Chapter 14

The Bose-Hubbard model and the
superfluid—Mott-insulator transition
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In this chapter we study the superfluid-Mott-insulator transition in boson systems in
the framework of the Bose-Hubbard model. The latter is defined by the Hamiltonian

A=t Y (e +he) = u S bl + O S il (14.1)
(r,x’) r r

where the 9{)’s are boson operators, {r} denotes the N sites of a lattice and (r, r’) nearest-
neighbor sites. t is the hopping amplitude, U the on-site interaction and p the chemical
potential. We consider a d-dimensional hypercubic lattice with d > 2 and take the lattice
spacing as the unit length.

The existence of a (zero-temperature) quantum phase transition in the Bose-Hubbard
model can be understood from simple arguments. Let us first assume that there is one
boson per site on average (7 = 1). In the limit ¢/U — 0, in the ground state there must
be one boson localized at each lattice site. Moving a particle would create an empty and
a doubly-occupied site, which requires a very large energy (U) wrt the gain in kinetic
energy (t). In the opposite limit U/t — 0, bosons can move in the lattice and form a
Bose-Einstein condensate. Thus, as the ratio ¢/U increases, we expect a quantum phase
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898 Chapter 14. The Bose-Hubbard model and the superfluid—Mott-insulator transition

transition between an insulating ground state (known as a Mott insulator) and a superfluid
ground state. Suppose now that we add a few particles to the system so that the density
(i.e. the average number of bosons per site) . becomes slightly larger than unity. The
bosons can then move without changing the number of singly- and doubly-occupied sites, so
that we expect the system to be superfluid even in the limit t/U — 0. More generally, we
expect a Mott-insulator—superfluid transition for commensurate densities and a superfluid
ground state for any incommensurate density (provided ¢ > 0). For an incommensurate
density . = 7i. + 0f, we can view the excess density of particles (or holes if 67 < 0) wrt
the commensurate density n. as a dilute gas of delocalized particles responsible for the
superfluidity of the system. We shall see that this simple picture can actually be justified
and made quantitative by renormalization-group arguments.

Since the Bogoliubov theory assumes small fluctuations of the boson operator 1/A)r about
its mean value (Sec. 7.4), it does not apply to the Mott transition or the strongly correlated
superfluid phase where the condensate density ng is much smaller than the density #.':2 In
section 14.1, we discuss a mean-field theory (and its extension, the strong-coupling random-
phase approximation) which yields a qualitative description of the Mott transition. A
general discussion of the critical behavior at the Mott-insulator-superfluid transition is given
in section 14.2. Finally, in section 14.3 we show that the nonperturbative renormalization
group (NPRG) gives both a qualitative and quantitative description of the transition as well
as the Mott and superfluid phases.

14.1 Strong-coupling random-phase approximation

The strong-coupling random-phase approximation (RPA) is essentially an expansion about
the local limit (¢ = 0), where the hopping term is treated in a mean-field approximation.
We consider only the zero-temperature limit in this section.

14.1.0.1 The local limit

Let us first consider the local (¢ = 0) limit and restrict ourselves to a single site. The
Hamiltonian

Hipe = —pin + %ﬁ(ﬁ —-1) (14.2)

is diagonal in the basis {|n)} of the eigenstates of the particle number operator # = i
flny = nin) and Hioc|n) = €,|n) (n integer), where

€n = —pn + %n(n —1). (14.3)

The ground state |nioc) is then defined by €, . = min,e,, i.e.

{nlocz() if pu<o0,

Nloc — 1 < % < Nloc if 12 > 0 (144)

(see Fig. 14.1).

Y (hp)|? = no < ($fdbr) = 7 implies large fluctuations of the operator y.
2The Bogoliubov theory predicts a superfluid ground state for any nonzero value of the hopping amplitude
t.
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Figure 14.1: nyoc and €, vs u/U.

The local propagator Gl is defined by?

GIOC(T) == _<T71/;(T)1/;T(0)>
_ _ZLTI"[e—(ﬁ—r)ﬁlo%[)e—'rﬁlocdﬁ] for >0, (14,5)
loc

where Zjpe = Tre~AHoc, Using the basis of states {|n)} and the corresponding closure
relation, we obtain

1 - —(B—1)e n —TE€E n
Gioc(T) -7 Z e—(B=7) " (n|y|m)e m<m‘1/’T|n>
o¢ n,m=0
1 oo
=— n+1)e B=T)en—Ten s 14.6
Zloc nZZO( ) ( )

for 7 > 0. The Fourier transform is given by

B )
Ghoe(iw) :/ dr " Gloc(T)
0

o e—Bent1 _ o—Ben

1 P R e — (14.7)

Zloc n—"0 w + €n — €En+1
For T' = 0, we finally obtain
. Nioc + 1 Nloc
Gloc(iw) = - - -
W+ €ngye — Engget1 W+ €nyy—1 — Enye
Nloc + 1 Noc

= — 14.8
iw+p—Unpe  w+p—U(ngee—1) ( )

using Zijpe — e Bemoe for T — 0.

3Goc is used in Sec. 14.1.2.

© N. Dupuis, 2022



900 Chapter 14. The Bose-Hubbard model and the superfluid—Mott-insulator transition

14.1.1 Mean-field theory

To solve the Bose-Hubbard model, we consider the following decoupling®
e = DL o) + () e — (D) (o) (14.9)

of the hopping term of the Hamiltonian but treat the (quartic) local part exactly.® For a
uniform order parameter () = v, this leads to the mean-field Hamiltonian

I:[MF = ZI:[loc,r -1 Z ('J)Iw + 'd)*'[Z)r/ — |d)|2 + h.C.)7

(r,r’)

= ZHIOC,I‘ - ZdtZ(dHZJI + 1/)*1[% - |’¢)|2)7 (1410)

where Hycr denotes the Hamiltonian of the site r in the local limit ¢t = 0 [Bq. (14.2)].

The {near}—ﬁe}d Hamiltonian therefore reduces to a sum of single-site Hamiltonians, Hyp =
Zr Hef‘f(wla wl‘)a Wlth
Hegp = Hyoe — 2dt(vp7 + 9 — [9]?). (14.11)

To obtain the zero-temperature phase diagram it is sufficient to compute the ground-
state energy (per site)
Eo = ag + az|* + as|¢[* + O(|9°) (14.12)

in powers of the order parameter as in the Landau theory of phase transition (Sec. 10.2).
The U(1) symmetry of the Hamiltonian® ensures that Ej is a function of |t|2.

For ¢ = 0, we recover the local limit with ag = €. [Egs. (14.3,14.4)]. When 9 is
nonzero, we use second-order perturbation theory to obtain E®) = as|t)|?,

ocC V 2
E® :DMQJr Z [(m |_|VZ>| 7 (14.13)
n#ENe 10° "
where X R R
V=-D(y¢" +¢*) (14.14)

and D = 2dt. Using

<nloc‘v|nloc + 1) = _D1/)* VNloc + ]-7

N (14.15)
<nloc - 1|V|nloc> = 7D¢anoc,
we obtain
+1 ny
E® = D|y[? + D2[y|? ( Moc - oc ) 14.16
9] 9] = Umee 5= U(mee—1) ( )

The Mott insulator (¢» = 0) is stable as long as ag > 0. For as < 0, 9 takes a nonzero value
and one must include the O(|1)|*) term in the expansion of the ground-state energy.

4Eq. (14.9) is obtained by linearizing ﬂiz/;r/ in the fluctuation field ¢y = 9y — <1[:vr>

5This makes the present mean-field analysis markedly different from the one used in Sec. 7.4 (Bogoliubov
theory), where the quartic term was also treated at the mean-field level (or within a Gaussian approxima-
tion).

6i.e. the invariance in the transformation 1Zvr — emzﬁr and 1/}1 — e‘io‘lﬁi.
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Figure 14.2: Mean-field phase diagram of the Bose-Hubbard model showing the first three

Mott lobes, the vacuum (nj,. = 0) and the superfluid phase. For a given Mott lobe (with
Njoe bosons per site), the transition line p = p(D) is given by (14.18).

The transition line in the plane (D/U, 1/U) is thus defined by the condition ay = 0,

1 Nloc + 1 Noc
— = . 14.17
D m—= Unloc n—= U(nloc - 1) ( )
This equation admits two solutions
1 D 1
Spe = py — U (nloc - 2) =5 £ 5(D* —4Da + U?)'/? (14.18)

(= nyoc + 1/2) for given values of nj. and D, provided that D? — 4Dz + U? > 0. The two
solutions merge when D? — 4Dz + U? vanishes, which corresponds to

D, D
7‘ = 2nioc + 1 — 24/02 . + Nioc, Spe = -5 (14.19)

We thus obtain a series of Mott lobes labeled by the integer nj,. whose tips are defined
by (14.19). For large D/U, the ground state is always superfluid as expected (Fig. 14.2).
In the Mott insulator, 1 = 0 and Ey = a¢ = €p,,.. The boson density is

O0E O€n,..
— 8u0 - a;l = e (14.20)
so that the compressibility vanishes,
w—a220 g, (14.21)
o

The Mott insulator is incompressible.

To describe the superfluid phase (az < 0), we must include the O(|4|*) term in the
expansion of the ground-state energy. The coefficient a4 can be obtained from perturbation
theory, but the calculation is somewhat tedious [6]. Its knowledge is however not neces-
sary to obtain an important result about the nature of the phase transition. For ay < 0,
minimization of the free energy gives

222 4 Bo—ap- 2 14.22
Y| = Qa4 an 0= Qo day’ (14.22)
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902 Chapter 14. The Bose-Hubbard model and the superfluid—Mott-insulator transition

The density of particles 7 = —9E/Ou then reads
2
B e 22002 03 O (14.23)

so that the superfluid phase has a density n = njo. if

(9(12 as 8@4 .

This equation is satisfied in the immediate vicinity of the transition (as — 07) if daz/Ou = 0.
We deduce that the tip of the Mott lobe, where both as and das/du vanish, corresponds to
a transition at constant density.” Such a transition is driven by a change in the interaction
strength D/U. The corresponding quantum critical point is a multicritical point as two
parameters (¢ and p) have to be fine tuned. Anywhere else on the transition line, the
transition is accompanied by a density change; this (generic) transition can occur at fixed
D/U by varying the chemical potential.

14.1.2 Strong-coupling RPA in the Mott phase

The strong-coupling RPA allows us to go beyond the mean-field theory discussed in the
previous section and obtain the dynamics of the bosons. We start from the action of the
Bose-Hubbard model,

Sl 0] = /OB dT{Zw: e +H[w*7w]}

B
= Stoelt" 4] + /O ar S Yt gt (14.25)

r,r’

and decouple the intersite hopping term by means of a Hubbard-Stratonovich transforma-
tion.® This leads to the partition function®

7 — /D[w*’w’¢*7@} Pl AR (14.26)

with the action

B
S*, 1, 6", 0] = Stocl”, ¥] — /0 dT{Zw:t;m+Z<¢:wr+c.c.)}7 (14.27)

r,r’ r

where ¢ is a complex (bosonic) auxiliary field and

B
Sioclt ) = [ dr S {2 0: = e+ Foivivevs (14.28)

"The fact that the transition at the Mott-lobe tip occurs at fixed density can also be understood from
the following argument. If the equal-density line 7 = njoc in the superfluid phase joined the corresponding
Mott lobe at a point other than its tip, then the compressibility would necessary be negative in the vicinity
of the tip, which is physically not possible.

8For a discussion of the Hubbard-Stratonovich transformation see, for instance, Secs. 5.2.3 and 6.3.3.

90ne easily verifies that the Gaussian integral over the auxiliary field ¢ yields the initial action (14.25).

© N. Dupuis, 2022



14.1 Strong-coupling random-phase approximation 903

the local part of the action. ¢, equals —¢ is r and r’ are nearest neighbors and vanishes
otherwise.
We can now integrate out the v field to obtain an effective action for the ¢ field,

PTp) /D V¥ ple” b )

= Zioe ej“ dr 32, et e < fﬁ dr Zr(so:wr-l-c.c.)> (14.29)

loc’

where

(e = [ DI 9] e Sl (14.30)

Retaining only the second-order cumulant (the first-order one vanishes since (1/;)1oc = 0),'°

we obtain
<€foﬁ dr Zr(w:wr+0»0»)> —J§ drdr’ %, €2 (1) Groe(T=7" ) (") (14.31)

loc —

and therefore the effective action
B
Sle*, ] = / dr Z Prty, L ow + / drdr’ Z 5 (T)Gloe (T — T (), (14.32)
0 0 -

where

GIOC(T - T/) = 7<1/}1‘(7-)1/}: (7—/)>loc (1433)

is the local Green function (14.5). In Fourier space, the action is diagonal,

0l = 9" ()[~tg" + Groeliw)]e(q), (14.34)
q
where tq = —2¢ Z?Zl cos(g;) is the Fourier transform of ¢, .. We deduce the propagator of
the auxiliary field,
N 1
G(q) = ~{e(@)¢™ (@) = T~ (14.35)

tql - Gloc(zw)
which in turn implies'!

Gla) = ~((a)u" (0) = =gy (1430

Equation (14.36) is typical of an RPA.'?
The stability of the Mott insulator requires G(¢ = 0) > 0, so that the transition line is
obtained from the criterion
2o — Groc(iw = 0) = 0, (14.37)

10See Sec. 1.6.1 for a discussion of the cumulant expansion.

HTo  derive Eq. (14.36), we  consider the  partition  function Z[J*, J] =
fD[w*,z[)]e_S[w*’“’]"'f()ﬁ dr Zr(ydrtec) in the presence of complex external sources. We perform the
Hubbard-Stratonovich transformation and obtain the one-particle propagator G(gq) from the second-order
functional derivative of In Z[J*, J].

12Compare, for instance, Eq. (14.36) with the RPA expression (5.11) of the density-density response
function in the electron gas.

© N. Dupuis, 2022



904 Chapter 14. The Bose-Hubbard model and the superfluid—Mott-insulator transition

where Goc(iw) is given by (14.8). We thus recover the mean-field result (14.17). In the
Mott insulator, the excitation spectrum is obtained from the poles of the retarded propagator
G(q,w +1i0™),

0=1ty" = Gloc(w +i0T)

— 7110(:4’1 Nloc
=t;l - . 14.38
a w+i0++5,u—U/2+w+i0++6,u+U/2 ( )

We therefore find two excitation branches,

t 1 1/2
+ 2 2
By = —op+ 5+ 5 (tg + 4aUtq + U*) . (14.39)
For tq = 0, we recover the poles of the local propagator, Eg = —pu 4+ Unpe > 0 and
El =—u+ U(nioe — 1) < 0, corresponding to particle and hole excitations on an isolated
site. Moreover, since Ei:o = —0p + dp+, the transition to the superfluid phase occurs

whenever one of the two excitation modes becomes soft. At the tip of the Mott lobe,
where the transition takes place at constant density, the two excitation modes become soft
simultaneously: E:f:o = Eq_q =0 for op=0p =dp-—.

To study in more detail the excitation spectrum in the long-wavelength limit, we intro-
duce the shifted lattice boson dispersion eq = tq + D such that eq ~ tq? for |q| < 1. We
then have
1/2

1
Ef = —5u— 2+ 4 [ 4 eq(4aU — 2D) + D* — 4aUD + U]

: -+ 2+ (14.40)

14.1.2.1 Generic transition

Let us first discuss the spectrum at the Mott-insulator—superfluid transition away from the
tip of the Mott lobe (generic transition). The coefficient A% = D? — 42UD + U? in (14.40)
is then nonzero. In the long-wavelength limit, the spectrum takes the form

q?
Eq = aAa + QR7 (14.41)
where | /9wl — D
m U —
Ay =—a(dp —dpe) and i <A + a) . (14.42)

a = + (—) corresponds to the upper (lower) branch of the Mott lobe (see Fig. 14.2). At the
quantum critical point, du = du, so that A, vanishes and the critical mode has a quadratic

dispersion law,

2

qa
ES = op = 0ptg,), 14.43
G=oger  (On=ou) (14.43)

with an effective mass m}. m = 1/2t is the effective mass of the free bosons moving in
the lattice (eq ~ q%/2m for |q| < 1). The sign a = & in (14.41) and (14.43) agrees with
the fact the excitations are particle-like if & = + and hole-like if & = —. We conclude that
the dynamical critical exponent z = 2 at the generic transition. Furthermore, since the gap
A, vanishes linearly with —&u + diq, the correlation-length exponent v satisfies zv = 1,13

13Recall that at a (continuous) quantum phase transition, the characteristic time scale (the inverse of the
gap Aq here) diverges with the exponent zv (Sec. 12.1).

© N. Dupuis, 2022



14.1 Strong-coupling random-phase approximation 905

which implies v = 1/2. We shall argue below that the values z = 2 and v = 1/2, obtained
here from the strong-coupling RPA, are exact at the generic transition.

To obtain the quasi-particle weight associated with the critical quasi-particle excitations,
we expand the propagator (14.36) for small |w| and g2,

Gloc(o) ng
G ~ = R 14.44
(q) 1+ DGIOC(O) - 6quoc (0> + Z-WDG{OC (0)] aiw - Oézzj* —al\, ( )
where
zo = g G o 1E DGiec(0) (14.45)
®my DG (0) o DG, (0) ’

with G],.(iw) = 0i,Gioc(iw). Here we use the fact that G| .(0) # 0 for dpu # dpe. The

loc
effective mass m7, and the quasi-particle weight Zg, are shown in figure 14.10 page 929.

One can easily verify that the expressions (14.45) for the gap A, and the effective mass
m, coincide with our previous results sufficiently close to the transition line. Noting
that 0, Gloc(iw) = 05 Gioc(iw) while 1 + DGioc(0)],, = 0, we obtain

14+ DGhoc(0) = (8t — dpta) DG1oc(0) (14.46)

and therefore Ay ~ —a(du — dpa) as in equation (14.42). As for the effective mass,
from (14.45) we deduce

m Goc(0)? (Spia + Ux)?
~_ _ . 14.4
me =G (0) 82 + 20U + U2/4 (14.47)
With the notations A = (D? — 4zUD + U?)Y/? and B = 22U — D, we find
(Gt + Ua)* = (A + B,
2o (14.48)
Sul + 22U e + Vil §A(A + aB),
which leads to (14.42).
For t/U — 0, one finds
. . Nloc if a=— (lower branch)
lim Z& = lim = . ’ 14.49
t/u—0 ¥ /U0 m} { Nwe +1 if a=+4 (upper branch). ( )

This result can be understood as follows. Let us add a particle at site r in a Mott insulator
with nje. particles per site. In the limit ¢/U — 0, the only possible dynamics is due to the
motion of one of the nj,. + 1 particles at site r to a neighboring site r’. This involves the
matrix element

((nloc; I‘| Y <nloc + 1; r/|)t¢1/7ﬁr(|nloc + 1; I‘> ® |nloc; IJ)) - t(nloc + 1) (1450)

if we denote by ®,,|n;;r;) the state with n; particles at site r;. The “particle” eigenstates
are therefore plane wave states,

1 .
|q> = ﬁ Z elq.r‘nloc +1; I‘> Q' £y |nloc; I‘/>, (14~51)
r

© N. Dupuis, 2022



906 Chapter 14. The Bose-Hubbard model and the superfluid—Mott-insulator transition

with the dispersion law Aq = Ao — 2t(nioc + 1) Zle cosg; (Mo is a constant which takes
the value 2dt(njo. + 1) at the quantum critical point), which leads to an effective mass
m’ /m = 1/(nioc + 1). The single-particle propagator reads

[(al¢T ()]0)]?

Glq,iw) = ==~
a

: (14.52)

where |0) = ®g|nioq; r) denotes the ground state of the Mott insulator without the additional
particle (in the limit ¢ — 0). We deduce the quasi-particle weight

Z g = (" (@)[0)* = nioc + 1. (14.53)

A similar reasoning for the motion of a hole leads to Z(iD =m/m* = njc.

14.1.2.2 Quantum multicritical point

Let us now consider the vicinity of a quantum multicritical point (¢, pt.) defined by (14.19).
We take t as the control parameter of the quantum phase transition and assume that the
quantum critical point is approached with 6y = —D/2 fixed.'* The spectrum then exhibits
particle-hole symmetry in the long-wavelength limit,

1
Ef = + 5 [ea(42U —2D) + A2 L O(q?)

= +(q> + A%)V2 1 0(¢?), (14.54)
where

1/2
c= |:t2c (2$U — DC):| = W(n%oc + n100)1/47
(14.55)

2 2\1/2 te— )"/
A= (D*-42UD+U*)/* ~c|2d ; .

c

The gap A vanishes when ¢t = ¢. and the spectrum Eéc = =c|q| has a linear dispersion,
which implies z = 1. Furthermore, since A ~ (t — t.)'/? when the transition is approaches
by varying the ratio ¢t/U, we deduce zv =1/2 and v = 1/2.

We can obtain the propagator by expanding wrt q and w. For u = p., G},.(0) = 0,'°
and we find

. Gloc(o) CQ/t
. _ 14.56
(q ZCU) 1 + DGIOC(O) - GIOC(O)EQ - %Gﬁ)c(o)WQ W2 + CZqQ * A2 ( )
e o yar (@ NP 2 14 D) (1457
~ Y T\DGR(0)) Do G0 |

One can easily verify that equations (14.57) agree with our previous results. Using Gloc(0) =
—1/D. and Gj,.(0) = 0 for pu = pe (with g — Unjoe < 0 and p — U(njoc — 1) > 0), one

loc
obtains
1! 1

2
GlL.(0) = —
lOC( ) DgU \/m?

14We shall see in Sec. 14.2.3 that the critical behavior near the quantum multicritical point does not
depend on the path followed (except for the vertical path in the plane (D/U/u/U)).

15Within the small-w expansion of Gjoc(iw), we find that particle-hole symmetry holds for dp = Sue =
—D./2 rather than éu = —D/2.

(14.58)

© N. Dupuis, 2022



14.1 Strong-coupling random-phase approximation 907

which in turn leads to (14.55).

14.1.2.3 Critical behavior in the strong-coupling RPA

The strong-coupling RPA predicts the existence of two universality classes. This result can
be inferred more directly from the effective action (14.34) of the auxiliary field ¢. Expanding
tq! and Gioe(iw) wrt * and w, we obtain

qu[ Gl 0) - £ G0+ Jola)

05 w? 0%
—Z@ (9) [ +m+ 3M_7£+ }@(Q)a (14.59)

where § = —tq—0 + Gloc(iw = 0) = ay [Egs. (14.12) and (14.16)]. The last expression is
obtained by noting that Glec(iw) is a function of iw + . More generally, the fact that the
coefficient of iw in the action (14.59) is given by 0,0 is a consequence of the invariance of
the action in the (semilocal) gauge transformation!%-'7

1’9(7')7 —i0(7‘)7

Pr = pre Oy = pre = p+130-0(7), (14.60)
where 6(7) is an arbitrary time-dependent phase (See Sec. 14.2.1 for a more detailed dis-
cussion). Away from the tip of the Mott lobe, 0,0 # 0, we can neglect the quadratic
frequency term in the action wrt the linear one. Apart from finite renormalizations, the
action is then similar to that of a dilute Bose gas. We thus expect the generic transition to
be in the universality class of the vacuum-superfluid transition in a dilute Bose gas (with
dynamical critical exponent z = 2). The upper critical dimension is d} = 2, so that above
two dimensions the critical behavior is mean-field-like (with logarithmic corrections in two
dimensions) (Sec. 7.4.4).

At the quantum multicritical point, 0,6 = 0, and the leading frequency term in the
action (14.59) is the quadratic one. The action then exhibits a relativistic (or particle-hole)
symmetry and we expect the quantum phase transition to be in the universality class of the
XY (or O(2)) model in dimensions d+1 with a dynamical critical exponent z = 1. The lower
and upper critical dimensions are d7 = 1 and d} = 3, respectively. The strong-coupling
RPA, which is based on a Gaussian fluctuation approximation for the auxiliary field ¢,
gives a mean-field-like description of the critical behavior (hence the mean-field exponent
v = 1/2). In section 14.2.3 we will see that the quantum multicritical point looks like an
ordinary (d+ 1)-dimensional critical point as it is approached on a typical path (i.e. a path
which is not vertical) in the (¢/U, u/U) plane.

14.1.3 Strong-coupling RPA in the superfluid phase

In this section, we show how we can extend the strong-coupling RPA to the superfluid phase.
We start from the partition function

:/D[¢*,¢ =Sl AT (I e tec) (14.61)

16This invariance is inherited from the invariance of the action of the Bose-Hubbard model.
171n real time, the chemical potential shift in (14.60) is real: pu — p -+ 0:0(t).

© N. Dupuis, 2022



908 Chapter 14. The Bose-Hubbard model and the superfluid—Mott-insulator transition

in the presence of a complex external source. In the strong-coupling RPA, the hopping term
is decoupled in a mean-field manner,

Pytephpr = yte pr et + Gyt e — Gyte i brr, (14.62)
where ¢,.(7) = (1x(7)) is the (source-dependent) superfluid order parameter. This gives
Zueald" J) = [ Dl ) exp{~Sunalv" 057", ]}
= DagelJ* ] exp{ / S Gttt } (14.63)
where
Srpalt”, ¥ J*, J] = —/0 dTZ¢ tee G + Stoc[¥)", Y] — /0 drz S +coc.) (14.64)

is the action in the RPA. We have introduced the partition function Zj,. obtained from the
local part Sioc of the action (¢ = 0) and

Jo(7) = Je(T) = Y trw b (7)

i (14.65)
TE(r) = JH(r) = Y tewdi (7).
The self-consistency equation for the order parameter ¢,(7) = (¢(7)) now reads
(T D . —SrpA[Y" 5T, ]
0u(r) = s [ D" W)

) ~

———— InZy,.[J*, J]. (14.66)
5J*(7')

For a vanishing external source J* = J = 0 and a uniform and time-independent order
parameter, this equation reproduces the mean-field theory of section 14.1.1.
The effective action is defined as the Legendre transform of —In Z[J*, J] (Sec. 1.6.2),

Lrpald*, @] = —In Zrpa[J*, J] + /drz Yor +c.c.)

0

8 8
:/ AT Gite s o —anloc[j*,j]—i-/ AT (Jige +cc).  (14.67)
0

0

r,r’ r

Using (14.66), we can rewrite this equation as
B
Trpal¢”, 6] = Tioc[¢”, ¢] + / ATy Giter r, (14.68)
0 r7r/

where T'joc[¢*, @] is the local effective action. It is clear that the strong-coupling RPA treats
exactly the local part of the effective action but relies on a mean-field treatment of the
intersite hopping term.
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14.2 Crritical behavior at the Mott transition 909

From equation (14.68), we can easily reproduce the results of section 14.1.2. In the Mott
insulator, the superfluid order parameter vanishes and the two-point vertex is given by
§®)Trpal¢”, 9]
r (r,750) 7)) = — 2
RPA 695 (T)0¢e (T') | 4+ —p—0

=6(1 — )ty + (5r,r/1"1(§3:(7' 719" =¢=0). (14.69)
Using T®) = —G~! (Sec. 1.6.2), we deduce
G(q) = —tq + Gioc(iw) ™, (14.70)

in agreement with (14.36).

The advantage of the effective action formalism is that it allows us to study the superfluid
phase where ¢ # 0. The local propagator should then be computed at nonzero external
source J. Both Gic(iw) and G(g) become 2 x 2 matrices with normal and anomalous
components. The effective action is the key quantity in the NPRG approach and is further
discussed in section 14.3.

14.2 Ciritical behavior at the Mott transition

In section 14.1.2 we have seen that the strong-coupling RPA allows us to identify two
universality classes for the Mott transition. In this section we reconsider this issue from a
slightly more general point of view and discuss the equation of state in the vicinity of the
superfluid-Mott-insulator transition.

14.2.1 Effective action and universality classes

Let us try to understand the critical behavior at the Mott transition from the effective
action

B
L[¢*, ¢] = —1nZ[J*,J]+/ dr) (Jidr +cc), (14.71)

0

r

where ¢p(7) = 6In Z[J*, J]/0J:(7) = (¢r(7)) is the superfluid order parameter and J, a
complex external source which couples linearly to the v field. The critical behavior can be
obtained from the low-energy expansion

B
Ile* o] = /O dr/ddr{qb*(ZCaT — V402 — ZAtVE 4 )
+V(VL0)+(5(TL—TL())+%(n_n0)2+...}, (14.72)

where n = |¢|? and the ellipses stand for higher-order (in derivative or field) terms. We
have taken the continuum limit where r becomes a continuous variable. Equation (14.72)
is obtained by expanding the effective potential about the position ng of its minimum and
retaining only the lowest-order derivative terms.'®

18Recall that the effective potential is defined by V(n) = B%,F[d)*, ¢] with ¢ a uniform time-independent

field. Its minimum determines the condensate density ng and the pressure P(u,T) = —V(ng) in the
equilibrium state (see Sec. 13.3).
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910 Chapter 14. The Bose-Hubbard model and the superfluid—Mott-insulator transition

At zero temperature, 0 is nonzero in the Mott insulator (where ng = 0) and vanishes in
the superfluid phase so that the transition line is given by § = 6(¢,U, u) = 07. § and Z¢
are not independent but related by the Ward identity (Eqgs. (13.94); see also Eq. (14.127)
below)

0%V
ouon

0
=5

Zo = (14.73)

)
n=0 t,U

which is a consequence of the invariance of the microscopic action (14.25) in the (semilocal)
gauge transformation (14.60). At the tip of the Mott lobe, where 0,6 = 0, Z¢ vanishes. As
already discussed at the end of section 14.1.2, this observation implies the existence of two
universality classes that we now discuss in more detail.

14.2.2 The generic transition

First we discuss the generic Mott transition and focus on the three-dimensional case (see
however footnote 21 page 911). From the effective action (14.72), we can identify the
elementary excitations at the quantum critical point 6 = 7' = 0. On the lower part of the
transition line (for a given Mott lobe), Z¢ is negative and it is convenient to perform a
particle-hole transformation ¢ <+ ¢* (which changes the sign of the 9, term in (14.72)). We
can then define a quasi-particle field

o(r,7) = /| Zc|p(r, T) (14.74)
and rewrite the effective action as
o B _ Vv2\ -  1dma* -
Llg*, ¢l = [ dr | &®ri¢* |0, — - 4 14.
odl= [ ar [erle (o- g )or s e v, aam)
where Ze| Ze| o
* C C * m
_ — ! — . 14.
" Tz, " Zy " T amz2 (14.76)

We deduce from (14.74) and (14.75) that the elementary excitations at the quantum critical
point are quasi-particles with mass m* and spectral weight

Zap = |Zc| 7" (14.77)

They are particle-like if Zo > 0 and hole-like if Z¢o < 0. The effective interaction between
two quasi-particles is determined by the “scattering length” a*.

The quantum phase transition at y = —6¢ between the superfluid phase and the vacuum
(which can be seen as a Mott insulator with vanishing density) differs from the superfluid-
vacuum transition in a continuum model only by the presence of the lattice. One then
has Z4 = Zc =1 (the one-particle propagator is not renormalized), so that Z,, = 1 and
m* = m = 1/2¢. Furthermore, the interaction constant can be calculated analytically (by
solving the two-body problem) and is related to the scattering length a of the bosons moving

in the lattice. In three dimensions, A = 4wa/m = 8wat, which gives a* = a with

1

= A~ 0.1264 14.78
T 8r(t/U + A) (14.78)

(see Ref. [24]).
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For a generic quantum critical point between the superfluid phase and a Mott insulating
phase with nonzero density (7 = 1,2,---), it is nontrivial to compute Zy,, m* and a*. In
section 14.3, we shall see how this can be done with the NPRG. The strong-coupling RPA
predictions for Z,, and m* vs t/t. turn out to be rather accurate although t. (the value of
t at the tip of the Mott lobe) is poorly determined (see Fig. 14.10 in Sec. 14.3.3).

Assuming that the values of the nonuniversal parameters Z,,, m* and a* are known,
we now discuss the thermodynamics of the gas near the Mott transition. Since the generic
superfluid—-Mott-insulator transition belongs to the dilute Bose gas universality class, its
equation of state can be expressed in terms of the universal scaling functions Fppg and
Oppg introduced in section 7.4, as well as the nonuniversal parameters m* and a*. To
ensure that there is no other nonuniversal parameter, we must verify that the chemical
potential (or, more precisely, du = 1 — p., denoting by p. the value of p at the transition)
couples to the elementary excitations with no additional renormalization. Slightly away
from the quantum critical point, the shift dx in chemical potential implies a change

B
5S[Y" v] = —op /0 ar S v (14.79)

in the microscopic action. To lowest order in du, this induces a correction

B
—Z,Léu/ dr/d3r¢*¢
0

B .
= fZH|Zc|‘16u/ dT/d3r¢*¢ (14.80)
0

T'[", ¢

to the effective action at the quantum critical point [Eq. (14.75)], where Z,, is a renormaliza-
tion factor. Using the Ward identify Z,, = Z¢, which is a consequence of the invariance of
the microscopic action (14.25) in the (semilocal) gauge transformation (14.60),'? we obtain

5
iT[¢", 9] = —5usgn(Zc)/O dr/d:”ré*q_s. (14.81)

We conclude that sgn(Zc)du acts as a chemical potential for the elementary excitations at
the quantum critical point. This implies that +0u/T will enter the equation of state with
no additional scale factor.2’

We can now borrow the known results for the dilute Bose gas to write the pressure as?!

«\ 3/2
m o
P(/j'aT) = ng(/j,,T) + (271_) T5/2]:DBG <:l: ;79(1—’))

BNEY)
m T
P )+ (5 ) 1o one (£ o). (1as2)

19Eq. (14.80) implies that the effective potential is given by V(u,n) = V(ue,n) — Zundu to lowest order
in u. The Ward identity Z¢ = —02V/0udn|n=o [Eq. (14.127)] then gives Zc = Z,,.

20This result agrees with general considerations on the scaling of conserved densities near a continuous
quantum phase transition [26].

21Similar expressions can be obtained for the two-dimensional generic transition, e.g. P = Preg +
%TZJ:DBG (:I:%‘,g(T)) with g(e) = —47r/(h1%\/2m*a*2\5| + C) and C the Euler constant (here the

scaling functions Fppg and Gppg refer to the two-dimensional dilute Bose gas universality class).
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912 Chapter 14. The Bose-Hubbard model and the superfluid—Mott-insulator transition

where Fppg and Gppg are the scaling functions introduced in section 7.4 and

g(€e) = 8m+/2m*a*2|el. (14.83)

The + (—) sign in equation (14.82) corresponds to particle (hole) doping of the Mott insu-
lator (i.e the upper (lower) part of the transition line for a given Mott lobe).

Universality implies that the singular part of the pressure can be expressed in terms
of the scaling function Fppg (or Gppg) but does not allow one to determine the regular
part. To obtain the latter, we note that the compressibility x = 7 ~29% P/0u? vanishes in
the T'= 0 Mott insulator and has therefore no regular part, so that??

N 3/2
721, T) = (’; > T2 F(2.0) <j:6TM, g(T)) . (14.84)
i

Integrating this equation wrt u, we obtain

“N 3/2
= fe (?ﬂ) T3/2 700 <j:5;, g(T)> (14.85)

where 7. is the density at the quantum critical point.?> An additional integration gives
equation (14.82) with
Prog(1t, T) = P. + 161, (14.86)

where P, is the pressure at the quantum critical point.2*

Since the scaling functions Fppe and Gppg are known (Secs. 7.4 and 7.4.4), we can
deduce the equation of state in various limits. When sgn(Z¢)dp < 0 and |du| > T, the
pressure is given by

*

P(:uvT):Pc+ﬁc(S,u+ (m
27

3/2
> T5/2¢=60l/T (14.87)

and corresponds to a dilute classical gas. For du = 0 (quantum critical regime),

%N\ 3/2
P(MC,T):PC+C(5/2)< > T/, (14.88)

m
2

while in the zero-temperature superfluid phase,

* 1
ni(u,0) = fie + moop <1 - 36\/m*a*2|5u|> (14.89)
T

dma*

and

“§u2 1
P(1,0) = Py + b + ——F (1 0 «/m*a*2|6,u|>. (14.90)

8ma* 157

The last two terms in (14.89) and (14.90) correspond to the “mean-field” result and the Lee-
Huang-Yang correction. Equations (14.87-14.90) are correct only if the scaling form (14.82)

22We use the notation F(9) (z,y) = 8297 F(z, ).

23Since the Mott insulator is incompressible, 97/9u = 0, 7. is the density in the Mott insulator.

24To obtain (14.85) and (14.86), we assume that the regular part of the pressure, as for the dilute Bose
gas, is temperature independent. This is confirmed by the NPRG results (Sec. 14.3).
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14.2 Crritical behavior at the Mott transition 913

holds, i.e. sufficiently close to the quantum critical point du = T = 0. In section 14.3, we
will show that this requires y/m*a*?|du| < 1 and vm*a*?T < 1 (or /|7t — fiJa*3 < 1 at
zero temperature). When these conditions are satisfied, the excess density of particles (or
holes) wrt the commensurate density of the Mott insulator behaves as a dilute Bose gas.

The condensate density ng(u,T') in the superfluid phase can be expressed in terms of a
scaling function Z(T/|6u|,§(op)). However, since only the coherent part of the excitations
condenses, the scaling form must be used for the condensate density |¢|? = |¢|?/Zp of the
quasi-particles, which leads to

o1, T) = Zap (m;f“'>3/21 (et (14.91)

near the superfluid-Mott-insulator transition. The fact that no(u,T), contrary to other
thermodynamic quantities, depends on the quasi-particle weight can be understood by not-
ing that it is not invariant in the (semilocal) gauge transformation (14.60) and therefore not
“protected” by the Ward identity Z, = Z¢. At zero temperature, using (7.175) one obtains

0 (1, 0) = Zo, 1M (1 - 20\/m*a*2|6u|> , (14.92)

P grax 3T

where m*|du|/4ma* ~ |0 — 7| is the density of excess particles (or holes) wrt the commen-
surate density 7. of the Mott insulator.
Finally, using again our knowledge of the dilute Bose gas, we obtain the superfluid

transition temperature
2 m* O] 2/3
T. = -_— 14.93

m* (871'((3/2)(1*) ( )

near the quantum critical point.

14.2.3 Quantum multicritical point

We now discuss the transition in the vicinity of the tip of a Mott lobe. Exactly at the
tip, Z¢ vanishes and the dynamical critical exponent takes the value z = 1. The quantum
multicritical point is then similar to the critical point of the (d + 1)-dimensional XY model.
The critical behavior as we move away from the multicritical point can be understood from
the singular part of the effective potential. When Zo vanishes, the zero-temperature phase
transition is controlled by the fixed point of the (d+ 1)-dimensional XY model. There is one
relevant variable (that we denote by r) with scaling dimension 1/v given by the correlation-
length exponent v = yg; Y of the (d 4+ 1)-dimensional XY model. If we move away from
the Mott lobe tip in an arbitrary direction, Zc will in general not vanish. Denoting by vy
its scaling dimension, the singular part of the effective potential satisfies, when d < df = 3,
the hyperscaling relation

- Z
Veing(r, Z¢) = S_d_zVS(sl/”r7 sYZc) ~ |7‘|”(d+z)Vsing <| ‘S ) ) (14.94)
r 14

where the last result in (14.94) is obtained with s ~ |r|~".
Equation (14.94) implies

2
0 Vsizng ~ [ (@20 (14.95)
8ZC Zc=0
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914 Chapter 14. The Bose-Hubbard model and the superfluid—Mott-insulator transition

On the other hand, a nonzero Zx can be induced by a shift §u of the chemical potential.
But such a shift is equivalent to a (uniform) time-dependent twist 6(7) = —idu7r of the
bosonic field: ¢ (1) — 15 (7)e?(") [BEq. (14.60)].?° The latter gives rise to a change

B
AFE = %p;ﬂ* / dr / dr(0,0)* (14.96)
0

in the energy of the system, where p7 can be seen as a temporal superfluid stiffness.?® Using
[AE] = 2, we deduce that [p]] = d — z and p] ~ |r|(4=2)". Since

82 V,;ing

82 V:sing
972,

Zo—o  O(0p)?

we conclude that y = z = 1 by comparing (14.95) and (14.97).

Let us now go back to the scaling relation (14.94) with y = 1. Vg being finite in the
limit Z¢ — 0, f/sing(x) must behave as a constant in the limit x — 0. Moreover r and Z¢
are presumably analytic functions of t — ¢, and y — ., and must vanish linearly with ¢t —¢.
as we approach a quantum multicritical point (¢, p.) on a typical path (i.e. a path which
is not vertical in the (¢/U, ;1/U) plane?”). Since y = 1 and 1 — {4 > 0 for all dimensions
d+1 > 3, the argument of ‘7sing in Eq. (14.94) vanishes as ¢t —t. — 0 for d > 2. Given that
Viing () — const as x — 0, we conclude that Zo drops out of the scaling relation (14.94)
and the quantum multicritical point looks like an ordinary (d + 1)-dimensional XY critical

point. At finite temperature, the singular part of the effective potential satisfies

~pp ~ |r| 4, (14.97)
op=0

~ T
Viing(r, T') ~ |T‘V(d+z)Wsing <|7”|ZV> ) (14.98)
using the fact that the scaling dimension of the temperature is given by the dynamical
critical exponent z.

These observations imply that the universal (critical) behavior in the vicinity of a quan-
tum multicritical point can be obtained from the quantum O(2) model

B
Sle] = / df/ddr{l(Vw)2 b0+ 2 4 %(902)2}, (14.99)
0 2 2cg 2 4!
where ¢ is a 2-component real field satisfying periodic boundary conditions ¢(r,7 + ) =
@(r,7). Note that this model has no first-order time derivative and exhibits Lorentz in-
variance at zero temperature. There is a quantum critical point for a critical value rg. of
ro (considering ug fixed) separating a disordered phase (rg > 7.) from an ordered phase
(ro < roc) where the O(2) symmetry is spontaneously broken. In two and three dimensions,
there is a finite-temperature phase transition for r < rg. (the transition is of Berezinskii-
Kosterlitz-Thouless type in two dimensions). The phase diagram is shown in the right panel
Figure avec dia- of ﬁgure 12.2 for d = 3.
gramme de phases? In the universal regime near the quantum critical point the pressure reads

Td+1 A
P(T) = P(0) +2— F oy <T> (14.100)

25Note that in real time 6(t) = Sut is real.
26Compare Eq. (14.96) with the definition of the superfluid stiffness ps (footnote 46 page 632).
27For a vertical path (¢ = t.), 7 does not change sign and must therefore vanish as (u — u¢)2.
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14.8 Nonperturbative RG approach 915

for d < dF, where ¢ is the velocity of the critical fluctuations at the quantum critical point
and |A| a characteristic zero-temperature energy scale. In the disordered phase (19 > 7o),
A is equal to the excitation gap of the ¢ field. When 7o < rg., it is convenient to take
A negative such that |A| = —A is the excitation gap in the disordered phase at the point
located symmetrically with respect to the quantum critical point. The pressure in the
Bose-Hubbard model, in the vicinity of a quantum multicritical point, is given by (14.100)
if we identify A with the one-particle excitation gap in the Mott phase and ¢ with the
velocity of the critical fluctuations at the superfluid—-Mott-insulator transition. The universal
scaling function f(gg—xy is discussed in section 12.4. The size of the critical regime where
equation (14.100) holds will be determined in section 14.3.3.

14.3 Nonperturbative RG approach

In this section, we discuss a NPRG approach to the Bose-Hubbard model, which is a gen-
eralization of the lattice NPRG discussed in the context of classical field theories and spin
systems (Sec. 11.8). The lattice NPRG assumes as initial condition the local limit of de-
coupled sites and the corresponding scale-dependent effective action I'y is given by the
strong-coupling RPA (Sec. 14.1.3);%® it therefore provides us with a systematic method to
go beyond the results of section 14.1 and obtain a more accurate determination of the phase
diagram and the critical behavior at the Mott transition. It also enables us to compute the
nonuniversal parameters (such as the mass m* and the “scattering length” o* for the generic
transition) entering the universal equation of state near the Mott transition (Sec. 14.2). As
in the preceding sections, we consider the zero-temperature limit for the most part (the
generalization to the finite-temperature case being in general straightforward).

14.3.1 Lattice NPRG

Following the general strategy of the NPRG (chapter 11), we add to the action a “regulator”
term

B
AS = /0 ar 3 G Ri(@)ba. (14.101)
q

The cutoff function Rj(q) modifies the bare dispersion tq of the bosons. In the lattice
NPRG, it is chosen such that Rx(q) + tq vanishes (the microscopic momentum scale A is
defined below). The action S + AS, then corresponds to the local limit of decoupled sites
(vanishing hopping amplitude).??

In practice, we choose the cutoff function

Ri(q) = ~Zaxersgn(te)(1 - yg)O(1 — yq), (14.102)

with A = V2d, €, = th?, yq = (2dt — |t4])/tk? and ©(x) the step function (see Fig. 14.3).
The k-dependent constant Z4 j, is defined below (Z4,4 = 1). Since Ri=o(q) = 0, the action
Sk=0 coincides with the action (14.25) of the original model. For small k, the function Ry (q)
gives a mass ~ k2 to the low-energy modes |q| < k and acts as an infrared regulator as in
the standard NPRG scheme (chapter 11).

28The standard NPRG approach (chapter 11) would start from the mean-field (Bogoliubov) theory, which
is not a good starting point to describe the Mott transition (see footnote 2 page 898).

29By choosing Ra(q) + tq = 0 rather than Ra(q) + tq = 2dt as in Sec. 11.8, we ensure that Rx(q) does
not modify the chemical potential but only the kinetic energy.
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916 Chapter 14. The Bose-Hubbard model and the superfluid—Mott-insulator transition
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q/m q/m™ q/m

Figure 14.3: Effective (bare) dispersion t, + Ry (q) for k = A, 0 < k < A and k = 0 with the
cutoft function (14.102). The (green) dashed line shows the bare dispersion t; = —2tcosgq
(d =1 and t is taken as the energy unit).

Apart from the choice of the cutoff function, the lattice NPRG approach is similar to the
one used to study interacting bosons in the continuum (chapter 13). The scale-dependent
effective action

B
Tu6%, 8] = —In Z,[J*, J] + / dr 3" (Ji ¢ + c.c) — ASK[¢", ¢] (14.103)

0 r

is defined as a (slightly modified) Legendre transform of the grand potential —In Z[J*, J]
obtained from the action S+ASy. ¢.(7) denotes the superfluid order parameter. I'y, satisfies
the exact flow equation (13.74).

14.3.1.1 Effective potential and two-point vertex

We are primarily interested in two quantities. The first one is the effective potential defined
by
1
Vi(n) = =—=T[¢",

n) = 2 el 0
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 = |¢|?. Tts minimum determines the condensate
density ng j and the thermodynamic potential (per site) Vo 5 = Vi(no) in the equilibrium
state.

The second quantity of interest is the two-point vertex

§*Tg]

(14.104)

¢ const

r'® -1, 7r—7¢ —’ 14.105
k,m( ) 6¢’LI‘ (T)5¢jr’ (T/) ¢ const ( )
which determines the one-particle propagator Gy = —F,(f)_l. Here the indices i, j refer to
the real and imaginary parts of ¢,
1
r = — (P1r + ipar) . 14.106

Because of the U(1) symmetry of the action (14.25), the two-point vertex in a constant field
takes the form

T (4:6) = 6i,Tan(a;n) + ¢idiTpi(ain) + 6T p(asn) (14.107)
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(see Eq. (13.83)), where I'4 i, I'p .k, and ¢ satisfy equations (13.84) due to parity and
time-reversal invariance. For ¢ = 0, we can relate F;f) to the derivative of the effective
potential,

62Vk (n)
'® (0 =0:¢) = =5; V! 0 V! (n), 14.108
rij(@=10;0) 06,06, 3Vi(n) + i Vi (n) ( )
so that

Tarlg=0;n)=Vi(n), Tpilg=0;n)=V/(n), Tcrlg=0;n)=0. (14.109)
The one-particle propagator Gy, = —I‘,(f)f1 can be written in a form analogous to (14.107)

or in terms of its longitudinal and transverse components,
Grij(a:¢) = qb;fij Grul(a;n) + <5ij - (b;ij) Grut(gsn) + €;Gre(gs n), (14.110)

where G, Gr and Gy are given by equations (13.104). Note that the propagator
entering the flow equation is defined by —(Fgf) + Ry) ™!, which is the propagator associated

with the true Legendre transform.3?
14.3.1.2 Initial conditions

Since the action S + AS)y = Sioc corresponds to the local limit, the initial value of the
effective action reads

B
TAl6", 6] = Tioclo™, 6] + /0 dr>" 6" (@)tad(a). (14.111)
q
where
B
Dioc[@™, @] = —1n Zioe[J*, J] +/ dr Z(J:ér +c.c.) (14.112)
O r

is the Legendre transform of the free energy —In Zj,c[J*, J] in the local limit. In equa-
tion (14.112), J is related to ¢ by the relation ¢,(7) = d1n Zy[J*, J]/0JF(T) and Zo. is
the partition function obtained from Sj,.. 'y is nothing but the RPA effective action intro-
duced in section 14.1.3. It is not possible to compute the functional I'oc[¢*, @] for arbitrary

time-dependent fields. One can however easily obtain the effective potential Vioc(n) and the
two-point vertex Fl(fz in a time-independent field. These quantities are sufficient to specify
the initial conditions of the flow within the approximations that we consider below.

To obtain Vi, and Fl(fz in a time-independent field, it is sufficient to consider a single

site with a time-independent complex source J. The corresponding Hamiltonian reads
. U . .
Hige = —piit + (i = 1) = J*) — Jyt (14.113)

and is a generalization of equation (14.2) to a nonzero external source.>! In the basis {|m)}
(72lm) = m|m) with m integer), the Hamiltonian is represented by a tridiagonal matrix,

(m|H|m')y = s | —pm + %m(m — )| = st NI AT = byt g T/, (14.114)

30 As previously noted, the “physical” propagator at scale k is defined as —F;f)_l rather than —(F](f) +
Ry)~1 (see footnote 29 page 749).
31The Hamiltonian (14.113) was considered in Sec. 14.1.1 for a particular value of J and J* [Eq. (14.11)].

© N. Dupuis, 2022



918 Chapter 14. The Bose-Hubbard model and the superfluid—Mott-insulator transition

Figure 14.4: (Left) Superfluid order parameter ¢ vs external source J (assumed here real)
in the local limit for various values of the chemical potential p. (Right) Effective potential
Vioe(n) for various values of the chemical potential .

which can be numerically diagonalized in the truncated Hilbert space m < mpax. The
low-energy eigenstates are independent of my,. if the latter is large enough. If we denote
by {|a), E4} the source-dependent eigenstates and eigenvalues — with {|0), Fy} the ground
state — we obtain the superfluid order parameter

0K «  OEy
¢=—55 O ="77 (14.115)
and the effective potential
Vioe(n) = Eg + J*¢p + Jo* (14.116)

in the zero-temperature limit 8 — oco. Figure 14.4 shows the superfluid order parameter ¢
as a function of the external source J, and the local effective potential Vi,c(n) obtained by
numerically inverting (14.115).

(2)

To determine the two-point vertex I'\ .,

and anomalous local Green functions

we start from the (source-dependent) normal

(14.117)

where ’L[)(T)(T) = eTﬁ@ZA)(T)e_“q and T is a time-ordering operator. The Fourier transforms
Gy (iw) and Gay(iw) are easily expressed in terms of the eigenstates |«) of the Hamiltonian,

‘ iww+ FE,—Fy 1w+ FEy— FE,
o (14.118)

D)= Sl 010 ) 2Fa = Fo)
Gun(i) = = 3 (el O 75

Guliw) == 3 (1|0} 1(0]]a)|

b
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From the relation T? = —G~!, we finally obtain

Lo, a(iwsn) = — ZDEM) [G(iw) + Gu(—iw) + 2Gan (iw)],
Dioc,p(iw;n) = %T(;:j)) (14.119)
FIOC,C(iw; TL) = QDEZ(U) [GII(Z'W) — Gn(—z’w)],

where D(iw) = Gy (iw)Gy(—iw) — Gan(iw)?. T?) is expressed in terms of the condensate
density n (rather than the external source J) by inverting (14.115).

14.3.1.3 Derivative expansion and infrared behavior

Since the cutoff function acts as an infrared regulator, Fl(f)(q; n) is a regular function of ¢
for ¢ — 0. In the infrared limit, we can therefore use the derivative expansion

Can(gin) = Zap(n)ta® + Var(n)w? + Vi(n),
I'pi(gin) = Vi'(n), (14.120)
Lor(g;n) = Zex(n)w,

in agreement with the symmetry properties (13.84). For the following discussion, it is
convenient to introduce

5k = Vi(now), Ak =V (nog), (14.121)

with d; vanishing in the superfluid phase. If the spectrum is gapped, equations (14.120) are
always valid in the low-energy limit. Otherwise, their validity requires |q| < k and |w| < w,,
where w; is the lowest excitation energy for |q| ~ k (see below).

As in the continuum, gauge invariance implies the Ward identities

EF (g;n )‘ =— Vi
O C,k\q; M0,k =0 = dudn nOk»
’ 14.122
il“ (@n )‘ 1 0%V, ( )
02 A,k\q5710,k 0 2101 o2

m0,k

in the superfluid phase (Sec. 13.A.2). Vj,(p,n) is considered as a function of both p and n,
and the density ng r = no (@) is defined by

Vi (p, n)
—_— =0. 14.12
o 0 (14.123)
Mo,k
This equation being valid for any u, we deduce
_ iaVk(,u/n) _ 82Vk 82Vk dno’k (14 124)
dw on |, Oudn|, ~—~ on?| - du ’
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920 Chapter 14. The Bose-Hubbard model and the superfluid—Mott-insulator transition

In the Mott insulator (ngx = 0), the Ward identities (14.122) become®?

0 0%V,
8wFC,k(Q;n:0) —o:_aual;, ;
~ n=0 (14.125)
Vo  dVoi 0
au2 - d,u2 e
which implies that the compressibility
__odny, o, d* Vo
K = nkzw = —n;? a0 (14.126)

vanishes. i, = —dVj /dp denotes the boson density and Vo, = Vi(n = 0).
Let us first discuss the Mott insulator (ng = 0), the Ward identities (14.125) imply

00y,

Zc’k(n:()):f% .
t,U

(14.127)

Since the transition line is determined by dx—¢ = dx=o(t, U, ) = 0%, Z¢ k=0(0) vanishes at
the tip of the Mott lobes as discussed in section 14.2.1.

The excitation spectrum is given by the zeros of the determinant of the 2 x 2 matrix
F,(f)(q; nok) (after analytical continuation iw — w + i0™), Since Gan x(g;n = 0) = 0 in the
Mott insulator, the excitation spectrum is more simply obtained from G, }e(q;n =0) =
—Tar(g;n=0)+ilck(g;n =0) =0. This gives two gapped modes, ’

Zck 1 2 2 1/2
=— — + — 17 AV A (Z At 1) . 14.128
w(q) War ~ Wan (281 + AVar(Zaxta® + 61)] ( )
When Z¢ ), # 0, both modes have a quadratic dispersion for small q,
q?
=+A4y +—— 14.129
w:t(q) + 2m>:,<ta ( )
where
Z 1 1/2
Aps = Fo 2k ——(Z8.), + 4Vai01) / ;
2‘/:4’/C QVA7k ’
m Zan (14.130)

my (22 +AVa6r)1/?

(with m = 1/2t). At the transition to the superfluid phase (6 — 0), Ag=0,+ (Ag=0,—)
vanishes if Z¢ ;, > 0 (Z¢, < 0) but the particle-hole excitation gap Ag—g = Ag—o ++Ak=0,—
remains finite. The critical mode dispersion being quadratic, the dynamical critical exponent
2z =27

32Eqs. (14.125) follow from (13.A.12a-13.A.12¢) with ng = 0.

33Here we use the fact that Z A k=0 is finite at the transition (as shown by the numerical solution of the
NPRG equations). A divergence of Z4 j for k — 0 would imply a nonzero anomalous dimension 74 ; and
a dynamical critical exponent z = 2 — 04 1 +7c,k = 2 — 14,k # 2, in contradiction with the fact that the
transition belongs to the dilute Bose gas universality class when Z¢ j # 0 (Sec. 7.4.4).

© N. Dupuis, 2022



14.8 Nonperturbative RG approach 921

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

Zaptq? + 6y,
Vak

)

5 1/2 Zart 1/2
A=+ = : . 14.132
() e (3 (14132

At the transition (0x—¢ = 0), the particle-hole excitation gap 2Ai—¢ vanishes and the
dispersion w4 (q) = Zck—o|q| becomes linear, which implies that the critical dynamical
exponent takes the value z = 1.

Let us now turn to the superfluid phase. The Ward identities (14.122) (together with (14.124))
imply

1/2
wi(q) =+ ( > =+ (2q® +A2)"?, (14.131)

where

dno,k 1 02 Vi

Z =A , Var=-— , 14.133
o.k(n) k dj Ak Snon G2 s ( )
while the compressibility is expressed as
A 2
’ﬁilﬂk = 2n0’kVA7k(no,k) + M (14.134)

Ak

(see Eq. (13.99)). The superfluid stiffness ps j, defined as the rigidity wrt a twist of the
phase of the order parameter,* can be obtained from the transverse part of the two-point

vertex,

Ps.k o
0 14.135
I (a—0), ( )

i

Car(q,iw = 0;ng ) =

which leads to
Pste = 2tZ Ak (0,1)N0,k- (14.136)

The excitation spectrum is obtained using
det T\? (q) = Tax(q) [Lak(q) + 20040 5.x(q)] + Ten(q)?
~ 2)\;€n0,k(ZA,ktq2 + VAJCUJQ) + (quw)z (14.137)

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

o — ( Zaxk(no)t )1/2 _ < Ps,k )1/2 (14.138)
Vak(now) + Zok(nok)?/ (2 en0,k) n2k

which can be expressed in terms of the compressibility and the superfluid stiffness. The
existence of a gapless mode is a consequence of the Hugenholtz-Pines theorem I'4 (¢ =
0;n0,%) = V/(nox) =0 (Sec. 13.3.1).%°

34 A static twist of the phase of the order parameter implies a change AI"' = [3% f ddr(Vé’)2 of the effective
action (written here in the continuum limit), which leads to (14.135) (see Eq. (7.41) with ps = ns/m for
bosons in the continuum).

35From det F,(f)(q;noyk) = 0, we also obtain a gapped mode, which is however outside the domain of
validity of the derivative expansion (see Sec. 13.3.1).
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922 Chapter 14. The Bose-Hubbard model and the superfluid—Mott-insulator transition

14.3.1.4 Flow equations

In the lattice NPRG, the local physics is taken into account by the initial condition at
scale k = A. To simplify the flow equations, we use a derivative expansion as in (14.120).
However, since it is crucial to retain the full lattice dispersion at the beginning of the flow
(when k ~ A), we take

Tar(gsn) =Zax(n)eq + VA,k(Tl)wQ + Vi(n), (14.139)

which coincides with (14.120) for |q| < A (eq = tq + 2dt ~ tq? for |q| < A). Following
section 11.8, we define Z,4 ;(n) as

1

o
Zak(n) = lin 82FAk(q, n), (14.140)

so that Z4 i(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, equations (14.139) and (14.140) are equivalent to the LPA’ approximation
(Sec. 11.3). For k >~ A, these equations can be justified by noting that in this limit Z4 j(n) =~
Z 4, a(n) = 1 so that approximating the renormalized dispersion by Z 4 x(n)eq, which is valid
for small q when Z4 j, is defined by (14.140), is expected to remain approximately valid in
the whole Brillouin zone (Sec. 11.8).

Although we rely on a derivative expansion of the vertices to solve the flow equations, the
latter cannot be derived directly from a simple ansatz of the effective action I'y,. The reason
is that it is difficult to propose an approximation of the initial effective action I'y based
on a derivative expansion since we do not know its expression for arbitrary time-dependent
fields. To circumvent this difficulty, we start from the BMW approximation where we deal
only with quantities computed for a constant field which, for k = A, can be computed from
the local Hamiltonian (14.113).

The exact flow equation (13.74) leads to

O Vi(n) = _;/qale(Q)[Gk,ll(q;n) + Grail(g;n)] (14.141)
and
o) (p¢) = — = Z DG iyis (@005 iyi, (0=, 0~ )
q 01,12
_% > { iaia (P4, =p = O, (—Pop + 4~ 45 )
q,i1°g

X DG iz O)|Grisia (0 + 6:0) + (0 > —pi )} (14.142)

(I = In(k/A)) for the effective potential and the two-point vertex in a constant field ¢.
G = —(1",&2) + Ry)~! is the one-particle propagator. The operator o = (O1Rk)OR, acts
only on the k dependence of the cutoff function Ri. The BMW approximation was discussed
in section 11.7.2. For interacting bosons, it is based on the following two observations: i) for
a given momentum q, the frequency integral in (14.142) is dominated by the region |w| <
wy, (q) where wy (q) is the lowest excitation energy defined by the propagator Gj. Since the
function 5;Gij(q; @) is proportional to 9;Ry(q), the integral over the loop momentum q in
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14.8 Nonperturbative RG approach 923

(14.142) is dominated by values of |q| of the order or smaller than k. 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;  ~ cik (¢ is the velocity of the Goldstone
mode), while in the Mott insulating phase w, can be deduced from (14.128); ii) because
of the cutoff function R(q), the vertices F,(Cn)(ql .-+ ¢yp) 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 rhs of (14.142) in powers of q/k* and w?/(w;, )?. To leading order, one
simply sets ¢ = 0 in the three- and four-point vertices in equation (14.142). We can then

obtain a closed equation for Fff) by noting that

0
Leh(p. =, 0:6) = — oo T2 (1:0),
’ 15 N ag; ’ (14.143)
Fgl?jlm( p70 0 ¢) ﬂN a¢ a¢ 5622](1)7 ¢)

(see Sec. 11.7.2). Furthermore, properties (i) and (ii) allow us to use the derivative expansion

of the two-point vertex Fl(C ) [Eqgs. (14.120) and (14.139)] to obtain the propagator Gy to be
used in the RG equations (14.141) and (14.142).

The numerical solution of the flow equations can be further simplified by approximating
Var(n) and Z4 k(n) by Var = Var(nox) and Za i = Za gx(nox). To determine accurately
the phase diagram, it is nevertheless necessary to keep the full n-dependence of Z¢ ;(n) and
Vi(n). When accuracy is not the primary goal, it is possible to approximate Z¢ x(n) by
Ze k(no,k), and expand the effective potential to quadratic order about its minimum,

Vo;g—i- (n—nOk) if ngxr >0,

14.144
‘/(Lk; + 5kn + )\k n? if no,k = 0, ( )

Vi) = {
where 0, and A, are defined in (14.121). With these approximations, the RG equations
become similar to those of the continuum model [Egs. (13.109) and (13.110)], the only
difference coming from the choice of the cutoff function Ry and the use of the full lattice
dispersion €q in (14.139).

14.3.2 Zero-temperature phase diagram and critical behavior

For given values of ¢, U and p, the ground state can be deduced from the values of the con-
densate density ng (ng > 0 in the superfluid phase).?” To obtain thermodynamic quantities,
it is sufficient to integrate the RG flow down to k ~ 107°. The most accurate results, ob-
tained by keeping the full n dependence of Vi, (n) and Z¢ y(n) are shown in figure 14.5. Both
in three and two dimensions, the transition line between the superfluid phase and the Mott
insulator is very close to the quantum Monte Carlo (QMC) result [20,21]: 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 tip is located at (¢t/U = 0.060, u/U = 0.387),
which corresponds to a relative error of order (1.5%, 4%). For comparison, in figure 14.5
we also show the mean-field (or strong-coupling RPA) phase diagram as well as the one
obtained from Dynamical Mean-Field Theory (DMFT) [18, 19].

36We refer to Appendix D of Ref. [23] for a discussion of the RG equations with the full n dependence of
Zg k(n) and Vy ,(n).

37To alleviate the notations, we drop the subscript k whenever we refer to a k = 0 quantity (e.g. mo =
n0,k=0)-
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Chapter 14. The Bose-Hubbard model and the superfluid—Mott-insulator transition
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Figure 14.5: (Left) Phase diagram of the three-dimensional Bose-Hubbard model. Only the
first Mott lobe (72 = 1) is shown. The (green) dashed line shows the mean-field (or strong-
coupling RPA) phase diagram (Sec. 14.1). The QMC data are obtained from Ref. [20]

and the DMFT data from Ref. [19].

Hubbard model. The QMC data are obtained from Ref. [21].
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(Right) Phase diagram of the two-dimensional Bose-

Figure 14.6: Density 7 = fig—o vs p/U for various values of ¢/U and d = 2.

© N. Dupuis, 2022



14.8 Nonperturbative RG approach 925
quantum multicritical point generic transition
q a/k a/k
/2
- Va, Zc,
@ ) e (Fes)w
n kfd(VA’kZAJCEk)l/Qn k*qukn
7 (= —a( Vax \'? —d [ _Zc.k
Vie(7) k ZAM) Vie(n) k (ZAJ;%) Vie(n)
Ok (Za ker) Lo (Zarer) o
S\k k‘dVA_’,lf/z(ZA’kEk)fg/Q)\k k‘d(ZC,kZA’kQC)il)\k
Zox(@) | (VarZawer)*Zox(n)
VA,k ZA,kaZ&QkVAJc

Table 14.1: Dimensionless variables (Z¢x = Zo k(nok))-

An important characteristic of the Mott insulating phases is the vanishing compressibility
k = n~2dn/dp = 0. The expression (14.134) enables us to determine the boson density 7z,
directly from nox, Vak, Zcok and Ay by integrating dny/dp. The unknown integration
constant is easily fixed since we know that the density vanishes for = —2dt. Alternatively,
one can use the fact that the density is integer in the Mott insulator. This method not only
avoids to compute dVj i /dp (which requires to solve the RG equations for nearby values of
1) but also turns out to be numerically more precise. Figure 14.6 shows the density 7 as
a function of the chemical potential y for various values of t/U and d = 2. The vanishing
compressibility £ = 0 in the Mott insulating phase 7 = 1 is clearly visible. In the figure,
the density is obtained from x and the condition 7 = 1 in the Mott phase. If we use the
condition 7i(p = —2dt) = 0, we obtain 7 = 1 £0.03 (7 = 1 £0.045) in the three-dimensional
(two-dimensional) Mott phase 7 = 1. The error is more pronounced near the tip of the
Mott lobe.

14.3.2.1 Quantum multicritical point

The critical behavior at the tip of the Mott lobe, where Z¢ y—o(n = 0) = 0, can be un-
derstood from the linearized flow equations. If we set Z¢ i(n) = 0, we recover the flow
equations of the (d + 1)-dimensional XY (or O(2)) model. The upper critical dimension
is df = 3 and the dynamical critical exponent z = 1. There is one relevant direction in
the space of parameters of the effective action. The flow of the corresponding scaling field
(which we denote by r) is determined by the exponent v = 1/>(<d\j1). The linearized flow
equations about the multicritical point are not affected by by Z¢ x(n). Thus Zc k(nox)
corresponds to the second relevant direction and is orthogonal (in the parameter space of
the action) to the critical surface.

We have seen in section 14.2.3 that Z¢ does not appear in the scaling form of the singular
part of the free energy so that the quantum multicritical point looks like an ordinary (d+1)-
dimensional XY critical point. This property can be explicitly verified by solving the NPRG
equations.
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Figure 14.7: (Left) Dimensionless condensate density 7g, coupling constant 5\k and
Zck(ok) vs In(A/k) at the multicritical point 7 = 1 for d = 2. (Right) Anomalous
dimensions 74 and 7y vs In(A/k). The inset shows that Eq. (14.147) is satisfied when
k— 0.

To make the fixed point manifest when the system is critical, we use the dimensionless
variables defined in table 14.1. The anomalous dimensions are defined by

NAk = —8l anA,kH ne = —81 In VA,k- (14.145)

The dimensionless frequency @ (see table 14.1) allows us to define a (running) critical
exponent z; = [w]. With [Z4 k] = —nak, [Vak] = —nvi and [©] = 0, we obtain

o =1 — Ak ; vk (14.146)

At the multicritical point, we expect n4a = ny = n (for £k =0) and z = 1 (with n = ng(zigl)

the anomalous dimension at the (d + 1)-dimensional XY critical point). It is however
possible that the cutoff function Ry (q), which does not satisfy the Lorentz invariance at the
multicritical point, modifies the expected critical behavior. Setting Z¢ x(n) = 0 in the flow
equations, we find

Nak
d+2
Given the small value of the anomalous dimension in the (d + 1)-dimensional O(2) model
(d = 2,3), the identities n4 = ny and z = 1 turn out to be satisfied to a very good accuracy
(see below).

Figure 14.7 shows results obtained at the two-dimensional multicritical point correspond-
ing to the superfluid—Mott-insulator transition with density n = 1. The plateaus observed
for the dimensionless condensate density 79, and coupling constant S\k, as well as for the
(running) anomalous dimensions 74, and 7y, are characteristic of critical behavior. We

vk =NAk = (14.147)

clearly see the emergence of the Lorentz invariance as k decreases: Zc,k(flo,k) ~ k is sup-
pressed while 74, and 7y, become nearly equal (implying 2z =~ 1). We find the critical
exponents v = 0.699, n4 = 0.049, ny = na(l —na/4) = 0.049 and z = 1.000, in agreement
with the LPA’ of the three-dimensional O(2) model (to be compared with the best known
estimates v = 0.671 and n = 0.038 for the three-dimensional XY model [27]). The exponent
v is deduced from the runaway flow from the critical surface when the system is nearly
critical (e.g. Mo — 7§ e~V with 7} the fixed-point value of 7ig).
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Figure 14.8: (Left) In Z¢ 1 (f0.%) vs In(A/k) near the multicritical critical point. (Right)
Anomalous dimensions 74, and 7y .

Figure 14.8 shows | Z¢ 1. (7i0.% )| near the multicritical point. It first decreases towards zero
as the multicritical point is approached. Then |Z¢ (R k)| ~ 1/k ~ e~! increases as the flow
runs away from the critical surface, so that the critical exponent associated with the scaling
field Z¢ i (0,%) is equal to one in agreement with the conclusion of section 14.2.3.3% The
anomalous dimensions 14  and 7y, show the momentum range where the flow is controlled
by the multicritical point, as indicated by the plateaus in 74, and nv, in figure 14.8. The
end of the plateau determines the correlation length & ~ k~! if the system is in the Mott
phase or the Josephson length £ if the system is in the superfluid phase.

The RG equations yield the critical behavior of various thermodynamic quantities. The
condensate density in the superfluid phase vanishes with the exponent 28 = v(d+2z—2+n)
ast — tF,%

no ~ (t — to)rld+==24m, (14.148)

if the system is below the upper critical dimension d} = 3. From the scaling dimension
[ps] = d + z — 2 of the superfluid stiffness and the fact that the Goldstone mode velocity
¢ = y/ps/k remains finite due to the Lorentz invariance of the effective action I'y in the
limit £ — 0, we expect

ps ~ (E—t )V @D (= )V (14.149)
for d < dF. In the Mott phase, the gap must vanish as
A~ (o —t)"? (14.150)

for t — t; since [A] = z. Equations (14.148-14.150) are satisfied by the numerical solution
of the flow equations [23].

14.3.2.2 Generic transition

For all transition points away from the tip of the Mott lobe, Z¢ is nonzero and V,w? is
subleading wrt Zcw (from now on we approximate Zg(n) = Za(ng) = Ze and Va(n) =
Va(ng) = Va). The dynamical critical exponent is z = 2 and the upper critical dimension

38The n-dependence of Z¢ i (n) turns out to be crucial to obtain [Zc,k(ﬁo,k)] =1.
39For simplicity we can assume pu = pe and t — t., but Eqs. (14.148-14.150) are expected to hold for any
path approaching the quantum multicritical point except the vertical one (t = t.).
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928 Chapter 14. The Bose-Hubbard model and the superfluid—Mott-insulator transition

d¥ = 2. The transition for d > 2 is governed by the Gaussian fixed point (with logarithmic
corrections for d = 2) defined by n§ = \* = f/j =0andna =nc =0 (nek = —kOkInZc i).
The dimensionless variables used to study the generic transition are given in table 14.1. The
(running) dynamical exponent zj, = [w] is given by

2k =2 —=nAk +NCk (14.151)

and satisfies limy_,q 2, = 2.
In three dimensions, linearization about the Gaussian fixed point gives

4

33 Vak,  Od=X e,  OVar=2Vay (14.152)

O ) = =30k +

and nar = ncr = 0. We deduce that S\k ~ k and VA,k ~ k% at the critical point in
agreement with the numerical solution of the flow equations. When a generic transition
point (¢, pe(t)) is approached from the superfluid phase on a path of constant ¢ by varying
the chemical potential, we observe

ps ~ |l — el K ~ const (14.153)

as in a dilute Bose gas near the vacuum-superfluid transition. The compressibility remains
finite at the transition and the velocity ¢ vanishes.

At the upper critical dimension (d = df = 2), the mean-field behavior is corrected by
logarithmic terms. The marginally irrelevant variable )\ is suppressed as |Ink|~!, while
fio, vanishes as | In k|~ at the critical point. When approaching the critical point from the
superfluid phase,

ps ~ —|p—pe|nfp—pel, K~ —Infp— pcl (14.154)
for p — pc.

14.3.3 Equation of state

In this section, we briefly discuss the equation of state in the universal regime, i.e. in
the vicinity of the Mott transition. In the NPRG approach, the pressure P(u,T) =
—Vik=0(no,k=0) is deduced from the effective potential (Sec. 13.3.4). We can not only ver-
ify the universal scaling forms discussed in section 14.2.2 and 14.2.3 but also compute the
nonuniversal parameters that enter the equation of state and determine the limits of the
universal domain near the quantum critical point.*°

14.3.3.1 Generic transition®!

At the quantum critical point (du = u — p. = 0), one can clearly distinguish two regimes
in the RG flow (Fig. 14.9): i) a high-energy (or short-distance) regime k 2> k, where lattice
effects are important and the dimensionless coupling constant

N k

Ak

B 14.155
F ZorZat F ( )

40We refer to Refs. [24,25] for a detailed discussion of the equation of state within the NPRG approach.
In this section, we focus on the calculation of the nonuniversal parameters entering the equation of state as
well as the determination of the critical domain near the quantum critical point.

41'We consider the three-dimensional case only.
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0 5

In(A/k) 10 15
Figure 14.9: RG flows of Ay (Ax ~ 37), A and Zc i at the quantum multicritical point
(t/U = 0.02, u./U ~ 0.15,T = 0) and in the nearby superfluid phase su/U = —10~% (AFF
and Z(Sj}’?k). A and Z¢ stand for Ay—¢ and Z¢ —o, respectively.

. QMC |
—— RPA -
— NPRGH
N
- |
3
N
0‘6 ‘ 0‘48 1

0 02 04 t/tc().6 0.8 1
Figure 14.10: Quasi-particle weight Z,, effective mass m* and scattering length a* vs t/t.
at the quantum multicritical point between the superfluid phase and the Mott insulator
7 =1 (t. is the value of ¢ at the tip of the Mott lobe). The QMC data are taken from

Ref. [20]. In the bottom figure, a is the scattering length of the free bosons in the lattice
[Eq. (14.78)]. The 4 and — signs refer to the upper and lower parts of the transition line.
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930 Chapter 14. The Bose-Hubbard model and the superfluid—Mott-insulator transition

is large, ii) a weak-coupling (“Bogoliubov”) regime k < k, where M < 1 and the flow is
governed by the Gaussian fixed point A = 0: Ay, Z¢ i and Z4 ; are then nearly equal to
their fixed-point values, defined by

o _ NZog=ol _ |Zck=0l . m*A

— =m . at = 14.156
QtZA’k:(] ZA,k:O 47TZ%,k:O ( )

(see Eq. (14.76)), while Ay oc k vanishes in agreement with the scaling dimension [A] =
4 —d—z = —1 at the Gaussian fixed point (d = 3 and z = 2). In the momentum
regime |q| < k., the quasi-particles with mass m* and scattering length a* introduced in
section 14.2.2 are well defined and the physics becomes universal. The crossover scale k,
between the two regimes is typically of the order of A = v/6 (k! is equal to a few lattice
spacings). Zgp, m* and a* are shown in figure 14.10 as a function of ¢/t. for the transition
between the superfluid phase and the Mott insulator with density i = 1.

Away from the quantum critical point, chemical potential and temperature introduce
two new momentum scales: the “healing” scale*?

kn = \/2m* |6y (14.157)

and the thermal scale

kr = V2m*T. (14.158)

Universality requires kp,, k7 < k. Since k, ~ a*~! ~ 1 (except close to the tip of the Mott
lobe) these conditions can be rewritten as

vmrar?|op| <« 1, vm*a*?T < 1. (14.159)

In the low-energy limit the system behaves as a gas of weakly-interacting quasi-particles if
the dimensionless coupling constants

~ k
)\kh = Zigt)\kh ~ 87Tk7h(l*,
C”“"k Ak (14.160)
Ao = 771)\ ~ 8rkra*
bt 20 kp LA kpt br Trd

are small. The last results in (14.160) are obtained using kp, kr < ks, which allows us
to approximate Zc, Zay and A, by their & = 0 values [Egs. (14.156)]. Since k, ~
a*~! ~ 1, universality (kp,kr < k) implies weak coupling (th,s\kT < 1). Thus, when
conditions (14.159) are satisfied, the excess density of particles (or holes) wrt the Mott
insulator behaves as a dilute Bose gas.

In the zero-temperature superfluid phase, using equation (14.89) the weak-coupling/universality
condition kpa* < 1 can be rewritten as

VIR = fcla*® < 1. (14.161)

This is the usual condition for a boson gas to be dilute except that it involves the excess
density of particles (or holes) | — 71| (with respect to the commensurate density of the
Mott insulator) rather than the full density 7 of the fluid. For k < ki, Ay and Zc

420n the Mott insulator side sgn(Zc)du < 0, kj, corresponds to the correlation length; the RG flow
essentially stops for k£ smaller than kj,.
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depart from their fixed-point values at 6u = 0 (Fig. 14.9) and vanish logarithmically below
a “Ginzburg” momentum scale kg which is exponentially small at weak coupling (S\kh <
1). This regime is dominated by the Goldstone (phase) mode and is characterized by
the divergence of the longitudinal propagator. We thus recover the infrared behavior in
the superfluid phase discussed in section 13.3.2. The various regimes of the RG flow are
summarized in figure 14.11.

Since m*/m is typically of order 1 for 7. not too large (except near the tip of the
Mott lobe), the condition kra* = v2m*a*2T < 1 can be rewritten as T’ < ¢t. The crossover
temperature scale below which the thermodynamics becomes universal is set by the hopping
amplitude .43

14.3.3.2 Quantum multicritical point

In the vicinity of the multicritical point, the pressure is determined by the universal scaling
function Fqu_xy of the quantum XY model. The scaling form (14.100) can be explicitly
verified within the NPRG approach and the velocity ¢ of the critical fluctuations com-
puted [25]. Tt is also possible to relate the gap A = aU]|(t. — t)/U|*¥ in the Mott phase to
the distance t. — t to the quantum critical point. Both ¢ and « depend on the multicritical
point considered (Table 14.2).4*

As in the case of the generic transition, we can also study the approach to universal-
ity. At the quantum multicritical point, we can distinguish two regimes: i) a (high-energy)
nonuniversal regime k 2 kg where lattice effects are important and the dimensionless cou-
pling constant A\ varies strongly with k, ii) a universal (critical) regime k < kg where e
is close to its fixed-point value A\* (see Fig. 14.7). The crossover (Ginzburg) scale is of the
order of the inverse lattice spacing (the Ginzburg length kal is typically equal to a few
lattice spacings).

Away from the quantum critical point, the energy scale |A| and the temperature define
two new momentum scales,

Al

o= 20 and k=L (14.162)
c c

where ¢ is the velocity of the critical fluctuations. k:;l is the correlation length in the

zero-temperature Mott insulator and corresponds to the Josephson length in the superfluid

phase (see Sec. 14.2.3 for the definition of A in the superfluid phase). Universality requires

ka,kr < kg, ie. |A|,T < ckg. If we approximate ¢ ~ /t.U(72 4 7i.)'/* by its value in

the strong-coupling RPA (Eq. 14.55),* we obtain the conditions

AT < kg\/tU(R2 + 7e)' /4 (14.163)

for the system to be in the universal regime. This should be compared with the crossover
energy scale ~ ¢ which controls the universal behavior in the vicinity of a generic quantum
critical point.

As we move away from the quantum multicritical point in the superfluid phase, the
Josephson momentum scale ka increases and becomes of the order of kg ~ A. The system

43The numerical solution of the flow equations gives a crossover temperature T' ~ 2t [24].

44 depends also on the path followed to approach the quantum multicritical point. The values reported
in table 14.2 correspond to a path of constant chemical potential pic.

45Recall that the lattice spacing is taken as the unit length.

© N. Dupuis, 2022



932 Chapter 14. The Bose-Hubbard model and the superfluid—Mott-insulator transition

(a) Generic Mott transition

0 ke~ A
: ——t— k
Gaussian regime strong-coupling
regime

(b) Superfluid near the generic Mott transition

0 ke k, k,~A

: : : >k
Goldstone Gaussian regime  strong-coupling
regime regime

Figure 14.11: Characteristic momentum scales at the generic Mott transition and in the
nearby superfluid phase.

(a) Quantum multicritical point

0 ko~A
} — : —F— k
Critical regime nonuniversal
regime

(b) Superfluid near a quantum multicritical point

0 kAEkJ kGNA
: % — —t—> k
Goldstone critical nonuniversal
regime regime regime

(c) Strongly correlated superfluid phase
0 (kc ~k h)N A
f — k
Goldstone regime strong-coupling
regime

(d) Weakly correlated superfluid phase

0 kg k, k, A

} f f — » k
Goldstone Bogoliubov strong-coupling
regime regime regime

Figure 14.12: Characteristic momentum scales at a QMCP and in the nearby superfluid
phase. (k;l denotes the Josephson length.)
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Mott lobe e =1 Ne=2 | n.=3
c/lt. NPRG 4.88 8.53 12.14
c/lte QMC | 4.8 +£0.2
c/lt. RPA 5.74 9.85 13.89
e 2.238 3.374 | 4.222

Table 14.2: Velocity ¢ and parameter « at the QMCP’s (¢, u.) corresponding to the first
three Mott lobes. The QMC data is taken from Ref. [21].

is then not in the critical regime anymore and ka = kj, should rather be interpreted as a
healing scale. Moving deeper into the superfluid phase both ks and kj; decrease, and we
finally reach a weakly correlated phase, where kg < kj (Sec. 13.1.2), which is similar to the
superfluid phase near a generic quantum critical point (Fig. 14.11). The various regimes of
the renormalization-group flow are summarized in figure 14.12.
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Chapter 14. The Bose-Hubbard model and the superfluid—Mott-insulator transition

Guide to the bibliography

© N.

The Bose-Hubbard model was first studied in Ref. [1]. Its relevance to cold atomic
gases was shown in Ref. [2].

The mean-field theory is discussed in [1,3].

In addition to the strong-coupling RPA [1-3], there are various types of t/U expan-
sions [9-13].

The Bose-Hubbard model has also been studied within the variational cluster approx-
imation (see chapter 9) [14-17].

A dynamical mean-field theory study can be found in Refs. [18, 19].
Quantum Monte Carlo simulations are reported in Refs. [20,21].

The NPRG approach to the Bose-Hubbard was developed in Refs. [22,23]; the equation
of state is discussed in Refs. [24, 25].
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