in a two-dimensional system [49,50]. Since
we use the derivative expansion of the vertices to compute

E

the self-energies Eg (see Sec. IV), the quasiparticle disper-
sion becomes linear to a very high degree of accuracy in the
“relativistic” regime |p|<kg. In this regime, we expect the
curvature of the dispersion to originate in the (p,w) depen-

dence of the self-energy AX(p,w) that is not included in the
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\S)
=
=

2 T T 2
(b) In(w/(c[pl))

FIG. 10. (Color online) Real and imaginary parts of the retarded
self-energies AR(p,w) and AR(p,w). For w=c|p|, Re[AX(p,w)]
~ w?, Im[&ﬁ(p ,w)]~ o> and Re[&lé(p, )]~ o?, Im[&Ié(p, )]
~ w (blue dotted lines). The spikes are due to Im[&ﬁ(p,w)] and
Re[AX(p, )] being nearly zero and changing sign.

derivative expansion. Thus a reliable computation of the Be-
liaev damping would require a self-consistent numerical so-
lution of the flow equations.

While the Padé approximant technique is very efficient to
obtain &g(p,w), as well as &ﬁ(p,w) and K’é(p,w) in the
infrared regime, the computation of Af(p,w) and AX(p,w)
for |p|> kg appears more difficult for reasons that we do not
fully understand. (Note also that the use of the derivative
expansion might also be a source of difficulties for reasons
discussed in Sec. IV B.) In the limit |p|> k, the Bogoliubov
approximation is however essentially correct and the correc-

tions Ef(p,w) and Elé(p,w) provide a small broadening of
the Bogoliubov quasiparticles (Beliaev damping) as can be
directly verified from the one-loop self-energy diagrams.

B. Spectral functions

The knowledge of the retarded one-particle Green’s func-
tion enables us to compute the spectral functions [51]

1 _
Ay(p,w) =- ;Im[Gﬁ(p,w)],

1 ~R
Ay(p,w) =- ;Im[Gn(p,w)],

Alp.0) = R GE(p. 0] (80)

From Egs. (47) and (48), we obtain
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8w+ c[p))],

tt(p’ 0)) | |

sgn(w) O(|o| - c|pl)
27mC \w? - (cp)®’

Ay(p,w) =

2
z——"—{&w clp)) + Sw+clp)]  (81)

Alt(p’ (1)) 25 d

in the infrared regime. A, (p,w) and Ay (p,w) exhibit Dirac
peaks at the sound mode energy *c|p|. On the other hand,
the longitudinal spectral function Ay(p,w) shows a critical
continuum with a singularity at the Bogoliubov mode energy,
in agreement with the predictions of the hydrodynamic ap-
proach [13]. The spectral function A;(p,w) obtained from
the Padé approximant is shown in Fig. 11. The square-root
singularity is very well reproduced and extends up to w
~ckg.

From these results, we can deduce the spectral function of
the normal [U(1) invariant] Green’s function (see Appendix
E),

1
An(p’ (,0) == ;Im[Gf(p’ (l))]

1
= E[All(p,w) +Ay(p,w)] - iAy(p,w)

1
= E[All(p’ (,l)) +A[l(p’ w)] (82)

The singularity of the longitudinal correlation function
shows up as a continuum of excitations above the Bogoliu-
bov sound mode. The respective spectral weights at positive
frequencies of the transverse and longitudinal fluctuations
are given by

mcn
tt=

In <2k ) (83)
Ip|

for |p| <kg. Using the estimate Eq. (49) of the constant C,
we obtain the ratio

s AN
el (k) _ L (g (2K) gy
St 8 Ip| 8w\ n p|

where the last result is obtained with ¢ = V/gﬁm. This ratio is
extremely small in the weak-coupling limit where mg<1
and |p| <ks;<\7. It can however become sizable in the in-
termediate coupling regime when mg ~ 1 and kg is not much
smaller than V7.

1 d de 1
R [ —(cp)?  4mmn,C
mnoCJ op| Vo (cp) TN

VI. CONCLUSION

The BMW NPRG method provides a powerful tool to
study interacting boson systems. In particular, it enables us

PHYSICAL REVIEW A 80, 043627 (2009)

w/(clpl)

FIG. 11. (Color online) Spectral function Ay(p,w) for |p|
=0.036kg and k=0. The red solid line is the result obtained from
the Padé approximant, while the green dashed line corresponds to
the analytic expression in Egs. (81). The inset shows the ratio be-
tween Ay(p, ) and the approximate result [Egs. (81)] on a larger
energy scale.

to obtain the momentum and frequency dependence of the
correlation functions on all energy scales. Our results reveal
the crucial role of the Ginzburg scale kg in zero-temperature

|w|/c> kg, the Bogoliubov theory provides a good approxi-
mation to the correlation functions. For the
correlation functions are governed by a different fixed point,
which corresponds to Popov’s hydrodynamic theory.
Throughout the paper, we have emphasized that interacting
boson systems can be understood within the framework of
the (quantum) O(2) model. The infrared behavior of this
model is characterized by singular longitudinal fluctuations
induced by the coupling to transverse (phase) fluctuations, a
phenomenon which is common to all models with a continu-
ous broken symmetry [7].

From a technical point, we have not solved the BMW
equations in their full glory. By neglecting the field depen-
dence of the self-energies A,(p;n) [which were approxi-
mated by A (p;ny)] and using the derivative expansion, we
have obtained flow equations which can be solved with rea-
sonable numerical effort. Yet these equations yield a remark-
able description of the singularity of the self-energy induced
by the divergence of the longitudinal susceptibility. Quasi-
particle lifetime (Beliaev damping) can also be obtained in
principle if the flow equations are solved self-consistently
(i.e., without relying on the derivative expansion).

We have restricted our analysis to the weak-coupling limit
where the two characteristic momentum scales k;, and kg are
well separated (kg <k, <71""%). The characteristic momentum
scale 777 does not play any role in this limit. When the
dimensionless coupling constant is of order unity (interme-
diate coupling regime), the three characteristic scales become
of the same order: k;~k,~7"?. The momentum range
[k¢.k;,] where the linear spectrum can be described by the
Bogoliubov theory is then suppressed. We expect the strong
coupling regime to be governed by a single characteristic
momentum scale, namely, 77"/¢. A good description of physi-
cal phenomena at the scale of the interparticle spacing is
likely to require the consideration of the complete BMW
equations (with no additional approximation) with both the
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field and (p,w) dependence of the vertices taken into ac-
count.

In one dimension, superfluidity exists without Bose-
Einstein condensation (ny=0), and our results regarding the
infrared behavior of the correlation functions do not apply. If
however, we insist on using the Bogoliubov theory as a start-
ing point, we find from the perturbative estimate of Appen-
dix A 3 a characteristic length kg~ (gm)¥*ny*. This expres-
sion makes sense if we interpret n, as the condensate density
oy, at the scale k;. A similar characteristic scale, &,
~ (gm)**7"*, has been found in Ref. [52]. In weakly inter-
acting one-dimensional Bose gases, k, separates a high-
momentum regime (|p|>k,) where the Gross-Pitaevskii de-
scription is valid from a low-momentum regime (|p|<k,)
where a more elaborate description (e.g., based on the exact
solution of the Lieb-Liniger model [53,54]) is required. The
description of one-dimensional superfluidity from the NPRG
is challenging even if the derivative expansion yields reason-
able results at weak coupling [17] and should be an interest-
ing test of the BMW scheme.
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APPENDIX A: BOGOLIUBOV’S THEORY

In this appendix, we briefly review the main results of
Bogoliubov’s theory.

1. Beliaev’s self-energies

The action of interacting bosons is often written in terms
of the two-component field,

#(p)
V(p) =< N
(=p
where p=(p,iw). The one-particle (connected) propagator
then becomes a 2 X 2 matrix whose inverse in Fourier space
is given by

i+ € —3,(p) S a(p) )
( -3 s-p) ) A

where 2, and 2,, are the normal and anomalous self-
energies, respectively, and ep=p2/ 2m. Making use of Eq.

) ) Vip) = (' (p). (- p)), (A1)

—io+u—€-

(14) and the relation G=—I"?~" between the propagator and
the two-point vertex, one obtains Egs. (27) if one chooses a
real order parameter {i(x))= \no The normal and anomalous
self-energies satisfy the Hugenholtz-Pines theorem [5]

2n(o) - Ean(o) =M,

which is a consequence of the spontaneously broken global
U(1) symmetry in the superfluid phase.

(A3)
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Using Eq. (A2), we can relate the longitudinal propagator

Gu(p) == (p) i (- P)>c

1 s s
=- 5<[¢(P) + (=p)Il(=p) + ¢ (p)]). (A4)
((---), denotes for the connected part of the propagator)
to the self-energies X, and X,,. Anticipating that u
-3.(), 2u(p)>p?, ®* when p—0,0— 0 and neglecting
terms O(p?, w?), we deduce

1
M= E[EH(P) + E (_ P)] + zan(p)

hm Gylp) = i [,U« S0 —-2.(=p)]-2up)?
—1 -1
=1i li : A
plir(l)zzan(p) Pf(l)Znol:g(P) ( )

where we have used the Hugenholtz-Pines theorem [Eq.
(A3)].

2. Bogoliubov’s approximation

The Bogoliubov approximation is based on the micro-
scopic action [Eq. (13)] and a first-order computation of the
self-energies,

S5 (p) =2gny,

3B (p) = gno, (A6)

where the condensate density ng=u/g. This yields the propa-
gators

GB(p) = — (WP (), = — 228"
w? +Ep

G (p) == (YAp) (= p)). = % (A7)

+Ep

where E,=[€,(€,+2gn,)]"* is the Bogoliubov quasi-particle
excitation energy. When |p| is larger than the healing mo-
mentum k;,=(2gmn,)"?, the spectrum E,= €,+gn, is par-
ticlelike, whereas it becomes soundlike for |p|<kh with a
velocity cp=gny/m. In the small-momentum limit |p| <k,

€

Gi(p) =— 5.
W+ Cop

2gn

B 0

Gtt(p): ® +02p2’
B

Glt (p) (AS)

24 cip?
Note that in the Bogoliubov approximation, the occurrence
of a linear spectrum is related to %,,(0) being nonzero. In the
weak-coupling limit, n, is approximately given by the full
density 77, and the healing momentum can also be defined by
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k,=(2gmi)"? (which is the definition taken in Sec. V).

3. Perturbative estimate of the Ginzburg scale kg

Let us consider the one-loop correction 2(1)(,0) to the Bo-
goliubov result Ean(p) =gn,. The leading contribution comes
from the one-loop diagram

e e

where the internal lines correspond to transverse fluctuations,
ie.,

2
S0 =- 5 f Gul@)Gulp+9)
q

gy Sy ki o [ dof  2gng 2
=- d d|q||q| 2 2 2
2 2m*), e 2T\ 0+ Ccpq

k
g S (™ dlq|
== E(gmno)m_df |4—d’

em), la (49)

where k;, is the healing momentum defined in Appendix A 2
and S, is the surface of the unit sphere in d dimensions. The
infrared limit k in the integral is of order (p*+ %/ c3)"? [with
p=(p,iw,)]. The one-loop correction is divergent when d
=3. This divergence reflects the difficulties of diagrammatic
calculations beyond the Bogoliubov approximation and is a
manifestation of the diverging longitudinal susceptibility
[27]. We estlmate the Glnzburg momentum scale kg from the
condition [XM(p)|~[2E (p)| [see Eq. (10)].

APPENDIX B: SYMMETRIES AND WARD IDENTITIES
1. Gauge invariance

Let us consider the microscopic action
1
= f dX[ t!f*(X)<(9T— pulx) = - [V- iA(X)]Z) i(x)

+§I¢(x)|“] (B1)

in the presence of external sources u(x) and A(x). S is in-
variant in the gauge transformation

P(x) — Plx)e ™,

PH(x) — ¢ (e,

plx) — plx) +id o),

A(x) — A(x) + Va(x), (B2)

where a(x) is an arbitrary real function. This implies that the
effective action satisfies

F[R(a) ¢’M + i&Ta’AV + &Va] = F[¢’ M’AV]’ (B3)
where ¢=(¢,,p,)T and
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R(@) = (cos(ae) — sin(a) ) (B4)

sin(a) cos(a)

is a two-dimensional rotation matrix. Differentiating Eq.
(B3) with respect to a(x), we obtain

oI
> ———ebx) + id, - 0.

ij S¢pi(x) EV

Y\ (x)

(BS)
Differentiating now with respect to ¢y(x,) and w(x,) and set-
ting ¢=(12ny,0), u(x)=w, and A(x)=0 give

= =
- \"Znorg)(xz,xl) + l(?TIF;;ZO)(Xz,xl) + E &Vll—‘(z ()Cz,xl) O
1

V/Z_no (xl,xz) +1id, F Oo(xl,xz) + E d, F b O(xl,xz) 0,

Y1

(B6)
where we have introduced
s2r
F(.z)(x X)) =—""—,
O Sehi(xy) Spalxy)
s2r
TG(x) = —————, (B7)

Spe(x,) Spulxy)

and similar definitions for F;;zﬁ(xz,xl) and Ff%(xQ,xl). Note
that with the choice ¢=(12n,,0), we can identify l:(fz) to T'c
and T'%) to T'. In Fourier space, Eqs. (B6) leads to the Ward
identities

23 () + ol B (p) + X ip,TE(p) =0,  (BB)

V20T (p) + oT2(p) + > ip TN p) =0,  (BY)

—_—
\"ZnOF(Zz;())(p)—wF@) (p) - Z szF(,z,o(p) 0. (B10)
From Eq. (B8), we deduce
L) =-——TCp=0)
p=0 \2n
1 FU . FU
20y 0y 3 no_ nam|,
(B11)

where the effective potential U(n, ) is considered as a func-
tion of both n and w. From Egs. (B9) and (B10), we obtain

1
\2&

J —
ﬂr(zzz)(m == 2; O(P)

)

p=0 p=0
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9 1 &ZU
—T5(p) 50(0) =
e 20 o \’70 100 /Z_no
(B12)
and therefore
1 FU
—IPe)| == 5 (B13)
p=0 2”0‘91“ ng

2. Galilean invariance

Another Ward identity can be obtained from the Galilean
invariance of the microscopic action. The latter is invariant
in the transformation ¢(x) — ¥(x)e'™, o (x) — (x)e 9T if
we shift the chemical potential u by q?/2m, which implies

L(R(a) .+ q*/2m) =T(, ), (B14)

where a(x)=q-r and the chemical potential u is taken uni-
form and time independent. To order q2, Eq. (B14) gives

2

oT =
0= 9z + nof dxde%)(x —-x")a(x)a(x")
2maip

, (B15)
p=0

J -
2_7 1)
+ BVnoq op? I'55(p)

(B16)

[see Eq. (37)], we finally obtain

n

r<222>( ) (B17)

op? p=0  2mng ’

where 7 is the mean boson density.

APPENDIX C: FLOW EQUATIONS
1. BMW equations

In the BMW approximation, the flow equation of the two-
point vertex is given by

I (ps ) = —5 2 9, Gy (g DT (= p.0,05 )

@iysin

-5 E {5, (0.~ p; OT}), (= P05 )
‘/’1 g

X[0,G:i,(q: )]G, + g5 )

+(p e =p.ie (CD)

where the three- and four-point vertices in Eq. (C1) are ob-
tained from the field derivatives of the two-point vertex [Egs.
(57)]. From Egs. (21) and (44), we obtain

Gij(p; @) = 51‘,]‘[51‘,1G11(P§n) + ,,Gy(psn)] + filet(Pén),
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T'P(p; ) = 8, [Ta(pin) + 8,,2nT y(psn)] + €T c(pin).

-
I8 (p.~p.0:) = f{ J0ulTa(psn) + 8,12nT j(psn)]

+ (5,',15;,1 + @,1@,1)FB(P;’1)

+ Eijaz,lrlc(l?;n)},

re

ljlm(p’ P 0 0 d)) V{ 5[ m[FA ps; I’l) + 51 lznr ’(P n)]

+(8,46)m+ 6;,6;,) 1 p(p3in)
+ [5‘ 1(5jm51 1+ O w0, 1)+ 6, 1(51'151‘,1
0;1) + O 11511]2”F3P n)
+ 51',1 (‘51.’151,]5%14”2[‘;;(17;”)
+ 6l,m€ij[ré‘(p;l’l) + 51,12nF,é(P;n)]}
(C2)

[ (p:n)=9,I ,(p;n), etc.] for the particular field configura-
tion ¢=(y2n,0). The flow equation [Eq. (C1)] then gives

I a(p3n) = = si(WIT4(p3n) + 20T (p3m)] = 514(n)
X[Th(psn) + 2L p(p;n)] = 2n[ Ty o(p:n)T 4 (pin)*
+Jn(pim)Tg(p;n)?
+20(psm)C 4 (psn)Lp(psn)
= Jun(psme(psn)?
= 20yupsm) T (psn)L e(pin)

+ 2/ (P ) Cp(psm) T ipsn)], (C3)

5
dlg(p;n) = [In(") Li(m) T (psn) = Iy(n)| < B(P 1)

1
+nly(psn) | - Eln(n)ré(.v;”) —Jua(p;n)[X(n)?

+ L (pin)? 1+ Ty o(p:n)[Ta(pin)* + T (pin)?]
+Jen(p;n)p(p ;n)? - Jiup §”)FB(PZH)2
+2J1(psm)Tg(psn)[X(n) + Ty (pin)]

+ 2]11’1[(p;n)[X(n) - rA(P?”)]FIC(P;n)

+ 2Ji(psm)T(psm)Ti(p;n)
+2J1u(p;n)Tp(ps) L e(psn), (C4)

Il c(pin) == 3Ly (n)[T¢(pin) + 2T (pin)] -
= 2n{Jyu(p;m) X)L (p;sn)
+Iu(Ps)T 4 (psm)Te(psn) = Ja(psn)Uy(psn)?
+ (P ()T 4 (psn) + Jyy(psn)
X[X(m)Ty(p:n) =T (pin)?]
= Jin(psm)X(m) L p(pin)}, (C5)

(T (psn)
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where X=I"j+20'3+2nl";. The coefficients 1,(n) and
Jap(n;p) are defined in Eqs. (63). If we set I'c=0 and p
=(p,0), we reproduce the flow equations of the classical
O(2) model derived in Ref. [41].

2. Truncated flow equations

The flow equations simplify considerably when the field
dependence of the self-energy A, (p;n) is neglected and the
effective potential U(n) expanded about n; as in Eq. (60). In
this case the only nonvanishing field derivative is I'}(p;n)
=\ while I'z(p;n)=T'¢(p;n)=0 [see Egs. (58)], so that we
obtain

IT 4(psn) == 3Iy(m\ = 51(W)[N\ + 2T 5(p;n) ]
—2n[Jyo(p;)N + Ty u(ps)Tg(psn)
+ 2J11,11(P§n))\FB(P§n)],

1
dl'g(p;n) = E[In(n) —Iy(n)[Ug(p;n) + Jll,n(P;n))\2

= Jun(@sm N +2T5(p;sm) 1P + [Jyu(psn)
- Jtt,tt(Pm)]rlzg(P;n) + 4Jlt,lt(P;”)rB(P§n)[7\
+g(psn)],

Xl c(pin) = 2n{Jn’h(p;n)r123(p;n) - Jh,n(p;n))\rB(P;n)
= PN\ + 2 g(pin) | + Jyn(psm)Tp(pin)
X[\ +20%(p;n) ]} (Co6)

We can finally deduce the flow equations for the self-energy
A, (p)=A(p;ng) from its definition [Egs. (58)],

dh4(p) = atFA(17§n)|no + T4 (p3ng)dny,
GAg(p) = dTp(psn),, + Tp(p3in0)dmg — I\,

G c(p) = a8 c(p:n)l,, + Teping)ane, (C7)
where

[l (psng) = U'(ng) =,
Fl;(p,l’lo) = U”,(I’l()) = O,

Ti(ping) =0. (C8)
This leads to Egs. (62) and (65).

3. Dimensionless flow equations

For numerically solving the flow equations, it is useful to
introduce the dimensionless variables [Egs. (66)] as well as
the dimensionless self-energy,

A(p) = (Zy&) ' As(p),
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Ap(p) = (k1 &ZyZo) ' Ap(p),
Ac(p) = (Zy&)'Aclp), (C9)

where €,=k?/2m. In dimensionless form, Eqgs. (61), (62), and
(65) read

Aty == (d + )iy + %711 + %Ttt’
(9z7: =(d=-2+n+ 716)7:— ):2[9]11,11(0) - 6~7lt,lt(0) + jtt,tt(o)]’

=0~ ~ ~
My = 2’10)\25[1 e(P) + Tn(P) + 2J101(P) =0

X

e == 27N> ﬁa[jtt,lt(p) ~Tialp) = 3T0(p) + 3~71t,11(17)]p:0a
_ _ S _
Vo= 2=y +290)V, = 20ph ﬂ[fu,u(l—’) +Jyn(p)

+ 27,010 (C10)

and
G AA(P) = (174 = 2)AA(p) + NIy — T) = 27N [T (p)
+ 7n,11(P) + 271t,1t(P)],

- - AN ~ -
3 Ap(p) = (d =2+ nu + nc)Ag(p) + g([n -1y
0

+ X2[_ 9-711,11(1’) + jll,tt(p) + jn,u(p) - jtt,tt(p)
+8711(P) ]+ N[9714(0) = 67,,1,(0) + T o (0)],

’915(?(17) = (74— 2)&C(P) + 2”0)\2[‘7&,1[(17) - jlt,u(P) - 3-711,1t(17)

+37u(p)], (C11)

where
(C12)

and n4=—9d,InZ,, mc=—0d,In Z,. The coefficients Ta and
faﬁ(p) are defined in Appendix C 4 c.
4. Coefficients 1, and J ,p(p)
a. 7,1 and jaﬁ(p)

To compute the coefficients I,=I,(n,) and jaﬁ(p)
=J45(p;no) and their derivatives with respect to p or o, it is
convenient to introduce

A(p)=T4(p) +R(p),

B(p) =A(p) +2nT'5(p),
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C(P) = fc(P),
D(p)=C(p)*+A(p)B(p).

With these notations, we have

(C13)

— A
Gp=- D’ (C14)

and

79t(_;lt= -R s (C15)

where

R=-Z,6Y(nur +2Yr"),

w
Y="F5+

2 2
P
S5 (C16)
K ik

with r=r(Y) and r’' =dr/dY. Equations (C14) and (C15) can
be used to compute 1, and jaﬁ(p), as well as &wjaﬁ(p)|w=0
and awzjaﬁ(p) | o

b. aepjneﬁ(p) |p=0
Using

Gap+q)=Golq) + (p*+2p - Q)GL(q) +2(p - @)°Gq)
+0(|pP*) (C17)

for p=(p,0), we find
T _ (‘ ~ ~ 2~ % 2 .2~N 4
JopP)= | (9,Go) Gp+p°Gp+ —P'q°Gyy +O(|p[*)
q

(C18)

and

Jd - - ~ ~1 2 ~In
L= [ 050 G r 2.
|Y w0 d
(C19)
where we use the notation

G, (C20)

[note that G,(p) is a function of p?]. We have introduced
v,=[2%'7¥?1'(d/2)]"". Using the variable x=q> and inte-
grating the last term of Eq. (C19) by part, we find
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_(9 T v - ~AY=L
3 apPlp0=-8 f f dlalla*'(,G,)Gp. (C21)
p d Y0

The operator 4, is defined by

. J
0t=R—+R’—,, (C22)
JR OR
where
Z
R ==2(r+Yr),
2m
51 ZA ' 2
R =—E[7IAV+(7IA+4)YV +2Y°1"]. (C23)
This gives
ij (p)| _4%kd+22 Ocd d/2 kZY( r
ge.ap\Plp=0=2" A yy A
P wJ0

d ~1
+2Yr’)£Ga+[7]Ar+ (g +H)Yr

J — _
+2Y%"—G! (GL,.
r]aR’ “} B

(C24)
The function G/(q) can be expressed as
~/ 1 ’ '
G=- E(CZA —A’B"),
! 1 2! 2
Gtt=—E(C B'—A'B?),
~! ¢ ’ ’
Gi=~5(A'B+AB), (C25)
where A’=9pA and B'=4pB. Using
J J J
IR A 9B’
1% 1% 1%
DR + I (C26)
JR" JA" IB

we obtain

9 - 2
—Gh=—[C*AB' +A'B+AA’) - A’B'],
Prdl D3[ ( ) ]

)
0—RG{l= E[CZ(AB’ +A'B+BB')-A'B],

J — C
ﬁG{tz - E[(c2 —AB)(A' +B') =2A’B' -2A'B*], (C27)

and
J

—, 1
WGH =— E(C2 —Az),
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J =, 1
ar O= B,
i,
ﬁGﬂ: - E(A +B). (C28)

Equations (C25), (C27), and (C28) are used to compute

5epj (D) | »=0- In the derivative expansion, we use the simpli-
fied expressions

A(p) = Va0’ + Z4€,+ R(p),

B(p) =A(p) + 2np\,

Clp)=Zcw, (C29)
and
Zy
A'=B'=—0+r+Yr"). (C30)
2m
c. ia and J apP)
We introduce dimensionless propagators,
~ G A
G = —H =--,
Zy& D
~ Gy _ é
““Zie b
~ G, C
==, (C31)
Zy& D
where
g = (ZAGk)_lA,
E = (ZAGk)_lB,
C=(Zye)'C. (C32)

The dimensionless coefficients 7, o and J «p(p) are then defined
by

- _ 3G
1,=k™Zl,=-2v f y"2 Y (g +2Y7") P 2 (C33)
v, r
and
(4-d)m
~ A L€~ 1 f . 42
J = J =—— dfsin““ 0
aﬁ(p) kd aﬁ(p) 8'772 o

. G o(q) ~
Xf ~yd/z Wmar+2Yr") ar Galp+9).,
Yy,

PHYSICAL REVIEW A 80, 043627 (2009)

- e
JQB(O)z—Zvdf Y2 Y (g +2Y7") g =
= r

y,0

(d=3 or d=2). y and @ are defined in Eq. (C12). To compute
Egs. (C34), we use

Gg (C34)

Gy Y -
—=—(@-0),
ar D2

Lo,
ar D2

Gy _

pe (C35)

YC,~ -
-—(A+B).
D?
In dimensionless form, Eq. (C24) becomes
9 ~ Z\Zc€ 3
—J o=—""7"""J .
0-'y aﬁ(p)|p—() kd (7€P aﬁ(p)lp_O

oG,

y (mar+2Y7")

Vg
=44 dl2
d y,0 L r+Yr!

+[gar+ (mu+ 4 Yr +2Y4"]

(C36)

— C ~ ~ -~~~
G| =-—(A'B+AB), (C37)
D2

) S
=—[C*(AB' +A'B+AA") - A’B'],
ar r+Yr’ D3

) SO
=—[C*(AB' +A'B+BB') - A'B?],
r+Yr’ D

YC ~ e~ e
=-—[(C*-~AB)(A" + B') -2A’B' -2A'B’],
8r D3

r+Yr!

(C38)

and

Wi __ Y e,
ar D2
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ﬁ:’l (C2 B2)

ar D2

aG! YC ~

—t=——(A+B). (C39)
(7?‘ D

We have introduced A’ = &VA and B’ = dy B. In Egs. (C36) and
(C38), the derivative d/dr is taken w1th r+Yr', ie., R’
=04R, fixed. If A, B, and C are evaluated within the deriva-
tion expansion [Egs. (C29) and (C30)],

A:VA62+y+Yr,

§=g+ 27705;,
C=a, (C40)
and
A'=B' =1+r+Yr. (C41)

APPENDIX D: SOLUTION OF THE FLOW EQUATIONS
IN THE INFRARED LIMIT

In this appendix, we consider the regulator [Eq. (17)] with
[55]

1-Y
r(Y)=Tt9(1—Y). (D1)
We also take
Z
=2 (D2)
szA

and note that ¢, is k independent in the infrared limit k
<k¢ and equal to the Goldstone mode velocity ¢ (Secs. III
and V). For Y=1, one then has

A=Y+YrY)=1,

B=1+2i\,
D=1+2fp\ + @. (D3)
We also observe that the condition Y=1 implies
Z
&) = =Scok ~ K279, (D4)
Z,€

where we have anticipated that Z.~ k>~ for d<<3. On the
other hand,

ﬁox= (ZAék)_lno)\ ~ kl_d. (DS)
We can therefore neglect & with respect to B and
D = B = 2ii\ (D6)

becomes frequency independent. For d=3,
and ﬁox ~1/(k* In k), so that Eq. (D6) holds.
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We are now in a position to compute the infrared limit of
the coefficients Ta and jaﬁ. Since 7, — 0, we have

_ A —
Ill - _ 4Udf yd/2—ly2r/ — ,
V.0 D2

B2 _ =2
T=—4v f yd/2‘1Y2r’B v
y D?

',C()

(D7)

I, with respect to Tn and

Since
approximate

_ B2
Iy=- 4vdf yd/z‘ler’T2 = 4vdf yd/z_le(l -Y). (D)
¥ D AN

, @ y,w

For any function f(Y),

Udf dyydlz_lf 2_f(Y) = V21/20d+1f dyy“=D2f(y),
0 oo T 0

(D9)
so that we finally obtain
= Uirl 5-112
I, =8—"-V, D10
w=8 (D10)
and
1~ Udy1
ditg = — (d + nc)itg + 21n = —(d+ noiy +4d++l v,
:—(d+ 7](/‘)770, (Dll)

where we have used the fact that the condensate density 7,
flows to a finite value when k— 0 (so that the flow of 77 is
determined by the purely dimensional contribution).

With a similar reasoning, we find

(?ﬂt =(d-2+ 770)): - ijtt,tt(o)

~ gy N
~(d-2+po)N+8—-LL—
d+lV1/2
A
Ud+1i
Nc = —2”0)\ ttlt(p)|p =0 = d+ 1 e
A

All the integrals involved in the derivation of Egs. (D11) and
(D12) are (d+1)-dimensional integrals of the type [Eq.
(D9)]. This is a direct manifestation of the relativistic invari-
ance which emerges in the low-energy limit (Sec. IV C). To
compute the infrared limit of the flow equations satisfied by

the self-energies, we need to compute the coefficients jaﬁ(p)
for finite p. The external variable p acts as a low-energy

cutoff, so that J 5(p) can be obtained from Jaﬁ(p 0) with
k~ (p? +w2/c2)” Y, (this choice satisfies the relativistic invari-
ance).
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APPENDIX E: HIGH-FREQUENCY LIMIT OF THE TWO-
POINT VERTEX

The normal and anomalous propagators G, and G,, de-
fined in Appendix A can be written as

0 An i ’
Gn(p) =f do' . (p wr)»
—oo w—w

Gulp)= | dordn®) (E1)

% iw—

when iw # 0. The spectral functions A, and A,, are defined
by

A0 = 5.0, 7 .0V,
Aup.)= 5= (4.0, 5 .0V, (E2)

where Ap,7) and ¢ (p,7) are the boson operators in the
Heisenberg picture. From the spectral representation [Egs.
(E1)], we obtain the high-frequency expansion

nw——+%§+mw%
Gulp) = 7 )2+0(w—3), (E3)

where
Xp = f dowA,(p,w) =2m(id A, (p.1)] =0

= ([[(p).H1, ¢ ()],

Y,= f dwwA ,(p,w) =27idA,,(P.1)]—0

=([[#p).HLJ(~p)]), (E4)

and H is the quantum Hamiltonian corresponding to the ac-
tion [Eq. (13)]. To obtain Egs. (E4), we have used the equa-

tions of motion of the operators z,?/(p,t) and z}f*(p,t). A
straightforward calculation gives

X

p= € — +2g0h,
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Y, = g(r)?), (E5)

where ﬁ=<zAﬂ(r)zAﬂ(r)> is the mean boson density. Inverting
Eq. (A2) and considering the high-frequency limit, we ob-
tain

X,=—lim[u—-¢e,—-2,(p)].

w—X

Yp=— lim 2,(p), (E6)

i.e.,
lim X, (p) =2¢n,

w—®

lim 3,,(p) = g($(r)?). (E7)

w—x

From Egs. (27) and (58), we finally deduce

A% = Tim Ay(p) = — w— g(i(r)>) + 2¢7,

( r)2>
[y =lim Typ)=g— i
w— % 0
A7 = lim A(p) =0. (E8)

w—

From these limiting values, we can obtain the “pairing” am-
plitude (g4(r)2) and the mean boson density 7z. In the weak-
coupling limit, 77=ny=(Jir)® and ny=u/g do not differ
much from the Bogoliubov result, so that we expect &X’
<gil, I:g:g, and 52:0.

Since lim,, ., faﬁ(p)zo, the flow equations [Egs. (61) and
(62)] yield

615: = }\(711 - Ttt) 5
S
‘9er = g(llt - 111),
0

9A-=0. (E9)

These equations are not exact as they involve A
~I'%(0,0,0,0) rather than the high-frequency limit
lim, .. I'p,-p.q,—q) [with p=(p,iw,)] of the four-point
vertex. Nevertheless, the numerical results of Sec. V are in
good agreement with the asymptotic values [Egs. (E8)]. Note
that contrary to Egs. (E9), the BMW equations would be
correct in the high-frequency limit.
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