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Topological Higgs amplitude modes in strongly interacting superfluids
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By studying the two-dimensional Su-Schrieffer-Heeger-Bose-Hubbard model, we show the existence of
topological Higgs amplitude modes in the strongly interacting superfluid phase. Using the slave boson approach,
we find that, in the large filling limit, the Higgs excitations and the Goldstone excitations above the ground state
are well decoupled, and both of them exhibit nontrivial topology inherited from the underlying noninteracting
bands. At finite fillings, they become coupled at high energies; nevertheless, the topology of these modes remains
unchanged. Based on an effective action analysis, we further provide a universal physical picture for both their
topological and phase-amplitude character at both infinite and finite fillings in a unified way. The discovery of
topological Higgs amplitude modes in this paper opens the path to investigations in various systems, such as

superconductors and quantum magnets.
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I. INTRODUCTION

Topological matter has been playing a central role in mod-
ern condensed-matter physics since its discovery in integer
quantum Hall effects [1] about 40 yr ago. In those early days,
topological properties manifest themselves via quantized bulk
observables, which are directly linked to topological invari-
ants [2]. Later, it was found that nontrivial bulk topology
can introduce robust edge modes. An important insight from
Haldane and Raghu [3] is that this central topological phe-
nomenon is essentially a wave effect not necessarily tied to
fermions. As a result, there is a recent trend to study various
systems with no fermionic analog, e.g., topological photon-
ics [4,5], topological phonons [6,7], topological magnons
[8-11], topological mechanics and acoustics [12-14], even
topological atmospheric and ocean waves [15]. In particular,
cold atomic systems as quantum simulators [16,17], provide
a unique possibility to study topological Bose superfluids,
whose Bogoliubov excitations in the weak-coupling limit also
have a topological band structure [18-29]. These topological
quasiparticles as bosonic in nature are similar to topological
phonons and magnons, which possess robust edge modes dic-
tated by the bulk-boundary correspondence and are detectable
by spectroscopy measurements. So far, studies have been car-
ried out only for the topology of the Nambu-Goldstone mode
[30,31] in the weak-coupling region, which is gapless at low
energies.

One notes that the spontaneous breaking of a continuous
symmetry leads to two types of collective excitations: the
gapless Nambu-Goldstone mode and the gapped Higgs mode
[32]. In the standard model of particle physics, the famous
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Higgs boson [33], being elusive for decades, was finally
discovered recently [34,35]. As its close cousin in condensed-
matter physics, the Higgs amplitude mode [36] also attracts
much attention and has been experimentally found in su-
perconductors [37-39], charge-density waves [40], quantum
magnets [41,42], and the superfluid 3He -B phase [43,44]. In
the strongly interacting superfluid phase of the Bose-Hubbard
model (BHM) realized in cold-atomic systems [45,46], this
mode has also been discussed extensively [47-51], and its ob-
servation has been reported recently using Bragg spectroscopy
[52] and using lattice modulation [53].

Can the Higgs amplitude modes also be topologically non-
trivial? Here we give an affirmative answer to this question by
studying a simple variant of the two-dimensional (2D) BHM
in the strong-coupling limit, which can be easily implemented
experimentally in cold-atom platforms. We find that, in the
large filling limit, the Higgs mode and the Goldstone mode are
well decoupled, and both of them exhibit nontrivial topology
inherited from the background noninteracting bands. At finite
fillings, they become coupled at high energies; nevertheless,
the topology of these modes is unchanged. Based on an effec-
tive action analysis, we further provide a universal physical
picture for the topology of Higgs and Goldstone modes, which
could also be possibly applicable to other symmetry-breaking
systems, such as superconductors and quantum magnets.

II. MODEL

As a concrete and minimal example to host topological
Higgs amplitude modes, we consider the 2D Su-Schrieffer-
Heeger-Bose-Hubbard Model (SSH-BHM), described by the
Hamiltonian,

" " 1
H :HhOP + EU Xi:ﬁi(ﬁi — 1) —MXi:ﬁi» (1)

©2021 American Physical Society


https://orcid.org/0000-0002-9523-7427
https://orcid.org/0000-0002-6687-6262
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevA.104.043328&domain=pdf&date_stamp=2021-10-29
https://doi.org/10.1103/PhysRevA.104.043328

JUNSEN WANG, YOUIJIN DENG, AND WEI ZHENG

PHYSICAL REVIEW A 104, 043328 (2021)

(a) (b)

o o Xy M

FIG. 1. (a) Two-dimensional SSH-BHM on a square lattice. A
unit cell is enclosed by a gray dashed square with four sublattices
labeled by an index n =1, ..., 4. The intracell (intercell) hopping
strength is —#; (—%,), shown in the blue (red) color. Black arrows are
two primitive lattice vectors a; ,. We set |a;| = |a,| = 1 as the length
unit. (b) The first Brillouin zone (BZ) of the model. Four inversion
symmetric points are shown explicitly. The red vectors denote the
high-symmetric path used in Figs. 3(a) and 3(d).

where A"P = — Y 1;ala; = Y, H\®alax is the kinetic
term with the staggered hopping amplitudes along both di-
rections as depicted in Fig. 1. This hopping Hamiltonian is
the 2D generalization of the SSH model [54] introduced in
Refs. [55-57], whose band topology is protected by the inver-
sion symmetry ZH"?Z~! = H* where in the basis specified
by Fig. 1, the i 1nver510n operator reads 7 = 07 ® o1, and o
is the standard Pauli matrix. The corresponding topological
invariant is the vectorized Zak phase, also equal to the macro-
scopic polarization vector [58]. Due to inversion symmetry,
each component of the polarization vector is quantized to a Z,
index [59]. With the additional C; symmetry, the polarization
center either coincides with the original square lattice (for
t; > tp, the trivial phase) or coincides with its dual lattice
(for t; < t,, the topological phase). Note that this topological
index can be inferred from the eigenvalues of Z at inversion
symmetric momenta [59,60].

This model Hamiltonian can be realized in experiments by
loading spinless bosons in a square optical lattice with the ad-
dition of a period-2 superlattice. In the following we will focus
on the case where ¢, /t, is not far from unity. In this region,
there is a quantum phase transition between Mott-insulating
(MI) and superfluid (SF) phase driven by /U, where t =
(t; + 12)/2 with the superfluid order parameter simply given

by ¢ = (a;) [45].

III. LARGE FILLING LIMIT

We utilize the slave boson approach [47,48,61-66] to study
the excitation spectrums in the SF phase. The basic idea
of the slave boson method is to enlarge the local Hilbert
space by introducing bosonic operators B;ni that create the
local Fock state as l;j’nilvac) = (a] " //n;1|0), where |0) is
the physical vacuum state and |vac) is the vacuum state of
the slave bosons. The original bosonic operators &I.T then can
be expressed in terms of the slave boson operators &j =
> Vit ll;j-.n; Hl;,-,,,i. To keep the canonical commutation

relations of physical | bosomc operators, one has to impose a
local constraint ), b}, b;.,, = 1.

In the vicinity of the SF-MI transition at the gth lobe, where
g is a non-negative integer, the particle number fluctuation is
highly suppressed such that we can truncate the local Hilbert
space by keeping only three relevant states |q); and |g &= 1);.
Then we consider the large filling limit ¢ >> 1 such that the
particle and hole excitations have the same Bose enhancement
factors \/qT /4. Therefore, the physical bosons now
are given by a ~ \/_(bl qﬂb,,q ~|—bi’qb,,q_1) and the local
constraint of the slave bosons becomes Zé=71 bf p Hl;,,qH =
1. The slave boson approach starts from the local mean-
field Hamiltonian HMF = —ztg(a; + a)) + 1Un;(A; — 1) —
ui;. Using slave boson operators, the mean-field Hamiltonian
can be recast as

U .
k k 2 27(2 0\ [big+1
A MF A A . <
Hi = [bl q+1 bi,q tq l] 0 Zj/_g Abi,q ’
H.c. g big—1
(2)

where u = g — 1/2 is used, corresponding to the so-called
particle-hole (PH) symmetric line (see Appendix A for de-
tails), and a constant term is omitted. Given a ¢, Eq. (2) can
be diagonalized by a rotation,

Bic sin?  V2cos?  sinl7] [ b,y
. 1 2 2 2 a
3. - ) . 0 h.
;?,,A =5 cos 5 2sins  cos5 big | 3
ﬂi,P 1 0 -1 bi,q+1

where 0 = arccos(U/16f) and 7 = gt. The ground state ob-
tained, in turn, determines the parameter ¢; one, therefore, can
self-consistently solve this mean-field Hamiltonian [67]. Note
the local constraint is preserved under this unitary rotation.
One can straightforwardly rewrite the original Hamiltonian
Eq. (1) using these rotated slave bosons. In this representa-
tion, the on-site interaction term becomes quadratic, whereas
the hopping term becomes quartic (see Appendix B for the
explicit expression). Note that the rotated slave boson B¢

generates the mean-field ground-state |G) = []; ﬂ glvac);

whereas ,3,-,p and B,;A build up the local excitations. We,
therefore, condense B,-,G, namely, set ﬁ,‘,c ~ B} ¢ = 1 and treat
others as small fluctuations. Then one can expand Eq. (1) up
to quadratic order in the rotated slave bosons H ~ H® where

N 1 “ Y
A =33 1%, kPJH(Z’[ “}, @)
keBZ \I’kJ’

where a constant term is omitted and the first-order term A"
vanishes by construction. Here the Nambu spinor is defined by
Uro = Brtias -+ > Podas 'B—k,l,a’ B kaa) @ =AP,

and Proo = =2, e®rp ., with N being the total
unit-cell number. In the large filling limit, it turns out that
H? = HPS @ HPIO, where BAG represents Bogoliubov—de
Gennes, i.e., two local excitation modes are decoupled, which
enables us to write A =13, U HBIOY ,. Here
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TABLE I. Parameters used in Eq. (5) for amplitude modes (o =
A) and phase modes (o« = P).

&u Ko e
=A 2zf sin29+%U cos 0

Zf sin? 0 + %U cos? %9

cos? 6 1

cos? %0 —1

|
h

HPG takes a particular form

ho
sa + )VaHk P

hop
é'aKaHk

HYy = [ (5)
with all parameters given in Table I. By making the Bogoli-
ubov transformation (see Appendix C for details), one can
obtain the excitation spectrum above the mean-field ground-
state H ~ D ka—AP Ek,?ua?lj,x,a?k’km where A is the band
index, and a constant term is omitted.

To identify these excitation modes Jx ; o to be amplitude
modes (Higgs modes) or phase modes (Goldstone modes), we
study the time evolution after a small perturbation above the
ground-state |Wy ; (1)) = e '(|G) + ej?lik’alG)) with € «
1. In particular, fluctuation of the order parameters §¢(t) =
(Wkaa@)]ai|Wk.i.a(@)) — (Gla;|G) to the leading order in € is
found to be

;aKaHl?op
£y + Ao HYP |

8@ (t) o< Sgr cos(Ex y o) + i 8¢p sin(Ey ;. o), (6)

where d¢r 1 = (GlPk 100 £ &i)?li)\’alG) (see Appendix D for
a detailed derivation). Without loss of generality, we can
choose the order parameter to be real. Then, if §¢(¢) is real, the
excitation is a pure amplitude mode; whereas if §¢(t) is purely
imaginary, the excitation is a pure phase mode. In general,
the excitation could be a mixing of both such that the order
parameter fluctuation 6¢(¢) is a generic ¢ number. Therefore,
we define a flatness parameter,

_ [8@r| — [8¢1]
[8¢r| + 1841l

to quantify the amplitude and phase components of an ex-
citation. A positive (negative) flatness indicates dominant
amplitude (phase) character. A pure amplitude (phase) oscil-
lation corresponds to F = 1(—1). In the large filling limit,
by calculating the flatness explicitly, we analytically find that
Pk..p 1S a pure phase mode, and i ; 4 is a pure amplitude
mode (see Appendix D for details). In both Figs. 2 and 3
where we plot the low-energy excitation spectrum, the color
scale of the plot shows the flatness calculated numerically: red
(blue) points correspond to F' = 1(—1), respectively.
Excitations above the ground state are described by the
quadratic Hamiltonian Eq. (4), thus, their topological charac-
ter is obtained by analyzing the BAG matrix Eq. (5), which
also obeys the inversion symmetry Z,HBS7-! = HBIG,
where Z; = 19 ® Z, and 1y is the two-by-two ’identity matrix
acting on the Nambu space. We naturally generalize the polar-
ization vector to a symplectic form [18], P = fBZ %A(k)

where A(k) = iZMgAg,\z Tr(FAWk’laka), I, projects to
the Ath band, and the pseudounitary matrix Wy diagonalizes
HIES[G. Each component of P is quantized to a Z, number (see

e[—-1,1], )
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FIG. 2. Excitation spectrum of the 2D SSH-BHM in a ribbon
geometry in the large filling limit for 7 = 3U/16. (a) (t;/t, = 1/3)
and (c) (t,/t, = 8) are the Goldstone phase modes. (b) (t,/t, = 1/8)
and (d) (¢, /t, = 8) are the Higgs amplitude modes. Bulk modes are
shown by solid dots, whereas topological edge modes are shown by
triangles. All modes are doubly degenerate due to inversion symme-
try. (e) and (f) are typical wave functions of topological edge modes
for phase modes and amplitude modes, respectively. And the gray
lines are their inversion symmetric partners.

Appendix E for a proof), P, = %[(ZM@@2 ny,,) mod 2],
where (—1)"+ = 1, (X,,)n,(T') and n is the eigenvalue of the
generalized inversion operator Z;. In the large filling limit,
one can explicitly polar decompose the Bogoliubov trans-
formation matrix Wy, as the product of a unitary matrix
and a Hermitian (also pseudounitary) matrix. It then follows
straightforwardly that (see Appendix E for a proof)
Win TeWic,, = 70 ® (O Ok )

where Qy is the unitary matrix that diagonalizes Hliwp )
Namely, the parity eigenvalues of both the Higgs bands and
the Goldstone bands at inversion symmetric momenta are
identical to the noninteracting bands. Consequently, not only
the Goldstone bands, but also the Higgs bands inherit the
topology of the background noninteracting bands: When #; <
t; (t) > 1) both of them are topologically nontrivial (triv-
ial) with symplectic polarization vector P = (1/2,1/2) [P =
(0, 0)]. We then confirm the bulk-boundary correspondence
numerically by calculating the excitation spectrum in a ribbon
geometry and, indeed, observe the edge states in the topo-
logically nontrivial regime as shown in Fig. 2. The flatness
for these two types of modes are also calculated numerically,
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FIG. 3. Excitation spectrum of the 2D SSH-BHM under PBCs (a) and (d) and in a ribbon geometry (b), (c), (e), and (f) at filling ¢ = 1
for (a)—(c) and g = 50 for (d)—(f) for f = 3U /16 with color code indicating the flatness defined in Eq. (7). Bulk (topological edge) modes are
plotted by dots (triangles) with typical wave functions shown in (i) and (j) (only one of the two degenerate modes is plotted). In (g) and (h) we
zoom in on the excitation spectrums at high energies for (c) and (f), respectively.

shown by the color scale: red (blue) points correspond to
F =1 (—1), which is also in agreement with our analysis,
reflecting the fact that they are fully decoupled in the large
filling limit.

IV. FINITE FILLING CASE

The slave boson method also works at finite fill-
ings, but now a; ~ (/g + llA)lT’qu;i,q + \/qéj,qéi,q_]), and
the PH symmetric line is given by wu=(¢—1/2)—
lzZF+WWg+T1+ ﬂ)_z]/4 (see Appendix A for the deriva-
tion), which is bent downwards due to asymmetric Bose
enhancement. The resulting excitation spectrum for open
(OBCs) and periodic (PBCs) boundary conditions are given
in Fig. 3, which shows that the flatness is between —1 and
+1, in general, due to off-diagonal coupling terms between
the Goldstone mode and the Higgs mode. When we increase
the filling, this coupling becomes weaker such that the flatness
tends to 1. Despite the absence of pure phase-amplitude
character, we can still identify a topological character since
Hliz) in Eq. (4) obeys an inversion symmetry at any fillings,
and the bulk topological index is well defined. By examining
the parity eigenvalues at the inversion symmetric momenta, la-
beled in Figs. 3(a) and 3(d), we find that these excitation bands
either phase or amplitude fluctuation dominated all inherit the

topology of the background noninteracting bands, and they
have the same topologically trivial-nontrivial transition point
as the background bands. It follows that two groups of midgap
edge states under OBCs are observed in Figs. 3(c) and 3(f).
Their flatnesses, respectively, approaches 1 when increasing
the filling. Thus, the coupling between the Higgs bands and
the Goldstone bands will not break the topology of the excita-
tion spectrum and the bulk-boundary correspondence.

V. EFFECTIVE ACTION ANALYSIS

Lastly we present a simple and unified picture for the
results obtained so far. At an integer filling ¢, near the SF-MI
phase transition, one can use a strong-coupling random-phase
approximation [68] to arrive at an effective action for the 2D
SSH-BHM,

Sefr =/dr{z

1
*
- § :tijaiaj}’
ij

where all ¢,’s are real, and U is a renormalized interaction
strength (see Appendix F for a detailed derivation). Note

o0

|:a;-k (Z(—l)”lczi?f)ai + % |ai|4j|

=0

®)
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this effective action is obtained by two successive Hubbard-
Stratonovich transformations, and the auxiliary field a in
Eq. (8) generates same correlators as the original bosonic

J

o]

tjj — ZCQnagn -+ 30@2

s = / dr ) " [8p  86]] "=
ij

n=0

By requiring ¢; = 0 (i.e., on the PH symmetric line) and in the
low-energy limit w — 0 (i.e., dropping all the higher-order
time derivative terms), phase modes, and amplitude modes
become decoupled, which explains the persistence of pure
phase modes at low energies in Fig. 3 for all fillings. Noting
that along the PH symmetric line, it is easy to show that
ce ~ O(qg~“*") for £ > 2, thus, in the large filling limit only
¢ survives, even away from the low-energy limit. Moreover,
these modes inherit band topology directly from the 2D SSH
model as the hopping terms are not altered. This explains
the existence of topological Higgs-amplitude and Goldstone-
phase bands for ¢ — oo in Fig. 2.

As a by-product, we point out that if the hopping term
breaks time-reversal symmetry (TRS), i.e., #; is not purely
real, one can easily show that there are off-diagonal terms
entering Eq. (9), which is proportional to the imaginary part of
t;j. Thus, the amplitude modes and phase modes have nonva-
nishing coupling even in the infinite filling limit. This fact can
also be derived from the slave boson picture [see discussions
around Eq. (C8)]. Physically speaking, the so-called particle-
hole symmetry indicates that the action Eq. (8) is invariant
under the exchange ¥ <> ¢*, up to a total time derivative
term. If #;; = 3, # t;;, the hopping term cannot return to it-
self upon this exchange: ajt;ja; — ait;;a; = ajtjia; # ajt;a;
where repeated indices are summed over. Nevertheless, we
predict that the mixed excitation spectrums still inherit the
band topology and will exhibit two groups of midgap edge
states under OBCs.

VI. DISCUSSION AND OUTLOOK

To summarize, the low-energy excitations of the two-
dimensional SSH-BHM in both the infinite filling limit and
the finite fillings at the particle-hole symmetry line are
studied. Using the slave boson approach, we showed that,
in the former case, the low-energy excitations consist of
fully separated Goldstone modes and Higgs modes both of
which inherent the topology from the underlying noninteract-
ing bands. In the latter case, these modes become coupled,
which is quantitatively characterized by the flatness defined
in Eq. (7); nonetheless, their topological properties are not
altered. We also numerically verified the bulk-boundary cor-
respondence for both cases and showed that at a moderate
filling the topological edge modes with dominated amplitude
(phase) character emerge. Lastly, via an effective action anal-
ysis, we provide a universal physical picture for the topology
of the Goldstone modes and Higgs modes not only unifies

o0
. 2n+1
—id;jp E Cont10;

field. In the SF phase, by introducing small fluctuations
ai(t) = [¢ + 80i(1)]1e'*%®, we expand Eq. (8) to quadratic
order,

00
. § 2n+1
l 8ij(p Copn+1 8T
n=0

CS,OJ'
. 9
C m o~ o2 2[891] ®
tij + —E 0" =+ Uy o

n=0

(

two results obtained in this paper, but also possibly applies
to other symmetry-breaking systems, such as superconductors
and quantum magnets.

Since the edge modes of Higgs type and Goldstone type
illustrated in this ppaper are of topological origin, we expect
that they are robust against disorder [69] that: (1) respect
the inversion symmetry, (2) and is sufficiently weak so that
topological excitation band gap does not close and the system
does not enter into other possible phases, such as the Bose
glass phase (where the topology of excitations may change
dramatically). Ultimately, the fate and robustness of topolog-
ical Higgs modes subject to disorder need future study. We
note that similar works on other bosonic topological systems
with disorder have been discussed recently [70,71].

Thanks to the fast development of experimental tech-
niques, the Bragg spectroscopy [52] and the lattice-
modulation spectroscopy [53] can detect the Higgs mode; and
the box trap with a sharp boundary has been achieved in cold-
atom systems [72]. We expect that the predicted topological
Higgs amplitude edge modes can be observed as a sharp peak
within the band gap in the spectroscopy. In this paper, our
discussions are limited to the quadratic order so that there
is no coupling between these modes. By including higher-
order terms, interactions between the excitation modes can be
considered. Then it is interesting to investigate the impacts of
mode coupling on the stability of the highly localized Higgs
and Goldstone edge excitations. It is also interesting to explore
similar topological Higgs amplitude modes in other systems.
Particularly, in quantum magnets, it is possible that the topo-
logical Higgs amplitude modes yield a nontrivial contribution
to the thermal Hall effect, similar to those resulting from the
topological magnons [73].
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APPENDIX A: MEAN-FIELD THEORY
AND PHASE DIAGRAM

In this Appendix, we discuss the mean-field phase diagram
of the d-dimensional SSH-BHM, which returns to the well-
known phase diagram of the standard BHM upon setting ¢ =
(t1 + t2)/2 (for t; /t, not far from unity).

043328-5



JUNSEN WANG, YOUIJIN DENG, AND WEI ZHENG

PHYSICAL REVIEW A 104, 043328 (2021)

3.0

2.0
=)

10

05 O S
q =

08,0 010203040506
zt/U

FIG. 4. Phase diagram of the dD SSH-BHM with blue lines sep-
arating the MI phase and the SF phase. It is the same as the standard
BH model with the hopping parameter t = (¢, 4 t,)/2. Here the coor-
dination number z = 2d = 4 for the 2D SSH-BHM. The black dotted
horizontal lines start from each middle of the lobe. The black dashed
horizontal lines start from each tip of the lobe. The black solid lines
are integer filling lines in the SF phase obtained from Eq. (B7). We
always set the chemical potential . on these black solid lines where
the excitations have the most visible phase-amplitude character. In
particular, the red dot corresponds to the case in Figs. 3(a)- 3(c) the
main text.

In the strong-coupling mean-field theory, one decouples
the hopping term —t;;a;a; as —t;;(a;¢; + a;¢; — o ;).
Then the original Hamiltonian Eq. (1) given in the main text
becomes

H~ ZgiMF — Z |: - Z (ajtz‘j(f)_/‘ - %ti_i¢;k¢j + H.c.)
i i j

+%Uﬁi(ﬁi_ 1)—Mﬁi:|, (A1)
where ¢; = ;(®g|a;|Po); and |Dy); is the ground state of
I-ZMF obtained self-consistently. Note this approach is equiv-
alent to introducing the Gutzwiller ansatz |Wgygwiler) =
), (3>, cinln)i), where |n); = (&j)"«/ﬂm) (]0) is the vacuum
of operator a), and minimizing the variational ground-state
energy (Wouuwitler [ H |Weuuwitler). Also note Eq. (A1) can be
used for the system under OBCs in which case the order
parameter ¢; is generally site dependent.

For the d-dimensional SSH-BHM, the hopping matrix 7;;
is chosen staggered as #; and #, along all d directions. Under
PBCs and assuming a site-independent real order parame-
ter ¢; = ¢ € R, the mean-field Hamiltonian Eq. (A1) then
reduces to

1
MF ~ Z |:—(Zl‘¢&j + H.c.) +Zt¢)2+EUﬁi(fl,‘ — 1)—Mﬁi],

(A2)
where z = 2d is the coordination number and t = %
Equation (A2) is precisely the strong-coupling mean-field
Hamiltonian for the d-dimensional BH model [74], whose
phase diagram is reviewed below.

Assuming the quantum phase transition being of second or-
der, i.e., ¢ < 1 near the transition boundary, one can treat V =
—zt¢a; + H.c. as the perturbation to Hy = zt¢? + %Uﬁi(ﬁi —
1) — wun; in Eq. (A2). The unperturbed ground-state energy
is then given by 8(()0) = %Uq(q —1)—pugforg=pn/U]+1
if u > 0 and ¢ = 0, otherwise, with the unperturbed ground
state being |<I>§)O)> = |g). The first-order correction vanishes
by inspection. And the second order correction is given by the

(O)V ©0)y2 .
=2 10 (Ol) ‘G(m)‘ which leads to

(2) (zt¢)2[(q i ,:quU] Thus, the ground—state energy

reads g0 =ap+ a2¢>2 + 0(¢*). According to Landau theory,
phase transition occurs at a, = (zt)*[ (qflq)f ot gl U] +zt =
0, whose solution gives the well-known lobe in the u-zt phase
diagram at filling g (we set U = 1 as the energy unit) [45],

standard formula [75] 8

111
pe(@)=q— = — szt £ 5\/(3)2 +1—-22Q2q+1).

2 2
(A3)
The tip of the lobe corresponds to uy(q) = u—(q), which
leads to
(@le, pe) = [1+2¢ = 2J/q(1+q), Va(l +q) = 11, (Ad)

In the SF phase, we can numerically obtain the line of the inte-
ger filling factor near the gth lobe by setting ,(®¢|71;|Po); = ¢.
It generally bends downward due to PH asymmetry at a finite
filling. When truncated to only three local states, it has an an-
alytical expression given in Eq. (B7). A typical phase diagram
is shown in Fig. 4.

APPENDIX B: DERIVATION OF THE BOGOLIUBOV-DE
GENNES HAMILTONIAN

In this Appendix, we derive the bosonic BAG Hamiltonian
used in the main text. PBCs and a site-independent order
parameter are assumed throughout; differences occurred in
OBCs are mentioned in the end.

Focusing on the strongly coupled SF phase in the vicinity
of the gth Mott lobe, only three local states,

lg =i, lg)i.  lg+ i, (BI)

at each site i dominate the low-energy behavior of the system.
Following Altman and Auerbach [47], we truncate the bosonic
Fock space to these three states and introduce a Gutzwiller-
type mean-field ground-state ansatz |G) = ®;|®o);, where
[48]

|Dy); = cos(8/2)|q) + sin(8/2)[cos(x /2)|q + 1);
+ sin(x /2)lq — 1):]. (B2)

Then the order parameter becomes

¢ = (Dolai|Po); =

1
E(,/q—i—] cos% + 49 sin%) sin 0,

(B3)
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and the variational ground-state energy per site is

(GIH|G)

Sva.r(97 X) = N

1 , 0 f 1
=|=—8ucos x |sin> = —=[1++/14+¢g"sin x + —(1 +cos x) |sin’@ + const., (B4)
2 2 2 2¢q

where N is the number of lattice sites, two parameters 7 = g¢ and §u = u — (¢ — 1/2) are the renormalized hopping strength
and the chemical potential measured from the middle of the lobe, respectively. Minimizing Eq. (B4) with respect to x at a fixed
0, namely, setting 9, &vor (6, x) = 0, one obtains

(BS)

|:2zf(1 + cos 0)/q(q + 1‘)}
x(0) = arctan .

i+ géu—i-zf cos 6

Further setting dgéey,r (8, x) = 0 and using Eq. (BS), one can find the mean-field solution 6, whose explicit expression is lengthy
and omitted. Note by expanding dgé&var [0, x (0)] around 6 = 0 as dpevae [0, x(0)] = const. + a,0 + 0(6?%), where

2 2
4 = —1{23u\/—4qm+ D) +1 +Zt(\/—4q(q+ D) + 1429+ 1) - 1}, (B6)

4 (28 + 21 )? (281 + 21)>

and setting @ = 0, one again finds the phase boundary which is in agreement with Eq. (A3).
Within this approximation, one can also obtain the integer filling line in the SF phase analytically. Namely, from

H{DPolfi;| Pg); = q + cos X sin?(6/2), the integer filling condition means x = 7 /2. Thus, Eq. (B5) leads to = arccos ==& —#= 4‘3"
One then solve [dg&yar (0, 7 /2)]|g—5 to get
| _
Spns = =71 + (Va+ 1+ VD)7, (B7)

which is bent down due to asymmetric Bose enhancement at finite fillings. It is this line we refer to as the PH symmetric line.
We define three commuting bosonic operators that create three Fock states at a given site i, b} ,|vac) = |q + £);, £ =0, £1.

They must satisfy the local constraint Zz__l bl zbt ¢ = 1. Then the original bosonic creation operator can be expressed as

a =Y vilg+ €|a g+ ) bT bip = /q+ b b, o+ fb b; _1, and the strong-coupling mean-field Hamiltonian Eq. (A2)
becomes (up to a constant)

Bi,—l
AME =15 B, Bl H| bio |, (B8)
bi,
where
T4outae® —/qud 0
H = —Jqzt e wtp? g+ 1z¢ |. (B9)
0 —VqgFIz¢ L —su+ e’
Equation (B8) is diagonalized by the following rotation:
,31',0 :i -1
Bii | =T bio |, (B10)
Bio b
where
sin (%) sin (%) cos (g) sin (%) cos (£)
T(a) = | cos(x)cos (g) sin (£) + sin(er) cos (£)  — cos(a) sin (%) cos(a) cos (g) cos (£) —sin(@)sin (£) |, (BI11)
cos(a) cos (3) — sin(x) cos (%) sin (5) sin(e) sin (%) — sin(a) cos (%) cos (%) — cos(a) sin (%)

with ¥ = x(@). The rotation angle « is determined by requiring that TH Tt = diag(&, &1, €2). It can be shown straightforwardly
that (THT "), = (THT");3 = 0 always holds; one only needs to set (THT "),3 = 0, which leads to

o 2 cos (%){sin()"()[zt cos(0) + 48p — zt] — 2./g/q + 1zt[cos(D) — 1] cos(¥)} B12)

cos(B)[1 — 25 cos(x)] + zt sin2(9)[2\/c_]«/q + 1 sin(x) + 29 + 11+ cos(jy)[zt sin*(@) — 68u] — 1
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Note the rotated operators also satisfy the local constraint as before, and the local eigenstates are now given by |®,); = ,BlT ., Ivac)
for 0 = 0-2. Here 0 = 0 modes is the local ground state, and o = 1, 2 modes are two local excitations.
In terms of the rotated operators 8, Eq. (1) given in the main text can be recast as

N 1
H==3"%" AsAystiiBiBic B, Bjs + Y Y (Dul [EUﬁi(ﬁi —1)- Mﬁi}lq’a)ﬂ;xﬂw, (B13)

ij aoyd i «ao

where A,y = i(d>a|&j|d>¢,),~. Note we have used the fact that A, is real, hence, i(CI>O,|21iT|d><,),~ = (Psai|Py);. By treating B
operators as classical fields, the energy minimum is reached for S5 = By = 1 when all other modes vanish. We perform a
harmonic expansion of Eq. (B13) around this saddle point by condensing operators B(()T) ,

. ot | [N
By = 1= BB ~1-353 Blhio (B14)
o>0 >0

The zeroth-order term gives the mean-field ground-state energy H'® = (G|H|G). The first-order term can be rearranged as
HD =35 Bia i{(PolHMF|®,); + H.c., which vanishes identically due to orthogonality between local eigenstates |®y);
and |®,); for o > 0. The second-order term reads

H® =H, +H, + H,, (B15)
where
H, = — Z Z (AowAosti; + AxoAsol i) B Bjo (B16a)
ij a,0>0
A, = —% 0 (AuaAsotij + Awo Aot BB, + Hee., (B16b)
ij a,0>0
Hy=>">" (ea — £0)B},Pia: (B16c)
i a,0>0

corresponding to hopping, pairing, and on-site terms, respectively. Note, since Ay is generally nonzero, the hopping and pairing
terms will couple two local excitation modes. In momentum space, Eq. (B16) becomes

H, = Z Z Z [AoeAoo (HIEOP)W + AaOAo‘O(HET(p*)nn/]B]zaan,an’s (B17a)
k «,0>0 ny
A 1 " X X
=3 D0 > [AwAoo(H™),, + AwoAoo (HE), 1BY 4B i o + Hec, (B17b)
k «,0>0 ny/
HO = Z Z Z(Sa - SO)B]:Oﬂ]ﬁk,Oﬂ]’a (B17¢)
k a>0 nny

where 7, 1’ are sublattice indices (assuming total n, sublattices) and we have assumed that the hopping matrix #;; is Hermitian,

ie., t;; =1t;. Here HI?OP is the Bloch Hamiltonian of the hopping term, specifically, for the two-dimensional SSH model with
four sublattices n; = 4 as shown in Fig. 1 of the main text, it is

0 H + lze_ik»" H + lze_ik*' 0
S L e’ 0 0 f+ne™ B8
K7 + e 0 0 t + e & (B18)

0 1| + he' 1 + el 0

By arranging P o, into a vector By, and defining two 2n, x 2n, matrices Ak and By with components,
(Ak)om,an’ = AOC{AOO' (H]I(lop)ym/ + AaOAUO (Hﬁip*)m], + (8a - 80)87771’» (Blga)
Bidan. oy = AvaAso(Hy), -+ Awo Ao (H'F), (B19b)
Eq. (B15) can be written compactly in a BAG form as
o ! t HBdG P B20
=5 > IBL B_ilH; g | (B20)
k -k
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where

HPIG = [;*kk fT"k]. (B21)
For models with TRS,
H® = H"™, (B22)
Eq. (B19) simplifies to

A=FQH™+E®I,, (B23a)
B=GQ®H", (B23b)

where
Foo = AoxAos + AwoAso, (B24a)
Goo = AoaAso + Az Aos (B24b)
Eao = Buo(€a — €0) (B24c)

are two-by-two, real symmetric matrices in local excitation
space, and I, is the identity matrix in sublattice space.

Under OBCs, the order parameter becomes site dependent,
and the mean-field theory has to be worked out numerically
in a self-consistent manner from Eq. (A1). Then the physical
boson annihilation operator in the rotated local basis .4; and
local eigenenergies ¢;,, @ = 1-3 become site dependent. Tak-
ing into account these differences, the quadratic Hamiltonian
Eq. (B15) can still be solved by a Bogoliubov transformation.
In our numerics, for simplicity, we reuse the order parameter
obtained from PBCs. This leads to a tiny gap near zero energy
for the excitations, which is manually removed by a shift
of chemical potential as in Ref. [22]. We have numerically
checked that this gap tends to zero as we enlarge the system

J

size. Moreover, topological properties of the highly excited
states are not affected anyway.

APPENDIX C: DIAGONALIZATION OF
THE BdG HAMILTONIAN

In this Appendix, we first review the process of diagonal-
ization of a generic bosonic BdAG Hamiltonian, which also
serves to introduce notations and set the stage for the dis-
cussion in the following appendices. Then we show that in
the large filling limit, this Bogoliubov transformation can be
constructed analytically. In particular, we explicitly show that
the coupling between phase modes and amplitude modes only
vanish when the noninteracting Hamiltonian has TRS, even in
the large filling limit. We only discuss the momentum space
version, the real space version can be formulated similarly.

1. The general case
A generic bosonic BdG Hamiltonian as given in Eq. (B21)
is diagonalized by a Bogoliubov transformation,
E k

W HO Wy = Dy = 10 ® Exx ., (CD)

where from here on 7y and 7;_3 denote a two-by-two identity
matrix and Pauli matrices acting on the Nambu space, and

W/ Z3Wi = 23 and W Z3W, = 2.
We define the Bogoliubov quasiparticle annihilation operator via Bk = Wi P\, where Bk = (Bx, ﬂik)T. More explicitly,
B = Ukyi + ij)’ik and ﬂlL =Vky_x+ U]fy:;.

Then Eq. (B20) after this Bogoliubov transformation becomes

N 1 . - 1
A® = 3 Y BcH By = 5
k K k.

where A is the band index. Generally, this Bogoliubov transformation has to be performed numerically.

2. Analytical solution at the large filling limit

_ Uk V—*k
is a pseudounitary matrix satisfying,
(C3)
(C4)
B 5 1
FWHE Wi = Y (E)\ + E)yk&m, (C5)

First, we note that in the large filling limit g > 1 the original Hamiltonian Eq. (1) in the main text when truncated to three
local states Eq. (B1) can be mapped to a bond-staggered XY model with uniaxial single-ion anisotropy and magnetic coupling
[47], H ~ Zi,j f[j(S'ij? + S‘lyﬁ'f) + Zi[%U(S'f)2 — S/LS‘f], where (i, j) denotes nearest neighbors and 7;; = pt;;. In the following,
we will focus on the PH symmetric line, i.e., s = 0. When taking g > 1, Eq. (B5) becomes y = 7 /2, and Eq. (B4) becomes
Evar = %(sin2 % — z7 sin?0). Its minimization leads to 6 = arccos 437 if U < 4qzt, and @ = 0 otherwise. Then the rotation angle

a given in Eq. (B12) reduces to & = 0. Thus, the unitary matrix 7 is

| V2 cos % sin

TO)=—cos? —+/2 sin 7 cos
V2 2

1 0

sin

SRS
I D

)
|
—
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And the physical boson annihilation operator in this rotated basis is

0 Jg O sin® cosf —cos g
A~T|0 0 /g TT=\/g cosf —sinf sinf | (C7)
0 0 0 cos % —sin % 0

Then H, and H,, defined in Eq. (B17) becomes

a4 Z g H' + HhoP*) cos’0 (- H® + Hﬁp*) cos § cos 6 (C8a)
, a
K HhOp + HhOP*) cos § %(HhOp + Hﬁip*) cos® § K
q_4 H' + H")cos? 6 (H*® — H"P) cos & cos 6 S (C8b
Z ﬂk hop hops ) 1 (gyhop hopx 26 By +He. )
—H')cos§  —1(HT+H ) cos? §

Importantly, if and only if the system has TRS, i.e., when Eq. (B22) holds, two local excitation modes become decoupled. In
other words, three matrices defined in Eq. (B24) all become diagonal,

F |:cos2 0 0 ] (©98)
pr— i a
1 0 cos? Z
G |: cos? 6 0:| (o)
~ o cos® ¢ ’
2zf sin? 6 + EU cos 0 0
_ o N (C90)
0 Zf sin% 6 + %U cos? %

Thus, the second-order term, Eq. (B15), can be written as

Bk a
HBdG ﬁf
A® = oA C10
Z[ﬂkA ﬁ k,A ﬂkP ﬂ k,P [ HkB(}j)G:| ﬂk,P B ( )
1)
B x.r
where
hop hop
+ K KoH,
HP = b+ KaHl) ho Skl voo | = EaT0 ® Ly + kaTo ® Hy™ + Lokt @ H™, (C11)
’ ;aKa k P §a + KotHk P

with all parameters given in Table I of the main text. Note we have renamed the local excitation modes « = 1 — A and o =
2 — P, which represents the amplitude modes and phase modes, respectively. This nomenclature will be justified in the next
Appendix.

A remarkable property of Eq. (C11) is that one can construct its Bogoliubov transformation analytically [76]. One first
performs a unitary rotation using Oy = 79 ® Qk, where Qy diagonalizes the Bloch Hamiltonian Hll(wp, QlH]?OPQk = Dy with
Dy = diag(d,, ..., d,,). It then leads to

OLHRC O = a0 @ Iy, + 1aTo @ D + LatlaTt ® Dy (C12)
One then performs another pseudounitary transformation using

cosh B k.« sinh B k.«
Po =70® +1u® , (C13)
cosh ﬂns,k,(x sinh ﬂns,k,a

where cosh IBi,k,ot = \/W, sinh ,Bl ko = — sgn(d k)\/—%k_% and
Eiko(dix) = /&2 + 2E.d; . (C14)
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It then fully diagonalizes Eq. (C12),

El,k,a
v ~ Erx.a
Pl OLH S OkPio = 10 ® 5 . (C15)
Em,k,oz
Thus, the pseudounitary matrix generally defined in Eq. (C2) now becomes
Wio = OkPras (C16)
or, more explicitly,
Uk,o = OkCx e (C17a)
Vko = OkSk,as (C17b)
where
[cosh Bik.q
G = ) (C18a)
COSh Ian,k,a
_Sinh ﬁl,k,a
Sk = . (C18b)
L sinh ,an,k,at

APPENDIX D: PHASE-AMPLITUDE CHARACTER

Here we discuss how to determine the phase-amplitude character of these excitation modes. Particularly, we show explicitly
that the large filling limit of SSH-BHM has two types of excitations with pure phase and pure amplitude character, respectively.
We only consider the momentum space version, the real-space version can be formulated similarly.

Consider the oscillation of the order parameter induced by a small perturbation above the ground state. For a perturbation
characterized by an excitation labeled by momentum k and band index A, the perturbed state evolves in time as |Wk ;(¢)) =
e’”{”(|G) + eyka)) with € <« 1. Thus, the oscillation of the order parameter around the ground-state expectation value
8¢i(t) = (Wi 1 (1)]a:| Wk 2 (¢)) — (Gla;|G) to linear order in €, reads

8¢i(t) o< (Glae ™" 9] 1G) + (Gl e " | G) (D1)
= (GlaPy, 1GYe™ ™" + (G| Phadil G)e ™! (D2)

=Y [Aw0((GIBL 75 1G)e ™™ + (GIP1a BLIG) ™) + Ao ((GIBia P | G)e " + (Gl Pial G)e )] (D3)

= {Aa0l(GIBoy 7| GYe T (G i Bl |GY X PT] + A [(Gl Bpan iy |G e s 2T

o
+ (G191 Bpan| G TP (D4)

Using Eq. (C4) and the fact that yy, |G) = 0, one has
8¢i(1) ox Xye H@ot=kT) oy pllent—kr) (D5)

where

Xi = ) [Aa0Vidans + Ava (Uidan 2], (D6a)

"
Y= 1A ans + Ava (G a1 (D6b)

"

Here the row of matrices U and V is labeled by two indices, the local excitation « and sublattice 5. Thus, the imaginary (real)
part of the order parameter oscillation is

Re 8¢ o Xi + Yi, (D7a)
Im 8¢ o Xi — Y. (D7b)
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A pure amplitude (phase) oscillation of the order parameter
corresponds to Im §¢ = 0 (Re 6¢ = 0), we define a flatness
parameter,

_ |Re d¢| — [Im é¢|
" |Re 86| + |Im 8¢|

e[—1,1], (D8)
to quantify the amplitude and phase components of an ex-
citation: A positive (negative) flatness indicates dominant
amplitude (phase) character. A pure amplitude (phase) oscil-
lation corresponds to FF = 1 (—1).

In the large filling limit, the flatness defined in Eq. (D8) can
be obtained analytically. Using Egs. (C7) and (C17), Eq. (D6)
becomes for the « = A mode,

(D9a)
(D9b)

X4 = (Qpy sinh By x4 + Qya cosh By ) cos 6,
Yia = (Qya cosh By ka + Qs sinh By i a)cos 6,

hence, their difference vanishes. And for the « = P mode,

. 6
Xk,p = (sinh B; x pOy) — cosh By k,pQOpy) cOS ok (D10a)

Yk.p = (cosh B k pQpx — sinh B k pOyy) cos =, (D10b)

N | D

hence, their sum vanishes. Here we have fixed the gauge
by requiring Q,, to be real. It then follows from Eq. (D7) that
for the A mode 8¢ is purely real, whereas for the P mode
8¢ is purely imaginary, and the flatness is +1 and —1 for
the A mode and the P mode, respectively, which justifies the
nomenclature.

APPENDIX E: TOPOLOGICAL CHARACTER

In this Appendix, we discuss how to define the band topol-
ogy for the bosonic BdG system of the 2D SSH-BHM. In
particular, we prove that the topological index, namely, the
symplectic polarization vector, is quantized to a Z, number
due to the inversion symmetry. And relate it to the parity
eigenvalues at the inversion symmetric momenta. Then we
show explicitly that in the infinite filling limit, the amplitude
and phase bands have the same topological index as the un-
derlying noninteracting Hamiltonian.

For a bosonic BdG system with the inversion symmetry
defined by

T,HZCT ' = HBO, (E1)

the symplectic polarization defined in one dimension by
Engelhardt and Brandes [18] can be straightforwardly gener-
alized to the vectorized version,

= d*k A(K), (E2)
(2m)? /BZ

where the symplectic U(1) Berry connection is A, (k) =
i ZM<)~<)»2 Tr(I‘ka_l 0, Wik). We define a sewing matrix By =
W_Tk23Ith with X3 = 13 ® I being the Pauli spin-z matrix
acting on the Nambu space to relate eigenstates at momenta
k and its inversion symmetric partner at —K. Note this sewing
matrix is pseudounitary, block diagonal, and satisfies BT_k =
Bx. Due to the inversion symmetry, we can relate the sym-
plectic Berry connection at k to —k by using this sewing

matrix,
Au(—k) = —A, (k) +id, In det By, (E3)

where B denotes the projection of By to the block consisting
of bands between A; < A < A,. Then for ¢ = 1 (and similarly
for 4 = 2), we have

1 b T
= [ die [ dkiai k) + Ak
e ).,

1 T s
= W/—rr dkz'/o dki[Ai(ky, ko) — Ay(ky, —k2)

+ 0, In det B ]

1 T l‘ e
= — dk,| — dk, 0y, In(det BY) |. E4
271/;” 2[271/0 10k, In(de k)] (E4)

Note the integral over k; gives the winding number of det B,
a pure phase at a fixed k,. Since the system under consider-
ation has TRS, namely, the Chern number always vanishes,
which means that one can always find a continuous gauge.
Thus, the winding number cannot change discontinuously
along the k, direction, and we can simply evaluate this con-
stant by taking k, = 0, which leads to
i
P =—
21 0

. ) i det By
dky 0y, In det B, , = 2 In det B5
r

(E5)

Since at the inversion symmetric momenta, we have ¥3By, =
EngTm 3T, W, = Wki_“iI,Wk which leads to det B =
+[1;, <1<, M (plus or minus sign for particle or hole
space), where n is the eigenvalue of the inversion operator
Z.. In conclusion, each component of P is quantized to a Z,

number,

inv ?

1
P, = E( > m, mod 2), (E6)

A <AL

where (—1)"# = 1, (X,)1,.(I).

At the infinite filling limit since two modes are decoupled,
we can study Eq. (C11) for « = A, P, individually. This BdG
Hamiltonian is easily seen to satisfy the inversion symmetry
Eq. (E1) with

=1 QI. (E7)

Since E; k o(dix) defined in Eq. (C14) is a monotonically in-
creasing function, the band gap closes at the same #; /, and at
the same k points in the BZ for the noninteracting bands dj
and the BdG bands E; x . Moreover, the parity eigenvalues
for these two systems are also the same,

W, T Wi = 23W,) 25(70 ® T)Wi
= 3P/ 0} T3(10 ® I) Ok Px
= 03P [t ® (O 'ZOk) P&
=10 ® (0 'Z0k). (E8)

where to arrive at the last line, we have used the explicit form
of matrix P given in Eq. (C13). We, thus, conclude that the
topological phase boundary does not alter.

In the finite filling case, our bosonic BdG Hamilto-
nian still obeys the inversion symmetry [ =1, ® Z. We
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numerically find that the topological transition point again
occurs at t; = fp, which is understandable from the symmetric
roles played by two hopping parameters.

APPENDIX F: A GINZBURG-LANDAU ANALYSIS VIA
STRONG-COUPLING RANDOM-PHASE APPROXIMATION

Here we derive the effective action used in the main
text, following a strong-coupling random-phase approxima-
tion developed by Sengupta and Dupuis [68] and discuss the
condition leads to the (approximate) particle-hole symmetry.

In the imaginary-time path-integral formalism, the Eu-
clidean action is

S = /ﬂ dt[za;“arai - Zfija?aj
0 i ij

(F1)

—Mza?ai + %U Z |Cli|4:|~

Using a Hubbard-Stratonovich (HS) transformation, we in-
troduce an auxiliary field ¢ to decouple the hopping term
and integrate out the original field a, the partition function
formally becomes

B
Z=ZO/D[§0*,¢’]CXP{ —/ dr E P (Tt ije;(T)
0 i

+ Wioclg™, <P]}~ (F2)

The generating functional for connected [-particle local
Green’s function is defined by

GoV(x, .. LT
= (—=Dai(n) - ai(r)af (t)) - - - a (T])roe

8CDOWioel*, @]

L
TS T, .

= (_l)l * * / AN (F3)
3@ (t1) -+ 89 (11)d¢i(T)) - - - Sepi(Ty)
Here the local Hamiltonian is
N | .
Hoe =) [EUni(ni -1)— Mn] (F4)

i
and (- - - )joc means that the average is taken with respect to
H,.. Upon reverting the above equation, we obtain

. — (=1 e
Wioel@™, @] :ZW d‘L’l..~d‘L'lG10C (t1, ..
=1 '

TR " (Te(T) (). (FS)

The effective action given in Eq. (F2) is used by Refs. [45,77]
to study the quantum phase transition between the SF phase
and the MI phase. However, as pointed out by Sengupta and
Dupuis [68] in the SF phase, the Green’s function obtained
is not physical, thus, the excitation spectrum is out of reach.
More importantly, it is hard to investigate the topology asso-
ciated with the inverse of the hopping matrix, being generally
a complicated infinite-range hopping matrix.

We can kill two birds with one stone by performing a
second HS transformation. This process decouples the hop-
ping term in Eq. (F2) where the pure local ¢ field can be
integrated out again. Since the correlation function built from
the auxiliary field introduced in this second HS transformation
and the original bosonic fields a are the same (the proof is easy
and can be found in Ref. [68]), we use the same notation for
them. The resulting effective action is

.
~9T[9t17

seff — /dt dr' Y " {ar (O)[-Til(z: T8 + 1;8( — t)]a;(x))}

ij

1
4 / dl’[dl'zdfl/dle Z [ergg(fl’ ; ‘[2/, t{)a:‘(rl )a*(TZ)ai(Tz/)ai(Tll)i| + e,

(F6)

where - - - denotes higher-order local vertex functions, which are neglected. Here, the one-particle local vertex function is given
by 'Y = [GV]=1 (from here on we will omit the superscript in GV for the single-particle Green’s function). And the two-

loc loc

particle local vertex function Fl(ozc) can be obtained from the one- and two-particle connected local Green’s function using the

standard formula [78],

loc

B
(2 . . . 2 . . .
GoP(r, o3 1], 1) = — f dt3d14d T5d Ty Gioe (11 T3)Gloe (123 T)T 2 (T3, 43 T3, T4)Groe (T3 T )Groe (743 T3).-
0

(F7)

loc

Before proceeding further, we review the local problem defined by Eq. (F4). For a given site, it is already diagonal in particle
number basis. The ground state has g bosons with g = | /U ] + 1 if u > 0, and g = 0 otherwise, and the corresponding energy
eq = —uq + (U/2)q(g — 1). The single-particle Green’s function is (for T > 0)

Gioc(7;0) = —(Tya(t)a’ (0)) = —

Zloc _

1

Z(n + D)e~B-Den—ten (F8)
n=0
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where Zioc = Y ooy e P, In Matsubara frequency space at zero temperature, it becomes

: : P it —q q+ 1
Gioc(i®)lr=0 = lim [ d7 Gioc(7;0)e™" = - + - . (F9)
B—< Jo w+te;, 1 —e; W+ e;—eqt

The two-particle Green’s function can be obtained similarly, whose explicit expression in the static limit at zero temperature
GS® can be found in Ref. [68]. If we approximate Fl(fc) by its static value Fl(jc) =—-G“?/G* and introducing U = %1"(2) the

loc . . loc loc loc®
effective action then reads

st = fdr dv' Y af(0)[—Gh(t; T8 + 1i8(r — T)]a;(x)) + %U / dr ) lai(o)l*. (F10)
ij i

—1

1oc (i) around w = 0,

In Matsubara frequency space, using Eq. (F9), one can expand G

o (qU A ptio)U —qU + p+io)
~GpL(iw) = TE—— = gw(zw) : (F11)
where ¢, = (£)7'3'G! (iw)/3(iw)'| ,=0, and the most important coefficient is
1 U?
c =_1+M7 (F12)
U+ pn)?

whose vanishing on the u-t phase diagram is the so-called PH symmetric line ppns = [+/q(1 + g) — 1]U. Note it starts at the
tip of the gth lobe and is a horizontal line independent of z¢, which overlooks the hopping effects in comparison with Eq. (B7).
Precisely at the PH symmetric line, Eq. (F11) becomes

_[-1+io—g+ g + Plliv — g+ Vq(1 + q)]

—Gioe (i0)] iy, = PR (F13)
which leads to
1 -1
C€|uzuphs = [m} = 0(qu+1)’ for £ > 1. (F14)

Thus, at the large filling limit and on the PH symmetric line, only ¢, survives even away from the low-energy limit.

APPENDIX G: A BRIEF DISCUSSION ON THE VALIDITY OF THE SLAVE BOSON METHOD

Generally speaking as a strong-coupling expansion, our approach is expected to work well in the Mott-insulating phase and in
the superfluid phase close to the SF-MI phase transition boundary; and to become worse in the weakly interacting limit (where
the standard Bogoliubov theory should be more appropriate).

More specifically, we note that the local Hilbert space is enlarged when the slave bosons are introduced at each site; however,
this redundancy is then removed by imposing the local constraint. There are two main approximations involved: (1) Only
three local states at each sites are considered. (2) The local constraint is actually broken when condensing S and making
the replacement Eq. (B14) with higher-order terms omitted.

Regarding the first issue, we note that, in the vicinity of the Mott phase, number fluctuations are small, which allows one
to truncate the Hilbert space into the subspace of the lowest local number states. This local number fluctuations have also
been experimentally measured [46] and found, indeed, to be suppressed due to strong interactions near the vicinity of the Mott
phase. Moreover, this approximation can be systematically improved by the inclusion of further local states. The error occurred
by this truncation can be computed by comparing the two cases. We have numerically checked that such an error is, indeed,
small for parameter regions of our interests. In fact, by including these extra local states, we find that the resulting spurious
excitations are almost equal two-,three-,...particle excitations of the mean-field Hamiltonian Eq. (A1), reflecting the fact that
they are high-energy excitations, outside of our low-energy theory in the strong-coupling limit.

Regarding the second issue, the same approximation also occurs in the widely used method of the Holstein-Primakoff boson
[79] and the standard Bogoliubov theory [80]. One way to verify the validity of this approximation is to check that a posteriori
the quantum depletion ), 7r£G(,BZ oBia) 1, indeed, quite small comparing to unit. A similar calculation has been performed in
Ref. [48] (for the standard Bose-Hubbard model in 2D): this quantity is around 0.2 and is largest at the phase-transition point.
Therefore, the expansion Eq. (B14) is justified, and it should be a good approximation for the parameter region of our interests.
Interaction among the Higgs and the Goldstone modes can be studied in the future by including these higher-order terms in the
expansion Eq. (B14).
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