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Theoretical analysis of the spectroscopy of atomic Bose-Hubbard systems
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We provide a numerical method to calculate comprehensively the microwave and the laser spectra of ultracold
bosonic atoms in optical lattices at finite temperatures. Our formulation is built up with the sum rules, up to the

second order, derived from the general principle of spectroscopy. The sum rule approach allows us to discuss
the physical origins of a spectral peak shift and also a peak broadening. We find that a spectral broadening of
superfluid atoms can be determined from number fluctuations of atoms, while that of normal-state atoms is mainly
attributed to quantum fluctuations resulting from hopping of atoms. To calculate spectra at finite temperatures,

based on the sum rule approach, we provide a two-mode approximation assuming that spectra of the superfluid
and normal state atoms can be calculated separately. Our method can properly deal with multipeak structures
of spectra resulting from thermal fluctuations and also coexisting of the superfluid and the normal states. By
combining the two-mode approximation with a finite temperature Gutzwiller approximation, we calculate spectra
at finite temperatures by considering realistic systems, and the calculated spectra show nice agreements with

those in experiments.
DOI: 10.1103/PhysRevA.93.043608

I. INTRODUCTION

Ultracold atoms in an optical lattice allows us to simulate
quantum phase transitions of lattice fermions and also bosons
[1,2]. In fact, the superfluid (SF) to the Mott insulator (MI)
transition of bosonic atoms has been demonstrated by using
various measurement techniques [3—16]. The signature of the
phase transitions can be observed in certain thermodynamic
quantities [3—10]. One of the examples is to characterize the
transition by observing the disappearance of a coherent peak
structure in the number distribution of atoms in the momentum
space [3-6]. A spectroscopic measurement is another useful
tool to detect phase transitions [11-16]. This is because much
information is included in spectra that reflect the dynamical
response of many-body systems after excitations caused by
a certain external field. Furthermore, when the external field
is very weak and perturbative, the dynamical response can be
connected to thermodynamic quantities of thermal equilibrium
states before excitations. In condensed matter physics, such
a relationship, e.g., fluctuation-dissipation theorem, has been
used to discuss quantum many-body phenomena. It is thus
required to deeply discuss such spectroscopic relationships
specific to cold-atom systems.

One of the pioneering studies on spectroscopic mea-
surement on atoms in a lattice is microwave spectroscopy
experiments, where the Mott shell structure has been observed
by spectroscopically distinguishing the different number states
of atoms [12]. Theoretically, the corresponding spectra have
been studied with an approximation satisfying the (first-order)
spectral sum rule [17-20], which is derived from the general
principle of spectroscopy [21]. The first-order sum rule
determines the relationship between the spectral peak position
and the two-body correlation function of atoms [17]. This is a
prominent example that connects thermodynamics to dynam-
ics in cold-atom systems. This calculation assumed that the
system is at zero temperature, while the realistic experiments
have been done at low but finite temperatures. In addition, such
a first-order approximation is insufficient to discuss important
properties of spectra, such as, a standard deviation and a
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spectral broadening, which can be connected to fluctuations of
atoms in thermal equilibrium. On the other hand, the laser spec-
troscopy is now being established [22-24]. The laser and the
microwave spectroscopy are understood as a similar type spec-
troscopy based on electromagnet-field excitations. However,
the laser spectroscopy cannot be straightforwardly described
by the formulation of the previous studies [17]. This is mainly
due to the difference in wavelengths of the external fields.
A reliable theoretical method for comprehensively analyzing
these spectroscopy at finite temperatures is now required.

In this paper we theoretically discuss a common for-
mulation for the microwave and the laser spectroscopy of
ultracold bosonic atoms in a three-dimensional optical lattice.
We start with analyzing the sum rules in the same way as the
previous work [17], while we extend the approximation to the
second order. This approach allows us to clarify that number
fluctuations of atoms in thermal equilibrium can be connected
to a broadening of spectra. Phenomenological discussions
based on the sum rule approach allow us to establish a method
for calculating spectra at finite temperatures. We propose
a two-mode approximation assuming that the spectra of
condensed SF atoms and uncondensed normal state (NS) atoms
are separately dealt with. The multipeak structures resulting
from thermal fluctuations and also the coexisting of the SF
and NS atoms can be appropriately taken account. Using this
approximation combined with a finite temperature Gutzwiller
approximation [25], we numerically calculate the microwave
and the laser spectra by considering realistic experimental
parameters [12,26]. We find that our approximations reproduce
essential features of spectra seen in the microwave experiments
[12], and we predict spectra of the realistic laser spectroscopy
experiments [26].

II. THEORY OF SPECTROSCOPY

This section is devoted to the general theoretical framework
of spectroscopy. We first explain the model Hamiltonian,
and then we show the common formulation to describe the
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microwave and the laser spectroscopy. To capture essence of
the present spectroscopy, we discuss physical properties of
spectra in simple model cases. For simplicity we set i = 1
and kg = 1.

A. Model Hamiltonian

Before spectroscopic excitations, thermal equilibrium prop-
erties of atoms in an optical lattice is well described by the
following single-band Bose-Hubbard Hamiltonian [27,28]:

He =— gzcgzcg/ +Z(Vg~,i

+ % D igiligi — 1), (1)

- /’L)ﬁg,i

where ¢ cg (Cg,i) is the creation (annihilation) operator of an
unexcited atom at the i th site, and 7, ; is the corresponding
number operator. Here contributions of higher orbitals can be
neglected when we consider the low energy properties. We
note that higher orbitals have a role in the spectroscopy as
discussed later. The Hubbard parameters, i.e., the interaction
strength U, , and the hopping integral J,, are evaluated by
the ab initio calculations based on the second quantization
using experimental parameters: a lattice constant a; and a
lattice depth Vj, which are determined from a wavelength
and an intensity of the lattice laser, respectively, and agz , a
scattering length between two unexcited atoms. The chemical
potential u is determined so as to fix the expectation value
of the total number of atoms Ny = Zi (fig,i) and Vg ; is the
trapping potential, where { A) means thermal expectation value
of the operator A given by Trexp(—BH)A. In the following,
for simplicity, we omit to explicitly write down p, which can
be included in a global shift of V, ;.

B. Spectroscopy

In the microwave and the laser spectroscopy, excitation
processes caused by an external electro-magnetic field are
generally described by 'Ot Xt [17], where T, w,
and K. are a nondimensional normalized amplitude, an
angular frequency, and a wave vector of the external field,
respectively, and ¢ and r are time and position. Here Oey is
an excitation operator defined as follows. For convenience we
define ), po OAeX,a as a second quantization of OAexe"KeX'f, and

i Kex T,
Oex a E e 'cw,cg,+Hc 2

i

where .o ; is the annihilation operator of an excited atom in
the ath orbital at the ith site of the position r;. Note that Kex
is a reduced wave vector in the first Brillouin zone defined
by kex = Kex + G, where G represents any reciprocal vectors
with e/ = 1. An excitation matrix p, is defined by

Po = / drWy(r —r)e W e — ), (3)

where W, (r —r;) is the oth Wannier orbital at the ith site
for the excited atoms, and W, (r — r;) is that for the unexcited
atoms (i.e., @ = 1). Here |p,|? represents the probability that
the orbital of atoms changes from the lowest to the «th orbital
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during excitations. The orthogonality of the Wannier orbitals
assures a condition ), |p«|?> = 1. Note that p, in Eq. (3)
characterizes the difference between microwave and laser
spectroscopy as detailed in Sec. IV A. In this paper we neglect
the probability that atoms are excited to the different lattice
sites (i.e., intersite excitation), because it is exponentially
smaller than that of the on-site excitations. Namely, we
assume that py’ = [drWi(r —r;)e’®«TTOW (r —r;) are
negligible except for i = j. In fact, using parameters in
Sec. IV A, we found that the relative intensities of such intersite
|2

excitations, which are proportional to |"; are less than
~0.2% for Vy = 4E, and are much smaller for deeper lattices.

We focus on the weak excitation limit under the condition
of |I'| « 1. The excitation spectra can be formally given by

I(w) = Za |;0a|21(x(a)), and
(@) = TP Y [(0|Ocxaln) Pe™ P/ 8(w — E}, + Ey),
“)

where |n) is the eigenstate of Hamiltonian H, in Eq. (1) with
energy E,, and Q(= —T In)_, e £/T) s the grand potential.
Note that the conservation law of the number of excited atoms
allows us to decompose I (w) into the sum of 7, (a)) The excited
state |n’) is the eigenstate of Hamiltonian H= H + H +

ﬂge, and E, is its energy. Here H, and Hgg are given by

7:[8 = _Z Jeaéia’iéea,j + Z(Aea + Vea,i)ﬁea,is (5)
(i.))e i
ng = Z Ug,eaﬁea,iﬁg,i’ (6)
i,a

where J,, is the hopping integral of excited atoms in the
ath orbital, and U, . is the on-site interaction between the
first orbital unexcited and the «th orbital excited atoms. Note
that the interaction between two excited atoms U, g can
be reasonably neglected in the limit of weak excitations.
A,y represents the energy difference between the unexcited
atoms in the lowest orbital and the excited atoms in the oth
orbital. We can always set A,; = 0 by appropriately choosing
the origin of the spectral frequency. The spectral intensity
proportional to |I"|? is determined so as to satisfy the integral
condition | I(w)dw = const, when we compare our analyses
with the experimental observations. Thus we can neglect the
quantitative aspect of I' by setting I' = 1 without loss of

generality.

C. Sum rules

We discuss the moment expansions of the spectral function
by following the previous studies [17-20]. In general, spectra
given by Eq. (4) should satisfy the following sum rules in terms
of M{"™ the nth order moment:

Mé”) = /dww"[a(w),

= ([[[0L o . 1, H1, ... 10ex.0) (7

A

where [[[0ex o ],H] . ] denotes the n-times commutator
between Oexa and H. These relations indicate that certain
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statistic quantities in thermal equilibrium have a relation with
some properties of spectral functions reflecting a dynamical
response of the system. For example, by considering up to the
second—order moments, the spectral mean value @, is given by
Dy = MV /MO, and the standard deviation o, can be written
as o M 2) / M o _ MY/ M2 Naively we can stress that
@y and Oy determlne a spectral peak position and its width,
respectively, and the relations defined by Eq. (7) can describe
the physical origin of the peak shift and also broadening caused

J
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by the many-body effects. In what follows, to discuss these
important spectral properties, we analyze the sum rules up to
the second order.

We can derive the following expressions with respect to the
corresponding sum rules. The zeroth order is given by

MO = (0, ,0cra) = D iz} = N ®)

The first-order moment is written as

M = ([0 4 H10cx.a)
= (Ug,ea - gg)z Cgl glcglcgz +Z(Veal Vg,i +Aea)<ﬁg.i)
+ 3 g = Jewe™ N e] i2giva), )
i d

where ) ", represents a summation over the adjacent sites, and the second order is

M? = ([0, 4 H1, H]Oex.)

= (Ug,ea - Ug,g)2 Z<Cl'lél’l ;[,Cg lcg zcg i)+ (Ug e

+Z(V€Otl +22(Ug ea —

Vg i + Aea)
+ Z Z 2(]g - Jeaeikex'd)(Ug,ea -

Ug.g)(vea i

Ue) (@) 16068 g iva) + DY 200y = Jea™ ) (Vi

Ug,g)ZZ(cl,lcz,lcglcgJ

i

Vgt + Aea)<cg, g, lcg zcg z)

~ Vei + D) (@ 8giva)
i d

N U = Jea™ Ny = Jea™ (1 = Sa1a0)(E] 1 Cgivara) +ZZ|J — Jea@™ P (g ). (10)

i dd

The expressions in Egs. (8)—(10) include the on-site
multibody correlation functions G, = ((é;,i)z(ég,i)g), where
G,; is equivalent to the averaged number of atoms n; =
(fig,;). The hopping Hamiltonian yields the intersite corre-

lations such as G; ; = (é;iég,j), where G;; =n;,and Gy ; j =

(6;6&,-6;[6&]). In the second (or higher) order of moment,
the hopping Hamiltonian yields also the on-site one-body
correlation G ;(= n;) [see the last term in Eq. (10)]. Note that
this type of term is caused by a round-trip hopping process.
These terms are proportional to J, — Jege™™ 4, where e'*exd
describes the momentum transfer from the external field to
atoms. The momentum transfer can be regarded as a back
action of the measurements, which plays an important role in
spectra.

D. Physical meaning of the spectral deviations
and spectral mean value

It is convenient to discuss the physical meaning of spectra,
which can be figured out from the sum-rule approach. The
spectral mean value @, can be written as the sum of §U,,
8Vy, Ay, and 8J,, which are spectral energy shifts caused
by the effects of interaction, trapping potential, band gap,
and hopping, respectively. As discussed in the previous
study [17], 8Uy = (Ugew — Ugg) Y ; G2,i/ Nior 18 a collisional
energy shift. Two terms, 8V, = D, (Vea,i — Vg,i)0i/Nior and

(

SA, = Zi Aeuni/ Ny, are related to the statistical average
of the number of atoms. Here §A, reduces to a constant
A, having no connection to any thermodynamic quantities,
while 8V, describes the effects of the inhomogeneity of
the system. The hopping energy shift §J, =), > (J, —
Joa€® DG, i 4/ Nyoy is related to the intersite correlation. The
Bloch band picture makes physical meanings of this term
clear. We define the kinetic energy shift §K, = §J, + 5§A,,
which can be rewritten as Zk(eea ktkee — €.k g k/ Niot, Where
nex =, ; €® G, ;is the momentum space distribution,
and &,k and g4 | are the dispersions of the unexcited atoms
in the lowest orbital and of the excited atoms in the « orbital,
respectively. Because of the momentum conservation law, a
wave vector Ky is transferred from an external field to atoms.
It turns out that § K, becomes large for a large k.. Note that the
discrete translational symmetry imposes K¢y to be a reduced
wave vector in the first Brillouin zone.

We next discuss the standard deviation o, related to the
second-order moment as o2 = M@/ M® — (M /MO).
Roughly speaking, the standard dev1at10n characterizes broad-
ening of spectra. For clear vision we now focus on a uniform
system by setting V,,; — V,; = 0. Considering the physical
origin of the deviation, we can rewrite o, as o, =
G+ Ok + 05 - Where the deviation induced by the

(Ug eax — Ug,g)z[zi
(3", G2i/N)*], and that caused by

correlations oy, is defined as O’Ua
(G3.t + G2,l)/Nt0t
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kinetic terms ok, is defined as 012( 0= k(Eek —
8ea,k+kex)2ng,k/Ntot - [Zk(é‘e(x,k—kkex - 8g,k)ng,k/Ntol]2, and

that  originating from the cross terms o g,
is given by O\Z/Wa = 2Upew — Ug.g) Yg(Jg — Jewe™ o)

[>°; Gaiviva/Niot — Q- G2,i/ Nio)Q_; Giita/ Nio)]-

In the following we consider two simplified model cases
and calculate a mean value @, and a deviation o,, so as to
discuss what are the physical origins of spectral peak shifts
and broadening. Here we focus on uniform systems at zero
temperature for simplicity, and inhomogeneous systems at
finite temperatures will be discussed in Sec. III. We first
consider SF states at zero temperature and use the following
simple mean-field approximation. We assume that (¢, ;) is
finite and is given by a classical complex number c¢;, which

A

leads to Gy ~ [ei|*, (¢ ,8,.) ~ cfe;. and ng ~ i, Nsp,
where Ngf is the number of the condensed SF atoms, and Kk is
a wave vector at the bottom of a dispersion &, i (usually ko = 0
for apositive J, ). We here also assume that almost all atoms are
in the condensed state Nsg ~ Nior. The spectral mean value is
now given by @y = (Ug co — Ug, )i + (e ky+kee — Eg,k)- 1t
is consistent with the previous study [17], while the additional
kinetic energy shift is found. The deviation now reduces to
a(f = (Ug,ea — Ug’g)zni(za[% »)- Interestingly, we find that the
deviation has a contribution of an interaction term oy, only.
Here, because of the subtractionin MP /M — (M MV)?,
the deviations ok , and o /%y, are canceled out under the
pure-condensation condition ng x ~ Sy k, Nior. The number of
the coherent SF atoms is indefinite, and number fluctuations
An; of such a coherent state are written as ./n;, where
(An;)? = (ﬁ; ;)= ”,2 Thus we can conclude that the spectral
deviation of coherent SF states is connected to number fluctu-
ations in thermal equilibrium as o = |Ugeo — Uy (| An;.

We next consider MI states with m atoms in each site at
zero temperature. For Ml states, it is reasonable to set intersite
correlations G; ; for i # j to be zero. The spectral mean
value is now given by @&y = (Ugea — Ug g)m — 1) + Ay,
which is equivalent to the previous study [17]. The spec-
tral deviation reduces to a{f =Y alde— Jme"k“'d|2(=a,2(qa).
In the same manner as the above, the correlation-induced
deviation oy, cancels out as olz,’a =m(m — 1)(m —2)/m +
m(m — 1)/m — [m(m — 1)/m]*> = 0. The cross-term-induced
deviation o /5%, is also zero because of negligible intersite
correlations. For MI atoms at zero temperature, the number of
atoms is definite, and there are no number fluctuations An; =
0. On the other hand, the phase and the momentum is indefinite,
and thus a spectral broadening of MI atoms is caused by kinetic
fluctuations described by ok . By executing the k summation
in ok o with a constant momentum distribution 7 k(= m) of
uniform MI states, we obtain 012{ o= 2alle— Joge®ed)?,
This deviation can be connected to quantum fluctuations
resulting from the round-trip hopping process given in the
last term in Eq. (10).

As demonstrated by the previous experiments [12], the
present spectroscopy has an ability to distinguish the different
number states, when |Ug .o — Uy | is large enough. This
feature of spectra can be explained by the first-order sum
rule, @y = (Ug o — Uy ¢)(m — 1), as discussed in the previous
study [17]. The above second-order sum rule approach further
indicates that number fluctuations of atoms in thermal equilib-
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rium An; play an important role in such number-resolving
spectroscopy. In fact, a spectral deviation o, of coherent
SF atoms can be determined from number fluctuations:
0o = |Ugea — Ug ¢|An;. Even for MI atoms with An; =0,
a spectral deviation is finite owing to kinetic fluctuations,
which is attributed to the indefinite phase and momentum in
a reflection of the definite number and position of MI atoms.
This deviation of the number definite states is not related to
any thermodynamic quantities, and thus this constant o, of
V> alJe — Jewe™e 9|2 is the intrinsic lower limit of a spectral
linewidth (see Sec. IIIB). On the other hand, the deviations
of general states with both phase and number fluctuations are
given by the summation o'lzm + UI%’O[ + O—\Z/UT o Ve find that
the spectral deviations of a specific ground state (SF and MI)
with a definite quantity (phase and number) are characterized
by fluctuations resulting from the conjugate indefinite quantity
(number and phase, respectively). It should be noted that the
second-order sum rule makes clear the fact that the spectral
measurements are governed by the uncertainty principle.

These physical properties of spectra mentioned above are
figured out from the general principle of weak excitation
spectroscopy with given Hamiltonian 7{ and an operator
OAeX,a. For example, an excitation operator OACW characterizes
the intrinsic spectral broadening of \/ Y oa g — Jegeked|2,
where a momentum transfer of K., which is a back action
of the measurements, determines a quantitative aspect of
a spectral width. Bose-Hubbard Hamiltonian H, includes
kinetic and interaction terms, and the competition between
these two conjugate terms is the origin of the SF-MI transitions.
The second-order sum rule approach clarifies that spectral
deviations reflect the completely different properties of these
two conjugate states, SF and MI. We can thus conclude that
the present spectroscopy will be a sensitive tool for detecting
the SF-MI transitions. Note that the first-order sum rule
approach is insufficient to clarify these important features
of spectroscopy. However, the above simplified discussions
cannot be straightforwardly applied to the finite temperature
spectra. In the next section we thus propose a two-mode
approximation to numerically calculate spectra that satisfy the
sum rules.

III. METHODS

In this section we provide a numerical method for calcu-
lating spectra at finite temperatures. We first explain the finite
temperature Gutzwiller approximation [25], which allows us
to efficiently obtain the thermodynamic quantities in Egs. (8)—
(10). We next provide a two-mode approximation to numer-
ically calculate finite temperature spectra in inhomogeneous
systems. At the end of this section we compare our method
with the previous formulations [17-19].

A. Finite temperature Gutzwiller approximation

The Gutzwiller approximation allows us to efficiently
analyze the thermal equilibrium properties described by the
Bose-Hubbard Hamiltonian in Eq. (1). This is a mean-field
approximation considering up to the first-order collection in
terms of J, and well describes the SF-MI transitions in high
dimensional systems. Here ﬂg is then approximated by a set
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of the effective local Hamiltonian ﬂloc =) ﬂloe,i with

A Ugg ~
Hlocz - J;L,f 2, + Jeﬁ*cgz + Vgl”gl + _gng,i(ng,i - 1),

(11)
where Jeff is determined from a self-consistent condition

I =— Zd (¢q.i+a)- Using exact diagonalization, we can
numerically calculate statistical quantities such as ¢; = (&, ;)
at finite temperatures [25].

As discussed in Sec. IID, a finite ¢; effectively describes
the Bose-Einstein condensates (BEC) within the mean-field
approximation. Here the number of condensed SF atoms
in each site can be defined by nsg; = lc;|?. Both thermal
fluctuations and interactions cause coexisting of condensed SF
and uncondensed NS such as MI and normal fluid (NF). The
annihilation operator of NS atoms at the ith site is effectively
given by Cns,; = C,,; — ¢;, where NS atoms satisfy always a
condition (s ;) = O resulting from the conservation law of
the number of NS atoms. The number of NS atoms nngs; =
(@LS ;CNs,i) can be written as nns; = n; — nsg,;. This leads to
the fbllowing reasonable condition: N,y = Nsg + Nns, Where
NspNs) = Zi nsEnNs),i- The total number of atoms is given by
the sum of the total number of SF and NS atoms.

It is useful to briefly explain how to calculate the thermal
quantities in the moments Egs. (9) and (10). The on-site
correlation functions G, ; can be calculated straightforwardly
by diagonalizing the effective local Hamiltonian 7:[10@,-. On
the basis of this local approximation, the intersite correlation
is described by G; ; ~ (¢ i,l)(cg j)(=cic;) for i # j. The
h1gher-order intersite correlations gz_,,,ﬂ, also reduce to

(cg ;Ca, ,cg ){Cq,j). These expressions mean that the intersite

correlations of NS atoms (6;[15’1.61\15, ;) for i # j are approxi-
mately set to be zero, and thus, two kinds of NS states, MI and
NF, are dealt with approximately in the same way. We should
note that the MI states appearing at lower temperatures can
be characterized by focusing on the creation of the Mott shell
structures and also the suppressed entropy per site [25]. We
can thus effectively calculate that thermal fluctuations cause
the MI-NF crossover within this local approximation.

B. Two-mode approximation

Next we provide a two-mode approximation that helps us to
calculate spectra at finite temperatures. We assume that 1, (w)
in Eq. (4) can be decomposed into two components resulting
from the contributions of SF and NS atom:s:

Iy(®) = ¥ () + ¥ (w). (12)

Two types of uncondensed NS (MI and NF) states appear
at finite temperatures. As mentioned in Sec. IIT A, within
the Gutzwiller approximation, NF states are approximately
dealt with in the same way as MI states based on the
local Hamiltonian picture. As discussed in Sec. II D, at zero
temperature, spectra of coherent SF atoms show completely
different properties by comparing with those of MI atoms.
Note that the special characteristics of spectra of SF atoms
result from the phase coherence caused by BEC. We thus deal
with spectra of SF atoms in a different way to two types of NS
atoms.
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On the basis of the two-mode approximation, we reconsider
the sum rules for the spectral moments:

M® = f do "IN () + / dwo"I5F (o).

The sum rules up to the second order (i.e., up ton = 2) provide
the following relations:

MO([O) = Nsg + Nns, (13)
Mél) = NNsd)ol\(IS + NSFQ_)EF, (14)

M = [+ (@) s + [ + @5 e
(15)

where a) S and a) F are the spectral mean value, and ong and
Osp are the spectral standard deviation for the NS and SF
spectra, respectively. The zeroth-order sum rule in Eq. (13)
simply offers the condition associated with the total number
of atoms, which is always satisfied within the Gutzwiller
treatment as mentioned in Sec. III A. On the other hand,
the first- and second-order sum rules require the balance
conditions between INS(w) and ISF(w), and these conditions
allow us to properly calculate spectra.

1. Spectra of uncondensed normal state atoms

In what follows we discuss the properties of IN(w) and
I3F(w) at finite temperatures, separately. Here we begin
with Igs(w) by assuming that Nggr = 0, and accordingly
I (fF (w) vanishes. We also assume that the intersite correlations
are negligible G; ; for i # j by comparing to the on-site
correlations n;. The density matrix of such a localized state
is given by [,(3_,, e Eni/T|m);(m|;) at finite temperatures,
where E,, ; = Uy gm(m — 1)/2 — V, ;m is the energy of the
local number state |m);. The spectra can be obtained in a form
of the exact representation:

D Waim8(@ = paim). (16)

im

M) =

The spectral weight w,; , and the peak position pg;, are
given by

Wy im = mei(Em’iigi)/Ta (17)

Ug,g) + Aea + Vea,i - Vg,i,
(18)

Pa,ijm = (m — 1)(Ug,eo¢ -

where e~ (Eni—$)/T ig the Boltzmann factor of the number state

|m);, and Qi(=—T1In)_, e Eni/Ty is the grand potential in
the ith site. Note that, even for the uniform systems, spectra
at finite temperatures have multipeak structures depending on
the thermal distributions of the number states |m); described
by e~ Eni=90/T

We now discuss that the zeroth- and the first-order sum
rules are always satisfied in the above expression in Eq. (16)
when G; ; < n;. By using Egs. (17) and (18) we obtain
MO= im me P Eni=) and M= Y immlm—=1(Ug o~
Ugo) + Aoy + Vegi — g,i]e_ﬁ(E”“"Q"). Using relations n; =
> me BEni =) and Gyi=Y, mim— De PEni =2 we
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find that M? = Nxs, and M reduces to > ;[(Ugew —
Ug.e)G2i + (Acq + Vea,i — Vg,idni]. These facts suggest that
1M (w) in Eq. (16) reproduces the zeroth- and the first-order
moments in Egs. (8) and (9) when we can neglect the term
proportional to the intersite correlations [the last term in
Eq. 9)].

In contrast, the second-order sum rule is not straightfor-
ward. When G; ; < n;, almost all terms are reproduced in the
same way as the above. Namely, M @ — Zl m Waim pa im is
equivalent to the first four terms in Eq. (10). However, we
cannot reproduce one of the terms in Eq. (10), which is the
round-trip hopping term given by Y, > |Jg — Jege > 4|?n;
This means that, even though the intersite correlations are
negligible, quantum fluctuations resulting from the round-trip
hopping broaden the spectral width of each peak in Eq. (16).
Namely, the sum rule requires that the delta function §(w) in
Eq. (16) should be replaced with a certain function with a finite
spectral width. We here use a Gaussian function, and 1)5(w)
is now given by

0= pein?/(222)]
S = Y s exp [—(@ = pain)’ /(27 |
2@ =) Waim s . (19

where y, is the spectral width defined by y(f = alde—
Joge®4|2 We comment that a Lorentzian function is not
suitable for the substituting function, because the second-order
moment does not converge: [ dww?y /m(w? + y?*) — oo.

The extended representation in Eq. (19) with Eqgs. (17)
and (18) properly satisfies the sum rules up to the second
order when G; ; < n;. In the same way as above, we can
straightforwardly confirm that the zeroth- and the first-order
sum rules are satisfied. The second-order M? is extended as
follows: S, Wee i, me ™ @ Pain 2V [y 270 )d > =
> im WaimPaim + Va 2oim Waim-  The  first  term
Zi’m Wy im pi ;. m 18 equivalent to the second-order moment
obtained from the original representation in Eq. (16). The
additional term y;; Y, | Wa.im(= ¥4 Nns) properly describes
the last term in Eq. (10).

We here estimate the magnitude of y, that characterizes
an intrinsic spectral broadening caused by hopping-induced
quantum fluctuations. For simplicity we consider @ = 1 and set
Jg ~ Je1, which leads to y2 = 2zJ2[1 — Y4 cos(kex - d)/z],
where z is the number of the neighboring lattice sites (z = 6
in the cubic lattice). For kex ~ 0, 3, reduces to zero. For

ex ~ (m,7,7), 1 takes a maximum 2./z|J.| = W1//Z,
where W, = 2z|J,,| is a bandwidth of the oth orbital. We
next consider higher orbitals o # 1 by assuming |J,| <
|Jeo |, and then we obtain Y, = /zZ|Jee| = Wy /24/z. Simply
put, the kinetic spectral broadening is proportional to the
bandwidth y, o« W,, where the wave vector conservation law
determines the proportionality coefficient ranging from O to
1/./7 depending on k.

Before closing the discussions on 153(0)), we consider the
validity of the condition G; ; < n;. For J, = 0, this condition
is exactly satisfied: G; ; = 0 for i # j. For a finite but small
Jo(KUyg,,), where MI states will appear at low temperatures,
the effects of interactions strongly suppress the intersite
correlations. Large potential differences strongly suppress the
intersite correlations (e.g., |V, — V,, j| > Jg), and thermal

i,m
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fluctuations also decrease G; ;. We thus expect that the NS
atoms in the realistic systems with interactions and trapping
potential at finite temperatures will satisfy well the condition
of small G; ;(<n;). This condition is equivalent to flattened
momentum distributions 7, ), which can be confirmed in
experiments by using the time-of-flight measurements with
the projection onto the first Brillouin zone [29].

2. Spectra of the superfluid atoms

Next we consider the opposite limit Nsg > Nys, where we
neglect 1)S(w). Taking account of the physical properties of
BEC, we assume that /5F (w) can be described by the following
single peak structure:

o[-0 a2

(03FV/27) ’

where a spectral peak position @>F and a spectral width o>
are determined from the sum rules in Eqgs. (14) and (15)
respectively. For such a single peak structure, the deviation
coincides with the spectral width. This single peak assumption
may be oversimplification. It should be noted that we carefully
take account of the spectral broadening caused by number
fluctuations, which allows us to reasonably use this simple
assumption.

To compare 15F(w) with INS(w), here we mention again
the properties of I)S(w) at finite temperatures. As shown in
Eq. (19), IS(w) has many peaks at positions pg, i m(<Ug ca —
U,.o) with a spectral width of y,(ox W,). Note that peak
positions and a width are usually determined from the different
energy scales. Thermal fluctuations change relative spectral
weights and also increase the number of spectral peaks. This
multipeak structure is an essential feature of I)5(w) at finite
temperatures, which can be properly dealt with in Eq. (19).
In contrast, as discussed in Sec. II D, for SF atoms, a spectral
mean value is proportional to the average number of atoms
@SF o (Ug e — Uy o)ii, and a spectral deviation is given by

SE ~ |Ug.ea — Ug ¢|+/M1. This fact suggests that @5F and o5F
will be usually comparable. A main role of thermal fluctuations
is a decrease in the number of condensed atoms Nsg. We
thus expect that the essence of I5F(w) at finite temperatures
can be captured by a single peak broadened by large number
fluctuations. The effects of decrease in Ngg on the spectra are
considered via calculations on the sum rules in Eq. (13), and
also Egs. (14) and (15), which properly describe decreases in
a peak height, a peak shift, and broadening, respectively.

I5F(w) =

3. Spectra for coexisting region

We next explain the formulation for the middle region
Nsr # 0 and Nys # 0, where NS and SF atoms coexist. Here
15F(w) and INS(w) are separately calculated, and I)5(w) is the
first. We assume that NS atoms are affected by a mean-field
potential resulting from interactions with SF atoms. Thus we
here consider the following effective local Hamiltonian of NS
atoms excluding SF atoms:

Hns = Z(Vg,i + Vsr,i)ins,i + Ug o ZﬁNs,i(ﬁNs,i - 1)/2,

21
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where the potential Vsg; describes effectively mean-field
interactions between SF and NS atoms given by Vsg; =
2U, gnsk,; +3dp;. To impose a self-consistent condition
(ANs.i) e = (gi) — |(ég,,-)|2, we further define a chemical
potential shift §u;, where <AA>7:1NS is the thermal expectation
value of an operator A with Hamiltonian Fs given by
Tre=#7s A, while (A) is that defined by the localized Hubbard
Hamiltonian in Eq. (11). We note that 6u; ~ 0 for ngg; >
nns,; Or ngg; < nns,i, because the mean-field treatment is
appropriate for these dilute regions.

We summarize a procedure for calculating the full spec-
tral(w) = ISY(w) + INS(w), where I5F(w) = ", | po [P 15F (w)
and INS(w) = Y, 1062 1N (w).

(1) We first calculate thermal equilibrium states of Hub-
bard Hamiltonian based on the finite temperature Gutzwiller
approximation. We use exact diagonalization to solve the
localized Hamiltonian in Eq. (11) at finite temperatures.
We obtain the moments M from Egs. (8)—(10), and other
statistical quantities such as ngg; and nns ;.

(2) Next, we calculate Iclfs(a)) in Eq. (19) by exactly
diagonalizing the effective Hamiltonian in Eq. (21). After that
we can directly calculate ®\5 and oS from INS(w). For the
self-consistent condition mentioned above, we need n; and ¢;,
which should be obtained in the previous process 1.

(3) Finally, we determine @SF and o> by using Egs. (14)
and (15), where we use M, &5, and o)¥° obtained in the
previous processes 1 and 2. Then we can calculate the full
spectra I (w).

In this way, based on the sum rule approach, completely
different features of 1)S(w) and I5F (w) are properly dealt with,
and multipeak structures resulting from finite temperature
effects and coexisting of SF and NS atoms will be taken
account of precisely.

C. Role of the sum rules in the two-mode approximation

We finally discuss what a role the sum rules play in
the present calculation procedure. The sum-rule approach
combined with the two-mode approximation provides us with
the reasonable relationship between IXS(w) and I5F(w). As
discussed below, @3F and o5F can be determined reasonably
within the level of the mean-field treatment.

We here consider the first-order moment
M\ (= Nnsdns.o + Nspwsk,) and  focus on  the
effects of interactions [the first term in Eq. (9)]:
(Ugew —Ugg) Y ; G2, and other terms are neglected

for clarity. Using a definition of éys; =&, —ci, we
can rewrite Gp; as Gby + 4nnsnski + ngp;, Where
GYS = (¢lig 16ls Ons.iéns.i). Three terms, GYS, nys insr,.
and ngF’ ;» represent the two-body correlations between two
NS atoms, between NS and SF atoms, and between two SF
atoms, respectively. As discussed in Sec. I1I B 1, the first-order
moment of IaNS(a)) is easily obtained:

Nns@h® = (Ug.eo — Ug ) Z (G§? + 2nNs,insFi ),
i

where the latter term results from the mean-field potential Vgg ;
in Eq. (21). Consequently, the sum rule in Eq. (14) allows us to
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determine the correlation term in the first moment of I(fF(w):

Nsp@SE = (Ug.oo — Ug.g) Z (nép,i + 2nsF,inNs.i)-

The SF-NS correlation 4nys ;nsg,; is shared equally between
IN(w) and ISF(w). We now again consider the uniform
system to compare this expression with those in Sec. IID.
The collisonal energy shift for the SF atoms is now given by
d)gF = (Ug,ea — Uy g)(nsk,i + 2nns,;i). The first term (Ug oo —
Ug o )nsk,; is equivalent to that of the pure SF atoms as
discussed in Sec. II D and also in the previous study [17], while
the second term is the additional contribution originating from
the mean-field NS-SF interactions.

In the same way as above, we can obtain the correlation
terms in the second-order moment of INS(w) and
ISF(C‘)): ]VNS[(O'OI[\IS)2 + (@gs)z] = (Ug,eot - Ugg)2 ZI[GI;? +
GY3(1 + 4nsp ;) + 4nns ingg 1, and Nsel(05F)* + (@FF)°] =
(Ug,eoz - Ug,g)z Z,’ [ngpﬁi + ngp,i(l + 5nNS,i) + nSF,i(4n12\IS,i +
5GY%)]. For the uniform system, (o3")? is written as
(Ugea — Ugg)Insri + nspinnsi + Gh; + 4(Annsi)?l,
where (AnNs,i)2 = (ﬁﬁs ;)= ”ﬁs,i- Note that Anys; ~0
at low temperatures. The first term corresponds to number
fluctuations of the SF atoms, and the other terms suggest that
the NS-SF correlations enhance number fluctuations of the SF
atoms and further broaden ISF (w).

D. Comparison with the previous studies

Here, to discuss difference between the present and the
previous treatment, we summarize the previous formulation
[17], which has been successfully applied to the microwave
spectroscopy experiments [12]:

I@) =Y ni8(@ — (Uger — Ug )Gai/n).  (22)

This approximation satisfies the zeroth-order sum rule M{?) =
Nyt and partly satisfies the first-order MV = >, G2 ;(Ug oo —
U,.,), while the second-order sum rule is not satisfied at all.
Note that, without a consideration of the deviation o, the spec-
tral broadening is effectively described by the site-dependent
G»,; and n; resulting from the inhomogeneity of the system.
When kex = 0, |Jg — Joge ¥ =0, Vi — Vi =0, T =0
and the coexisting of NS and SF states is neglected (either
Nns =0 or Ngg = 0), the spectral position (DEF obtained
from Eq. (9) or piem in Eq. (18) and the corresponding
term (Uge1 — Ug )Goi/n; in Eq. (22) are equivalent with
each other. Thus, within the first-order approximation, our
method is consistent with Eq. (22) in the following two
limits; pure SF or MI phases at zero temperature. We note
that, at least, the conditions kex = 0, |J; — Jege™ 9| =0,
and V; — V,; =0 are well satisfied in the microwave
spectroscopy (see Sec. IV A). In Refs. [18,19] the extended
two-peak formulation has been discussed for the strongly
correlated region at low temperatures. Our approach further
provides the multipeak formulation for both weakly and
strongly correlated regions at finite temperatures and will
reproduce the two-peak formulation at low temperatures.
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IV. NUMERICAL SIMULATIONS

In this section we show numerical results calculated
by considering realistic parameters of the following two
experiments; the microwave spectroscopy of 8’Rb atoms and
the laser spectroscopy of '7#Yb atoms. We first explain the
parameters and then discuss obtained results.

A. Parameters

We first point out intrinsic differences of the microwave
and the laser spectroscopy, and provide parameters used in
the calculations. A length of microwave is much longer than
a lattice constant ay(=Az/2) and a lattice laser wavelength
A (e.g., of 1064 nm), and as a result, a wave vector k¢, can
be set zero. Therefore, the parameter region of the microwave
spectroscopy corresponds to the perfect Lamb-Dicke regime,
where excitation matrices p, in Eq. (3) are given by p; = 1
and p4; = 0. Here the kinetic energy shift § K, and deviations
ok« and o g, are also negligible. In contrast, for the laser
spectroscopy, a wavelength of the excitation laser Aex (e.g.,
of 507 nm) is comparable to A; (e.g., of 532 nm). Namely,
kex is the same order as a lattice wave vector 27 /a;. Thus,
orbital-changing excitations and kinetic contributions will be
important in the laser spectroscopy.

The microwave spectroscopy of ®’Rb atoms uses an
excitation between different hyperfine states [12], while the
laser spectroscopy of '7*Yb atoms uses an excitation between
different electron configurations, 'Sy and 3p, states [22—-24]. Rb
atoms are trapped by the combination of optical and magnetic
potential, and Yb atoms are trapped with optical potential. For
the microwave spectroscopy, we consider a harmonic trap-
ping potential Vy ; = M/2(w}x} 4+ wyy? + w?lz}), where M is
mass of the atoms, and the trapping frequencies (wy,wy,;)
are determined from the experimental parameters as 2w X
(20,70,70) Hz for Vy = 0 [12]. Note that the lattice potential
increases the trapping frequencies as 2w x (30,110,110) Hz
for Vo =40E, [12]. For the laser spectroscopy we use
an anharmonic potential by carefully considering the laser
configurations in experiments. At the bottom, the trapping
potential can be approximated by the harmonic trapping
potential with trapping frequencies of 27 x (109,216,176) Hz
for Vo = 15E, [26]. The trapping potential of two hyperfine
states was set to be the nearly same [12], while 'Sy and 3P,
states of Yb atoms are trapped in the different potential due to
the greatly different polarizability. Thus, V., ; — V,,; can be
set zero for the microwave spectroscopy, while it is finite for
the laser spectroscopy.

Differences in scattering lengths a, . — ag , are —0.13
and —30 nm for the microwave and laser spectroscopy,
respectively. Both of them are negative, so that differences
in the interaction strengths U, ., — U, , are also negative.
In addition to the spectral broadening caused by quantum
fluctuations (see Sec. IID), we consider linewidths of the
excitation laser of about 1 kHz and of the microwave of about
5 Hz, including the Fourier width of the excitation pulse.

Finally, we should comment that the direct observation
of temperature 7 of atoms in optical lattices is difficult in
experiments. In this section we thus use 7 as a free parameter,
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(a) microwave spectroscopy

(b) laser spectroscopy
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FIG. 1. Spectra I(w) for the microwave and laser spectroscopy
in a deep lattice calculated by the following parameters: (a) Vp =
35E,, No = 10°,and T = 100 nK, and (b) Vy = 15E,, Ny = 2.2 X
10%, and T = 100 nK. There are no SF atoms because of the strong
interactions Ngg ~ 0 and I(w) ~ INS(w).

so that quantitative comparison with the experiments is
beyond the current scope. Quantitative comparison with laser
spectroscopy experiments will be published elsewhere, where
temperatures of the trapped atomic gas without lattices are
precisely evaluated in experiments [26], and then temperatures
in a lattice are numerically estimated by assuming the
lattice loading process to be isentropic. In the following, we
will discuss the qualitative properties of spectrum at finite
temperatures with given 7.

B. Comparison between two spectroscopy for the deep lattice

We first discuss spectra in a deep lattice and compare two
kinds of spectroscopy. Figure 1 shows the spectra calculated
at a temperature 7 of 100 nK. The other parameters in the
microwave spectroscopy are Vo = 35E, and Ny,; = 10°, and
those in the laser spectroscopy are Vp = 15E, and N =
2.2 x 10*, where E, is the recoil energy. A spectral peak
appearing at w = 0 always means that the m = 1 number
state (|m = 1)) is excited without orbital changing, because
the origin of spectra is renormalized by setting A, = 0.
Since U, .o — U, ¢ is negative for both spectroscopy, peaks
of |m) with m > 2 appear orderly in the region of w < 0. The
orbital-changing excitation requires a large positive band gap
energy A.,. Thus, spectra in the laser spectroscopy show some
peaks in @ > 0, which have the similar characteristics to those
in @ < 0 but have the small intensities because of a small
excitation probability |p;|>(~0.1|p;|?).

Next, we discuss a spectral peak width. For a deep lattice,
spectral broadening is mainly attributed to the effects of
inhomogeneity. Equation (9) shows that potential energy dif-
ference (Vi — V,,i)n; /Nyt causes just a peak shift. However,
due to the inhomogeneity, a variation of (Veq,; — Vi i)ni/Niot
for different i effectively induces broadening of spectra. For
the laser spectroscopy, an energy scale of this variation is
estimated to be about 1 kHz, which is consistent with the
obtained spectral features in Fig. 1. In the present parameter
region, broadening effects resulting from the hopping terms are
negligible by comparing with this inhomogeneous broadening.
On the other hand, since |V,y; — Vg,il ~ 0 for the present
microwave spectroscopy, a width of each peak nearly equals
to a linewidth of the microwave pulse.
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FIG. 2. Spectra I(w) of the microwave spectroscopy for Ny, =
10° at T = 25 nK for Vy = 25E,, 10E,, and 5E, . For V;, = 10E,, the
contributions of SF and NS atoms 75F(w) and INS(w) are also shown
by thick and thin lines, respectively, where I(w) = I5F(w) + I™(w).
For 5E,, Nns ~ 0 and I(w) ~ ISF(w), while for 25E,, Nsz ~ 0 and
H(w) ~ IN(w).

C. Lattice depth dependence of spectra
in the microwave spectroscopy

Next, by focusing on the microwave spectroscopy, we
discuss how spectra change as the lattice depth varies. Figure 2
shows the spectra I(w) calculated with Vy = 5E,,10E,, and
25E, for Ny = 10°. Here we set a parameter 7" of 25 nK.
For Vi = 25E,, the number of SF atoms Ngg is zero, and
a discrete peak structure resulting from I™S(w) appears. In
contrast, for Vy = 5E,, almost all atoms are in condensed
states Nsg ~ Nyt and Nys ~ 0. From discussions in Sec. II C,
we can naively expect that the spectra of SF atoms I5F(w)
are centered at around (U .o — U, ¢)7i, and a peak width is
determined from |Uy .o — U, ¢|+/7i, Where i is the averaged
number of atoms. From these features we can estimate i1 ~ 2.
For a middle region Vy = 10E,, we find an asymmetric
broadened peak structure. We note that this characteristic
asymmetric structure can be attributed to the coexisting of
NS and SF atoms. Figure 2 also shows spectra of SF atoms
ISF(w) and those of NS atoms INS(w). The spectra of SF
atoms /5F(w) are centered at around 2.5(Ug,c0 — Ugg). On
the other hand, I™N5(w) has a large intensity at around @ ~ 0
corresponding to the |m = 1) excitation. Here we find no
discrete peak structures, because |U, .o — U, ¢l is smaller than
the microwave linewidth. The sum of two spectra yields the
characteristic asymmetric spectra.

The obtained spectra for all three parameters in Fig. 2
capture essential qualitative features of those observed in
experiments (see Fig. 1 in Ref. [12]): The experimental spectra
show the symmetric single peak structure for Vo = 5E,, and
the asymmetric broadened peak structure, or an overlapped
double-peak structure, for Vy = 10E,, and the discrete peak
structure for V) = 25E,.. Our assumptions, e.g., the single peak
assumption for the SF atoms, and the two-mode approxima-
tion, appropriately reproduce characteristic structures of the
spectra seen in experiments.

PHYSICAL REVIEW A 93, 043608 (2016)

I(w) (arb. units)

FIG. 3. Spectra I(w) for the microwave spectroscopy for V, =
35E, and N, = 10° at T = 100, 50, and 10 nK.

D. Temperature dependence of spectra
in the microwave spectroscopy

Next we discuss the temperature dependence of spectra
by focusing on the microwave spectroscopy again. In Fig. 3
we first show the spectra for Vo = 35E, at T = 100, 50, and
10 nK. From Fig. 3 we find that spectral peak height of each
|m) state varies depending on temperature, which indicates the
change in thermal distributions of the number states |m). At
low temperatures (7 = 10 nK), the m = 2 peak is highest. On
the other hand, at higher temperatures (7 = 100 and 50 nK),
the m = 1 peak is dominant. To clearly discuss this behavior,
in Fig. 4 we show the in situ column-density distributions
of the number states |m), which can be calculated by exact
diagonalization for the localized Hamiltonian in Eq. (11). At
higher temperatures (7 = 100 nK), the |m = 1) state spreads
widely, while larger-m states prefer center of the potential.
Thus, N, the total number of |m) monotonically decreases
with increasing m. This behavior is consistent with those seen
in spectra in Fig. 3. In contrast, at low temperatures (7 = 10
nK), the Mott shell structures develop, and as a result, the
number state distributions for m < 2 show a dip structure
as shown in Fig. 4. Here a three-dimensional shell structure

(a) 7= 100 nK (b) 7= 10 nK
(- [
— —= 15
10
[~ — 5
0
=
3
&

FIG. 4. Insitudistribution of the number states |m) for V, = 35E,
and N = 10° at T = 100 nK (a) and 10 nK (b), and cross sections
along the (white) line.
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is projected onto the dip structure in the column-density
distributions. Thus N,, becomes nonmonotonic and N,,—,
becomes maximum, leading to a large intensity of the peak
of |m = 2) in spectra (see Fig. 3). These features suggest that
the present spectroscopy can be a thermometer.

We finally compare these results with the experimental
observations in Ref. [12], in which spectra and also in situ
number-state distributions have been measured. We find that
both spectra and distributions agree well with the calculations
at higher temperatures than those at lower temperatures. It
thus suggests that temperature will be an important parameter
to discuss the quantitative aspect of experiments. Although
nearly pure BEC can be created before loading atoms into a
lattice, the loading usually induces a certain amount of heating
[25]. In the present calculations, a harmonic trapping potential
is used by focusing on the bottom of the experimental trapping
potential [12], whereas in Ref. [17], by carefully considering
the anharmonicity of trapping potential, experimental spectra
can be reproduced even at zero temperature. The calculations
considering both anharmonic potentials and thermal fluctua-
tions may be required for more quantitative agreements.

V. SUMMARY

In summary, we theoretically investigate the microwave
and the laser spectroscopy on the bosonic Hubbard systems.
We first discuss the sum rules of spectra up to the second
order, which can be derived from the general principle of spec-
troscopy. This principle provides various useful information on
the physical properties of spectra. The spectra of superfluid
states with phase coherence is broadened by the many-
body effects, and its broadened width can be characterized
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by number fluctuations in thermal equilibrium. In contrast,
the spectra of the number definite Mott insulating states
are broadened by quantum fluctuations caused by tunneling
effects.

We next propose a two-mode approximation to calculate
spectra at finite temperatures. This approximation assumes that
spectra can be decomposed into two contributions originated
from Bose-Einstein condensates and uncondensed normal
states. Our method is built up by considering the spectral
characteristics figured out from the sum rules, so that the
multipeak structures resulting from coexisting of superfluid
and normal states at finite temperatures can be successfully
dealt with. The relative intensities of each spectrum reflect the
number of superfluid atoms, suggesting that the disappearance
of such a multipeak structure can be a signature of the
superfluid transition.

Finally, by combining the two-mode approximation with
the finite temperature Gutzwiller approximation, we numer-
ically calculate spectra by considering realistic experimental
parameters of the microwave and the laser spectroscopy. We
find that our method can reproduce the essential features
of spectra in experiments. We also discuss the lattice depth
dependence and the temperature dependence of the microwave
spectra. These results clarify that the present spectroscopy
can be sensitive tools for investigating the quantum phase
transitions at finite temperatures.

ACKNOWLEDGMENT

We acknowledge Y. Takahashi and S. Kato for discussing
their experiments. This work was partly supported by JSPS
KAKENHI (Grant No. 25287104).

[1] D. Jaksch and P. Zoller, Ann. Phys. 315, 52 (2005).

[2] L. Bloch, J. Dalibard, and W. Zwerger, Rev. Mod. Phys. 80, 885
(2008).

[3] M. Greiner, O. Mandel, T. Esslinger, T. W. Hansch, and I. Bloch,
Nature (London) 415, 39 (2002).

[4] F. Gerbier, A. Widera, S. Folling, O. Mandel, T. Gericke, and
I. Bloch, Phys. Rev. Lett. 95, 050404 (2005).

[5] T.Fukuhara, S. Sugawa, M. Sugimoto, S. Taie, and Y. Takahashi,
Phys. Rev. A 79, 041604(R) (2009).

[6] L. B. Spielman, W. D. Phillips, and J. V. Porto, Phys. Rev. Lett.
98, 080404 (2007).

[7]1 S. Folling, E. Gerbier, A. Widera, O. Mandel, T. Gericke, and
1. Bloch, Nature (London) 434, 481 (2005).

[8] N. Gemelke, X. Zhang, C.-L. Hung, and C. Chin, Nature
(London) 460, 995 (2009)

[9] J. E Sherson, C. Weitenberg, M. Endres, M. Cheneau, 1. Bloch,
and S. Kuhr, Nature (London) 467, 68 (2010).

[10] W. S. Bakr, A. Peng, M. E. Tai, R. Ma, J. Simon, J. I. Gillen,
S. Folling, L. Pollet, and M. Greiner, Science 329, 547 (2010).
[11] E. Gerbier, S. Folling, A. Widera, O. Mandel, and 1. Bloch,

Phys. Rev. Lett. 96, 090401 (2006).

[12] G. K. Campbell, J. Mun, M. Boyd, P. Medley, A. E. Leanhardt,
L. G. Marcassa, D. E. Pritchard, and W. Ketterle, Science 313,
649 (2006).

[13] D. Clément, N. Fabbri, L. Fallani, C. Fort, and M. Inguscio,
Phys. Rev. Lett. 102, 155301 (2009).

[14] P. T. Emnst, S. Gotze, J. S. Krauser, K. Pyka, D.-S.
Lihmann, D. Pfannkuche, and K. Sengstock, Nat. Phys. 6, 56
(2010).

[15] X. Du, S. Wan, E. Yesilada, C. Ryu, D. J. Heinzen, Z. Liang,
and B. Wu, New J. Phys. 12, 083025 (2010).

[16] M. J. Mark, E. Haller, K. Lauber, J. G. Danzl, A. J.
Daley, and H.-C. Nagerl, Phys. Rev. Lett. 107, 175301
(2011).

[17] K. R. A. Hazzard and E. J. Mueller, Phys. Rev. A 76, 063612
(2007).

[18] K. R. A. Hazzard and E. J. Mueller, Phys. Rev. A 81, 033404
(2010).

[19] K. Sun, C. Lannert, and S. Vishveshwara, Phys. Rev. A 79,
043422 (2009).

[20] M. Yamashita and M. W. Jack, Phys. Rev. A 79, 023609
(2009).

043608-10


http://dx.doi.org/10.1016/j.aop.2004.09.010
http://dx.doi.org/10.1016/j.aop.2004.09.010
http://dx.doi.org/10.1016/j.aop.2004.09.010
http://dx.doi.org/10.1016/j.aop.2004.09.010
http://dx.doi.org/10.1103/RevModPhys.80.885
http://dx.doi.org/10.1103/RevModPhys.80.885
http://dx.doi.org/10.1103/RevModPhys.80.885
http://dx.doi.org/10.1103/RevModPhys.80.885
http://dx.doi.org/10.1038/415039a
http://dx.doi.org/10.1038/415039a
http://dx.doi.org/10.1038/415039a
http://dx.doi.org/10.1038/415039a
http://dx.doi.org/10.1103/PhysRevLett.95.050404
http://dx.doi.org/10.1103/PhysRevLett.95.050404
http://dx.doi.org/10.1103/PhysRevLett.95.050404
http://dx.doi.org/10.1103/PhysRevLett.95.050404
http://dx.doi.org/10.1103/PhysRevA.79.041604
http://dx.doi.org/10.1103/PhysRevA.79.041604
http://dx.doi.org/10.1103/PhysRevA.79.041604
http://dx.doi.org/10.1103/PhysRevA.79.041604
http://dx.doi.org/10.1103/PhysRevLett.98.080404
http://dx.doi.org/10.1103/PhysRevLett.98.080404
http://dx.doi.org/10.1103/PhysRevLett.98.080404
http://dx.doi.org/10.1103/PhysRevLett.98.080404
http://dx.doi.org/10.1038/nature03500
http://dx.doi.org/10.1038/nature03500
http://dx.doi.org/10.1038/nature03500
http://dx.doi.org/10.1038/nature03500
http://dx.doi.org/10.1038/nature08244
http://dx.doi.org/10.1038/nature08244
http://dx.doi.org/10.1038/nature08244
http://dx.doi.org/10.1038/nature08244
http://dx.doi.org/10.1038/nature09378
http://dx.doi.org/10.1038/nature09378
http://dx.doi.org/10.1038/nature09378
http://dx.doi.org/10.1038/nature09378
http://dx.doi.org/10.1126/science.1192368
http://dx.doi.org/10.1126/science.1192368
http://dx.doi.org/10.1126/science.1192368
http://dx.doi.org/10.1126/science.1192368
http://dx.doi.org/10.1103/PhysRevLett.96.090401
http://dx.doi.org/10.1103/PhysRevLett.96.090401
http://dx.doi.org/10.1103/PhysRevLett.96.090401
http://dx.doi.org/10.1103/PhysRevLett.96.090401
http://dx.doi.org/10.1126/science.1130365
http://dx.doi.org/10.1126/science.1130365
http://dx.doi.org/10.1126/science.1130365
http://dx.doi.org/10.1126/science.1130365
http://dx.doi.org/10.1103/PhysRevLett.102.155301
http://dx.doi.org/10.1103/PhysRevLett.102.155301
http://dx.doi.org/10.1103/PhysRevLett.102.155301
http://dx.doi.org/10.1103/PhysRevLett.102.155301
http://dx.doi.org/10.1038/nphys1476
http://dx.doi.org/10.1038/nphys1476
http://dx.doi.org/10.1038/nphys1476
http://dx.doi.org/10.1038/nphys1476
http://dx.doi.org/10.1088/1367-2630/12/8/083025
http://dx.doi.org/10.1088/1367-2630/12/8/083025
http://dx.doi.org/10.1088/1367-2630/12/8/083025
http://dx.doi.org/10.1088/1367-2630/12/8/083025
http://dx.doi.org/10.1103/PhysRevLett.107.175301
http://dx.doi.org/10.1103/PhysRevLett.107.175301
http://dx.doi.org/10.1103/PhysRevLett.107.175301
http://dx.doi.org/10.1103/PhysRevLett.107.175301
http://dx.doi.org/10.1103/PhysRevA.76.063612
http://dx.doi.org/10.1103/PhysRevA.76.063612
http://dx.doi.org/10.1103/PhysRevA.76.063612
http://dx.doi.org/10.1103/PhysRevA.76.063612
http://dx.doi.org/10.1103/PhysRevA.81.033404
http://dx.doi.org/10.1103/PhysRevA.81.033404
http://dx.doi.org/10.1103/PhysRevA.81.033404
http://dx.doi.org/10.1103/PhysRevA.81.033404
http://dx.doi.org/10.1103/PhysRevA.79.043422
http://dx.doi.org/10.1103/PhysRevA.79.043422
http://dx.doi.org/10.1103/PhysRevA.79.043422
http://dx.doi.org/10.1103/PhysRevA.79.043422
http://dx.doi.org/10.1103/PhysRevA.79.023609
http://dx.doi.org/10.1103/PhysRevA.79.023609
http://dx.doi.org/10.1103/PhysRevA.79.023609
http://dx.doi.org/10.1103/PhysRevA.79.023609

THEORETICAL ANALYSIS OF THE SPECTROSCOPY OF ...

[21] M. 0. Oktel, T. C. Killian, D. Kleppner, and L. S. Levitov,
Phys. Rev. A 65, 033617 (2002)

[22] A. Yamaguchi, S. Uetake, S. Kato, H. Ito, and Y. Takahashi,
New J. Phys. 12, 103001 (2010).

[23] S. Kato, K. Shibata, R. Yamamoto, Y. Yoshikawa, and Y.
Takahashi, Appl. Phys. B 108, 31 (2012).

[24] M. Yamashita, and S. Kato, A. Yamaguchi, S. Sugawa, T.
Fukuhara, S. Uetake, and Y. Takahashi, Phys. Rev. A 87, 041604
(2013).

PHYSICAL REVIEW A 93, 043608 (2016)

[25] S. Sugawa, K. Inaba, S. Taie, R. Yamazaki, M. Yamashita, and
Y. Takahashi, Nat. Phys. 7, 642 (2011).

[26] S. Kato et al., Nat. Commun. (to be published).

[27] M. P. A. Fisher, P. B. Weichman, G. Grinstein, and D. S. Fisher,
Phys. Rev. B 40, 546 (1989).

[28] D. Jaksch, C. Bruder, J. I. Cirac, C. W. Gardiner, and P. Zoller,
Phys. Rev. Lett. 81, 3108 (1998).

[29] M. Greiner, I. Bloch, O. Mandel, T. W. Hansch, and T. Esslinger,
Phys. Rev. Lett. 87, 160405 (2001)

043608-11


http://dx.doi.org/10.1103/PhysRevA.65.033617
http://dx.doi.org/10.1103/PhysRevA.65.033617
http://dx.doi.org/10.1103/PhysRevA.65.033617
http://dx.doi.org/10.1103/PhysRevA.65.033617
http://dx.doi.org/10.1088/1367-2630/12/10/103001
http://dx.doi.org/10.1088/1367-2630/12/10/103001
http://dx.doi.org/10.1088/1367-2630/12/10/103001
http://dx.doi.org/10.1088/1367-2630/12/10/103001
http://dx.doi.org/10.1007/s00340-012-4893-0
http://dx.doi.org/10.1007/s00340-012-4893-0
http://dx.doi.org/10.1007/s00340-012-4893-0
http://dx.doi.org/10.1007/s00340-012-4893-0
http://dx.doi.org/10.1103/PhysRevA.87.041604
http://dx.doi.org/10.1103/PhysRevA.87.041604
http://dx.doi.org/10.1103/PhysRevA.87.041604
http://dx.doi.org/10.1103/PhysRevA.87.041604
http://dx.doi.org/10.1038/nphys2028
http://dx.doi.org/10.1038/nphys2028
http://dx.doi.org/10.1038/nphys2028
http://dx.doi.org/10.1038/nphys2028
http://dx.doi.org/10.1103/PhysRevB.40.546
http://dx.doi.org/10.1103/PhysRevB.40.546
http://dx.doi.org/10.1103/PhysRevB.40.546
http://dx.doi.org/10.1103/PhysRevB.40.546
http://dx.doi.org/10.1103/PhysRevLett.81.3108
http://dx.doi.org/10.1103/PhysRevLett.81.3108
http://dx.doi.org/10.1103/PhysRevLett.81.3108
http://dx.doi.org/10.1103/PhysRevLett.81.3108
http://dx.doi.org/10.1103/PhysRevLett.87.160405
http://dx.doi.org/10.1103/PhysRevLett.87.160405
http://dx.doi.org/10.1103/PhysRevLett.87.160405
http://dx.doi.org/10.1103/PhysRevLett.87.160405



