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We study the superfluid-to-Mott-insulator transition of a mixture of heavy bosons and light fermions loaded in
an optical lattice. We focus on the effect of the light fermions on the dynamics of the heavy bosons. It is shown
that when the lattice potential is sufficiently deep to confine the bosons to one dimension but allow the fermions
to freely move in three dimensions (i.e., a mixed-dimensionality lattice), the fermions act as an ohmic bath for
bosons, leading to screening and dissipation effects on the bosons. Using a perturbative renormalization-group
analysis, it is shown that the fermion-induced dissipative effects have no appreciable impact on the transition from
the superfluid-to-Mott-insulator state at integer filling. On the other hand, dissipative effects are found to be very
important in the half-filled case near the critical point. In this case, in the presence of a finite incommensurability

that destabilizes the Mott phase, the bosons can still be localized by virtue of dissipative effects.

DOI: 10.1103/PhysRevA.88.063630

I. INTRODUCTION

The interest in systems of interacting bosons and fermions
has been a recurrent and central topic in the study of many-
body problems. Many early studies were concerned with
dilute solutions of He in “He (see, e.g., [1] for a review)
as well as with the problem of electrons coupled to phonons
in solids (see, e.g., [2]). This research led to the understanding
of important phenomena such as the polaron and Cooper
pairing [2]. More recently, these concepts have reemerged in
the context of ultracold atomic gases [3,4], where new types
of interacting Bose-Fermi mixtures have been experimentally
realized [5-16]. Indeed, such experiments with ultracold gases
have made it possible to study and envision Bose-Fermi
systems [17-36] that can exhibit very different properties from
their condensed-matter counterparts.

So far, a lot of research has focused on understanding
how interactions with the bosonic component of the mixture
influence the properties of the fermions and, in particular, how
the interactions mediated by the bosons can possibly induce
fermion superfluidity (see, e.g., [3,31,36] and references
therein). The complementary problem, namely, understanding
how the properties of bosons are modified by their interactions
with fermions in a mixture, has only recently attracted interest,
which is especially motivated by a series of groundbreaking
experiments with Bose-Fermi mixtures loaded in optical
lattices [8-11,15].

Within this setup, in recent years, a number of groups
has addressed the problem of how the addition of fermions
to a Bose gas in an optical lattice affects the phase tran-
sition from the superfluid to Mott insulator in the latter
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[7,9-11,15,24,25,37]. Thus, experimental observations have
been reported indicating that fermions effectively decrease the
quantum coherence of the bosons, thus making it easier for
the latter to become Mott insulating [7,9-11,15]. In the case of
attractive interactions between bosons and fermions, this has
been explained by a “self-trapping” effect: the bosons move
in the lattice potential that effectively becomes deeper by the
addition of fermions to which the bosons are attracted. This
self-trapping would have the opposite effect in the case of
repulsive boson-fermion interactions. However, in this case,
the two components were found not to mix in a deep lattice
[11].

In connection with the experiments referred to above, there
has been some theoretical discussion on other, perhaps more
subtle, effects of adding fermions to an interacting boson
system [24,25]. These effects concern the physics of polarons,
where one particle (in this case, the boson) is dressed by its
interactions with a different species (the fermions). Thus, the
boson-boson interactions are screened, become less repulsive.
The bosons also undergo dissipative effects, which involve
the creation of real particle-hole pairs and other kinds of
low-energy excitations in the Fermi gas. Indeed, as discussed
below, within a weak-coupling approach, the self-trapping
effect arises at first order in the strength of the boson-fermion
interactions, whereas the polaronic and dissipative effects arise
at second order.

Going beyond mean-field theory, Yang [37] has studied
the effect of the boson-fermion interaction on the superfluid
(SF) to Mott-insulator (MI) transition in a three-dimensional
(3D) Bose-Fermi mixture. He found that the properties of
the transition at the particle-hole symmetric point (i.e., at
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the tip of the “Mott lobes”) are modified and the transition
becomes either a first-order transition or a different (i.e., not
XY) second-order transition. However, in this work, we find
that in a mixed-dimensionality system, the universality class
of the transition (2D XY) is not modified by the boson-fermion
coupling for integer filling. The latter only introduces screen-
ing of the external periodic potential and the boson-boson
interactions. Whereas the former tends to make the system
less (more) superfluid for attractive (repulsive) boson-fermion
interactions, the screening of the boson interactions always
favors superfluidity. On the other hand, for a half-filled lattice,
we find that the quantum phase transition from the SF to the
charge-density wave (CDW) phase is modified by the presence
of the fermions. However, the transition remains continuous
and belongs to the 2D XY universality class.

The outline of this article is as follows. In the following
section, we introduce the basic model of a Bose-Fermi
mixture that will be subsequently analyzed. There we also
outline the derivation of its effective low-energy description.
In Sec. III, we consider the effect of the Fermi gas on the
Mott-insulator-to-superfluid transition of a Bose gas confined
to one dimension [38—41]. The perturbative renormalization
group is used to analyze the low-energy properties of the
effective low-energy model, and the effect of the fermions
on the superfluid-to-insulator quantum phase transition is
studied. Depending on the lattice filling and the boson-boson
interactions, the Mott insulator can be stabilized at integer or
half-integer filling, while the effects of the Fermi gas on both
transitions are very different. Thus, we have separated the
discussion into two sections, i.e., Secs. III A and III B. Finally,
in Sec. V, the main conclusions of this work are summarized.

II. BASIC MODEL

A. Hamiltonian

The system under study is an ultracold mixture of bosonic
atoms (mass mp) and single-species fermionic atoms (mass
mp) loaded in an optical lattice (see Fig. 1). The repulsive
interaction between bosons is described by an interaction
potential vpg(r —r’). The latter can be either the Lee-
Yang-Huang pseudopotential, which accounts for the s-wave
scattering of ultracold atoms (as for alkali-metal or alkaline-
earth atoms), or a dipolar potential (as for chromium or polar
bosonic molecules). Furthermore, fermions and bosons are
assumed to interact only via a short-range potential, which
is also described by the Lee-Yang-Huang pseudopotential.
Interfermion interactions are negligible because, by the Pauli
principle, the dominant scattering channel for single-species
fermions is p wave, which, away from resonances, is very
weak at ultracold temperatures. The optical lattice poten-
tial Up(p)(r) = Uy " sin>kpx + Ugy " (sin® ky + sin® k. 2),
where k; = 2m/A; and Ay is the laser wavelength. It is
further assumed that U(ﬁl < U(ﬁ_, that is, the bosons move
in a strongly anisotropic three-dimensional lattice. We further
assume that the bosons are heavier (i.e., mp/mp < 1), which
means that their motion along two directions (here, y and z) is
strongly suppressed beyond zero-point motion, thus effectively
confining them to one dimension for at least the duration of
the experiment. However, the fermions, being lighter, can hop
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FIG. 1. (Color online) Schematic representation of the system
studied in this work: A mixture of light fermions and heavy bosons
loaded in an anisotropic optical lattice. As the bosons are assumed to
be heavier, they are confined to one dimension by the lattice potential.

in all three dimensions, but the large laser intensity required
to create the strong confining lattice potential for the bosons,
which implies that Uy, >> Uy, means the fermion dispersion
will be anisotropic [see Eq. (6) below]. Thus, the Hamiltonian
reads

I:I:I:IB‘FI:IF"‘I:IBF’ ()
. o .
A= [ dr[—2 VIOV EE) + Us)pp®)
mp
1
+3 [ 5 Vante — o], @
. o <
Ar = [ ar [z—wkr)wp(rw UF(rmF(r)], 3)
mr

e = gur / dr pa(r)pr(n), @)

where \ilB( F)y(r) is the boson (fermion) field operator, which
obeys [Fh(r)., Bp(r)] =6 — 1) [{(F}). Vr(r)} =8 —
r)], (anti-)commuting otherwise; pg(r)(r) = \i-’g(F)(r)\iJB(p)(r)
is the boson (fermion) density operator and Np) =
f dr ppr)(r) is the boson (fermion) number operator. The
boson-fermion interaction is parametrized by the coupling
8BF = 2nh2aBF/MBF, where Mgr = mpmpg/(mp + mp) is
the reduced mass and a g ¢ is the s-wave scattering length. Since
we are interested in the ground-state phase diagram in the
thermodynamic limit of the above system, we have neglected
the harmonic trapping potential, which is also present in
the experiments. Note that an implicit assumption of our
analysis below is that the bosons and fermions are mixed.
For short-range interactions between the bosons [i.e., for
Vep(r) = gppd(r)], the problem of the bosons and fermions
forming a uniform mixture in the lattice geometry studied here
has been previously considered in Ref. [32]. One conclusion of
this work is that the uniform mixed phase in this Bose-Fermi
system is always stable, provided the density of bosons and
fermions is sufficiently high, for both attractive and repulsive
interactions (see Ref. [32] for further details).
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The Hamiltonian introduced in Egs. (1)-(4) contains too
much information about energy scales in which we are not
interested. Since our goal is to analyze the ground state and
low-lying excitations of the system, we next derive an effective
Hamiltonian that is much more appropriate toward this end.
The first step is to project the Bose and Fermi fields onto the
lowest Bloch band of the lattice potential. Thus, we expand
Wp(r) = 3 g wo(ry — R) Wpr(x), where wo(r, — R) are the
Wannier orbitals describing particles localized around the site
R = %(m,n)AL of a 2D (square) lattice. For the fermions,
7 () ) ok(r) fk, where @k (r) are the Bloch states of the
lowest band. Note the differences in the treatment of the Bose
and Fermi fields, which reflect their differences in mobility
introduced by the conditions discussed above. Hence, upon
neglecting terms coupling different lattice sites, the bosons are
described by

A K2 .
Hp = Z/dx [EWC‘I’BR@NZ + UB(x),@BR(X):|
R

1
T3 XR: / dxdx' Vgp(x — x)ppr(x)ppr(x). (5)

However, the fermions are described by

Ar =" e®) fi A (©6)

k

where the sum is over k belonging to the first Brillouin
zone and e(k) =¢(k) +e (k) >~ Bk 2t (cos kyby +

— 2mj}
cos k;by), where by = ﬁ is the lattice paraFmeter, and we have
assumed that the periodic potential along the x direction is
so weak that it effectively amounts to a renormalization of
the fermion mass. Finally, the boson-fermion interactions are

described by

Aor = gor Y [ drluntes ~ROF pu0pe®, )
R

wherer = (x,y,z) = (x,ry). In the above expression, we have
approximated the boson density operator pg(r) = pp(x,r) =~
YR lwory — R ppr(x).

B. Integrating out the fermions

The total Hamiltonian obtained upon projection onto
the lowest Bloch band, H = Hg + Hr + HpgpF, is still too
complicated to solve. Since we are mainly interested in the
low-temperature properties of the heavier bosons, which are
much slower, a first step towards understanding the latter is to
integrate out the fermionic degrees of freedom. To this end,
we rely on the path-integral representation of the partition
function Z = Tre PLH—1sNs—=1rNr] for the Hamiltonian, H =
Hg + Hp + Hpp, which allows us to write

Z= / [dVsdysdirdyple *Prveintd o (g)
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where
S=S8p+Sr+ Sir,

np
Sp=)_ / dx / dt ¥sr(x,7)3: ¥R (x,T)
R 0

np hp
WB / / 2 dt
S e [ drearrn) +/ % Hy (o),
h XR: 0 ? o h°

©)
" a HF
Sr = Z/ﬂ dr 0k [0 f k) = 7f(k,r)]
k
1 ("
+-f dtHp(z), (10)
i Jo
1
Sor = 5 [ deHar(o), (an

where B = (kzT)~! is the inverse of the absolute temperature
and kp is Boltzmann’s constant. Thus, the effective action for
the bosons is defined by the following equation:

e—Sen'[l]/B,lﬂB] — /[dfdf]e—SB—SF—SBF — ZOFe‘SB (e—SBF>F’
12)

where ()p =Trpp... and pr = Z;' e PHr—1ND - with
Zp = Tr e PHr—1NF) being the noninteracting fermion par-
tition function. To make further progress, we shall assume
that the interaction between the bosons and the fermions is
perturbatively small. Therefore, the above functional integral
can be performed using the cumulant expansion, which yields

<e_SBF>F — e_(SBF)‘F%(S§F_<SBF>2)+"'. (13)

The leading term is

hp
(Sure = E22 5 [T ae [ driwoes - RO
R 0

x ppR(X,T)pR(r), (14)

where p%(r) = (pr(r,7))F is the equilibrium density of the
Fermi gas (in the absence of the bosons). Since pg(r) is
periodic, (14) amounts to a correction to the periodic potential
that the boson gas undergoes. The correction has the same
sign as the coupling gpr, which means that, e.g., for attractive
boson-fermion interactions, the effective potential seen by
the bosons is deepened by its (mean-field) interaction with
the fermions. This effect has been termed self-trapping and
has been studied both theoretically [15] and experimentally
[9-11]. We shall not study it any further here. Instead, we
focus on the second-order term, which leads to much more
interesting physics. Neglecting the coupling between different
sites R (i.e., terms where R ## R) yields

1

2
—E(S%;F — (Spr)?) = gZILFzF Z/drdtdr’dt’pBR(x,r)
R

xxr(x —x', 1 — )ppr(x’,7), (15)
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FIG. 2. (Color online) In the limit of strong one-dimensional (1D)
confinement, the intertube coupling can be neglected and the system
of Fig. 1 can be mapped to a single 1D tube immersed in a Fermi gas.
The Fermi gas has two important effects: it introduces screening of
the boson-boson interactions and it behaves as a dissipative bath that
introduces quantum dissipation. Assuming that a periodic potential is
applied longitudinally to the tube(s), which drives a transition from
the superfluid to a Mott-insulating phase, we study the modification
of the phase diagram due to these effects.

where r = (x,r), r' = (x’,r/). After defining Fy(r .r,) =
|wo(r 1 )wo(r’)|?, we introduce

XF(x,7) = /drldr; Fo(r v’ )xr(r,r', o),
(16)

1
xr(r,r',t) = —F—l<5pp(r,r)5pF(r’,0))F.

Thus, up to O(gé 7)» we obtain the following effective action
for the bosons:

Sete[Vg, gl = Z Seff R
R

hp
Settr = / dr / dx Y (2,03 Y ar(x.T)
0
np h
+/ dr/dx—laxlﬂsk(x,f)|2
0 ZmB
" qr -
+/ ?/dx[UBH(x)_MB]|¢BR(X7T)|2
0

1 (" dr , 2
+ = — [ dxdx'|Yr(x,7)|
2Jo h

x Vgp(x — x)ypr(x',7)*

2
+g2§ dxdrdx'dt' | Y r(x, 7))
x xr(x,x', T — T)|Ypr(x', T, (17)

where  Upy(x) = Upy(x) + gpr [ drL lwo(rp)* o (x,ro).
Note that we have thus reduced the problem to a set
of one dimensional systems independently coupled to a
fermionic bath, as shown in Fig. 2. Therefore, in what
follows, we shall drop the lattice index R and study the
phase diagram of a generic 1D system coupled to the
fermionic bath. It is important to note that although a
single 1D bosonic trap immersed in a 3D Fermi gas can
be realized experimentally, assuming a deep lattice that
tightly confines the bosons transversally allows us to neglect
the coupling between different tubes. In this limit, the
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fermion-mediated intertube interactions can be neglected.
Indeed, the density correlations in a Fermi gas are known to
exhibit an oscillatory behavior, whose amplitude decays as a
power law and gives rise to, e.g., the Friedel oscillations in
the density. However, the effective intertube interactions are
g5r [ dri|wo(r — R x(x,x,r,r)|wo(r —R)|?,  which
decay rapidly with the distance between the tubes R — R’
since in a deep lattice the overlap of the Wannier functions
wo(r —R) is exponentially small. This means that any
ordering tendencies mediated by such intertube interactions
to states such as 3D Mott insulators or charge-density waves
will take place at exponentially low temperatures. The latter
are not experimentally reachable and therefore we can safely
ignore such instabilities in the discussion which follows.

Furthermore, just like the fermions mediate interactions
between the bosons, the converse is also true. Therefore, an
important caveat when considering the applicability of the
effective action, given by Eq. (17), is that we will not treat the
bosons and the fermions on equal footing. Such a treatment
would require us to account for the effect of the bosons on the
fermionic component of the mixtures also, which may modify
the density response x g (r,r’,7). Nevertheless, below we shall
assume that x¢(r,r’,t) is well described by the noninteracting
limit where we take ggr = 0. Indeed, this assumption is
qualitatively correct as long as the Fermi component of the
mixture remains a Fermi liquid, which is reasonable given that
the fermions are much lighter, interact with the bosons weakly,
and therefore their behavior is dominated by the kinetic
energy. However, strictly speaking, the bosons will mediate
effective fermion-fermion interactions, which, at sufficiently
low temperature, lead to a pairing instability of the Fermi gas.
Since the gas contains a single species of fermions, such a
pairing instability takes place in a high angular momentum
wave (most likely, p wave) and at relatively low temperatures
compared to the Fermi energy . Given that present cooling
techniques in optical lattices cannot reach temperatures below
a few percent of pp, we can safely neglect this possibility.
Other instabilities that can gap the fermion spectrum, such as
a charge-density wave, occur at particular values of the lattice
filling and/or lattice parameters and we will also neglect them
in what follows.

C. Low-energy effective theory

In order to deal with the effective boson model in Eq. (17),
we shall use the method of bosonization [38,42]. Thus, we first
integrate out the high-energy density and phase fluctuations
of the bosons and introduce two collective fields, (x) and
¢(x), describing the phase and density fluctuations in each 1D
system. In terms of these fields, the Bose field and density
operators read

Wp(x) = A py e, (18)
1
pp(x) = Wh)Ws(x) ~ po + —0:p(x)

+p0 Y By cos2m[p(x) +kfx],  (19)

m=>0
where pg = N /(ML) is the linear density of bosons in each
of the M 1D systems of length L of the lattice and k2 = 7.
The amplitudes A and BB,, depend on the microscopic details of
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the model and cannot be obtained using bosonization. Using
the above expressions and retaining only the most relevant
operators in the renormalization-group sense yields [38]

Sald] = Sold] + Suld, 20)
_ 1 1 5 )
Sol¢] = ﬁ/dx [;(arqs) + () ] @1

S.[¢] = — 2= /dtdx cos2pp(x.T) + x8,1, (22)
T

a9
where we have introduced the following notation: v is the
sound velocity of the 1D Bose gas, whereas vK = v8 =
hkB/mp and K /v is proportional to the system compress-
ibility; ap &~ hv/up is a short-distance cutoff [38].

The bare dimensionless coupling of the term describing
the periodic potential in the bosonization language is g, =
170” B, poag)/ 2hv. The cosine term with p = 1 describes
the effect of the potential in the case of integer filling of
the lattice, with §,-1 = 2(k; — kﬁ) being a measure of the
incommensurability of the system. However, near half filling,
we must consider the p =2 term with 8, = 2k, — 4k%
as a measure of the incommensurability. In the half-filled
case, the above effective Hamiltonian describes the transition
from a Tomonaga-Luttinger liquid (TLL) to a fractional Mott-
insulating state, which is also known as a charge-density wave
(CDW). The stability of the CDW state requires smaller values
of the Luttinger parameter K [38] than those that are achievable
in the Lieb-Liniger model [43] describing bosons interacting
via a short-range potential in a 1D waveguide [44], for which
the minimum value of K is one [38]. Smaller values of K are
accessible either when the bosons possess dipolar moments
[38,45] or in the so-called super-Tonks regime [38,46,47].

The above action, given by Eq. (20), provides an effective
description of the low-temperature properties of the boson
system which includes (through the renormalization of the
potential Up, — Upy) the effect of the Fermi gas at the mean-
field level. The dynamical effect of the fermions on the bosons
is taken into account, to leading order in ggp, by the last
term in Eq. (17). However, since the dynamics of the (heavier)
bosons described by (21) is much slower than that of the lighter
fermions, some further simplifications of (15) are possible.
First, we note (see Appendix B) that at 7 = 0, the fermion
density correlation function introduced above, xr(x,x’,7), can
be written as follows:

+o00 d(z)
xr(x —x',7) = / — e T myR(x — x,w), (23)
0 b4

where x F’f(x — x',w) is the retarded version of the same
correlation function. We have also assumed, consistently
with what was stated above, that the effect of the periodic
potential can be neglected in the calculation of xr by taking
xr(x,x' o) = xp(x — x', o).

The above expression (23) allows us to treat the high-energy
density fluctuations of the fermionic gas separately from
the low-energy ones. This can be done by introducing the
following response functions:

Xpx,7) = 0+°O ‘;—“’ g(a))e"‘"" Im)(;g(x,a)), 24)

XF (0 = [ g (e Imy R (x,0), (29
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where g(w) is a frequency cutoff function, which can be chosen
in various ways, as the result will be largely independent of this
function; g.(w) = 1 — g(w). Below we use g(w) = e “*.Ina
Fermi gas, the bare cutoff energy E, = il roughly corresponds
to the Fermi energy, i.e., E. &~ Ep. The separation into high-
and low-energy fluctuations allows us to treat the former
using the adiabatic approximation. This is because high-energy
(i.e., hw > E. ~ EF) density fluctuations of the Fermi gas
can adapt instantaneously to the slow dynamics of the much
heavier bosons, as described by pg(x,7) [cf. Eq. (19)]. On
the other hand, for low-energy density fluctuations of the
Fermi gas (hw <« E. ~ Ep), adiabaticity breaks down and
retardation effects become important. Thus,

fdxdrdx’dr’pg(x,r)xﬁ(x —x',t — e, 1)

t t
:/dxdx’dtdrpg <x,r + §>X;(x —x',0)pp (x,r - E)

~ /dxdx’dt,og(x,t)x;(x —x",0 =0)pp(x’,7)
= /dde’dTpB(x,t)xF(x —x' 0 = 0)pp(x',7)

- /dde’dTpB(x,r)xF(x —x",0 = 0)pp(x',7),
(26)

where x7(x —x',w=0)= [df x7(x —x',t) and similar
definitions for xg(x —x,w =0) and xp(x —x',0 =0).
Therefore, the effective action describing the interactions
between the bosons mediated by the Fermi gas takes the form

2

Seff, BF = Esr dxdx'dtppg(x,T)xr(x —x',0 = 0)

2h

e
x pg(x’',7) + 2LhF f dxdx'dtdt pp(x,1)
xTx —x',t — t)Hpp(x', 1)), 27

where the dissipative kernel T'(x,x’,7) is defined as
Fx —x',7) = xp(x,7) — x;(x —x",0 = 0)8(z). (28)

Note that by definition, f dt I'(x — x’,7) = 0. This kernel can
be evaluated as follows. Since we assume the Fermi component
of the mixture to be a Fermi liquid, we note that for the
latter, —Im X};(x — x',w) x wforw < |up|[1]. Inthe present
system, the small w limit of this function is obtained explicitly
in Appendix B at T = 0. It can be written as

h
Imyr (x —x oK —) =—-nDx —xho, (29)

c

where D(x) is a positive function of x which is computed in
Appendix B. Introducing this expression into (24) yields

D(x —x')

M =20 =~y

(30)
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FIG. 3. (Color online) The static response function xX(g,w =
0)/A of the fermions for different values of the Fermi energy e =
2.0,1.5,1.0,0.5, — 0.5 in units where ;’71 =land W =4t = 1. See
Appendix B for details of the calculation.

at T = 0. Introducing the above expression into Eq. (27), we
arrive at

2
Sett, BF = %/dxdx’dt p(x,T)xr(x —x',0 =0)

2
x pp(x’,T) — %/dxdx’drdr/pg(x,r)
D(x —x)

/’ n. 31

Tttty tC)Z.OB(X T) (€29)
The results of the model calculation described in Appendix B
for the functions D(¢)/h = —Im x f(g,) [for @ < 2 and the

static response function x X (¢, = 0)] are displayed in Figs. 4
and 3. It can be seen that both functions are rather smooth
(i.e., nonsingular) functions of the longitudinal wave vector g.
This assumption will prove important below. Furthermore, for
certain values of the lattice filling, which determine the Fermi
energy €r (see Appendix B), D(g) can be made negligible or
zero for wide ranges of the wave number ¢ as ¢ — 0. This
opens the possibility of tuning the strength of the dissipative

SF/W =0.5
erp/W=1.0
ep/W =15
er/W = 2.0

FIG. 4. (Color online) Imaginary part of the fermion response
function divided by the excitation frequency w, for @ — 0%, for
different values of the Fermi energy e = 2.0,1.5,1.0,0.5, — 0.5.
Units where 2212 =1 and W =4, =1 have been used. See

Appendix B for details of the calculation.
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effects by simply changing the fermion density. Note, however,
that by strongly reducing the fermion density, the stability of
the mixture may be jeopardized [32].

Thus we see that the boson interaction mediated by the
Fermi gas consists, at low frequencies, of an instantaneous
part (which stems from high-frequency density fluctuations of
the Fermi gas) and a dissipative part, which takes the form of a
retarded ~ri2 interaction. The latter stems from the excitation
by the motion of the bosons of real low-energy particle-hole
pairs, which in a Fermi liquid yield the linear-w behavior
of the density response function (i.e., Landau damping). As
discussed above, the instantaneous part of the interaction can
be related to the static density response of the Fermi gas and
leads to a renormalization of the sound velocity v and Luttinger
parameter K describing the low-temperature properties of the
1D boson system. The renormalized parameters obey

v(gpr)  v(gsr =0) S - B
K(esr) ~ Kggr=0) 2 p (r@=00=0. G2

Furthermore, since the fermion-induced interaction is a
density-density interaction [cf. first term in Eq. (31)], we have
that [38]

v(gpr)K(gpr) = v(gpr = 0)K(gpr = 0). (33)

These equations describe, to lowest order in gp r, the screening
of the boson-boson interaction by the fermion gas, which leads
to corrections to the parameters K and v in Eq. (21), which
depend only on the boson-boson interaction.

Using the bosonization formula (19), we obtain the repre-
sentation of the dissipative action in terms of the density field

¢o(x,7):

Sp = S} + Sh, (34)
g/p ,0x(x,7)0: P (x,T')
sL=—22 | dxdrd . (35
b= T oy Y
2 ) - ) !
sh = — 82 [ grgrar CSHALCD ZOXTI g
ao (It =7+ 1)

In the derivation of the above perturbations to the Gaussian
action, given by Eq. (21), we have retained only terms whose
integrands are not oscillatory and are the leading terms in a
gradient expansion. However, in the case of a half-filled lattice,
the term

S =

—guD/dxd‘L’d'L’/ cos 2[¢(x,7) + P(x, 7] 37)

ao (It —7'| + 1)

must also be taken into account. This dissipative umklapp
interaction arises from the periodicity of the boson system.
At half filling, 4k& = i—’; is a reciprocal lattice wave number.
In this regard, we must recall that in a periodic system, the
(lattice) momentum along the x direction is conserved modulo
a reciprocal lattice wave number. Note that this term will
also be generated by the renormalization-group flow from the
product of the S, [cf. Eq. (22)] and Sg [cf. Eq. (36)].

Furthermore, the bare dimensionless couplings are

gp(0) = g3, D(q = 0), (38)
gvp(0) = 2g3 - Bip*agD(q = 2k7), (39)
2un(0) = 2¢5,.B7 p’agD(q = 2kF). (40)

063630-6



DISSIPATIVE EFFECTS ON THE SUPERFLUID-TO- ...

In the above expressions, we have made explicit the depen-
dence of the couplings on the cutoff scale aqy through the
parameter ¢ = log ‘%f), that is, ag(£) = e‘ap, and thus £ = 0
corresponds to the scale of the bare cutoff ag & vt., with 7,
being the short-time cutoff introduced earlier.

III. RENORMALIZATION-GROUP ANALYSIS

Physically, the renormalization group (RG) flow of a system
describes its behavior as it is cooled down towards the
absolute zero. The effect of temperature can be mimicked
by decreasing the short-wavelength cutoff lel_o introduced to
properly define the low-temperature effective model of the last
section. As the absolute temperature decreases, the ground
state is approached, and the couplings that define the effective
low-energy theory of Egs. (21), (22), (35), (36), etc. (i.e., K,
v, 8u> 8bD>--.) must change accordingly in order to account
for the reduction of the available excited states. Thus, the
quantum phases of the system can be studied by analyzing
the asymptotic behavior of the “flow” of these couplings in
the limit where the cutoff tends to zero, that is, as the absolute
temperature vanishes. In the perturbative approach to RG, the
flow is described by a set of differential equations, whose
solutions we study in this section.

Simple power-counting arguments show that S{) ~
[dgdw g*|w| |¢(q.w)|* is an irrelevant perturbation in the
renormalization-group sense. This is true provided D(q = 0)
is not singular, which is indeed the case (see Fig. 4 and
Appendix B). Indeed, this term alone leads to a momentum-
dependent broadening of the long-wavelength phonon excita-
tions of the gapless phase of the model in Eq. (21). Therefore,
in order to study the low-temperature properties of the model,
it is justified to drop s/ , and therefore we shall next focus
our attention on the second term in Eq. (34) and consider the
effective model described by S = S + S b where Sp is given
by Eq. (21) and S% is given by Eq. (36). In the half-filled
case, we also have to take into account S}, given by Eq. (37).
The resulting action contains only marginal and (potentially)
relevant perturbations in the RG sense, which we shall analyze
in this section. In what follows, we shall consider the cases of
integer and half-integer lattice filling separately. The details of
the perturbative derivation of the RG equations are given in
Appendix C.

A. Integer lattice filling

To O(ghD,gﬁ), the flow equations in this case read

‘de =2 - K)gu. A1)
80 _ (| _ 2k g, (42)
drl
ax _ —(g2 + 2mgrp) K2, (43)
de
dv
ﬁ = —27TngKU. (44)

We neglect terms of O(ggD) or higher because g,p(0) o g% P
thatis, g, p is already second order in the Bose-Fermi coupling,
which is assumed to be small. For g,p = 0, the equations
reduce to those of a pure 1D boson system in a commensurate

PHYSICAL REVIEW A 88, 063630 (2013)

potential first obtained by Haldane [40] (see also [38,39]); for
g, = 0, the equations reduce to those derived in Ref. [48],
which describe the quantum phase transition between a
Tomonaga-Luttinger liquid and a dissipative insulator (DI).

The above equations show that near the SF-to-MI quantum
critical point (corresponding to K* =2, g, = 0, g,p = 0), the
dissipative interaction is a highly irrelevant operator because
1 — 2K &~ —3. Thus, the most important effect of the Fermi
component of the mixture is to introduce a renormalization
of the periodic potential and the screening of the interactions,
which leads to the renormalization of the Luttinger parameter
K and the sound velocity v given by Eq. (32).

From the analysis of the RG equations, which implies that
the dissipation is an irrelevant operator in the RG sense, we
conclude that dissipative effects are weak in the MI phase
where g, grows as the energy cutoff '% (~the absolute
temperature) decreases. Thus, the dissipative term can be
treated using perturbation theory and leads to a small (when
compared to the excitation energy) broadening of the phonon
excitations in the superfluid TLL phase. As for the excitations
of the MI phase, which correspond to a “particle” (i.e., excess
by one boson) or a “hole” (i.e., absence of a boson) propagating
against the Mott-insulating background, the dissipative part
of the interaction with the Fermi gas similarly introduces
damping on their motion, which translates into the broadening
of the excitation energy dispersion. Such enhancement of the
excitation broadening can be measured by lattice modulation
spectroscopy [41,49-51].

B. Half-integer lattice filling

In this case, and given that the initial conditions are the same
for the S% and S% terms, we note that they can be combined into
a single term, Sp[¢] = S%[d)] + S}l¢l, which can be written
as
[cos 2¢(x,T) — cos 2¢(x,T')]?

(t =o'+ )

Spld] = 5—;) f dxdrd?’

’

(45)
where gp(0) = % [g5p(0) + g,p(0)]. The RG flow equations
for this system then read

dgu
= (2 - 4K)g, + 78D, (46)
del
d
8D (1 - 2K +4g,)gp. @7)
drl
dK
T —(4g; + 27 gep) K>, (48)
dv
ﬁ = —27TgDKU. (49)

These RG equations describe the flow in the vicinity of
a quantum critical point located at K* = %, gr=g5=0.
Integrating them numerically, we obtain the phase diagram
depicted in Fig. 5. Thus, we find that for a relatively weak
boson-fermion coupling |ggr|/mup ~ 1072, the part of the
phase diagram occupied by the SF Tomonaga-Luttinger liquid
phase (TLL) shrinks considerably. The latter phase is identified
by the RG flows for which both g, and gp — 0 as the cutoff
Ti/(age®) is reduced to zero (i.e., for £ — +00), that is, as
the absolute temperature is decreased. On the other hand, the
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Ju gp =2.5x10"*
0.15

0.10 CDW

0.05

0.00615 =670 =0.05 0.00 0.05 0.10 0.5

2K —1

FIG. 5. (Color online) Phase diagram for the Tomonaga-Luttinger
liquid (TLL) to charge-density wave (CDW) transition in the
presence of a Fermi gas for gp ~ 2.5 x 107, which corresponds
to |gsr|/ms ~ 1072 (up being the chemical potential of the bosons).
K is the Luttinger parameter of the bosons in the mixture [cf. Eq. (32)]
and g, o< U + O(gpr), where Up is the external periodic potential.
The shaded area is the TLL phase. The diagonal dashed line represents
the TLL-CDW phase boundary in the absence of fermions. The curves
in the diagram represent RG flows for the K and g, couplings for a
set of initial conditions lying on the quarter circle on the right. The
flow proceeds from right to left as K always decreases according to
Eq. (48).

CDW phase is identified with those flows for which g, ~ 1 at
a certain value of £*. However, it is also worth noticing that we
have observed numerically (see Fig. 6) that especially close to
the phase boundary (red curve in Fig. 5), g,(£*)/gp(£*) ~ 1,
even if g, becomes of order one first in all cases studied.
This means that even if the low-energy physics of this phase is
dominated by the potential term o g,, the dissipative effects
are by no means negligible. It is interesting that this happens
independently of how small the bare g,(0) is, and even in the
limit g,(0) — 0. This is because, ultimately, the RG flow of
g.(£) is controlled by the first term in Eq. (46), which leads to
a much faster growth, although for small g, (0), the initial flow
may be controlled by the second term in Eq. (46).

0.15
— 9D
n 0.10 —
(=)
3
0.05
0.00
0 5 10 15 20

l

FIG. 6. (Color online) Runaway renormalization-group (RG)
flow of the couplings g, (dark blue line), representing the periodic
potential, and gp (light red line), representing the effect of the
fermion-induced dissipation for K < % We found that even for
relatively small initial potential g, (0), the RG flow of g, (¢) eventually
overcomes the flow of gp(€) and becomes g, (£) ~ 1 first. This means
that the system localizes and becomes a Mott insulator. However, as
this plot illustrates, the effect of gp, i.e., the renormalized dissipative
coupling, is not negligible.

PHYSICAL REVIEW A 88, 063630 (2013)

The RG flow equations indicate that the quantum phase
transition occurs at K = 1/2, where the dissipation and
periodic potential simultaneously become relevant, and the
system is driven from superfluid to CDW Mott-insulating
states. To study the interplay between the dissipation and
interaction around the critical point, we adopt a variational
self-consistent harmonic approximation (SCHA) by choosing
a trial effective action of the form

dgdw __, .
Sulol = / 556, (q.0)¢7(q,0)9(q,), (50)
(2m)

where we have defined the Green’s function such that
G, (q.) = [ (% +vsg)] + [ZLlo] + ;5] with the di-
mensionless self-consistent parameters n and A that can be
determined by the minimization of the variational free energy.
A variational estimate F,,. of the true free energy F' can be
obtained from Feynman’s variational principle [39],

F < Fow=Fy+ 7S — S). (51)

Therefore, optimizing the trial free energy
(8 Fy[G,1/86G, = 0), the parameters n and A are found by
solving the self-consistent equation above [see Eq. (D2)], so
that (see Appendix D for further details)

88 o,
77 - (27'[)2“ (naAvK)v (52)
_ 8(gu+8p) ,
= —(27t)2 a‘(n,AK), (53)

where we have introduced a(n,A) = [
numerical solution of these equations for the gap A is shown
in Fig. 7. It can be seen that the gap is enhanced for K <
%. This is expected because quantum dissipation is akin to
classical friction, which hinders the motion of the particles and
thus helps to stabilize the CDW Mott-insulating state. Note,
however, that the SCHA erroneously yields a discontinuous
transition for K = % This is a well-known artifact of this

approximation [39].

nKrr-&-ix/KrrA]z[(. The

0.01
— without dissipation
——————— with dissipation
1E-3
1E-4

020 025 030 035 040 045 050 K

FIG. 7. (Color online) Mott gap A in the presence and absence
of fermion-induced dissipation as obtained from the self-consistent
harmonic approximation (SCHA; see Sec. III B for details). It can be
seen that the dissipation greatly enhances the Mott gap by suppressing
the quantum fluctuations of the bosons in the CDW Mott-insulating
state. Note that the SCHA erroneously yields a discontinuous phase
transition at the critical point K* = % This is a well-known artifact
of this approximation [39].
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IV. COMMENSURATE-INCOMMENSURATE TRANSITION
IN THE PRESENCE OF DISSIPATION

A. Lattice near integer filling

In this case, as for the TLL-to-MI transition, the effect
of dissipation is rather weak. A way of understanding this
is to stop the RG flow when g,(¢) ~ 1 and consider the
sine-Gordon model at the Luther-Emery point where it maps
to a 1D relativistic model of massive (Dirac) fermions [39,42].
Diagonalization of this model yields two bands separated by a
gap: a filled “valence” band and an empty “conduction” band
[39,42]. Tuning the chemical for the bosons amounts to intro-
ducing particles in the conduction band or holes in the valence
band [42]. For small particle (hole) density, the system can
be described as a Tonks-Girardeau gas [52] characterized by
Luttinger parameter K =~ 1. The dissipation being irrelevant
for K > K* = % its effect on such a dilute liquid of particles
(holes) is negligible as far as the ground-state properties are
concerned (although it will lead to a small linewidth of the
excitations, which is due to collisions between the bosons and
the fermions). Thus, in particular, the exponents characterizing
the commensurate-to-incommensurate (C-IC) transition are
thus expected to remain unchanged and, therefore, the density
of particles (or holes) [38,42] will grow as /i — ft., where
e ~ A, and where A is the MI gap.

B. Lattice near half-integer filling

For half-integer filling, the situation is very different, as was
already pointed out in our discussion of the previous section.
We can realize this by considering again the case where we
take gp infinitesimally small, but g, ~ 1. Applying the same
reasoning used in the previous section, the sine-Gordon model
Spl@] + S.[¢] in this case maps to a system of Dirac fermions
describing the (fractionally charged) soliton and antisoliton
excitations of the CDW state (configurations of the form
10101011010101 for the solitons and 101010010101 for the
antisolitons). A dilute gas of such excitations can be described
as a Luttinger gas with a parameter K ~ i < K*= % Thus,
the dissipative term Sp[¢] from Eq. (45) is a strongly relevant
perturbation, which, as discussed in Ref. [48], leads to the
localization of the system into a different phase, which we
term dissipative insulator (DI). In this phase, the boson density
(pp(x)) exhibits long-range order [48] with a characteristic
wave number equal to 47 pg.

However, it is worth mentioning that as Fig. 6 demonstrates,
the assumption that g is infinitesimal when g, ~ 1 is not rep-
resentative of the the RG flow described in the previous section.
Indeed, we found numerically that even in the case g,(0) —
0, gp(£*) < g,(£*) ~ 1 (see Fig. 6); in other words, the
dissipation, although diverging less strongly than the periodic
potential, is not a small perturbation on the CDW state. Thus,
we expect that the dissipative term needs to be treated on equal
footing with the potential term  g,. The universality class of
the commensurate-to-incommensurate transition is therefore
expected to be different from the case of integer filling.

V. CONCLUSIONS

In conclusion, we have studied a model for a mixed-
dimensional Bose-Fermi mixture in an optical lattice, where
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the bosons are confined to one dimension, whereas the
fermions are free to hop in three dimensions (albeit with
renormalized dispersion). We have argued that this system is a
realization of a 1D interacting Bose gas coupled to a dissipative
bath of the ohmic type. In addition, the fermions also screen
the boson-boson interactions. For integer filling of the boson
lattice, we have found that the dominant effect of the fermions
on the bosons is the screening of their interactions, as was
also observed in mean-field studies of 3D dimensional optical
lattices [25]. Thus, provided the so-called self-trapping effect
can be subtracted or compensated, the screening of the boson
interactions leads to an enhancement of the superfluid prop-
erties as the bosons become polarons with reduced effective
interactions. In this case, dissipation effects only contribute
to an increase in the linewidth of the excitations in both the
superfluid and Mott-insulating phases, which could be detected
by means of lattice modulation spectroscopy [41,49,50].

On the other hand, the effect of the fermion-induced
dissipation is much more severe when the bosons are close to a
superfluid to CDW Mott-insulator transition, which happens at
half-integer filling. In this case, the dissipative effects strongly
hinder the motion of the bosons and help stabilize the CDW
phase (cf. Fig. 5) as well as enhance the CDW gap (cf. Fig. 7).
This effect leads to a dramatic suppression of the superfluid
phase relative to the pure boson case, which can be observed
as a reduction of the potential depth required for the bosons
to localize in the CDW phase. The enhancement of the gap on
the CDW side of the transition can also be probed using lattice
modulation spectroscopy.

We have also studied the commensurate-incommensurate
transition and argued that in the case of integer lattice filling,
the fermion-induced dissipation is an irrelevant perturbation
and, therefore, the universality class should not be altered.
However, in the case of half-integer filling, the dissipation is
relevant (but less than the external potential) and, therefore,
we expect the universality class will be modified. This subject
requires further study, but it will not be pursued here. The
conclusions of this work are summarized in the schematic
phase diagram of Fig. 8.

Tricritical point

> t

K=1/4

FIG. 8. (Color online) Schematic phase diagram of a system of
heavy bosons confined to 1D and coupled to a dissipative bath of light
fermions moving in 3D. p is the chemical potential of the bosons,
which controls the lattice filling; ¢ is related to the ratio of the mean
kinetic to the mean interaction energy, which controls the Luttinger
parameter K.
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APPENDIX A: RELATING xX(x,0) TO xr(x,7)

In this appendix, we will derive the identity that we used in
the main text to relate the retarded density correlation function
to its imaginary-time version at zero temperature. We shall
first recall that the retarded correlation function is defined as

X (1) = —%ﬁ(t) ([6oF(x.1)6pr(0,0)]) £, (AD)

where 8pp(x,1) = [dry |wor)? $op(x.ri0), Spp(x.1) =
e rtspp(x)e /M and $pr(r) = pr(r) — pi(r). However,
the imaginary-time correlation is defined as

1
xr(x,7) = —;Tl(SPF(X,T)fspF(O,O))F, (A2)

where 8pp(x,7) = eF /M Spp(x)e 7/ By taking the

Fourier transform of the spectral representation of (A1) and
comparing it to the spectral representation of

np/2 )
XF(x,iCl)n) = / dt XF(-x9‘C) elw,,f, (A3)
/2

we arrive at the following relation:
. do Im XR(x,a))
XF(x,iw,) = / — £
T ow—iwy
T do [Im xB(x,w
:/ aw |: XF( )+
0

T w—iwy,

Im Xf(x,a))
w+iw,

(A4)

where, in the derivation of the last expression, we have used
that Im xr(x, — w) = —Im xr(x,w). Hence, introducing the
last expression in (A3), taking 8 — 400, and performing the
integral over w, with the help of Jordan’s lemma, we arrive at
the desired result:

+o00 dow
xr(x,7) = / — e m xf(x,0).  (AS)
0 T

APPENDIX B: FERMION BATH RESPONSE FUNCTION

Let us consider the Fourier transform of the den-
sity response of the Fermi gas at zero temperature,
which, as we neglect the interactions induced by the
bosons on the fermions, is just the Lindhard function.
Recall that the Matsubara version of the Ilatter is de-
fined as XF(X,I'J_,I':_,T)=—I%((S,Op(x,rj_,T)(S,OF(O,I'/J_,O))F,
where 8pp(x,r1) = pp(x,ri) — p°Cx,ry), with pp(x,r;) =
Dk koK, Pk, (D@ (x.r L) f;ikL Jrx, being the den-
sity operator and p°(x,r,) = (pr(x,r.))r being the equilib-
rium density. We shall assume that the single-particle orbitals
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of the fermions are given by
Pk, (X1 1) = @e(X)gi, (r1)

_ 1 i(kx+k. -R) | F _

—m;e wl(ry —R), (Bl)
where L is the (normalization) length in 1D, M is the
number of lattice sites labeled by R = (n,m)by (by is the
lattice parameter), and wOF (r) is the Wannier orbital for the
fermions. In the above expression, we have assumed that
the strength of the longitudinal potential in 1D is weak so

that the Bloch orbitals ¢ (x) =~ % Thus, we arrive at the

following expression:

XF(q,rL,r o) = /dre"(“”’q”xF(x,rl,r’l,r)

- ¥

Nik, — MNktq k|
ihw — etk + g,k |) + ek .ky)

ki KL
X Ak, x (ri,r')), (B2)
where the function Ag e, (rp,r') =

@, (r Dok, (F Dgw, (r)eg, (F0). The  single-particle

dispersion of the fermions is
2k2
elkky) =¢k)+e(ky) = O 2t (cos kybo + cos k;by),
Mg
(B3)

where we have assumed that the longitudinal dispersion is
approximated by a quadratic dispersion characterized by an
effective mass m7 ~ my and transverse motion is described
by a tight-binding dispersion characterized by a transverse
hopping 7, .

Indeed, the response function in which we are interested
is not the Lindhard function, given by (B2), but the following
integral of it:

XF(@n) = / drodr’, Fo(ro ¥ )x(@.rry .o, (B4)

where Fo(r,r') = |wo(r)wo(r)|?, and where wy(r) are the
‘Wannier orbitals for the bosons in the lowest Bloch band. Thus,
in order to compute (B4), we need to consider the following
integral:

/dlldl',i Fo(r.r') Ag i, (ri,r'y)

2

= I/drﬂpa(n)lwo(n)lzq’ku(rl)

_ ‘% 3 el RKLR) f dr Jwo(rp)?

R.R’

N 2
x [w§ . —B] wi@cL —R)

~|L [y 2 wraof] = A BS
—'M/ £ lwo(r)] |w0<m|' =5 ®)

where we have approximated wy(r ) =~ e"mz/zﬁu/(ZnZ%l)
and  wl(ry) ~ e /260 /202 ) and  assumed that
fp1 K £F,, so that we can neglect the overlap between the
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Wannier orbitals for R £ R’. In the above expression,

) 1

A= /drl lwo(r)[* lwg (r)|” = i L g2 2

7263, +63))
(B6)
Hence,
N Mkky = Mhtq Ky
XF(q’lw") - M2L ; Z/ lh(l)n — E(k —+ q,kl) + E(k,kj_)'
1

ki k
(B7)

Next, we take the thermodynamic limit, transform the sums
overk,k k') intointegrals, and introduce the density of states
of the 2D (square) lattice of tubes [53],

_ 2 £\2 2 2
p(s)_nZWK|:,/1—<W> ] OW2 —¢?),  (BS)

where K(z) denotes the complete elliptic integral of the
first kind and W = 4¢, . Thus, the retarded response function
[obtained from xr(q,iw,) by means of analytic continuation
where iw, — @™ = @ + i0"] can be rewritten as follows:

+W

xR(q,w,) = A f dede’ p(e)p(e)

-w
% Nke — Nitq,e’
2 hot + & —¢& — €k + q) + €(k)

+W
= A[ dede’ p(e)p(e)
—w

/dk [ 1
X S Nke
2r 7 hot4+e—¢ —¢€k+q)+ € (k)

1
J’_
—hot +e—¢& +ek+q)— €||(k)]

W
= A/ dede’ p(e)p(eh)
-w

/ dk [ 1

X ~Nie

2 7 [hot+e—¢ — €k +q)+ € (k)
+ (0" — —a)+)i| . (BY)

At zero temperature, ng, = 0(er — € — €(k)), where er =
wr(T = 0)is the Fermi energy (note thate > — W, otherwise
there will be no fermions in the mixture).

Let us first consider (minus) the imaginary part of x ,{3 (q,w):

I R A Y n2k>
m[—xf(q.w)] = 5 de | dk6 | ep —e —
—w

2m7,
nq* R’k
xp(e)[p(hw—l—s——q*——*q)
2my my
n2q*  n*k
_p(hw—€+ q*+ *q):|,
2m, my

(B10)

n’q® | Rk
where we have set € (k + g) — €)(k) = 5% + . The above
F F

expression can be used to obtain the (imaginary part of
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the) response for arbitrary w. However, we are only in-
terested in the regime of small w, for which we can ex-
pand p(fiw = E(k,q,¢)) = p(E(k,q,¢)) £ p'(E(k,q,e)hw +
--- [where E(k,q,e) = ¢ — " (q2 + 2kq)] and, therefore, to

T
2my

lowest order in w,

+W
Im[ — X};(q,a))] ~ Aha)/ ds/dkp(s)
-w

/ hz 2
xXple— (q” + 2kq)

*
2m’,

n2k?
><9<6F—8— *)
2m3,

In order to perform the integration over k, we define, from
the constraints imposed by the Heaviside step function in

Eq. B12), kr(e) = ,/2;"—2;(61: — ¢) for ¢ < €p, and note that

Tkr(e) 72 ,
/ dk 3, ,0(8 L 2kq))
—kr(e) 2m

m; +kr(e) h2 5
=— dkop (8 ——(@q + 2kq)>
h’q /kp<s> 2my,

(B11)

* 2
=—m2(p{e— h [q2+2kF<s)q]}

*
2m7

h2
—p{e - —1lq" —ka(e)q]}).

*
2my

Thus, the expression is simplified and only the integration over
& remains:

m* +W
Im[—x ®(q,0)] ~ Ahw <—h2;) / deO(ep — &)p(e)

w

R,
x| pile— lg° + 2kr(e)q]

*
2my,

o,

—p{e—z —lg —ZkF(S)q]})-
mp

(B12)

This expression can be numerically evaluated (cf. Fig. 4).
However, for ¢ — 0, further analytical progress is possible
by noting that p(¢)p’(e) = %d[,o(a)]z/ds and, hence,

Im [—xR(g = 0,0)] = Aho [0 de kp(e) MO
(B13)

From which, upon integration by parts, we obtain
Im [—x7(g = 0.0)] = Ahw{ — [p(=W)Pkp(=W)

+[p(min{W.ep))Phr(min{W.er})
L /“““{W’f“ PRIC) }

)y kr(e)
* min{+W,ep} 2
= Al L / de LT
ne Jow kr(e)
(B14)
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Hence, by direct numerical evaluation of the above expression, is also a nonsingular function of ¢ in the neighborhood of
we see that it is not singular, which implies that the g ~ 0 term q=2kE = 27 p°. The results of a numerical evaluation of the
[denoted S, in Eq. (35)] can be neglected. In general, using  integrals in Eqs. (B12) and (B15) are displayed in Fig. 4.

Eq. (B12) to evaluate Im[—x X(g,w)] for finite ¢, we find it Finally, the real part of the response function is given by
|
Re[xK(g.0)] = A f " dede' p(e)p(e) / & P[ : b —w)]
FA oo 27 7 w4 e — & — €k + q) + € (k)
min[W,er] dk h2k2
=A dep(e) | —0O | ep —e—
—w 27 2m7,
min[W,er] ’
X f da’P[ - pE) + (0 — —a))]
w ho 4+ —¢ — ¢k + q) + €(k)
min[W,er] kr(e) dk min[W,er| ) p( /)
=A dep(e) — de'P -+ (0 —> —w) |, (B15)
—-W —kr(e) 27 7 E —

where we have introduced £ = hiw + ¢ — €(k + q) + € (k). Furthermore, by using the well-known Kramers-Kronig relations
that connect the real and imaginary part of any complex function which is analytic in the upper half plane,

® de’ Im[GRR = 0,¢’
Re[GR(R = 0.£)] = —P/ de Im[G( : el (B16)
oo T e—¢
we have that
! —1/m)Im[GRR = 0,¢’
P/de/ pE) P/ds/( /mImIG )l _ Re[GFR = 0.E)]. (B17)
E—¢ E—¢
Then, we can rewrite Eq. (B16), so that
min[W,er] kF(S) R
Re[x7(q,w)] = A / dep(e) f —{R [G*R = 0,E)] + (0 - —w))
w kF(S)
A min{W,ep} +kp(5) h2 2 hzk h2 2 th
ds,o(a)/ [ ( 1 _ *q)—l—g(—hw—}-e— 7 _ f’)}, (B18)
271 kr(e) 2m7, my 2m’, my
[
where g(e) = —Re[GR(R = 0,¢)] is the Hilbert transform of ~ in Appendix A:
the density of states in a 2D square lattice modeled by a tight- do 1
binding approximation [53]: x(q,w,) = — / _ww (B22)
5 T oiw, —w
’ — < £ >
gle)=P / de’ PE) - me (W) forfel = W, In particular, the static limit w,, = 0 corresponds to
f— —EO (L) for e < W.
ww Mw doIm x(q,0)
(B19) xs(q) = x(q,0) = P (B23)
In particular, the static limit & = 0 reads Adding and subtracting the static part, we get
A min{W, ez}
(@) =Re[xf(q.0=0)] == de p(e dw 1 1
%) [xF(q.0=0] T ~/7w ple) x(q,0,) = xs(q) — / — Im x(q,w)[. + —}
+kr(e) hz 2 h2k T 1n — @ @
x/ dkg(a——q*— f). (B20) — gy — [ mx@o) | o
—kp(e) 2m; mp = X T w iw, —o |’
Therefore, it is possible to perform the calculation of the (B24)

previous expression.
Atlow frequencies (fiw < pp < €r), we shall approximate ~ and recall that

the response function of the Fermi gas by the two first terms dw, _;, .

in the series about w = 0, i.e., x(q.7) = / Ee " x(g,wn)
XE(q,0) = x5(g) — itoD(g), (B21) @) — / do Im x(q,)

where S(g) = Im[—xp (q)] /(wm). Finally, we make use of the 2 ' @

spectral properties which relate the retarded response function o T dw, [iw, e”'™"

to its analytical continuation to imaginary frequencies derived o T iw, —
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T dwl ,
= %:(9)8(1) — f do Im x(g,©)
0 g w

+o0 d . .
w, iw, iw, .
x f = |: + - e ionT
oo 2w |iw, —w  iw, t+©

(B25)

Thus, upon performing the above integral over w, using
Cauchy’s theorem, the following expression is obtained:

e dw —o|t| R
X(@0) = x(@)8(2) + / 2 o m yfig.0). (B26)
0

Hence, introducing Eq. (B21) in the expression above,
D(q)
(7l + )

The first term describes the short-time behavior, which is
dominated by screening, whereas the second term describes
the long-time behavior, which is dominated by dissipation.

x(q,7) = xs(q) 8(t) — (B27)

APPENDIX C: RG ANALYSIS AT HALF FILLING

In order to obtain the RG flow equations, we consider the
functional integral representation of the partition function:

Z(x) = / [de] e5191, €
where

S[p] = Solo] + Sint[9], (C2)

with Sp[¢] being the Gaussian part of the action [the first
term in Eq. (21)]. When writing (C1), we have made explicit
the dependence of the partition function on the short-distance
cutoff ay >~ vt,. Note, however, that the partition function (up
to a multiplicative constant) is independent of the cutoff, and
we will base our subsequent analysis on this fact. For a general
perturbation Si[¢], we cannot compute the partition function
exactly. Thus, we resort to a perturbative expansion of Z[(1 +
6€)t.] (where 6€ < 1) in powers of Siy:

Z[(1 4 80)t:] = Zo[(1 + 807 {1 —
2 {Shde) +---}.

To deal with this expansion, it is convenient to define the
normal ordered vertex operators,

(Sinclo])  (C3)

- P2Pip(X) . _ 2pip(x)

te t= e , (C4)
o

where x = (vt,x) and the limit ay — O is implicitly under-
stood. Then, when inserting in an expectation value, we have

the following operator product expansions (OPEs):

. 2PO0) .. ~2ipp() . (C5)
1 .
= m . [1 + 21p(l‘ - r/)V¢(R)

—2p°[r =X )VOR)P + - :
« 1 Q2PM . L2ipp(r) . _ agsz PR L

k]

where r = (vt,x), R=(r—7r')/2, V =[(1/v)d7,dx], and
ap = vT, is a short-distance cutoff. Next, let us consider the
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partition function at the scale (1 + 6/)ag, where 0 < §l < 1,

1
Z[(1 4 8D)aol = Zo[(1 + é1)ao] {1 — (Sind) + E(Sizm) +-- }

(C6)
where
Sulp] = ——5 / dxdt : cosdg():,  (CT)
mwag
gD /8(x - x/)
S == drdr' ———— 1 cos2 :
plo] s /H/lm rdr - cos 2¢(r)
x :cos2¢(r) (C8)

and where we have normal ordered the vertex operators.

1. First-order terms

Now, let us consider the first-order term (Siy) = (S,) +

(Sp),
_ gu(l + 1)
~80) =1 T shag K

When comparing with the same operator at the scale agp, we
find

/dr(: cos4dp(r) :). (C9)

gu(l +81)

[ renppix ~ &)= sul+D

= g.(D[1 — (2 —-4K)8l], (Cl10)
which immediately leads to the differential equation
dg,(
&l — 2~ 4K)g,0). (€11

Next, we consider

gp +4D) / drdr’M
7 [(1 4 8Dag)' 2K J\r_vi=ao1400) Ir —r'|?
X (: cos 2¢(r) :: cos 2¢(r') :). (C12)

—(Sp) =+

To bring this expression to a form which can be compared
with the same expression at the cutoff scale ag, we first split
the integral on r and r’ as follows:

/ drdr’ .
Ir—r'|>ag(1+81)

=/ drdr’~-~—f drdr’ .. .
[r—r'|>ap ap(14+80)>|r—r'|>ay

(C13)

Thus, from the first term on the right-hand side of the above
equation, we have
gp(l +40)
7 [(1 + 8Dag]' 2K

8 _ /
x / drdr’(x—fcz)(: cos 2¢(r) :: cos 29(r') ).
[r—r'|>ap |l’ - r |
(C14)
Hence, following the same procedure as before,
gp(l +4dl) dgp(l)
(LoD 2F gp(l) = i ( )8p(l)

(C15)
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Next, we take up the contribution from the second term in
Eq. (C13):

[+ 51 §(x —x'
_gD(l_'iz‘K ) drdr’ (x fcz)
ag ao(14+81)>[r—r'|>aq r —r/|
x (: cos 2¢(r) :: cos2¢(r') 3)
gp(l +61) , S(x —x")
=" drdv —————
2a(1)72K ap(1480)>r—r'|>ay Ir —r/[2H2K

x (: {[1 = 2[(r —F)VOR)* +---} )

[+ 481 S(x —x'
_gD( Ij_ZI() drdr’ w fcz)
2a, a0(1480)> [r—F | >a Ir —r'|
x dalk(: cos 4¢(R) :). (C16)
Introducing u = r — r’ leads to
_ &p()dl / duf?(ux)
ay™ Jasns=a 2
[ /ﬂo<1+5l> dux] 1 81
= — | —— = 5= (C17)
. 2 aé 4K aé 4K
Hence, the second term in Eq. (C16) yields
(Dl
gl; = /dr : cosdg(r) : . (C18)
a

Therefore, the flow equation for g, (/) [i.e., Eq. (C11)] must be
modified to

gu(l +481)

[t enpix ~ ep0dl =g,

gul +380) =[1+ (2 —4K)él]gu(D)
+mwgp)dl,
=2 -4K)gu()) — wgpD).
(C19)

dg,()
dl

Finally, it is necessary to consider the first term in Eq. (C16).
To this end, we need to consider the following integral with
r—r =u= (u,u,):

gp(Dl / J
T 12K u
ag, ap(14+80)>|u|>ag

a(1481) - g, 1
= [/HO ﬁi| aé"‘K
ao(1+381) u ap 2K
z[/ d(a—0)<;) }:51. (C20)

Thus, a term of the following form is generated:

2gD(l)8l
v(l)

Note that this term has the same form of the 2n11<v(3f¢)2
operator in the Gaussian action, Sy[¢]. When reexponentiated,
we find, upon comparing with the same action at the cutoff
scale,

S(uy)
|u|2+2K

dxdt{(3:¢)*). (C21)

1 &)
2n K(I + 8hHv(l + 81) v(l)

- . (C22)
2K ()v(l)
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Hence,
1 1
= 44 82Dy
K(l + 8 + 81) 2rK((l) v(l)
d 1 4JTgD
—(— )= . C23
= (Kv) (€23

Furthermore, the coefficient of [ dxd 7(d,¢)? is not renormal-
ized,

(C24)

ol +8)  v() :i(”)zo.

Kl+8) KO K

From these equations, we can extract the RG flow equations
for K and v:

1dv+ d(l)_o (©25)

K di dl

1 dv 1d /1 4 gp 1 dv d /1
woa i) = = xaalx)
=4mgpv. (C26)
Thus, adding Egs. (C25) and (C26), we find
d /1 d /1

25() =4mep = (%) =2men. (€21

2. Second-order terms

After considering the first-order contributions, we need to
take up the second order,

1

S1(53) = 5;{82101) + ©9)
We do not consider terms of order g,gp or g7, because gp
g3 is already second order and g, < 1 is considered small.

Thus, we take

1 gu(l +81) 2
52 = { } / drdr’
< [4]) = 2 {w[(1 4 8D)ag)>—4K [r—r|>ao(1481) rer
x {: cos4¢(r) :: cos 4o (r') :). (C29)

Again, we split the integral as in Eq. (C13), which leads to

2
1 w1 1
——( gz(zK) / —drdr’
2 Tdag ap(14+381)> r—r'|>ay 2

1
X (: {1 = 8[(r = r)VoR)* + - - -} :)W
4
= — [ dR{|Vro®R)[)
3
ao 8K—4
x/ <—> cos’p+ - -
ap(14-81)> |r—r'|>aq [u]
2
—guaz f dr(: [Vom))*:) + (C30)

Thus, we need to revise our previously derived equa-
tions for the renormalization of the Gaussian action
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parameters,
1 B gD(l)(Sl _285(1) 5l — 1
2n K+ 8hv(l + 61) v(l) wv(l) 2n K (Hv()’
(C31)
[+ 61 20(1)g2(l (Sl I
v(l +81) v(Dg, ) v(l) )
2n K (I —|—81) T 27TK(I)
Hence,
d /1 4mgp g2
a2 4 8. C33
dl(Kv) v tar v ( )
d v )
T () = st (C34)
1d /1 1 dv 4n g2
L) -—=2 = Sul (35
vdl(K) Kv? dl v [gD+7r] (€35
d /1 1 dv
2(= —4
T (K) T = e (C36)

Hence, the RG flow equations for both K and v,

d(l) 1 dv 4x +g5 (©37)
a\k) Keral T v [T R |

d

EU = 2mgpKv. (C38)

Finally, in the analysis of the second-order contributions, we
need to consider the term

Oauep) = 280 +3D gp(l + 81)
Bu8D) = a0+ 8D 2K [ag(1 + 81)]1—2K
/drldrzdr3(—x22)
* | 1_r2|

X (: cos4¢(ry) cos4¢(ry) cosd¢p(rz) ), (C39)

where the star (x) under the integral means that |r; —rp| >
ag(1 +680),|r; —r3| > ap(1 + 8l),and [r; — r3| > ap(1 + 81).
Let us consider the contribution resulting from the OPE when
r; — r; (or, equivalently, r; — r3),

1 cosdp(ry)

cos4¢p(ry) := 1cos2¢pR): +--- .

2Ir — r'|*K
(C40)

FulGyl = o
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Hence, as the above factor of 2 is canceled by the two possible
contractions r; — r; and r, — r3, we find

o )= — 2g,(I +81) gp(l+4)
S80S lao (1 + SO [ag(T + 8]
1 8(X —
x / dp—— / dRdr; 2K )
a(+8D)>pl>a0 1Pl IR —r3]
X {: cos4¢p(R) cos4¢p(rsz) :) +
_ 4gDep®)
— wla(1 + 802K
(x —x7) . "
drdr’ W< cos2¢(r) :: cos 2¢(r') :).
(C41)
Therefore, we obtain the following differential equation:
gpd 3D 4g(Dep®sl_ go®) _ gp
lao(1 4+ 8DI'=2K  [ag(1 +8D]'=2K g2k dl
= (1 =2K)gp +48p8u- (C42)
Thus, the complete set of RG flow equations reads
W 4ngpk (C43)
i po
dl s
dK
= —(4g; +2mgp)K?, (C44)
dgu
= (2= 4K)g, + e, (C45)
d
S = (1= 2K)gp + 4808 (C46)

APPENDIX D: SCHA

We have adopted a variational self-consistent harmonic
approximation (SCHA) by choosing a trial effective action
such as in Eq. (50). To find the variational estimate of the free
energy, we have to perform the averages of the effective action
with respect to the trial effective action, by using Sy [Eq. (21)],
S. [Eq. (22)] with p = 2 for half-lattice filling, S'l’) [Eq. (36)],
and S}, [Eq. (37)]. Thus, the variational free energy F,, that
follows from Eq. (51) will be

dad 1 2 dgdw o
/ @y N0 . w)+T|:2 K (w v )}G (q,w) — T_/dXdTe g Gv@0)

4[‘1'”1)2[1 cos w(t—1')]Gy(q,w)

—T—/ / drdr
lt—1t'|>7

dgdw

T — /)2

[14-cos w(t—1")]1G (g, w)

—4[ oy
—T—/ / drdr = —{(Su)v. D1
lt—1t'|>7 |T -7 |
Therefore, requiring § Fy, [G,]1/8G, = 0 yields
S FalGo1/8G, = — [ dade__1 L o) ]+ 7= 8.k
Vi v —_ —— — US a 9 9
al 2] 202 Goq.0) K \ v, 0 yary
4gp
+T 3 Pag la(n,A,K) 4+ a*(n,A,K)] =0, (D2)
where a(n,A,K) = [% VK72 12K Keeping the T-independent terms in the integrals in Eq. (D1), which yield the leading

contributions in w to G,(g,w), leads to Egs. (52) and (53).
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