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We present a nonperturbative renormalization-group approach to the Bose-Hubbard model. By taking as initial
condition of the renormalization-group flow the (local) limit of decoupled sites, we take into account both
local and long-distance fluctuations in a nontrivial way. This approach yields a phase diagram in very good
quantitative agreement with quantum Monte Carlo simulations, and reproduces the two universality classes of
the superfluid-Mott-insulator transition. The critical behavior near the multicritical points, where the transition
takes place at constant density, agrees with the original predictions of Fisher er al. [Phys. Rev. B 40, 546
(1989)] based on simple scaling arguments. At a generic transition point, the critical behavior is mean-field like
with logarithmic corrections in two dimensions. In the weakly correlated superfluid phase (far away from the
Mott insulating phase), the renormalization-group flow is controlled by the Bogoliubov fixed point down to a
characteristic (Ginzburg) momentum scale k¢, which is much smaller than the inverse healing length kj,. In the
vicinity of the multicritical points, when the density is commensurate, we identify a sharp crossover from a
weakly to a strongly correlated superfluid phase where the condensate density and the superfluid stiffness are

strongly suppressed and both k¢ and &, are of the order of the inverse lattice spacing.
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I. INTRODUCTION

In the last two decades, the nonperturbative renormalization
group (NPRG) approach has been successfully applied to many
areas of physics,'> from high-energy physics to statistical
and condensed-matter physics. It has proven to be a powerful
tool to study not only the low-energy long-distance properties
in the vicinity of second-order phase transitions but also
nonuniversal quantities. In particular, the NPRG approach
has been implemented in lattice models and used to compute
the transition temperature and the magnetization in classical
spin models (Ising, XY, and Heisenberg models).> This
implementation of the NPRG is referred to as the lattice NPRG.

The strategy of the NPRG is to build a family of models
indexed by a momentum scale k, such that fluctuations are
smoothly taken into account as & is lowered from a microscopic
scale A down to 0. In practice, this is achieved by adding to the
action S of the system an infrared regulator term AS;, which
vanishes for k = 0. For a scalar field theory, the regulator
term is a masslike term ASi[¢] = % Zq @_qRi(q)pq, where
the cutoff function Ri(q) is chosen such that Ri(q) ~ k>
for |q] Sk and Ri(q) ~ 0 for |q| 2 k, which effectively
suppresses the low-energy modes |q| < k. One can then
define a scale-dependent partition function Z;[J] and a scale-
dependent effective action [';[¢] defined as a slightly modified
Legendre transform (see Sec. Il A for the precise definition)
of —InZ;[J]. Here, J is an external source, which couples
linearly to the ¢ field and ¢(r) = &1n Z;[J]/5J(r). In the
standard implementation of the NPRG, at the microscopic
scale k = A, all fluctuations are frozen by the AS, term
so that T'5[¢] = S[¢] as in Landau’s (mean-field) theory of
phase transitions. The effective action of the original model
is obtained for k = 0 (AS;—o = 0) and can be determined
by (approximately) solving the renormalization group (RG)
equation satisfied by I';."?

The lattice NPRG differs from the standard implementation
in the initial condition.> The cutoff function Ry(q) is chosen
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such that at the microscopic scale k = A, the action S + A S,
corresponds to the local limit of decoupled sites. Local
fluctuations are therefore included from the very beginning
of the RG procedure. The intersite coupling is then gradually
restored as k decreases from A down to 0. In the low-energy
limit, k£ << A, R(q) acts as an infrared regulator suppressing
fluctuations with momenta |q| < k. The lattice NPRG is then
equivalent to the standard NPRG and yields identical results
for the critical properties. The hallmark of the lattice NPRG is
thus to take into account both local and critical fluctuations in
a nontrivial way.

In this paper, we present a NPRG study of the Bose-
Hubbard model* at zero temperature and in dimension d = 2
or 3. This model has been intensively studied in the last years
following the experimental observation of the superfluid-Mott-
insulator transition of an ultracold bosonic gas in an optical
lattice.>® Phase diagram and thermodynamic quantities are
known from the numerically exact lattice quantum Monte
Carlo (QMC) simulations.>!? On the other hand, few studies
have addressed the critical behavior at the superfluid-Mott-
insulator transition,'" and most of our understanding goes back
to the seminal work of Fisher ez al.*

The standard NPRG scheme does not capture the
superfluid-Mott-insulator transition in the Bose-Hubbard
model. The reason is that near the transition the mean-field
solution is too far away from the actual state of the system to
provide a reliable initial condition for the NPRG procedure.
The two-pole structure of the local (on-site) single-particle
propagator is crucial for the very existence of the transition
(see, e.g., Ref. 4). It is however impossible to reproduce this
structure from a RG approach starting from the mean-field
(Bogoliubov) theory within standard approximations of the
RG equation satisfied by the effective action I'y. This prevents
a straightforward generalization of recent NPRG studies!'*!8
of interacting bosons to the Bose-Hubbard model.

By contrast the lattice NPRG, which takes into account
local fluctuations, is able to describe the superfluid-Mott-
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insulator transition.'” Since the starting action S 4 AS, is
purely local, this approach is to some extent reminiscent
of various ¢/ U expansions of the Bose-Hubbard model.?’-°
Moreover, the lattice NPRG is not restricted to the computation
of thermodynamic quantities and allows us to study the
critical behavior at the superfluid-Mott-insulator transition
and compare with the predictions of Fisher et al.* based on
scaling arguments.

In addition to the phase diagram and the critical behavior at
the superfluid-Mott-insulator transition, the NPRG approach
can also address the superfluid phase. Deep in the superfluid
phase, localization effects are negligible and we expect the
Bogoliubov theory to provide a good description of the system.
However, even in this weak correlation limit, it is known
that the Bogoliubov approximation breaks down below a
characteristic (Ginzburg) momentum scale k¢ . In perturbation
theory about the Bogoliubov approximation, the Ginzburg
scale manifests itself by the appearance of infrared divergences
below three dimensions (d < 3). Although these divergences
cancel out in local gauge invariant quantities (condensate
density, sound mode velocity, etc.),>' > they do have a physical
origin: they result from the coupling between longitudinal
and transverse (phase) fluctuations and reflect the divergence
of the longitudinal susceptibility*>**—a general phenomenon
in systems with a continuous broken symmetry.>’#> The
normal and anomalous self-energies, X,(q,w) and X,,(q,®),
are nonanalytic functions of q and w when |q|,|w|/c K kg
and d < 3 (c denotes the velocity of the sound mode), while
Yan(0,0) vanishes,* in marked contrast with the Bogoliubov
approximation where the linear spectrum and the superfluidity
rely on a finite value of the anomalous self-energy. A weakly
correlated superfluid is defined by the condition kg <K kp
where the healing scale kj, is the inverse of the healing length
& = kh_1 14424445 11 this case, the Bogoliubov theory applies
to a large part of the spectrum where the dispersion is linear
(lql < k) and breaks down only at very low momentum
|q] < kg. The Goldstone regime |q| < kg, dominated by
phase fluctuations, is conveniently described by Popov’s
hydrodynamic theory (free of infrared divergences) based
on a density-phase representation of the boson field ¥ =
J/ne'? 448 The NPRG approach yields a unified description
of superfluidity, which includes both Bogoliubov theory (valid
for |q| > k) and Popov’s hydrodynamic approach (valid for
lq| < kp).!*1%*? The Bose-Hubbard model gives us the oppor-
tunity to understand the fate of the weakly correlated superfluid
phase as we increase the strength of the interactions and move
closer to the Mott insulating phase in the phase diagram.

The paper is organized as follows. In Sec. II, we derive
the lattice NPRG formalism for the Bose-Hubbard model. We
introduce the scale-dependent effective action I'; and compute
its initial value Iy by solving the single-site Bose-Hubbard
model. We show that I"y reproduces the result of the strong-
coupling random-phase approximation (RPA).**-33 We also
discuss the approximations used to solve the flow equation
satisfied by I'y. The phase diagram obtained from the NPRG
equations is in very good quantitative agreement with the QMC
results (see Sec. III). Furthermore, the critical behavior derived
from the NPRG analysis is in complete agreement with the
predictions of Fisher et al. based on scaling arguments (see
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Sec. IV).* We find multicritical points in the universality class
of the (d + 1)-dimensional XY model where the transition
takes place at constant density. The XY critical behavior is
observed in the Mott gap, the condensate density, the com-
pressibility, and the superfluid stiffness when a multicritical
point is approached at constant chemical potential by varying
the ratio /U between the hopping amplitude and the local
repulsion between particles. At a generic transition point,
we observe mean-field behavior, with logarithmic corrections
in dimension d =2 (corresponding to the upper critical
dimension). The superfluid phase is discussed in Sec. V. In
the dilute limit, the renormalization-group flow is controlled by
the Bogoliubov fixed point down to a characteristic (Ginzburg)
momentum scale kg, which is much smaller than the inverse
healing length k. The Goldstone regime k < k¢, dominated
by phase fluctuations, is characterized by a (relativistic)
Lorentz invariance of the effective action I';.!>!3 In the vicinity
of the multicritical points, when the density is commensurate,
we identify a sharp crossover from a weakly to a strongly
correlated superfluid phase where the condensate density and
the superfluid stiffness are strongly suppressed and both kg
and kj, are of the order of the inverse lattice spacing. The main
results are summarized in Sec. VI.

II. LATTICE NPRG

The Bose-Hubbard model on a d-dimensional hypercubic
lattice is defined by the (Euclidean) action

8 U
S = fo dt{ > [w:(af — WY + 5(1/4*%)2}

r

—t Y (Ui + c.c.)}, ()

(r,r’)

where () is a complex field and t € [0,8] an imaginary
time with 8§ — oo being the inverse temperature. {r} denotes
the N sites of the lattice. U is the on-site repulsion, ¢ the
hopping amplitude between nearest-neighbor sites (r,r’), and
w the chemical potential. In the following, we will sometimes
write the boson field

1 .
Yr = 7 (Y1 + iv2r) @)
in terms of two real fields v, and vy,

We seth = kg = 1| and take the lattice spacing as the unit
length throughout the paper.

A. Scale-dependent effective action

Following the general strategy of the NPRG, we consider
a family of models with action Sy = S + AS; indexed by a
momentum scale k varying from a microscopic scale A down
to 0. The regulator term is defined by

B
AS; = /0 dr > Re@ve, 3)
q

where 4 is the Fourier transform of 1/ and the sum over q
runs over the first Brillouin zone ]— 7, 7]¢ of the reciprocal
lattice. The cutoff function R;(q) modifies the bare dispersion
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FIG. 1. (Color online) Effective (bare) dispersion ¢, + Ry (q) for
k=A,0 <k < A, and k = 0 with cutoff function (4). The (green)
dashed line shows the bare dispersion f, = —2fcosq.d =1 and ¢ is
taken as the energy unit.

tq=—2t Z;‘i:l cosg; of the bosons. Rx(q) is chosen such
that the effective (bare) dispersion 74 + Rx(q) vanishes.? The
action Sy = S + AS, then corresponds to the local limit of
decoupled sites (vanishing hopping amplitude). By choosing
RA(q) + tq = 0, rather than RA(q) + tq = 2dt asinRef. 3, we
ensure that R, (q) does not modify the chemical potential but
only the kinetic energy.
In practice, we choose the cutoff function

Ri(q) = —Zarersgn(ty)(1 — yo)O(1 — yq), “

with A = v/2d, €, = tk?, yq = (2dt — |t4])/€x and O(x) the
step function (see Fig. 1). The k-dependent constant Z4 ; is
defined below (Z4 o = 1). Since Ry—o(q) = 0, the action Sy—g
coincides with the action (1) of the original model. For small k,
the function Ry (q) gives a mass ~k? to the low-energy modes
Iql < k and acts as an infrared regulator as in the standard
NPRG scheme.'?
The scale-dependent effective action

B
Fk[(b*,(b] = —In Zk[J*,J] +/ dt Z(J;Qﬁr + C.C.)
0 r

— AS[9".¢] ®)

is defined as a (slightly modified) Legendre transform, which
includes the explicit subtraction of A S [¢*,¢]. Here, Z,[J*,J]
is the partition function obtained from the action S + A S, J; a
complex external source, which couples linearly to the bosonic
field v, and the superfluid order parameter is
SInZ[J*,J] 8InZ[J*,J]
()=—7 —\ H(O)=—F . (6
8Jx(7) 8Je(7)

The variation of the effective action with k is governed by
Wetterich’s equation,>

1 _
KTilo*,p] = ETr[akRk(r,E”W,«p] +R)', O

where F,((z) is the second-order functional derivative of I'x. In
Fourier space, the trace in Eq. (7) involves a sum over momenta
and frequencies as well as the two components of the complex
field ¢.

We are primarily interested in two quantities. The first one
is the effective potential defined by

1 *
Vi(n) = ﬂ—NFkkb 91 — ®)
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where ¢ is a constant (uniform and time-independent) field.
The U(1) symmetry of the action implies that Vi(n) is a
function of n = |¢|>. Its minimum determines the condensate
density no ; and the thermodynamic potential (per site) Vp x =
Vi(no.x) in the equilibrium state.

The second quantity of interest is the two-point vertex

/ 52T (¢]
re—rr—ti¢)= ————— > O
’ 6¢ir(f)8¢jr’(r ) ¢=const
which determines the one-particle propagator G; = —F,(f)_].

Here, the indices i and j refer to the real and imaginary parts
of ¢ [see Eq. (2)]. Because of the U(1) symmetry of the action
(1), the two-point vertex in a constant field takes the form'*

l“lf,?j(q; $)=38i,;Tarlg;n)+¢id;Tpi(g;n) +€;Tcrlg;n)

(10)

in Fourier space, where ¢ = (q,iw), @ is a Matsubara fre-
quency, and ¢;; the antisymmetric tensor. For g = 0, we can

relate F,(cz) to the derivative of the effective potential,
_ 32V (n)
0009,

g =0:¢) =8, Vi) + i,V (), (1)

so that

Caxlg = 0;n) = V/(n),
Lcx(g =0;n) =0.

Tpi(g =0;n) = V'(n),

Parity and time-reversal invariance imply'#

Cax(gin) = Tax(=g;n) =Tax(q, —iw;n),
Upi(gin) = Tpi(—gin) =Tpi(q, —iw;n), (13)
Lei(gin) = =Te(—gin) = —Tci(q, —iwsn).

The one-particle propagator G = —F,(f)_l can be written

in a form analogous to Eq. (10) or in terms of its longitudinal
and transverse components,

Dip; id;
Grij(q;9) = 2nj Grulgsn) + (5,-,,- = z_nj) Grulg;n)
+€;Grulg;n), (14)
where
Caxlq;n)
G ; = _,—7
wu(g;n) Diqn)
r ; 2nI" ;
Grulgin) = — ax(gin) + .n B.k(q n)’ (15)
Dyi(q;n)
Cci(g;n)
G ; = !—1
kilg;n) Da(q:n)

with Dy = Fi’k +2nCaxlpi + Fék. Note that the single-
particle propagator entering the flow equation (7) is defined by
—(F,(f) + R;)~', which is the propagator associated with the
true Legendre transform, rather than —F,((z)fl.
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B. Initial conditions

Since the action S + ASj = Sjoc corresponds to the local
limit, the initial value of the effective action reads

B
FAl6", 6] = Til” 01 + /0 dat Y ¢ @tad(@. (16)
q
where
B
Ticld™ 6] = — In Zie[J*.J] + f dt Y re +cc)
0 r

a7

is the Legendre transform of the thermodynamic potential
—1InZ,[J*,J] in the local limit. In Eq. (17), J is related
to ¢ by the relation ¢.(t) = §In Zoc[J*,J]1/6J7(T) and Zj,
is the partition function obtained from Sj.

It is not possible to compute the functional I'ioc[¢*, @]
for arbitrary time-dependent fields. One can however easily
obtain the effective potential Vj,.(n) and the two-point vertex
Fl(gc) in a time-independent field ¢. These quantities are
sufficient to specify the initial conditions of the flow within

the approximations that we consider in Sec. IIE.
To obtain Vi, and Fl(gc) in a time-independent field, it is suf-
ficient to consider a single site with time-independent complex

external source J. The corresponding Hamiltonian reads
N U A At
H=—Mﬁ+§ﬁ(ﬁ—1)—J*b—Jb', (18)

where b (l;) is a creation (annihilation) operator and 7i = btb.
In the basis {|m)} (film) =m|m) with m integer), the
Hamiltonian is represented by a tridiagonal matrix,

o U
<m|H|m/> = 8m,m’ I:_Mm + Em(m - 1)i|

_8171+1,m’J*Vm + _Sm—l,m’-]\/ﬁ’ (19)

which can be numerically diagonalized in the truncated
Hilbert space m < mpyax. The low-energy eigenstates are
independent of my,, if the latter is large enough. If we
denote by {|x),E,} the source-dependent eigenstates and
eigenvalues—with {|0), Eg} being the ground state—we
obtain the superfluid order parameter

dEy . dEy
=——, =——, 20
¢ N ¢ 57 (20)
and the effective potential
Viee(n) = Eg + J*¢ + J¢ (2D

(n = |$|?) in the zero-temperature limit 8 — oo. Figure 2
shows the superfluid order parameter ¢ as a function of the
external source J, and the local effective potential Vio.(n)
obtained by numerically inverting Eq. (20). The special case
where the ground state in the local limit is degenerate for
J =0 (/U integer) is discussed in Appendix A.

To determine the two-point vertex Fl(ozc), we start from
the (source-dependent) normal and anomalous local Green
functions:

Gn(v) = —(T:b(0)b'(0)) + [(B)I*,

22
Gan(t) = —(T:b(0)b(0)) + (b)?, @2
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n=-02U
== u=02U0
uw—05U 4
w=08U

FIG. 2. (Color online) (Top) Superfluid order parameter ¢ vs
external source J (here assumed real) in the local limit for various
values of the chemical potential . (Bottom) Effective potential
Vioe(n).

where b () = e HpDe=H and T, is a time-ordering oper-
ator. The Fourier transforms G,(iw) and G,,(iw) are easily
expressed in terms of the eigenstates |«) of the Hamiltonian,

b|0y 2 0/ba)|?
Guian = = 3| et _10BP T
powr ion+E,—Ey iw+Ey—E,
23
Gunlio) = — 3 (@lbl0) (Olla) e = E0)_ -
5 @? + (Eq — Eo*’
From the relation '@ = —G~!, we obtain

1
Lo, aliw;n) = _E[Gn(ia)) + Gn(—iw) +2Gm(io)],

Gal(iw)
nD

[Gr(iw) — Gn(—iw)],

[Cioc,piw;n) = , (24)

: i
FlOC,C(lw;n) = 5
where D = G,(iw)Gy(—iw) — Guiw)*. T'® is expressed in
terms of the condensate density n (rather than the external
source J) by inverting Eq. (20).

The large frequency limit of the two-point vertex is given
by55

Jim Tioe,ati@in) = —p = Ulve) + 2U (47 v,

w2 (25)
lim Do plio;n) =U—, lim T clio;n) = o,
|w|— 00 n |w|— o0

174513-4



NONPERTURBATIVE RENORMALIZATION GROUP ...

. . 0
-20 -10 0 10 20
w/U

FIG. 3. (Color online) [T a(iw;n) — Vi, . (m)]/U vs w/U for
various values of n. u = 0.2U (left) and u = (ﬁ— U (right).
The dotted lines show the large frequency limit (25).

where () = ¢ and (1#,2) are assumed real (which corresponds
to a real external source J),

(W) = =Gu(r = 07) + |p*

o0

d .

_/ DG + 112, (26)
oo 2TC

and
(V) = —Gu(r =07) + ¢*

o0

d .

- _/ 22 G i)™ + ¢?. 27)
oo 2T

The asymptotic forms (25) are reached for |w|> U.
Ioc,a(fw;n) and Tee c(iw;n) are shown in Figs. 3 and 4.

1. Large-field limit

To obtain the large-field limit of the effective poten-
tial Vjoc(n), we must compute the local partition function
Zioc[J*,J] for |J| — oo. Using a loop expansion about the
saddle-point approximation (see Appendix B), we find

U
Viee(n) = —jin + En2 + 00", (28)

where it = u 4+ U(1 — \/§/2).

3 53
2 — n=0 ib)
k- n=0.5 i
o 10
-1F 1-1
2F 12
I S B R T S S S S R T R
3 . . . ; 3
— n=0
2 —-n=05 12
n=1
I r n=15 1!
or F 10
Sk S 1-1
2t H 12
3 3 2 -1 0 1 2 3
w/U

FIG. 4. (Color online) I'je.c(iw;n)/ U vs w/ U for various values
of n. u=-02U, 02U, (+/2—=1U, and 0.6U (from top left
to bottom right). In the large frequency limit, [y c(iw,;n) = @
[Eq. (25)].
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2. Strong-coupling RPA

The initial effective action I'y [Eq. (16)] treats the local
fluctuations exactly but includes the intersite hopping term
at the mean-field level, thus reproducing the strong-coupling
RPA.*-33 The effective potential reads

Va(n) = Viee(n) — 2dtn, (29)
while the two-point vertex takes the RPA-like form
I (gin) =T o) + 8 jtq. (30)

Expanding V4 (n) about n = 0, we find

Va()=Viec(O)+ [T | (i@ = 01 = 0) — 2dt|n + O(n?),
31
where

re®

loc,ii

(iw=0n=0)=—Gnoiw=0n=0)"" (32
is determined by the local Green function

Noc + 1 Noc
io+pu—Ufe o+ pu—U(lp —1)
(33)

for vanishing source (J* = J = 0). Here, 71jo is the number
of bosons per site in the local limit: 71joc — 1 < /U < e
if © > 0 and 7)o = 0 if u < 0. The ground state is a Mott
insulator as long as V,(0) > 0. Thus the transition to the
superfluid state is determined by the criterion V, (0) = 0, i.e.,

Gy(iw;n =0) =

Goiw=0;n=0)""+2dt =0, (34)

which reproduces the mean-field (or strong-coupling RPA)
phase diagram.* Equation (34) can also be obtained from
the condition det Ff\z)(q = iw = 0;n = 0), which signals the
appearance of a pole at zero momentum and frequency in the
one-particle propagator G, = —Fﬁ\z)_l.

In the strong-coupling RPA, the condensate density ng in
the superfluid phase is determined by

Vi (no) =V, (ng) — 2dt = 0. (35)

The hopping amplitude ¢ acts as a source term for the local
potential Vio.(n). For /U > 1, i.e., deep in the superfluid
phase, the source term is large and we are effectively in the
large field limit discussed in Sec. II B 1. From Eqs. (16), and the
fact that & 4+ 2dr >~ u + 2dt when ¢t/U > 1, we then obtain
Valn) ~ LS[d)*,d)] (with |¢|?> = n), which is nothing but

~
the result of the Bogoliubov approximation.'* The strong-

coupling RPA reduces to the Bogoliubov theory in the limit
t/U > 1.5% Table I compares the initial conditions given by
the Bogoliubov theory and the strong-coupling RPA.

It should be noted that the true Legendre transform is I'jo.
for k = A, since the action Sy = S + ASpA = Sjoc 1s local.
The lattice NPRG is an expansion about the local limit.
The scale-dependent effective action I'y is however the right
quantity to consider to analyze the physical properties of the
system with action S (without the regulator term). In I'y, the
regulator term AS; is compensated, in a mean-field manner,
by subtracting ASi[¢*,¢] from the true Legendre transform.
It follows that the physical quantities at scale k, such as the
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TABLE I. Initial conditions given by the Bogoliubov approxima-
tion and the strong-coupling RPA. In the weak-coupling limit the two
approximations become equivalent.

Bogoliubov RPA
Va(n) —(u+2dtn + 4n? Viec(n) — 2ditn
Caalg;n) —n+Un+tq Cloc,a(iw; n) + 14
T alg;n) U Toc. g (iw; n)
Cealg;n) ® Tioc.c(iw; n)

condensate density ng x, are obtained from I'y rather than from
the true Legendre transform.

C. Gauge invariance and Ward identities

The invariance of the action S + AS; in the local (time-
dependent) gauge transformation ¥, — €'Y, ¥ — e %y*
and u — @+ id;o imposes important constraints on the
effective action I'y. In the superfluid phase, this implies that
the two-point vertex satisfies the Ward identities'*

d 32Vk
—Tcilg;snox) = - ,
dw 4=0 |,
(36)
2 1 32Vk

0
WFA,k(q;no,k)

’

q=0 20k au? no

where the effective potential Vi(n,u) is considered as a
function of both n and p, the condensate density ng y = ng (1)
being then defined by

OVi(n, )

o =0. (37)

o,k
Since Eq. (37) is valid for any u, we deduce the relation
32V
on?

_d Vg
" dp on

Vi
- onou

dl’l()yk
du’

(38)

no k nok no k

which will be used below together with Eq. (36).
In the Mott insulator (npx = 0), the Ward identities (36)
become

d 32V
—Tcilgsn=0)| =-— ,
ow 4=0 onop |,_o
(39
32V(),k _ dZVo,k —0
ou2  dpr
which implies that the compressibility>’
dn d*v,
o = Tk _ & Yok (40)
du du?
vanishes. 7y = —dVjx/d v denotes the boson density (mean

boson number per site).

D. Derivative expansion and infrared behavior
The low-energy behavior of the system is best understood
from a derivative expansion of the two-point vertex. Since the
cutoff function (4) acts as an infrared regulator, F,EZ)(q; n)isa
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regular function of g for ¢ — 0. In the infrared limit, we can
therefore use the derivative expansion

TCax(gin) = Zax(mitq® + Vi (mo* + Vi(n),
Tpi(g;n) = V,'(n),

[Vi(n) = dV,/dn, etc.] in agreement with the symmetry
properties (13). For the following discussion, it is convenient
to introduce

(41)
Ccxlg;n) = Zcp(n)w,

W

3%V,
Py —
k on

(=
on?

, (42)

ok

nok

with §; vanishing in the superfluid phase. If the spectrum
is gapped, Eq. (41) will always be valid for energy scales
below the gap. Otherwise their validity requires |q| < k and
lw| < w; , where w, is the lowest excitation energy for |q| ~ &
(see Sec. IIE).

1. Superfluid phase

Using Eqs. (37) and (38), we can rewrite the Ward identities
(36) as

dno k 1 8%V,
Zcx(nox) = A  Vaslno) = ———51| .
d/J/ 2]’10’)( a/_,(, Mok
(43)
while the compressibility (40) is expressed as
9*Vox Vox| dnox
Kk = — —
a/ﬂ nok ondu ok dp
ZZ
= 2ng Vay + —£. (44)
Ak

The superfluid stiffness ps«, defined as the rigidity with
respect to a twist of the phase of the order parameter, can be
obtained from the transverse part of the two-point vertex,'*

Ps,
Tak(@o=0np0) = ~-¢> (q—0), @45
2no,k
which leads to
Psk = 2t Z 4 1 (no 1 )no k. (46)

The excitation spectrum is given by the zeros of the
determinant of the 2 x 2 matrix F,(Cz)(q;no,k) (after analytical
continuation iw — w +i0™"),

det F;(CZ)(CI) = Ta(@ITax(@) + 2104 Tpi(@)] + Tealg)?
~ 2o (Zaxtq® + Vasw?) + (Zeaw)®  (47)

(all quantities are evaluated for n = ng ) for |q|,|w| — 0. This
equation yields a gapless (Goldstone) mode w = c|q| with a
velocity

|: Zp k(no )t }1/2
Cr =
Varnor) + Ze k(o x)?/2rrnox)

o 12
=<&ﬂ , (48)
K

which can be expressed in terms of the compressibility and
superfluid stiffness.* The existence of a gapless mode is a
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consequence of the Hugenholtz-Pines theorem,*® which, in

our formalism, reads'*

TCax(qg = 05n04) = Vi(nox) = 0. 49)

Equations (46) and (48) are identical to those obtained in
continuum models if we identify 1/2¢ with the (effective) mass
m of the bosons in the lattice potential. From det F,(cz)(q,a) +
i0%) = 0, we also obtain a gapped mode with a gap, which
is, however, larger than w, ~ cik, and therefore beyond the
domain of validity of the derivative expansion (|q|,|w|/cr K
k). The existence of two modes in the superfluid phase follows
from det F,iz)(q) being of order w*. Pushing the derivative
expansion to higher order in w? would yield additional modes.
These modes are not in the domain of validity of the derivative
expansion and do not show up in the spectral function.'*!8

2. Mott insulator
In the Mott insulator (ny; = 0), the Ward identities (39)
yield
Zepy=——. 50
ck = dn (50

Since Gy x(g) = 0, the excitation spectrum is obtained from

G;,]{(q) = —T'ax(q) + il'c r(g) = 0 after analytical continu-
ation iw —  + i0™. This gives two gapped modes
Zck 1 1/2
= — S+ [Z2 AV 1 (Z g it 1)
w+(q) War 2k [Z¢x +4Var(Zax q + 0]
Zaxtq?
= A+ — 7+ Oddl®). (51)
(Zch +4VA,k8k)
where
ZCk 1 >
Apy = ——— =+ Z 4V 16 . 52
k+ War ZVAk( ck T4Vak k) (52)

When Z¢; # 0, both modes have a quadratic dispersion
for small q. The modes w,(q) and w_(q) have positive and
negative effective mass, respectively. Thus w(q) [w-(q)]
corresponds to a particle-like (holelike) excitation. At the
transition to the superfluid phase (§x—9 — 0), Ag—o,+ (Ar=0,—)
vanishes if Z¢ =0 > 0 (Zc =0 < 0), but the particle-hole
excitation gap Ag—o = Ag—0 + — Ak=o— remains finite. The
critical mode energy o ~ > being quadratic in q, the
dynamical critical exponent takes the value z = 2.

When Z¢ , = 0, the excitation spectrum takes the particle-
hole symmetric form

Zaxtq® + 8\
a)i(q)::t( Axlq+ k)
Vak
=+ (2q®+Aa2)"?, (53)
where
(S]( >1/2 (ZAkt)l/Z

A = [ =5 . o= : ) 54)

¢ (VA,k ‘ Vak

At the transition (6;—o = 0), the particle-hole excitation
gap 2A;—o vanishes and the dispersion wi(q) = Fcr—olq|
becomes linear, which implies that the critical dynamical
exponent takes the value z = 1.® We can also understand
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this result as a direct consequence of the (relativistic) Lorentz
invariance of the vertex 1",((2:)0,1. j [Eq. (41)] when Zc¢ -0
vanishes. The quantum critical point §;—y = O then coincides
with the critical point of the (d + 1)-dimensional XY model.

We conclude that the universality class of the superfluid-
Mott-insulator transition depends on whether Z¢ ;—o(n = 0)
vanishes or not.*>® The same conclusion can be reached from
the superfluid phase by considering the spectrum in the limit
no,k=0 — 0.

E. Flow equations

Since we do not have an explicit (approximate) form of
the effective action I'y[¢*,¢], we cannot directly use Eq. (7)
to obtain the RG equations satisfied by Vi(n) and 'y x(n)
(¢ = A,B,C). We can nevertheless obtain RG equations for
the effective potential V;(n) and the two-point vertex F,(f) (g;n)
in a constant field within a simplified Blaizot-Méndez-Galain-
Wschebor (BMW) scheme.®%-¢!

Equation (7) leads to the RG equations

1
Vi = —3 / B RADIGrn(@:n) + Geal@:m)]  (55)

q
and

Fff?,(p $)

=—= Z NG @ DT (P, — g,

qlllz

1
®
-3 > A (pa.

q,i1iy
x T (=p.p + 4. — GO0 Grinin(q:9)]
X Griiy(p+4:9) + (p < —p.i < )} (56)

(I =1In(k/A)) for the effective potential and the two-point
vertex in a constant field ¢. G; = _(F](<2) + Ry ! is the
single-particle propagator. We use the notation

ﬂlN / / / / @nyl f G7)

where the momentum integral is restricted to the Brillouin
zone | —m,mw]?. The operator & = (0;Rx)0g, acts only on
the [ dependence of the cutoff function R;. The BMW
approximation is based on the following two observations.
(i) For a given momentum q, the frequency integral in Eq. (56)
is dominated by the region |w| < w; (q), where w, (q) is the
lowest excitation energy defined by the propagator G. Since
the function §;G; i(g; @) is proportional to d; Rk(q), the integral
over the loop momentum q in Eq. (56) is dominated by values
of |q| of the order or smaller than . It follows that the important
frequency range for the loop integral is |w| < w; , where w;
is the typical value of w, (q) for |q| ~ k. In the superfluid
phase, w, ~ cxk (cy is the velocity of the Goldstone mode),
while in the Mott-insulating phase @, can be deduced from
Egs. (51) and (53). (ii) Because of the cutoff function Ry(q),
the vertices F,(C")(ql - -+ qy,) are smooth functions of momenta
and frequencies in the range |q;|/k,|w;|/w, < 1. These two
properties allow us to expand the vertices in the right-hand side

—q;9)

—P—q:9)
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of Eq. (56) in powers of q>/k? and w?/w; 2. To leading order,
one simply sets ¢ = 0 in the three- and four-point vertices in
Eq. (56). We can then obtain a closed equation for F,({Z) by

noting that®°
3) @)
Fk,ijz(P, p,0;¢) = «/ﬂ_N3¢ —TIy ,j(P ?),
(58)
1 02
() r®
Fklﬂm(p3 pO, ’¢) ‘BNad)ad) klj( d))

Furthermore, properties (i) and (ii) allow us to use the
derivative expansion of the two-point vertex F,Ez) [Eq. (41)]
to obtain the propagator Gy to be used in the RG equations
(55) and (56). Since it is however crucial to retain the full
lattice structure at the beginning of the RG flow (k >~ A), we
take

Cax(qin) = Zax(n)eq + Var(maw? + V/(n),  (59)

which coincides with Eq. (41) for |q| < A. We have in-
troduced the shifted dispersion €q = fq + 2dt (eq = tq* for
|q] < A). Following Ref. 3, we define Z 4 x(n) as

1. a
Zaxn) =~ qhin —Taxlgin), (60)

0dq

so that Z x(no ) has the meaning of a field renormalization
factor (and should not be confused with a renormalization of
the hopping amplitude between nearest-neighbor sites*). For
k < A, Eqgs. (59) and (60) are equivalent to the so-called LPA’
approximation (LPA stands for local potential approximation).
For k ~ A, these equations can be justified by noting that
in this limit, Z4 ;(n) >~ Z4 o(n) = 1 so that approximating
the renormalized dispersion by Z, i(n)eq, which is valid for
small q when Z,4 ; is defined by Eq. (60), is expected to
remain approximately valid in the whole Brillouin zone.® The
derivative expansion of the local vertex Fl(fg is further discussed
in Appendix C.

Although the final flow equations rely on a derivative
expansion of the vertices, they cannot be derived directly from
a simple ansatz of the effective action I'. The reason is that it is
not possible to propose an ansatz for the initial effective action
Talo*,¢] [Eq. (16)] based on a derivative expansion, since
we do not know its expression for arbitrary time-dependent
fields. In the BMW approach, we deal only with quantities
computed in a constant field which, for k = A, can easily be
obtained from the Hamiltonian in the local limit as explained
in Sec. II B.

As far as the momentum dependence of the vertices is
concerned, our BMW approximation (supplemented with a
derivative expansion of F,(f) to obtain Gy) is as legitimate as the
original one.%*-? It is however more questionable regarding
the @ dependence. Contrary to the momentum integral, the
frequency integral in Eq. (56) is not exponentially cut off
by the regulator Ri(q). The integrand typically decays as
a power of 1/|w| for |w| > w; (q), so that the contribution
of large frequencies is small but not negligible. The reason
why the BMW approximation nevertheless leads to accurate
results (see Sec. III) can be understood as follows. In the
weak-coupling limit, the frequency dependence of the vertices
I'? and T'(" is weak,® so that setting the loop frequency w to
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@)
r k

. 3 . . . .
zero in F,(( ) and as well as using a derivative expansion of

F,(cz) should be justified. In the strong-coupling limit, F,(f) and

F,(f) do depend on frequency but this dependence is controlled
by U as in the local limit. Since U >> w, (q), except deep in the
Mott phase where the strong-coupling RPA is already a good
approximation to the k = 0 results, it appears again justified to
set the loop frequency to zero in three- and four-point vertices
and use a derivative expansion to obtain the propagator Gy.
The use of a cutoff function R;(g) acting both on momentum
and frequency would put the BMW approximation on a firmer
basis,'* but such a cutoff function would be incompatible with
the initial condition S + AS, = Siec of the lattice NPRG.*

The numerical solution of the flow equations can be
further simplified by approximating V4 (n) and Z, x(n)
by Vax = Var(nox) and Za i = Zax(nos).% To obtain an
accurate description of the phase diagram, it is nevertheless
necessary to keep the full n dependence of Z¢ x(n) and V. (n)."”
The n dependence of Z¢ x(n) is also necessary for a good
description of the critical behavior at the multicritical points
(see Sec. IV).% Away from the multicritical points and when
accuracy is not the primary goal, it is possible to approximate
Zcx(n) by Zc r(nox), and expand the effective potential to
quadratic order about its minimum,

V0k+ % (n —nox)?
V0k+8kn+M 2

where 6; and A are defined in Eq. (42). The BMW equations
and their various approximations are detailed in Appendix D.

if nox > 0,
if nox = O,

Vi(n) = { (61)

III. PHASE DIAGRAM

To alleviate the notations, we drop the subscript k whenever
we refer to a k = 0 quantity (e.g., ng = 1o x=o)-

For given values of ¢, U, and u, the ground state can be
deduced from the values of the condensate density ng (ng > 0
in the superfluid phase). To obtain thermodynamic quantities,
it is sufficient to integrate the RG flow down to k ~ 107>,
In Ref. 19, we have shown that by increasing the functional
character of the NPRG equations [e.g., by retaining the full n
dependence of V;(n) rather than using the truncation (61)], we
observe a nice convergence of our results, which we therefore
expect to be close to the exact ones. The most accurate results,
obtained by keeping the full n dependence of Vi (n) and Z¢ (n)
are shown in Figs. 5 and 6. In both three and two dimensions,
the transition line between the superfluid phase and the Mott
insulator is very close to the QMC result;>!” the tip of the Mott
lobe (t/U = 0.0339, u/U = 0.3992) differs from the QMC
data only by (0.001%, 3%) in three dimensions, while in two
dimensions the tipislocated at (/U = 0.060, u/U = 0.387),
which corresponds to a relative error of order (1.5%, 4%). For
comparison, in Figs. 5 and 6, we also show the mean-field
(or strong-coupling RPA) phase diagram as well as the one
obtained from dynamical mean-field theory (DMFT).7-68

An important characteristic of the Mott insulating phases
is the vanishing compressibility k = dii/du = 0. The expres-
sion (44) enables us to determine the boson density 77, directly
from nox, Vak, Zck, and Ax by integrating dig/du. The
unknown integration constant is easily fixed since we know
that the density vanishes for u = —2dt. Alternatively, one
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[ —— t=0.03U

1.5
= t=0.05U
t=0.06U

1
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DMFT 7
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FIG. 5. (Color online) Phase diagram of the 3D Bose-Hubbard
model. Only the first Mott lobe (77 = 1) is shown. The (green) dashed
line shows the mean-field (or strong-coupling RPA) phase diagram.
The QMC data are obtained from Ref. 9 and the DMFT data from
Ref. 67.

can use the fact that the density is integer in the Mott insulator.
This method not only avoids to numerically compute d Vy ;. /d
(which requires to solve the RG equations for nearby values
of ) but also turns out to be much less sensitive to numerical
noise. Figure 7 shows the density 7 as a function of the
chemical potential p for various values of t /U and d = 2. The
vanishing compressibility x = 0 in the Mott insulating phase
in = 1 is clearly visible. In the figure, the density is obtained
from « and the condition 7 = 1 in the Mott phase. If we
use the condition 771(w = —2dt) = 0, we obtain 7 = 1 £ 0.03
(n = 1+£0.045) in the three-dimensional (two-dimensional)
Mott phase 77 = 1. The error is more pronounced near the tip
of the Mott lobe.

IV. CRITICAL BEHAVIOR

In Sec. IID, we have seen that the universality class of
the superfluid—-Mott-insulator transition depends on whether
Zc(n = 0) vanishes or not. We must therefore determine the
value of Zc(n = 0) at the transition.

Let us consider the parameter §(¢, ) = V'(0) as a function
of t and p (with U fixed). In the Mott insulator, the Ward
identity (50) becomes

B
Ze=Zc(0)=—— (62)
o |,
1
0.8F 8
N -~
u % —— NPRG N ]
L L . . \.; 1
U gal-— Qe N
L MF <l |
ol
02+ - -
07 | | |
0 0.02 0.04 0.06
t/U

FIG. 6. (Color online) Phase diagram of the 2D Bose-Hubbard
model. The QMC data are obtained from Ref. 10.

0.4 0.6 0.8 1

FIG. 7. (Color online) Density 1 = iiy—o vs u/U for various
values of /U and d = 2.

Since the transition line is defined by §(¢,4) = 0, Z¢ vanishes
at the tip of the Mott lobe (u = ) where the tangent to the
transition line is vertical. Moreover, since §(¢,u) > 0 in the
Mott phase, on the transition line Z is positive (negative)
for p© > . (<u.). We deduce that at the tip of the Mott
lobe, the quantum critical point coincides with the critical
point of the (d 4 1)-dimensional XY model. The dynamical
critical exponent takes the value z =1 in agreement with
the Lorentz invariance of the effective action when Z¢ = 0
(see Sec. IID2). The upper and lower critical dimensions
are therefore d = 3 and d = 1, respectively. The transition
from the Mott insulator to the superfluid phase is driven by
the vanishing of the particle-hole excitation gap, while the
density is conserved.*®° The critical point is a multicritical
point as two parameters (f/U and p/U) have to be fine tuned.
Away from the Mott lobe tip, Z¢ is nonzero and the dynamical
critical exponent takes the value z = 2. This transition, which
is driven by a density change, is mean-field like for d > 2
(with logarithmic corrections at the upper critical dimension
dr =2).

A. Multicritical point

The critical behavior at the tip of a Mott lobe can be under-
stood from the linearized flow equations. If we set Z¢ x(n) = 0,
we recover the flow equations of the (d + 1)-dimensional XY
model with one relevant direction in the space of parameters
of the effective action. The flow of the corresponding scaling
field (which we denote by r) determines the exponent v. Since
Zc k(n) enters the propagators quadratically, it does not enter
the linearized flow equations (except of course its own RG
equation). Thus Z¢ x(no ) corresponds to the second relevant
direction of the flow and is orthogonal (in the parameter space
of the action) to the critical surface.

The behavior of the system near the multicritical point
(t.,;c) 1s best understood by considering the singular part
Vi(r, Z¢) of the effective potential [Z¢ = Z¢(ng)].* For small
rand Zc andd < 3,

sV s Ze)
= |r["EVilr1 ™ Zo).

Vs (r s Z C )
(63)
Here, we anticipate that the eigenvalue related to the scaling

field Zc is equal to one (see below). V; being finite and nonzero
in the limits » — 0 and Z¢c — 0, V (x) must behave like a
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TABLE II. Dimensionless variables [Z¢x = Zc¢ x(nox)]-

Multicritical point Generic transition

q q/k q/k
- v 172 Ze.
w ( ZA/,‘A:,;k ) @ ( ZAfk’;k )w
i k™ (VarZare) ’n k™ Zcn
~ —d( _Vak 172 —d( _Zck
Vi(71) N 7o) Vi) KN Zaaa ) Vi)
Sk VAV (Zaxer) '8
o k4 V,;;/Z(ZA,ka)J/Z)Lk KN ZexZarer) M
Zc k(1) (VaxZaye) " *Zc ()
VA,k ZA,kekZE,Zk VA,k

constant when x — 0 and like x41% when x — oco. Moreover,
r and Z¢ are presumably analytic functions of t — ¢, and u —
e, and must vanish linearly with ¢ — ¢, as we approach the
multicritical point on a typical path [i.e., a path which is not
vertical in the (¢/ U,/ U) plane]. Since the critical exponent
v of the XY model satisfies 1 — v > O forall d + 1 > 3, the
argument of V, in Eq. (63) vanishes as t — t, — 0. Given that
V,(x) — const as x — 0, we conclude that Z¢ drops out of
the scaling relation (63) and the multicritical point looks like
an ordinary XY critical point as shown explicitly below by the
NPRG results.

To make the fixed point manifest when the system is critical,
we use the dimensionless variables defined in Table II. The
anomalous dimensions are defined by

Nax=—0InZsx, nvi=—01InVsy. (64)

The dimensionless frequency variable & (see Table II) allows
us to define a (running) dynamical critical exponent z; = [w]
from [Za ] = —nak, [Vax]l = —nvi, and [@] = 0, which
gives

NAk — Nv,k
—

Here, [X] denotes the scaling dimension of the variable
X (momenta having as usual scaling dimension one). At
the multicritical point, we expect n4 =ny and z = 1. It is
however possible that the regulator Ry(q), which does not
satisfy the Lorentz invariance of the effective action at the
multicritical point, modifies the expected critical behavior.
Setting Z¢ x(n) = 0 in the flow equations, we find

w=1- (65)

U%x,k
d+2
Given the small value of the anomalous dimension in
the (d + 1)-dimensional XY model (d = 2,3), the results
na = ny and z = 1 are nevertheless satisfied to a very good
accuracy (see below).

Nvik =NAak — (66)

1. 2D multicritical point

Let us first discuss the two-dimensional case. We find that
Zc(n) vanishes for © = 0.382 U, slightly away from the lobe
tip located at © = 0.387 U (we now focus on the Mott insulat-
ing phase 7 = 1). We ascribe this slight discrepancy to the fact
that the local gauge invariance (see Sec. II C), which leads to
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0.1\ 1
S . e =
L2
L
% 5 10
00| ]
h — vk — (Mak — 4;\\3)
0.1% o0 1
-0.05 ‘ 1]
3 5 10]
0.05 -
r |
% 5 10
In(A/k)

FIG. 8. (Color online) (Top) Dimensionless condensate density
fig.k, coupling constant Ax, and Zc,k(ﬁo,k) vs In(A/k) at the multi-
critical point 7 = 1 for d = 2. (Bottom) Anomalous dimensions 74 x
and 1y, vs In(A/k). The inset shows that Eq. (66) is satisfied when
k— 0.

the Ward identity (62), is not strictly satisfied in our approach
since it is violated by both the BMW approximation and the
derivative expansion. On the other hand, the fact that the multi-
critical point lies very close to the tip of the Mott lobe indicates
that the local gauge invariance remains nearly satisfied, and all
consequences discussed in Secs. I C and II D apply.

Figure 8 shows the RG flow at the multicritical point. The
plateaus observed for the dimensionless condensate density
fiox and coupling constant i; as well as for the (running)
anomalous dimensions 74, and ny; are characteristic of
critical behavior. We clearly see the emergence of the Lorentz
invariance as k decreases: Zc,k(ﬁo,k) ~ k is suppressed, while
nax and ny become nearly equal (implying z; =~ 1). We
find the critical exponents v = 0.699, n4 = 0.049, ny =
na(l —na/4) = 0.049, and z = 1.000, to be compared with
the best known estimates v = 0.671 and 1 = 0.038 for the
three-dimensional XY model.”” The exponent v is deduced
from the runaway flow from the critical surface when the
system is nearly critical (e.g., figx — 7ig o e~!/¥ with i} the
critical value of 7ig).

Figure 9 shows |Zc i (7igx)| near the multicritical point.
It first decreases toward zero as the multicritical point is
approached. Then | Z¢ (fig )| ~ 1/k ~ e~ increases as the
flow runs away from the critical surface, so that the critical
exponent associated with the scaling field Zc,k(ﬁo,k) is equal
to one. The anomalous dimensions 74 and nyj; show
the momentum range where the flow is controlled by the
multicritical point, as indicated by the plateaus in 14 x and ny «
in Fig. 9. The end of the plateaus determines the Josephson
length” &, = k;' = k1.
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— In Zeu(fio ) .

-3 o —In(A/k)+ const i Ak
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S
-6r 1005t ]
9 L o9 5 10 15
In(A/k) In(A/k)

FIG. 9. (Color online) (Left) In Zc,k(ﬁo,k) vs In(A/k) near the
multicritical critical point. (Right) Anomalous dimensions 74, and
nv.k. The end of the plateau determines the Josephson length &, =
k.

We now discuss the behavior of the system for u = p. and
t — . The condensate density must vanish with the critical
exponent 28 =v(d +z—2+n),

ng ~ (t — t,)°@r==2n, (67)

From the scaling dimension [p5] = d + z — 2 of the superfluid
stiffness and the fact that the Goldstone mode velocity ¢ =
A/ ps /K remains finite due to the Lorentz invariance of the
effective action Iy in the limit k — 0, we expect

P~ (=1 T ke~ (1= 1) T (68)

Equations (67) and (68) agree with the results obtained from
the numerical solution of the RG equations (see Fig. 10).

In the Mott phase, since the gap has scaling dimension
[A] = z, it must vanish as

A~ (te =) (69)

for t — 1, again in agreement with the results obtained from
the RG equations (see Fig. 10).7?

2. 3D multicritical point

In three dimensions, the system is at the upper critical
dimension (d + z = 4) and the transition is governed by the
Gaussian fixed point with logarithmic corrections due to the
marginally irrelevant coupling constant A;. The numerical
solution of the flow equations show that A; ~ 1/|Ink],

FIG. 10. (Color online) Condensate density ny, superfluid stiff-
ness p,, compressibility «, and Mott gap A vs |t —f.| near the
multicritical point (¢.,u.) (d = 2). The crosses show the critical
behavior (67)—(69) with v >~ 0.699 and 1 >~ 0.049.
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FIG. 11. (Color online) Same as Fig. 8 but for a three-dimensional
system.

Ze (o) ~ k/|Inkl, and nax,nyi ~ 1/|Ink|, while 7ig
converges to its fixed point value 7 logarithmically (see
Fig. 11). Figure 12 shows py, k, and ¢ as a function of ¢ — 7,.

B. Generic transition

For all transition points away from the lobe tip, the V4 ;w?
term is irrelevant with respect to to the Z¢ i term. The
dynamical critical exponent is 7 = 2 and a simple dimensional
analysis shows that the upper critical dimension is d = 2.
The transition is therefore governed by the Gaussian fixed
point (with logarithmic corrections for d = 2) defined by
iy == \7: = 0and n} = n¢ = 0, where

Nex = —0rInZ¢ p(nor). (70)

The dimensionless variables used to study the generic transi-
tion are defined in Table II. Determining the dynamical critical

0.6 T i A
| - ,OS/U ‘/'/
e kU Phie
0.4 c/U 7 .
-
L
L,
02F 7z :
R4
-
0 / T | L
0 0.005 0.01
(t— 1)U

FIG. 12. (Color online) Superfluid stiffness p,, compressibility
k&, and Goldstone mode velocity ¢ = /ps/k vst —t. (d = 3).
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FIG. 13. (Color online) RG flow at the three-dimensional generic
transition. The dotted lines show fits to 7igx ~ k, Ay ~ k, Vsx ~ k2,
and nax,nck ~ K.

exponent as in Sec. IV A, we find

2k =2—=nak+ Nk (71)

In three dimensions, linearization about the Gaussian fixed
point gives

4 - - - -
Oifiox = —3fiox + FVAs Ak = Ak, O Var =2Vapx,
(72)

and na; = ncx = 0. We deduce that iy ~ k, Vi ~ k> at
the critical point, in agreement with the numerical solution
of the flow equations (see Fig. 13). Figure 13 also shows
that na . Nvi ~ k3, while the relevant variable fig x vanishes
linearly with & at the critical point.

When a generic transition point (f.(u), ) is approached on
a path of constant chemical potential p by varying ¢ — 7.(u),
we observe the mean-field behavior

ps ~ 1t —1tc(), Kk ~ const, (73)

for t — t.(n) (see Fig. 14). The compressibility « remains
finite at the transition and the velocity ¢ vanishes.

At the upper critical dimension (d = d;” = 2), the mean-
field behavior is corrected by logarithmic terms. The
marginally irrelevant variable A; is suppressed as |Ink|™!,
while the relevant variable i ; vanish as | In k|~! at the critical

0.25 ‘ ‘
I — ps/U

02§ .—- kU/10 .
'~ c/U

015F "S- oo
LT = ._-n."_..___

0.1 ..a".. A
L .."

005 °
0 —
0 0.005 0.01

FIG. 14. (Color online) Superfluid stiffness p,, compressibility «,
and Goldstone mode velocity ¢ vs ¢ — #.(w) near a generic transition
point (z.(), ) [ = 0.7U,t.(u) = 0.0219U, and d = 3]. The dotted
lines show the mean-field critical behavior (73).
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FIG. 15. (Color online) Same as Fig. 14 but for the upper critical
dimension d} = 2. The compressibility diverges when ¢ — #.(w).

point. We observe a divergence of the compressibility « as the
phase transition is approached [t — 7.(u)] (see Fig. 15).

V. SUPERFLUID PHASE

In Sec. V A, we show that our approach reproduces known
results in the weakly correlated (dilute) limit. In the following
sections (Secs. VB-V D), we discuss the properties of the
two-dimensional superfluid phase. The three-dimensional
superfluid phase is briefly discussed in Sec. V E.

A. The dilute limit

At sufficiently low density, we expect the lattice to be
irrelevant and the system to behave as a dilute superfluid gas
of bosons with mass m = 1/2¢. The thermodynamics of a
dilute Bose gas is controlled by the zero-temperature fixed
point governing the quantum phase transition between the
vacuum (i.e., the Mott insulating phase with 7 = 0) and the
superfluid phase.’® This quantum critical point is nothing but a
particular case of the generic quantum critical point discussed
in Sec. IV B.

Let us first consider the vacuum limit 7iiy = ng = 0 and
u = —2dt. The RG equations (D6) give

Zyw =7y =1, Vi =0, (74

in agreement with the fact that the single-particle (normal)
propagator is not renormalized: Gy, x(q) = (iw + p — 1q) .
The coupling constant A\ is given by

8wta _
A(vac) _ ) 1-5tka d=3), 75
ko T ) 4w d=2) (75)
In(%)+Cc—3 ’

for k <« A, where C is the Euler constant and a the “s-wave”
scattering length for the Bose-Hubbard model,

11
a= {Ez/u-m d =3), (76)
=) _1L_—4rr/U—C -
53¢ d=2)
(recall that we take the lattice spacing as the unit length)
with A ~ 0.1264. Equations (75) and (76) are derived in
Appendix E. The dimensionless coupling constant A\ =
)»g’ac)kd /€x (see Table II) vanishes for k — 0 when d > 2 and
the quantum critical point governing the transition between the
vacuum and the superfluid phase is Gaussian. The logarithmic
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vanishing of X" in two dimensions agrees with d = 2 being

the upper critical dimension (see Sec. [V B).

In the dilute limit, the finite condensate density g
can be ignored as long as ¢; > ZAkno,k.B This defines the
characteristic momentum scale

. 12
kp >~ <Thn0,k,,> , 77

which is nothing but the inverse healing length of the
superfluid: k, =&, ! The flow is governed by the Gaussian
fixed point 7ip = A =0 for k > kj, and is driven away from
that fixed point when k < k;, due to the finite boson density.
For k > kj, we can approximate the RG equations of Z, 4,
Zc.k, Vak, and A; by Egs. (74) and (75) to leading order in
(kh/k)2 = Ak, No.k, /€x- Moreover, to this order, the variation
with k of the condensate density is determined by the equation

I(Arnor) =0 (78)
so that
Al
nog, ~ 2A70.4 (79)
Ak,

(see Appendix E). This equation allows us to relate the
chemical potential to the coupling constants at scale k. In
the low-density limit,

Va(n) = Viee(0) — (1 + 2dt)n + %"rﬂ +0®m), (80)

where we have used A, = V(0) and Eq. (31) with 7ijoc = 0.
From Egs. (79) and (80), we deduce

W=+ 2dt = Aanga 2 g, Nok, (81)

for u + 2dt > 0.

Below the healing momentum scale kj,, the finite condensate
density cannot be ignored. The Bogoliubov approximation
amounts to ignoring any further renormalization as k decreases
from kj, down to O, that is approximating the k = 0 effective
action by its value at k = kj,. The initial value A, and the
first part of the RG flow (k > k;) takes care of T-matrix
renormalization of the coupling constant A; (which is usually
included in the Bogoliubov theory). This is what allows us
to express the final results in terms of the scattering length a
rather than the bare interaction U. We expect the Bogoliubov
approximation to be valid if the ratio between the mean
interaction energy per particle and the typical kinetic energy,

A, 70
V= R T

A
_ Mk ﬁl—Z/d’ (82)

is much smaller than unity.”* Note that in this equation, we
consider the coupling constant A, at scale k,. We can then
define the dilute (or weak-coupling) limit by the conditions
y <1 and k;, < A. The latter inequality ensures that the
characteristic length scale associated with superfluid behavior
is much larger than the lattice spacing (thus making the lattice
irrelevant as far as the superfluid properties are concerned).”

We are now in a position to reproduce the standard
results in dilute Bose gases. In three dimensions, since a <
0.31 [Eq. (76)], the coupling constant A; =~ 8mta is roughly

PHYSICAL REVIEW B 84, 174513 (2011)

constant for k < A. Given that k;, << A in the dilute limit, we
deduce

ky, >~ ~/8mar,

while the sound mode velocity takes the value

A, = 8mat, w4+ 2dt ~8mwatn, (83)

¢ > 2th,nox, == 2N 4Amai. (84)
Since Z4 i, > 1, the superfluid stiffness is given by
Ps = 2tng g, = 2t0. (85)

We have used ng , = 71 to leading order in the gas parameter
y ~ aii'’? of the three-dimensional dilute Bose gas. In the limit
U/t < 1,wherea ~ U/8rt (the T-matrix renormalization of

the coupling constant is negligible), one finds

U
Mg, =2 U, ky = ?ﬁ, w~+2dt ~Un, ¢c ~~/2tUn. (86)

The domain of validity of the dilute limit is shown in Fig. 16.

In two dimensions, the logarithmic vanishing of 10" plays
a crucial role. One finds
. < 4rii )1/2 ( 4rii )1/2
h= e = )
Inkya In /7
| Inkpal | In /71| &7

4t 4t

M= Tkl ~ Jnval
and
/L+2dt:4n—m c:t(&r—ﬁ>l/2 (88)
|In V/Aa|’ |Inv/al)

in agreement with the results obtained by Schick for a
dilute two-dimensional Bose gas.”®’® Note, in particular, that
the small parameter y ~ 1/|1n+/fia|. When U/t < 1, the
scattering length a ~ ¢~#""/U is exponentially small [Eq. (76)]
and one recovers Eq. (86). The dilute limit is then simply
defined by &k, ~ /(U/t)in < A (see Fig. 16).

Even in the dilute limit y < 1 and k;, < A, the Bogoliubov
theory breaks down at the Ginzburg scale kg (see the
discussion in Introduction). The latter can be estimated from
the one-loop correction to the Bogoliubov approximation.
Using the results of Refs. 14 and 44 with the bare interaction U
replaced by A, to take into account fluctuations at momentum
scales larger than k;,, we obtain

kj, exp(—const/viia®) (d = 3),

ke ~1 ki @_2 (89)

| In /7a| '

I |

iyt
Y
\ Strongly-correlated limit

\

1+ - - - -
Dilute limit

0 U/t

FIG. 16. Crossover line between the dilute limit (y < 1and k), <
A) and the strongly correlated limit.

174513-13



A. RANCON AND N. DUPUIS

For U <« t, Eq. (89) become

ky, exp[—const/ﬁ(U/t)3/2]
U

7kh d=2).

(d =3),
(90)

k(;’\’

Thus, in the limit y <« 1, the Bogoliubov approximation
remains valid in a large part of the momentum range 0 < |q| <
ky,, where the spectrum is linear, and breaks down only when
lq] K k¢ < kj,. Thermodynamic quantities (r¢ g, Os k,Ck» €tC.)
are nevertheless insensitive to the Ginzburg scale and can be
obtained from the Bogoliubov theory.!'*#*

B. RG flows

The RG flow is shown in Fig. 17 fort/U = 10and 7 = 1
(d = 2). For these values of /U and 7, the initial condition is
well approximated by the Bogoliubov theory,

ca ~ QUt)'?,

VA,A 20,

noa X,  psa 20,

a2 U, ZC’AZI,

oD

and the 7 -matrix renormalization of A for k > k;, is negligi-
ble. The healing scale is deduced from the numerical results
and

Zasythy = hyno, (92)

which generalizes the definition (77) to cases where Zy4 x,
may differ from unity. The thermodynamic quantities 7k,
ps.k» and ¢ vary weakly with k and remain close to their
Bogoliubov estimates (91). On the other hand, the Ginzburg
scale kg manifests itself by a strong variation with k of Az,
Zck, and V4 ;. We determine kg from the inflection point in
VA,k579

O Vak|iy=0- (93)

Both kj; and kg [Egs. (92) and (93)] are in good agreement
with k;, ~ /(U/t)in and kg ~ (U/t)ky,.

In the (perturbative) Bogoliubov regime kg < k < A, A,
Zc k, and V, ; remain nearly equal to their initial values (91).
We therefore expect the k = 0 propagators to read

€ €q+2Urn
G =——9 G =9 _—
u(q) 0+ Eé w(q) ) +Eé
" 94)
G = —,
11(q) 2 +E&
R v B T —
. -
N /
\\‘ /'
[ ‘/, ........ \\ /= M/
osl [ —ar/ea f\ c— Var/Vag |
— - psi/2tn “\ Zex/Zoad
I nop/n {1 \ ]
| 0.9 : 0/ \
‘/. \\\
I 0
In(A/k)

FIG. 17. (Color online) RG flow in the superfluid phase, t/U =
10,andn =1 (d = 2).
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FIG. 18. (Color online) Same as Fig. 17, but for /U = 0.05 and
i ~ 10~*. The RG flow of A{"*” and Z{"’" in the vacuum (i = no =
0) is also shown.

for |q| > kg, which is the familiar Bogoliubov form with
Eq = [eq(eq +2U 1)]'/? the Bogoliubov excitation energy.
The spectrum crosses over from a quadratic dispersion to a
linear soundlike dispersion at the (healing) momentum scale
ky. For kg < |q| < kn, Eq =~ calq| with cp >~ Uit)'/%.

In the (nonperturbative) Goldstone regime, k < kg, Ag,
Zc.x ~ k vanish with k — 0, while Vj ; >~ V, ;-0 takes a
finite value. This regime is dominated by phase fluctuations,
and characterized by the vanishing of the anomalous self-
energy Xanx(q = 0) = Arnox ~ k and the divergence of the
longitudinal propagator [see Eq. (95) below].>>*** The k = 0
propagators (15) are given by

1 1
G = — = - s
uq) 2)ng 2n9C/w? + c2q?
Gulg) = 1 _ 2noc? 1 95)
ETV@ AR T o
Zcw c?dn w
Gulg) = < = 0

2anoVa(@? + 2q2)  py dip @? + 22’

for |q|/|w|/c < kg, where we have used ¢ = (Z41/V4)'/?,
Kk =2ngVa, ps =2tZang, and limy_, o ZC,k/)"k = dl’l()/d/,L
(see Sec. IID). The longitudinal propagator is obtained
from Gy k(g = 0) = —1/(2Arnox) by replacing A; ~ k with
Cy/@* + c2q2."* In the Goldstone regime, the existence of
a linear spectrum at low energy is due to the (relativistic)
Lorentz invariance of the effective action (Z¢; — 0, while
Vax — V4 > 0) and not to the finite value of the anomalous
self-energy X,,(¢ = 0) as in the Bogoliubov regime. Quite
remarkably however, the value of the sound-mode velocity
is insensitive to the Ginzburg scale ks. These results agree
with previous studies of interacting bosons in continuum
models, 13:14.17.18

In Fig. 18, we show the RG flow for /U = 0.05 and 71 ~
10~4. Although /U <« 1, the very small value of the density
ensures that the system is in the dilute limit with kg < k;, < A
(I ~ —3andlg ~ —8).8 Fork > kj, the flow of the coupling
constant A, coincide with the flow in vacuum (A =~ )Lfcvac)). For
kc < k < kj,, the variation of A is weak; in the momentum
range kg < |q| < kj, the behavior of the system is well
described by the Bogoliubov theory but with renormalized
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FIG. 19. (Color online) Same as Fig. 17, but for r/U =~ 0.062
andn = 1.

parameters (A, , 1o k, > €tc.). In the Goldstone regime k < kg,
we recover the infrared behavior discussed above.

As t/U decreases (at fixed density 71), the dimensionless
coupling constant y increases and eventually becomes of order
one. A typical flow in the strong-coupling regime y > 1
is shown in Fig. 19 for /U ~0.062 and 7 = 1. There
is no Bogoliubov regime any more, k;, ~ kg ~ A, and the
condensate density no; and the superfluid stiffness p;, are
strongly suppressed.

It is instructive to compare the infrared behavior in
the superfluid phase or the Mott insulating phase with the
critical behavior at the superfluid-Mott-insulator transition (see
Table III). Both in the superfluid phase and at the multicritical
points, the infrared behavior is characterized by a (relativistic)
Lorentz invariance.

C. Characteristic momentum scales: k;, and kg

Figure 20 shows kg, ki, no, k, ps, and ¢ vs t/U at fixed
density 7 = 1. We see a sharp crossover between a weakly
correlated (kg < ky, no ~ 71, and py ~ 2ti) and a strongly
correlated (kj, ~ kg ~ A, ny < i1, and p; K 2ti1) superfluid
phase as t/U is decreased. Close to the multicritical point,
there is a critical regime where the flow of 7igy, Tk NA ks
and ny; shows plateaus characteristic of critical behavior
(see Sec. 1V). The critical behavior ends at the Josephson
momentum scale k; (see Sec. IVA), and for k < k;, we
recover the Goldstone regime of the superfluid phase. The
behavior in the superfluid phase at fixed commensurate density
71 (7 integer) is summarized in Fig. 21. Except for lattice effects
(which force k;,, kg, and k; to be at most of order A) we recover
the behavior of the (d + 1)-dimensional O(N) model.*?

TABLE III. Infrared behavior of the two-dimensional Bose-
Hubbard model. The stared quantities indicate nonzero fixed-point
values and 7 denotes the anomalous dimension at the three-
dimensional XY critical point. Z¢ ; stands for Z¢ i (n¢ x).

Zak  Varx  Zcxk Ak 1ok
superfluid z \% k k ngy
multicritical point k™" k77 k k=2 k'
generic transition zZ Vi A [Ink|~"  K?|Ink|™!
insulator z Vi Z: A 0
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FIG. 20. (Color online) Condensate density ng, superfluid stiff-
ness p;, compressibility «, velocity ¢, and characteristic scales &,
and kg vs t/U at fixed density 7 = 1 (d = 2). Black dots show fits

ky o /iUt and kg oc /(U /1) .

Figure 22 shows k; and kg at fixed ¢/U for i1 varying
between 0 and 1. In the small density limit y < 1, our
numerical results for k, and kg agree with Eqs. (77) and
(87). For n ~ 0.5, kg and k;, become of the same order and
y > 1 as expected for a strongly correlated superfluid phase.
The behavior near the Mott insulating phase (1 — 71 < 1) is
similar to the low-density limit and reflects the fact that the
transitions from the superfluid phase to the vacuum or the Mott
insulating phase 77 = 1 belong to the same universality class.
In particular, near the transition to the Mott insulating phase
i = 1, the system is effectively in the weakly correlated limit
(y = Ak, /t < 1) in agreement with the fact that the quantum
critical point is Gaussian for d > 2. The analogy between the
limits 7 << 1 and 1 — 71 < 1 leads to interesting consequences
which will be discussed elsewhere.?!

(a) Weakly-correlated superfluid phase: y <1

0 ke k, A
1 1 1 1 > k
Goldstone Bogoliubov
regime regime

(b) Strongly-correlated superfluid phase: y>1
0 ke~k,~A
|

Goldstone regime

> k

(c) Critical regime

0 k] k(; ~A
1 1 | > k
Goldstone critical
regime regime

FIG. 21. Behavior of the superfluid phase vs momentum scale
k at fixed commensurate density 7. k;, is the healing scale, ks the
Ginzburg scale, and k; the Josephson scale.
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FIG. 22. (Color online) Condensate density ng, superfluid stiff-
ness p;, and characteristic scales k, and kg vs density 7 for
t/U = 0.04 (d = 2). Black dots show fits k, o< (77/| In v/7ia|)"/? and
ke o kyhy, /t [Eqgs. (89) and (87)].

D. Low-energy spectrum

The knowledge of the infrared limit of the one-particle
Green’s function enables us to obtain the spectral function'*

1

1 .+ 0T
=5 m [Gu(@.0 +i07) + Gu(q,w +i0D)] (96)

in the low-energy limit. From Eqgs. (95), we deduce
noc

2ps1q|
sgn(w) O(w — clq|)

+ 47'[n0C Jow? — C2q2

for |q|,|w|/c K k¢. In addition to the delta peak due to the
Goldstone mode, the spectral function exhibits a continuum of
excitations which is a direct consequence of the singularity
of the longitudinal propagator Gy. While the sound mode
extends up to |q| ~ kj, the continuum is observed only at
momenta and energies |q|,|w|/c < kg. In the weak-coupling
limit, where the lattice does not play an important role, these
results are in complete agreement with Popov’s hydrodynamic
theory.*>*” The latter gives C = (4ti1/cng)'/?, so that the ratio
of spectral weights carried by the continuum and the sound
mode is extremely small in the weak-coupling limit.'*%?

It should be noted that there is no qualitative difference
between the weakly and strongly correlated superfluid phases
regarding the low-energy single-particle spectrum [Eq. (97)].
In the strong-coupling regime however, the continuum of
excitations due to the singular longitudinal propagator is
expected to extend up to momenta of order kg ~ A (i.e.,
over most part of the Brillouin zone) and carry a significant
fraction of spectral weight. This expectation is confirmed by
the suppression of spectral weight of the sound mode as the
ratio ¢/ U is decreased at fixed density. Figure 23 shows the
spectral weight Z4 = noc/2p|q| of the sound mode for i = 1,
normalized by its value in the weakly correlated limit ¢ > U,

_ 2t noc | 2t
Z = 2|q|zq,/E - pl*/ﬁ' (98)
A

Aq.0) = [8(w — clq]) — 8(w + clq])]

o7
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FIG. 23. (Color online) Normalized spectral weight Z of the
sound mode [Eq. (98)] vst/U (n = 1 and d = 2).

Z remains close to one in the weakly correlated superfluid
phase but is strongly suppressed in the strongly correlated
regime. It vanishes at the transition to the Mott insulating phase
(t = t.) with a critical exponent 28 — v(d +z — 2) = vn,

Z~(t—1)" 99)

fort — 1.

Being equivalent to the strong-coupling RPA, the initial
effective action I', predicts the existence of a gapped mode
in addition to the sound mode.’'*8284 Whether this gapped
mode is a true characteristic of the spectrum [which would
then show up in the propagator G;—o(g;no)] is an interesting
question, which, however, requires a more refined NPRG
analysis'>!*1713 beyond the derivative expansion [Eq. (41)].8

E. The 3D superfluid phase

In the dilute limit y < 1 (see Sec. V A), the initial
conditions of the RG flow are given by

noa =0, psa=2th, cp = 2tv4mran,
(100)
An = 8mat, Zca(m) =1, Vaa(n) =0,

and reproduce the Bogoliubov approximation. The flow for
k < A is logarithmic and therefore very slow. This explains
why the Ginzburg scale is exponentially small in the dilute
limit [Eq. (89)] and irrelevant for most purposes. In the infrared
limit, G and Gy, are given by Eq. (95), while the longitudinal

- CA:/CA
ool p/n | T MM
no/n c= VU
””””” Zow)Ze ]
0 % 5 10 | ) ("A/ ‘(’A
0 5 10

In(A/k)

FIG. 24. (Color online) RG flow in the three-dimensional super-
fluid phase for /U = 0.034 and 7 = 1.
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propagator

Gu(g) ~ In ( (101)

Ckh
[0? + 2q?
diverges logarithmically.

A typical RG flow in the strong-coupling limit, where
kn.kg ~ A, is shown in Fig. 24 for 7 = 1. Thermodynamic
quantities very rapidly converge to their k = 0 values. On the
other hand, the flow of Ay, Zc¢ x(ngx) ~ |Ink|~! and Vax is
logarithmic.

VI. SUMMARY AND CONCLUSION

We have presented a detailed NPRG study of the Bose-
Hubbard model. Although we have only considered the
zero-temperature limit, it is straightforward to extend the
analysis to finite temperatures. The lattice NPRG seems to
be the only available technique which treats fluctuations at
all length scales on equal footing; (1) the lattice NPRG takes
into account on-site correlations, which are responsible for the
very existence of the superfluid-Mott-insulator transition. It
is exact in the local limit (vanishing hopping amplitude), the
latter corresponding to the initial condition of the NPRG at
the microscopic scale A = V2d. (2) The lattice NPRG also
takes into account critical fluctuations at the superfluid-Mott-
insulator transition. In this respect, it is very similar to the
standard implementation of the NPRG in continuum models,
the cutoff function Ry(q) playing the role of an infrared
regulator. (3) As already known from previous studies in
continuum models,'2~1517:18 the NPRG is a method of choice
to study the superfluid phase. It is free of infrared divergences,
satisfies the Hugenholtz-Pines theorem, and is able to describe
both the (perturbative) Bogoliubov regime kg < k < A and
the (nonperturbative) Goldstone regime k < kg. The latter
is characterized by a vanishing anomalous self-energy and a
diverging longitudinal propagator. In the strong-coupling limit
where kg ~ k;, ~ A, there is no Bogoliubov regime and the
whole RG flow becomes nonperturbative.

Our results agree with known results on the Bose-Hubbard
model. In particular, we reproduce the phase diagram obtained
from QMC calculations with a typical accuracy of 1-3 %
and at a very modest numerical cost.3¢ Moreover, we recover
the two universality classes of the superfluid-Mott-insulator
transition. The lattice NPRG enables a detailed study of the
critical behavior near multicritical or generic transition points,
which confirms the original predictions of Fisher et al.* based
on scaling arguments.
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APPENDIX A: EFFECTIVE POTENTIAL IN THE LOCAL
LIMIT

In this Appendix, we discuss the solution of the local
Hamiltonian (18) when the ground state is degenerate for
vanishing external sources (u/U integer). This degeneracy
has important consequences for the effective potential Vio.(n).
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FIG. 25. (Color online) Ground-state energy E, and occupation
number 7 vs /U in the local limit (with vanishing external source).

When J* = J = 0, the Hamiltonian is diagonal in the basis
{|m)} (see Sec. II B). The ground state is the vacuum state |0)
for u < 0, and |m) form < u/U < m + 1. The ground-state
energy Ey and occupation number 7 are shown in Fig. 25
as a function of p/U. There is a quantum phase transition
whenever 1/ U is integer due to a level crossing. When /U =
m (m integer), the states |m) and |m + 1) are degenerate.

For an infinitesimal external source and pu/U =m (m
integer), it is sufficient to consider the degenerate states |m)
and |m + 1) to determine the ground state of the Hamiltonian
(18). In this subspace,

—J*m + 1) | AD

~ €m
H =
<—J\/ m + 1 6m+l

withe, = €11 = —%m(m + 1). Diagonalizing (A1), we find
the two states

1 A
=) = —=(m) + € |m + 1)),
\/15 (A2)
+) = —(m —e'lm+1 ),
I+) 7 Im) | )
with eigenvalues
E_=¢,—|J|WVm+1, Eif=¢,+|JI¥Vm+1, (A3)

where @ denotes the phase of the complex source J = |J|e'.
The occupation number in the ground state |—) is

. 1
(—1Al=) = m + 2,

5 (A4)
while the superfluid order parameter
. e'?
(—|b]—) = S vm +1 (AS)

is finite. We conclude that the U(1) symmetry is spontaneously
broken whenever /U is integer,

lim (b) # 0 (A6)

|J|—0+

~

although (b) = 0 for |J| = 0.

Figure 26 shows the superfluid order parameter ¢(J)
obtained from the numerical diagonalization of the full
Hamiltonian (18). For u =0, we find |[¢p(J = 01)| =1/2
in agreement with Eq. (AS). The effective potential Vi,.(n)
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takes the usual form in a system with a spontaneous broken
symmetry, with a flat part [V, .(n) = 0] for n < 1/4. By
contrast, for /U = 0.02, the superfluid order parameter

¢(J = 0™) vanishes and V|, .(n) > 0 for all values of n.

APPENDIX B: LARGE-FIELD LIMIT OF THE LOCAL
EFFECTIVE POTENTIAL V,,.(n)

The large-field limit of the effective action I'ioc[¢p*, @] is
obtained by considering the partition function

ZioclJ* J] = /D[w*’w]efsleclill*qw]Jrfoﬂdr(J*l//+J¢) (B1)

G, v 9% 0l = —8(r — 1)) <

is the inverse classical (local) propagator. By performing the
trace in (B3) for a time-independent field ¢,3® we easily obtain
the effective potential

U 1
Vieew) = —pn + =0 + ([ = 2Un)” = Un?)'?

U
+u —2Un} = —fn + En2 +0m%, (B5)
where
V3
0.8 T T T T
‘ 0.6 - B
o(J) =
04 | -/ 4
! — =0
ol — o =0.02U
]
0 " Il " Il " Il Il "
0 0.1 0.2 0.3 0.4 0.5
J/U
0.05
Vi) | — #=0
U = =0.02U
0 K4 -
0 = 0.5

FIG. 26. (Color online) Superfluid order parameter ¢(J) = (b)
(top) and eftective potential Vj,.(n) (bottom) in the local limit. The
source J is taken real.

By — o+ 2U|¢(1)|?
Ug*(1)?
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for |J| — oo. In this limit, we expect the field to weakly
fluctuate about its saddle-point value . defined by

SSloc % (SSloc
S =), e
59 (D) |y, 5Y*(0) |,

Let us compute the effective action by including Gaussian
fluctuations about the saddle-point solution . (one-loop
order). The calculation is standard and gives®’

= J(1). (B2)

1
Tioc[®”.9] = Siocd”,1 + STrIn G 'l¢*.41, (B3)

where

2
Ug(r) ) (B4)

—8; — 42U |p(0)?

To one-loop order, the effective potential is given by the
microscopic action Sy, with a shift of the chemical potential.
It is straightforward to verify that higher-order contributions
(e.g., those coming from two-loop diagrams) are at most of
order O(n°) in the large-field limit. Equation (B5) is in very
good agreement with the numerical calculation of Viy.(n) (see
Fig. 27).

APPENDIX C: DERIVATIVE EXPANSION OF THE LOCAL
VERTEX I'?

loc

Figures 28 and 29 show the local vertices I'ioc 4 and I'ioc ¢
(also shown in Figs. 3 and 4) together with their derivative
expansions:

Dioca(iw3n) = Va joc(m)a® + V. (n),
_ (1)
1—‘loc,C(lw;n) = ZC,]OC(”)w-

The derivative expansion is remarkably accurate whenever the
chemical potential is negative or the condensate density large.
In both limits, T'iee a(fw;n) = Vi, (1) and Tige c(iw;n) ~ w.
Since a negative  or a large n corresponds to a system deep in
the superfluid phase, we conclude that the derivative expansion
is fully justified in this limit.

3 ‘ \
—_—u=—02U
— - p=02U
, 2+ p=05U ]
Vie (1) .

w=08U

FIG. 27. (Color online) Derivative V, (n) of the local effective
potential for various values of x. The dotted lines show the large-field
limit (BS).
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More generally, we see that the derivative expansion is
always valid in the limit |w| < U. As argued in Sec. IIE,
except deep in the Mott phase (where the strong-coupling
RPA is a good approximation to the k =0 results), U
is a very large energy scale in the strong-coupling limit,
and the knowledge of the vertices at energies |w| < U is
sufficient to solve the flow equations. We therefore expect the
derivative expansion to be justified also in the strong-coupling
limit.

o Vi(n) = —

N =

/ 8 RUQIGLn(g:m) + Gralgin)],
q
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Figure 30 shows V4 joc(n) and Z¢ joc(n) for various values
of the chemical potential p.

APPENDIX D: FLOW EQUATIONS

The flow equations in the BMW scheme can be found
in Appendix C.1 of Ref. 14. When Z4 x(n) and Vj4 x(n) are
approximated by their values at the minimum ng; of the
effective potential, the equations simplify into

(D1)

W Zcx(n) = =2nV, () 3,[3M1(g,n) — 3Jn(g.n) + Jia(@.n) — Juu(g,n)]y=o
— 42V (08, (q.n) — Jen(qg.m)lg=o — 4>V ZE (1) Iun(q.n) — 1 Zi i (n) [Le(n) + Iy(n)]

—Iy(mnZg  (n) = 2nV,' () Z¢ 1 () Juw(0,n) — 61V, (n) Z( 1 (n) Jyu(0,n),

(D2)

WVax = —nosri0 (@) + 2J(@) + Jun@]g=o + 210, Jun(0)Z ; (no.)* + 4noxhi Ze 1 (10,30 [Jn1(@) — Jii(@)]g=o,

2
8a.2 9 €q  (9g.€q) 1 1

:2A2 7 sz _’+f66_€ DA A S L VA / — 4+ —,
N4k Mok Z A k€k {271 ’ (€x — €q) e 2 N\t o

where

(D3)

(D4)

D_ = (Zaxex + Var® Zarer + Varw® + 200100 + Ze x(no ) *o?,
Dy = [Zsx(4dt — €) + Va @’ l[Z s x(4dt — €) + Vi@ + 2n0 7] + Ze x(nop)* @,

Zak=Zarnor)s Var=Var(nok), nax = —koxInZysy,
and [/ = In(k/A).

When Z¢ x(n) is approximated by Z¢ x(nox) = Zcx and
Vi (n) truncated to quadratic order [Eq. (61)], we obtain

1 _ _
Vo = — / 8 RUQIC1(@) + Cra@)],

q
3. 1. .
onox = 5111 + EIH if nox >0,

Ao = =20y if noy =0,

i = —A;[9T11(0) — 611 (0) + T (O], (D6)
T 0.5
—n=20
—--n=1 04
n=2
n=3 0.3
L. . 102
LS . 10.1
1 .0.5. 0 0 :10
w/U

FIG. 28. (Color online) [[ec 4(fw;n) — Vi, .(n)]/U vs w/U for
various values of n. u = 0.2U (left) and u = (v/2 — 1)U (right). The
dotted lines show the derivative expansion V(n)w?.

(D5)

J - _
NZcy = zx,%no,ka[fmq) — Jiu(q)
= 3Ju(q) + 3Jien(qly=o,

Jd - _ _
O Vax = _2)¥in0,kﬁ[Jll,tt(Q) + Ji1(q) + 2J1,1(q)]g=o0,

1 T T T z ' '
. —n=0 2
n=0 A . n :11;,5 ."(‘/
n =05 n=15 ).?
l/.
o 1L . 10
.r'”
%
v
-
./ )'.
1 rd | | I al L L L 1

1 0.5 0 0.5 1 1 0.5 0 0.5 1

n=0 A
—-n=05 P
n=1 s

n=15 L. <1

. _ 0
R
 §
|
I I I -1

w/U . _ - w/U

FIG. 29. (Color online) I c(iw;n)/U vs w/U for various
values of n. The dotted lines show the derivative expansion Z¢(n)w.
n=—-02U, 0.2U, (/2 = 1)U, and 0.6U (from top left to bottom
right).
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N
L \ —_— = -U |
= \ - = u=02U
% \ p=(2-1)U
~ \ — 07U
L B nw=20.70
= 0.5 \
k}
\.
% T = 3
T T
]_/\ .
v/.
/
S 0sl / — u=-02U |
g ’ — - u=02U
S
N 1 nw=w2-1U
o~ w=06U b
/
/. | |
0 1 2 3
n

FIG. 30. (Color online) V4 1oc(n) and Z¢ 1oc(1) vs n for various
values of the chemical potential .

with n4 x given by (D4). We have introduced the coefficients

L(n) = / 5,Gralgin),
! (D7)
Jaﬂ(q;n)=/[5sz,a(q/;n)]Gk,ﬁ(q +q';n),
y

where «,B8 = Il,tt,It. To alleviate the notations, we have
omitted the subscript k in /, and J,4. The notation I, Jus, and
G means that these quantities are evaluated for n = ng . The
Green functions Gy  in (D7) are defined as —(F,(cz) + R,
with F](cz) approximated by its derivative expansion in Egs. (41)
and (59). With Z,4 x(n) and Vy4 x(n) approximated by their
values at the minimum n 4 of the effective potential, this gives

Tai(qin) = Zyeq + Varo® + Vi(n),

" (DS)
Cpilg;n) =V, (n), Tcilg:in) =Zci(no,
and
Cax(g;n) + Ri(q)
Ginlg;n) = —— ,
k(g Di(q:n)
Cax(g;n) + 20T (q;n) + Ri(q)
Grulgin) = ——244 Dk(;.kn)q H9 (o)
Ccilg;n)
Girilg;n) = ———,
itd Di(q;n)
where

Di(g:n) = [Tax(g:n) + Re(q)]* + 2nT p4(q;n)
x [Cax(g;n) + Ri(@] + Tcxl(gsn)®. (D10)

1. Lattice regulator

The lattice cutoff function (4) differs from cutoff functions
used in the continuum, in particular due a symmetric treatment

PHYSICAL REVIEW B 84, 174513 (2011)

of the low- and high-energy parts of the spectrum (see Fig. 1).
We can rewrite Ri(q) in the form

Ri(q) = —Z rexsgn(tq)yqr (V) (DI11)
where
r(y) = I_Ty(@(l -y (D12)
and
E—‘k‘ if 14 <0,
o= :“d’—k‘éq if 14> 0. 1
This gives

N R(Q) = Z 4 rersgn(tq)yqlnaxr (Vg) + 2yqr (¥g)]
= Zar€esgn(tg) O — yna (1 — yg) —21.
(D14)

Ry (q) enters the flow equations always in the combination

Ta(g:n) + Ri(Q) = Zapeq + Varo® + Vi(n) + Ri(q),

(D15)
where
ZA,kEk if € < €Lk,
Zaxeq+ Ri(q) = { Zie if ese @10
k€q qZ
for tq < 0, and
ZA,k(4dl —¢€) if €q = 4dt — ¢,
Zareq+ Ri(q) = {Z " 4 < 4ds —
Ak€q if € <4dt—¢
(D17)

for zy > 0. Equations (D14), (D16), and (D17) lead to a sig-
nificant simplification of the coefficients I,(n) and J,g(q;n).
A typical contribution to I, or J,g reads

F = / / RUQ) S (Zaseq + Ri@.0),  (DIS)
qJo

where f is a product of propagators Gy = —(F,(cz) + Ry
Since J; Rr(q) restricts the momentum integral to the domain
Yq < 1, where Z4 req + Ri(q) is independent of ¢,

F, = /@)(—lq)ale(Q)/ f(Zaer,)
q w
+/@(tq)31Rk(Q)/ f(Zax(4dt — €),w). (D19)
q w
Introducing the lattice density of states

D(e) = /8(6 —€) (0<e<ddr), (D20)
q
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we obtain

/ O(—1¢)9 Ri(q)
q

2dt
_ / deD(E)d Re(Q)
0

Zare fek deD(e) [nA,k <1 — i) — 2} (D21)
0 €k

/ O(tq)9 R (q)
q

and

Adt
_ / deD()d Ri(q)
2dt

4dt 4dl _
= ZA,kek/ deD(e) [nA,k (1 _ 6) _ 2} .
4dt—e; €k

(D22)

Since the hypercubic lattice density of states is symmetric,
D(e) = D(4dt — €), the last equation gives

/ 1) Ri(q) = — / O(—1)dRi(q).  (D23)

q q

which enables us to rewrite (D19) as
Fr, = / O(—1q)0 Ri(q)
q

X /[f(ZA,kEk»w) — [(Zax(4dt — &),0)], (D24)

with the momentum integral given by Eq. (D21).

In the limit k<< A (or €, <2dt), the function
f(Z 4 1(4dt — €;),w) involves propagators with a large gap and
is therefore negligible with respect to f(Z4 y€x,); the flow
is then governed only by the low-energy modes. Moreover,
for €q < € < 2dt, the lattice does not matter and we can
approximate €q >~ tq?, which leads to

dj2—1

D(e) = 2vg——

a7 (e < 2dt) (D25)

and

Vg d NAk
O(—14)0 R =8—Z7Z K1l ———1, D26
/q (—1q)0; R (q) 7 LAk ( d+2> (D26)

where vd_l = 24+174/21(d /2). We then obtain

NA.k
d+2

F, = 8l;—dZA,kekkd (1 — )/f(ZA,kekaw)» (D27)

which is the usual form for models in the continuum limit with
the theta cutoff function.®®

APPENDIX E: THE VACUUM LIMIT

1. Scattering length on the lattice

Let us first recall how the s-wave scattering length a is
computed from the low-energy behavior of the T matrix in the
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continuum. For a contact interaction U, the retarded T matrix
is defined by

L _ 1 X El
TR—(a))_E+ (), (ED)

where

nR(w)=/;
q 26q — 0 —i0*

=7>f : +in/8(w—26q) (E2)
q26q — @ q

(P denotes the principal part) and €q = q*/2m is the dispersion
of the free bosons. In three dimensions,

dma
m 1+ilqla

TR(q*/m) = (lq] — 0), (E3)

while in two dimensions
2w /m
In(49) +C—iZ

TR(q*/m) = — (lq] — 0), (E4)

where C is Euler’s constant. Equations (E3) and (E4) define
the s-wave scattering length a in three and two dimensions,
respectively.

A scattering length can be defined similarly in the Bose-
Hubbard model. At low energy (¢q < t), the lattice does not
matter and one can approximate the boson dispersion € =
tq + 2dt by tq*. The bosons then behaves as free particles
with an effective mass m = 1/2¢. Thus Eqs. (E1)—(E4) allow
us to define a scattering length provided that we replace m by
1/2t.

a.d=3
In the low-energy limit 0 < w K ¢,

1
M (w) 2/2—+in/8(a)—26q)
q ~€q q

¥ D) w w

where D(¢) = fq 8(e — €q) is the density of states of the

cubic lattice. The last integral in Eq. (ES) can be computed
numerically while D(w) >~ /w/4w?t>? for small w. This
gives

1 _1+A+ i o? (E6)
TRw) U t 8J/2x 132
and
1 1+ilqla

= E7
TR(22t|q?) 8rta E7)

for ¢ — 0 with

1 1

(E8)

a=——
8rt/U+ A
and A >~ 0.1264.
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b.d=2

To compute IT¥(w) in two dimensions, we use

1 1 1
P/q2eq—a) ZP/q<2eq—w_2tq2—w)

1
Pl ———.
+ ,/(; 2t — w
Since the first integral in the right-hand side of Eq. (E9) is
convergent, we can set w = 0, which gives

1 I 8
. 6+Zm2), (€10
/q<2€q 2tq2) 2in? ( T3 “nZ) E10)

where G >~ 0.916 is the Catalan constant. As for the last
integral in Eq. (E9), we obtain

1
Py
q2tq> —w

1
_ P/@(n ) ——
q 2tq2 — w

(E9)

+7>/®<|q|—n>
q

2tq? — w
(P L (e 26 (E11)
= —_— — | In2-—=G|.
= 8nt w 4t T
for0 < w <« t. Since
n/s(a) —2ey) in/a(a) _2qh) = —, (E12)
q q 8t

we finally obtain

! (M9 o202 @)
- = n — i —
TR2t|q|?) 4rt 2 2

for ¢ — O with

l ryu—c
a=——e 7" . (E14)
24/2

2. Coupling constant X,

The low-energy limit k << A of the coupling constant
in vacuum (i = ngx = 0) can be expressed in terms of the
scattering length a. A; can be obtained from the RG equation
(D6) (see Sec. E.3) or more simply from

1 1 1 1
_=_+—/—, (E15)
Moo U 2 Jq€eq+ Ri(Q)
where €4 + Ri(q) is given by Egs. (D16) and (D17) with
Zax = 1. For k < A, we can ignore the effect of the cutoff
function on the high-energy part of the spectrum (¢ > 0),

11 oL /@(ek —eq) /®(Eq — ) (E16)
A U 2J4 €k 2 q €q

a.d=3
Using

l/ O(ex — €4) . k E17)

€ 127

N
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and

(we have approximated € > tq? for €q <

obtain

€ K A), we finally

(E19)

Il
o)
S| -
~
Q
VR
|
w
::|4>
»A
Q
N~

where a is the three-dimensional scattering length (E8).

b.d=2

In two dimensions, we rewrite Eq. (E15) as

1
Ak E/ 1q? +Rk(Q)

)
g+ Ru@  1¢? + Ri(q)

where R;(q) is obtained from Ry (q) by replacing €q With tq>.
Since the last integral in Eq. (E20) is convergent for k — 0,
we can set k = 0 and use the result (E10). The first integral in
Eq. (E20) can be expressed as

1 / Ok — |ql)
2 q €k

1 — —
+_/®(n CISITTTON
2 Jq 1q

/ O(q| — )
q tq?

N =

LS N SN CYPSIEp (E21)
= —mhnh—+—{(In2--G).
8me,  4mt  k  4mt T
We deduce
1 1 1 1 44/2
— =4+ — 4+ —1In L_
Ak U 8nt  4mt k
1 ka 1
=———|In| — C——-|, E22
4m[n<2>+ 2] (E22)

where a is the two-dimensional scattering length (E14).

3. RG equation 9,y

In the vacuum, ZA,k = Zch =1, VA,k =0, and nox = 0,
the two-point vertex is defined by

Cax(g) =¢q, Ti(q@) =, Tcoxlg) =w. (E23)
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The RG equation satisfied by A takes the simple form

R
ki = —A2 / . D"(q) {220%[eq + Ri(q)]
q

— 10[eq + Re(@]’}, (E24)
where D = [eq + Ri(q)]? + w?. We deduce
kR
Bk = / i Ri(q) (E25)
[Eq + Rk(q)
and
1 11 / < 1 )
M Ax 2 q \€q + Rk(q) €q + Ra(qQ)
1 1
= _/ — (E26)
2 Jq€eq+ Rk(q)  4dt

A can be computed from the local action Sy = Sjoc in the
vacuum (u = —2dt),

1

o (E27)

1
= _— Gliw)G(—iw) = — + —,
U+/,; (iw)G(—iw) U+4dt
where G(iw) = (iw + )" is the local (normal) propagator
in vacuum. From Eqgs. (E26) and (E27), we recover Eq. (E15).

4. RG equations in the dilute limit for k > k,

We now consider the RG equations at finite density but
in the dilute limit (k, < A) for k > kj,. To leading order in
Arno k. Mi satisfies Eq. (E24). To obtain the equation satisfied
by n¢ x, we must expand the propagator to first order in A;ng ,

€q+ Re(q) = 24
Gulg) = - L ¢ i P ey + Re@P
(E28)
6q+Rk(Q) 2Mnok o
Gu(g) = — D - D2 ",

where D is defined in Sec. E3. We will show below that the
flow of Z4 , Zc k., and Vy i leads to higher-order corrections.
We can therefore set Z4 x, Zcx, and V4 to their vacuum
values. This gives

R
ok = / ka(q) 20 im0 ({50 [€q + Ri(q)]
q
—3[eq + Ri(@T?). (E29)

Equation (78) follows from Eqgs. (E24) and (E29).
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Let us now show that the flow of Z4, Zck, and V4
give subleading contributions to Eq. (E29). To leading order
in Agno ., the RG equation of Z¢ ; reads

0 Ri(q)

Zex = —
hZci o [e(@ + Re(q)P

2
—)Lkno,k

1
(4dt——ek)3}'
(E30)

2o / O(— 1) Re(q) [—3 -
k

To estimate the order of magnitude of 9;Zc, we can
ignore the term (4dt — €:)~> (which is smaller than € 3)
and use the approximate density of states (D25). This
gives

v,
HIZC’]( ~ —Sgd)\.lzno,kkdEk_z

Vd ., 2,44
— Ak kO,
dr "
where we have used Axng x = tk; to leading order. Integrating
this equation between k = A and k < A, we obtain

Acki
thd—d
(ignoring the dependence of A; on k). In the dilute limit and
for k 2> kj, the right-hand side is always small. For example,

in three dimensions, one finds Z¢x, — 1 ~ kpa < 1.
Similarly, we obtain

~ =8 (E31)

Zex—1~ (E32)

o Ri(q)
W Var = —=Ainox %
4 q (@) + R (q)]
~u——6kk2—5khkd -6 (E33)
and therefore
Aik?
VA,k ~ t2k67d (E34)

for k < A. Since the frequency integrals extend up to @ ~ tk>
while €4 ~ tk?, the V4 4@” term in the propagators can be
neglected if V , < 1/tk?. Equation (E34) shows that this is
indeed the case. For example, in three dimensions tk,% Vak, ~
kpa < 1.
Finally,
- Vd 2, 4-4
&~ dhg o kyke™,
where we have calculated the integral over q in Eq. (D4)
using €4 = tq>. As Zcy, Zsy remains close to unity for
k 2 k.

(E35)
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