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The periodic Anderson model (PAM), where local electron orbitals interplay with itinerant electronic
carriers, plays an essential role in our understanding of heavy fermion materials. Motivated by recent
proposals for simulating the Kondo lattice model (KLM) in terms of alkaline-earth metal atoms, we take
another step toward the simulation of PAM, which includes the crucial charge/valence fluctuation of
local f-electrons beyond purely low-energy spin fluctuation in the KLM. To realize PAM, a transition
induced by a suitable laser between the electronic excited and ground state of alkaline-earth metal
atoms (1Sp=3P,) is introduced. This leads to effective hybridization between local electrons and
conduction electrons in PAM. Generally, the SU(N) version of PAM can be realized by our proposal,
which gives a unique opportunity to detect large-N physics without complexity in realistic materials.
In the present work, high-temperature physical features of standard [SU(2)] PAM with harmonic
trapping potential are analyzed by quantum Monte Carlo and dynamic mean-field theory, where the
Mott/orbital-selective Mott state was found to coexist with metallic states. Indications for near-future
experiments are provided. We expect our theoretical proposal and (hopefully) forthcoming experiments
will deepen our understanding of heavy fermion systems. At the same time, we hope these will trigger
further studies on related Mott physics, quantum criticality, and non-trivial topology in both the
inhomogeneous and nonequilibrium realms.
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riers, which is believed to be an essential driving force

1 Introduction

Understanding emergent novel collective quantum ef-
fects in heavy fermion systems, e.g., quantum critical-
ity, strange metal, hidden order, and unconventional
superconductivity [1-7], is one of most fundamental is-
sues in modern condensed matter physics. In these ma-
terials, the electronic effective mass is significantly en-
hanced compared with normal metals. In addition, lo-
cal f-electron orbits interplay with itinerant charge car-
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for those mentioned emergent phenomena [8]. However,
in spite of decades of intensive theoretical and exper-
imental research, the nature of these systems is still
poorly understood, and even the most simplified models
of Hamiltonian-like Kondo lattice (KLM) and periodic
Anderson lattice (PAM) defy investigation owing to no-
torious fermion minus-sign problems [9, 10].
Fortunately, thanks to the rapid development of the
ultracold fermionic atom loaded in an optical lattice [11—
17], an intriguing plan to simulate a Kondo lattice model
in terms of alkaline-earth metal atoms 87Sr and 1"Yb
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was recently proposed. Preliminary theoretical works in
this direction have been published [18-26]. More re-
cently, interactions in these alkaline-earth atom gases
have been under control in terms of the newly proposed
orbital Feshbach resonance [27-29]. (Although '"™Yb
is in practice a rare-earth atom, it has an electronic
structure similar to an alkaline-earth metal atom. We
will use only the name “alkaline-earth metal atoms” for
simplicity.) In realistic heavy fermion compounds, the
charge/valence fluctuation of the local f-electron plays a
crucial role in many mixed valence materials including
the hotly studied candidate of topological Kondo insula-
tor SmBg [30]. Furthermore, valance fluctuation is also
argued to be responsible for the second superconducting
phases in prototypical heavy fermion superconductors
CeCusSis and volume-changed transitions in monovalent
Ce under high pressure [31, 32]. More theoretically, the
orbital-selective Mott transition proposed for the heavy
fermion quantum criticality is rooted in the localization
of the f-electron driven by a large charge fluctuation, as
well [33, 34].

Intrigued by those interesting phenomena, the peri-
odic Anderson model (see also Fig. 1), which is a lattice
extension of the well-known single impurity Anderson
model and is believed to capture such charge/valence
fluctuations in the simplest fashion, should be taken into
account. However, to our knowledge, there are still no
proposals to realize this fundamental model Hamiltonian
in cold fermion systems.

In this article, we take the first step with regard to
this issue by providing a simple scheme to realize a peri-
odic Anderson model in alkaline-earth metal atoms, and
to analyze the basic features of this model with state-
of-the-art numeric tools: the numerically exact deter-
minant quantum Monte Carlo (DQMC) supplemented
with dynamic mean-field theory (DMFT) [35-38]. The
latter one correctly captures local quantum many-body

Fig. 1 The periodic Anderson model describes the hy-
bridization V between a local electron orbital (blue) and a
conducting charge carrier (orange). The single occupied lo-
cal electron has energy Ey, while a double occupation has
extra Coloumb energy U. The conduction electron hops t be-
tween nearest-neighbor sites, and it gives a conducting energy
band. For simplicity, external harmonic trapping potential is
not shown here.

O_

O_

Fig. 2 An extra laser field is applied to induce a direct
transition between the electronic excited (e,m) and ground
(g, m) state, e.g., 1 So=>Py (nuclear Zeeman state denoted by
m is intact), which is able to simulate an effective hybridiza-
tion V between a local electron and conduction electron in a
periodic Anderson model. (For simplicity, only coupling with
the same Zeeman sublevel is considered here.)

dynamics, and prediction becomes exact at an infinite
dimension. The main point of the scheme is that the
transition between an electronic excited state 3P, and
ground state 1Sy of alkaline-earth metal atoms such as
87Sr and '73Yb is driven by a suitably chosen laser field,
which is used to give an effective ¢— f hybridization be-
tween local electrons and conduction ones in PAM (See
also Fig. 2). Here, the electronic excited state mimics
the local f-electron, and the ground state represents the
conduction electron but without a spin degree of free-
dom. Meanwhile, the nuclear Zeeman state, which is
used to denote the effective/pseudo spin state in PAM,
is intact. Combining these elements provides a potential
scheme to simulate PAM with proper tuning of experi-
mental parameters as proposed for KLM and as used in
the fermionic Hubbard model [11, 12, 18, 19]. We should
emphasize that in contrast to the usual PAM in con-
densed matter physics, because an external trapping po-
tential always exists in an optical lattice system, PAM in
a cold atom simulation must be supplemented with this
(harmonic) trapping potential. Its simulation proposal
and calculation are not reported in the existing literature
but are achieved in this work.

Interestingly, the general SU(N) version of PAM can
be realized in our proposal. Although heavy fermion
materials with an unfilled f-shell usually have a large
degeneracy, and the widely used large-N expansion is
controllable in this artificial limit [2], the complex chem-
ical environment in realistic materials obscures the un-
derlying physics, and the reliability of large-N theory is
questioned. By contrast, the purity and tunability of
an optical lattice system gives us a unique opportunity
to directly detect the large-N physics of PAM and in-
spect what has been captured by our current theoretical
understanding.

Furthermore, since a reachable temperature is compar-
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atively high in the present ultracold atom field, numerical
simulations of DQMC and DMFT can provide the basic
physics for such a high-temperature regime, where Mott
or orbital-selective Mott phenomena are clearly seen in
the spatial-dependent density distribution and energy-
sensitive density of the state. It is found that these
Mott insulating states coexist with metallic states in real
space, which should be seen in realistic experiments ow-
ing to their inevitable harmonic potential. These quan-
tities can be measured by current cold-atom techniques.
Future developments in alkaline-earth metal atoms are
expected to realize the proposed PAM and to detect
its intriguing nature of quantum many-body correlation.
Moreover, if the standard PAM can be constructed, this
may lead to a more exciting topological PAM involving
subtle interplay between electron correlation and non-
trivial band topology encoded by spin-orbital coupling.
Given this, the idea of a topological Kondo insulator can
be explored without its intrinsic complexity in realistic
materials as SmBg [30].

The remainder of this paper is organized as follows. In
Section 2, the proposal to realize PAM is analyzed, and
a PAM Hamiltonian is derived from a general second
quantized Hamiltonian for alkaline-earth metal atoms.
In Section 3, high-temperature properties are discussed,
and the Mott physics of the f-electron in harmonic trap-
ping potential is explored. Finally, Section 4 is devoted
to a brief discussion and conclusion.

2 Proposal to realize periodic Anderson
model

The general second quantized Hamiltonian for alkaline-
earth metal atoms reads

H=Hg+ th,
HG—Z/d?’r\Iﬁ

Ao / rpe (1) — py(r)

h _,
[_ZJ\/IV + Vo (r)| Tom(r)

+ —
+geg T Geg

2 [ @roripy(r)
+ Z gaa/d rpam pam( )

a,m<m/

OIS [ (1) 1) () ),

mm/’

Huy=g) / dr[w]

U g (r) + Ul (1) W ()],

(1)

where fermion field operator ¥}  (r) creates an atom at

position r with internal state |am), pam=V1, (r)¥qm(r)
and p, = anzil Pam- Here, a = g or e denotes an

electronic state 1Sy (ground state) and 3P, (excited
state), respectively. Furthermore, the nuclear Zeeman
states of alkaline-earth metal atoms are represented by
m = —I,—I+1,....] —1,I. For example, 87Sr has
I=9/2,'""Ybhas I =1/2,and '™®Yb has I = 5/2. The
external potential V,(r) is provided by the optical lat-
tice, and both periodic potential and harmonic trapping
potential are included. The energy shift of the excited
state to the ground state is Awg and ggg,ge&g;z,ge_gm
which are all interaction parameters. However, because
the alkaline-earth metal atoms have a fully occupied
outer shell and their total electron spin is zero, the con-
ventional magnetic Feshbach resonance cannot tune the
interaction between two atoms. Fortunately, the newly
proposed orbital Feshbach resonance can tune the inter-
action in these alkaline-earth atom systems. This has
been realized for the !"3Yb atom gas [27-29)].

We should point out that Hg was introduced by Gor-
shkov et al. to describe a scheme for the simulation
of a Kondo lattice model [18]. The extra Hamiltonian
Hy,, is added in the present work but is not covered
in their original proposal. This extra term with a cou-
pling constant g; expresses a transition between the ex-
cited and ground state (e.g., 1Sy=3F,) of alkaline-earth
metal atoms such as 87Sr and '"3Yb, which can be in-
duced by an extra laser field [39, 40]. Here, generi-
cally, the coupling of a different nuclear Zeeman sublevel
05 3 97 [ AL (1) g ()4 U] () W ()]
is possible, but we choose the simplest case g;" mm’
910m,m’ With a suitable driving laser frequency and po-
larization. In the following discussion, we can see that
this extra term will lead to the realization of a periodic
Anderson model since effective c—f hybridization is in-
duced by this direct transition. Before leaving this is-
sue, we note that if nearest-neighbor c—f hybridization
with spin dependence can be realized, one expects that
the topological periodic Anderson model can be explored
[41], and the physics of the advocated topological Kondo
insulator may be inspected from this alternative point of
view apart from real-life material SmBg.

Then, assuming only the lowest energy band is in-
volved in our model, we expand

Z Wy (T —75)Cjm, (2)
Z We(r —75) fim, (3)

where a real Wannier function we (r) is utilized, and ¢;p,
(fjm) destroys an atom-located site j with internal state
|gm) (lem)). Inserting these equations into Eq. (1) leads
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to a lattice Hamiltonian as follows:

H=—t. Z CimCj _tf Z fszJm
(ij)ym
_“Czcjm

/‘l’f Z f]mfjm
+U, Z ijijCj-m/ij/
J,m<m/’
U > o fimE s Fime
j,m<m/’
HUor > ehcimfl Fime
Jym,m/
+Uez Z C;mf}mlcjm’fjm
j,m,m/
Jr‘/Z(Cj'mfjm + f;mcjm)- (4)
J,m
Here, as is often done in simulations of the fermionic
Hubbard model [42], only nearest-neighbor hopping is
considered, and the harmonic trapping potential is not
explicitly considered but will be added later. Further-
more, a single center approximation is made, which
means only interactions at the same site are considered
kal Ugpdi—j—t— With ¢ =c, f,cf, ex.
The parameters in the lattice model are related to the
original Hamiltonian via

wf = —
U, :ggg/d rw (r),
Uf = ge(e/d?”l"’ll)é(’l’)7

+ —
+
Uep = 0= Jes 5 = /d3rw§(r)wf(r),

+ -
Geg — Ye
R / Brwd(ryw?(r),

V=g / A (r)we(r), (5)

where nearest-neighbor vector § is defined.

Now, if we adjust gjg = geq Via a suitable Feshbach
resonance technique, the spin-spin exchange interaction
U.:, which is responsible for the simulation of the Kondo
lattice model, vanishes in this case. Next, the local inter-
action U, and hopping t; can also be tuned to be small,

and are thus neglected. The resulting Hamiltonian reads

H=—te Y chutim—tey  hnim =15 Y fhufim
(ij)m jm jm
U > o fimF s Fime
j,m<m/’
+Ucf Z C}mcjmf;m’fjm,
Jsm,m’
+VZ<C;mfjm + f}mcjm)' (6)
Jsm

After rescaling the hopping and chemical potential
parameters as t. — t, pte — W, —py — Ey and re-
explaining the fermion operator ¢;m, (fjm) as an anni-
hilation operator for the conduction electron (local f-
electron) with internal “spin” state m, we arrive at the
so-called SU(N) periodic Anderson model with spin de-

generacy N =21 +1 [2]:
GO ILEE

= — Z CimCj

+Ef Z f]mfjm +V Z ]mem + f;mcﬂm)

Jm

+Uy Z fjmfjmfjm/fjm’

Jjm<m/’

HUer Y chCim o Fim- (7)

7,m,m’

Currently, the above SU(NN) model may be realized for
cases with N = 2,6,10, which corresponds to '"1Yb,
173Yb and 87Sr atom gases. Although the heavy fermion
materials with unfilled f-shells usually have such a large
degeneracy, the complex chemical environment in real-
istic materials obscures the underlying physics. More-
over, large-IN expansion is widely utilized in the heavy
fermion community, but the reliability of this theoreti-
cal tool is not clear as compared with experiments owing
to the mentioned complication [2]. By contrast, the pu-
rity and tunability of an optical lattice system gives us a
unique opportunity to directly detect the large-N physics
of PAM.

Furthermore, if we are interested in the case with
N = 2, where only two nuclear Zeeman sublevels are
considered, the more familiar SU(2) version is obtained:

HSU 2)—7tZCZUC]g HZC]UC]U+Efo]Uf]U
(if)o

- r

+Ue;y Z n?nf (8)
J

Hsyny =

with effective electronic spin o =1,{, Uy = U, nj, =

f;afja and n; = > . MNjo. Finally, a simplification can
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be made when U,y is small compared with other energy
scales, and the system is far away from an f-electron va-
lence transition. Then, the standard PAM reads

Hpam = —t Z C;'[cha - /’LZC}UC]'U + By Zf;‘rgfja
jo

(ig)o jo

+V Z(c}afjg + f;acja) + UanTnﬁ. (9)
jo J

Because the alkaline(rare)-earth metal atom '"'Yb has
nuclear spin I = 1/2, it has the potential to realize the
SU(2) PAM in terms of this ultracold atom gas.

Thus far, we have not specified the lattice structure
onto which those ultracold atom gases are loaded. Gen-
erally, the one-dimensional chain, non-frustrated square,
cubic and honeycomb lattices, and frustrated triangular
and Kagome lattices have been realized in optical lattice
systems [43]. The discussion below will focus on a one-
dimensional chain and two-dimensional square lattice to
give a physically transparent explanation of the underly-
ing physics. Other more complex lattices are straightfor-
ward to explore but are not shown in the present work
[44].

3 Basic features at high temperature

The discussion of generic properties of PAM in Egs. (7)-
(9) can be found in Refs. [1-3], and the interested reader
may examine these references. Note, however, that in
these references, no harmonic potential is considered,
which is a crucial element of real-life optical lattices.

In current experiments of ultracold atoms in optical
lattices, particularly for the realized fermionic Hubbard
model, the achieved lowest effective temperature is about
T ~ t [13-15]. Although both the previously discussed
Kondo lattice and our proposed periodic Anderson model
have not been realized for alkaline-earth metal atoms,
we expect near-future experiments in this direction may
reach a similar temperature regime 1" ~ t.

Actually, for T' > ¢, the system works in a relatively
high temperature regime since the typical low-energy
spin interaction scale, namely Kondo exchange coupling
Jg ~ %2, is usually smaller than ¢ for intermediate or
large U (U > 4t, U > V). (The heavy fermion com-
pounds have large U compared to its bandwidth). This
means T > Jg. Thus, the corresponding Kondo physics
(T ~ te=t/7x) or, more explicitly, the lattice Kondo
effect, cannot be captured in our case. At the same
time, the competitor of Kondo screening, the long-ranged
RKKY magnetic interaction (Trxxy ~ J&/t < T), is
also out of the detectable high-temperature regime.

Although the mentioned low-temperature physics is
beyond our reach, we can still observe many interest-
ing phenomena in the high-temperature regime, which

is able to be detected by current cold-atom techniques.
For a realistic cold atom system, the external trapping
potential, which is usually approximated as a harmonic
potential to confine atoms, should be added to the mod-
els and may be simply considered as a site-dependent
chemical potential as [42]

1
Hpav = —t Z C;[UC]‘U"FZ |:2w2(7‘j—7"0)2—l{| C}gcja
(ij)o jo

+ Z [;wz(rj —ro)? + Ef} f;»rofjg

jo

+V Y (e fio + o) +U DY ndind o (10)
jo J

Here, for simplicity, we used the standard PAM, but
the more involved SU(N) version is readily obtained.
The harmonic trapping potential is now represented as
1w?(rj — ro)? with the central site as ro. The possible
anisotropy of this harmonic potential is neglected be-
cause no qualitative changes appear [14].

As studied in the Hubbard model with harmonic po-
tential, Mott physics without magnetism can be clearly
seen in this system since charge excitation dominates
when T > t [14, 15, 45-47]. For PAM with a trapping
potential such as that in Eq. (10), based on our deep un-
derstanding of uniform cases without external potential
[33, 34, 48, 49], we expect an orbital-selective Mott tran-
sition to emerge where Mott localization develops only
for the f-electron while the conduction electron is intact.
If one detects only an f-electron, this may be treated as
Mott physics for the f-electron. In the remaining part of
this paper, we use Mott instead of the more correct name
orbital-selective Mott by keeping this tiny difference in
mind.

3.1 Density distribution and DQMC

The above expectation is verified by our DQMC calcu-
lation in Figs. 3 and 4, The occupation of the f-electron
in real space is plotted, and a Mott regime with ny =
(ng) ~ 11is clearly seen in the central region. The metal-
lic region occupies the edge part of the system. (Statis-
tical errors are very small, on the order of 0.1 percent
or less for all quantities considered, and are not shown.)
Thus, the coexistence of the Mott and metal phases was
observed. This is a generic feature of a strongly cor-
related system with regard to trapping potential [42].
Meanwhile, in Fig. 3, we also show the variance of the
f-electron number at each site Any = (n}) — (ns)*. This
behavior agrees with the results from inspecting the oc-
cupation number of f-electron ny, where the charge fluc-
tuation is heavily suppressed for the central Mott regime
(Ang ~ 0), while a large variance indicates metallic be-
havior around the edge parts. It is noted that even in
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Fig. 3 f-electron real space density ny(r) and variance
Ang(r) distribution for 1D periodic Anderson model with
harmonic potential. Calculation is performed for a 64-site
system with open boundary condition and parameters ¢t = 1,
V=1,U=12, Ef = —6, 4 =0, w = 0.1, A7 = 0.0625 and
T = 1. The uniform case with w = 0 is also shown as n(r)
and An%(r).

the Mott regime, the variance in the f-electron number
Any does not vanish since only when U is infinite is
the charge fluctuation completely suppressed and gives
Any = 0. However, for systems with finite U that are
located in a Mott insulating state, the charge fluctuation
still survives, and a small but finite Any is expected. In
our case, we observe Any ~ 0.025 in the central Mott
regime.

For a 2D system such as a square lattice as studied in
Fig. 4, to have a sensible central Mott regime of about
20 sites, a large harmonic potential frequency w = 0.8 is
chosen in contrast to the 1D chain case with w = 0.1,
where most of the sites are single-occupied and show
Mott insulating behavior. Obviously, if the harmonic
potential is turned off, the Mott state exists only in such
an unform background since the system is half-filled with
the present parameters. These can be seen by inspecting
n(} and An?(r), e.g., in Fig. 3 for a 1D case. Addition-
ally, we checked that small but finite harmonic potential
affects only the boundary sites, while the inner sites show
Mott localization as expected. (The density distribution
of the conduction electron is shown in Fig. 5.) We note
that site-resolved imaging of particle density distribution
in a fermionic Mott insulator was recently achieved for
SLi and %K [14, 15], and our calculated spatial distribu-
tion of electrons may be a good guide for the realization
of PAM in terms of alkaline-earth metal atom gases.

Before ending this subsection, we remind the reader
that the PAM with harmonic potential in fact has a
severe fermion minus-sign problem for DQMC. For ex-
ample, for a 10 x 10 square-lattice PAM with parame-

0.6 X _
= 9 |
3 %% ! |
= 04 N |
‘ ‘ L 02
0.2 10
0
0.0

10

Fig. 4 f-electron real space density distribution for 2D pe-
riodic Anderson model with harmonic potential. A 10 x 10
square lattice system with open boundary condition is con-
sidered with parameters t = 1, V =1, U = 10, Ey = -5,
uw=0w=038 Ar=0.125and T = 1.

ters in Fig. 4, the sign average is smaller than 0.1 when
T < t/2. For a larger 12 x 12 system, even T = ¢ leads
to a small sign average. Thus, we cannot obtain reliable
low-temperature information, and the interesting Kondo
or magnetic effect is out of reach.

3.2 Local density of state and DMFT

Additionally, the Mott behavior of the f-electron can be
seen in their local density of state (DOS) where a large
quasi-particle gap (or Mott gap) develops when the Mott
localization of the f-electron is formed. In experiments,
the mentioned Mott gap can be directly probed by mea-
suring the response of the ultracold atom gas in the op-
tical lattice to a modulation of the lattice depth in spite
of the intrinsic spatial inhomogeneity induced by the
harmonic trapping potential [12]. It is noted that this
technique was successfully applied in the simulation of
a fermionic Hubbard model with “°K atoms [12]. Thus,
we expect similar techniques may extract information
about the Mott gap for alkaline-earth metal atoms 87Sr
and YD in a periodic Anderson model regime.

Here, owing to an elusive numerical analytic contin-
uation by transforming imaginary-time quantum Monte
Carlo data into real frequencies, and the severe fermion
minus-sign problem for larger system sizes, we do not
use DQMC to obtain an f-electron DOS . Instead, the
dynamic mean-field theory (DMFT) approximation is
the method of choice. For technical consideration, the
harmonic external potential is turned off, and the corre-
sponding f-electron DOS for a uniform system is shown
in Fig. 6, which may still be helpful for understanding
inhomogeneous cases since in experiment (Ref. [12]) per-
formed on an inhomogeneous system, one finds a sim-
ilar result as predicted by theory in a uniform lattice
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7

Fig. 5 (a) Conduction electron density distribution (n.(r), n(r)) for 1D PAM with harmonic potential w = 0.1,0 and
(b) 2D model with w = 0.8. Other parameters are identical to corresponding cases in Fig. 3 and Fig. 4.

model. In addition, thermometry, which means to find
the effective equilibrium temperature or entropy per par-
ticle for experimental samples, is actually done by fitting
measured data to theoretical results in a uniform model
Hamiltonian [13, 50].

In Fig. 6, in order to have a Mott transition and the re-
lated Mott insulating state for the f-electron, a half-filled
paramagnetic system is considered, and a fast solver
called the iterated perturbation theory is used. This
is able to obtain qualitative or semi-quantitative pred-
ication compared with more exact but time-consuming
solvers, at least for a half-filled system [38, 51]. From the
calculation of DMFT, we see that a clear excitation gap
is established between two broad bands (the so-called up-
per and lower Hubbard bands) when U is large (U 2 12).
This means the Mott state for local f-electron is formed
via a large Hubbard U to prohibit double occupation on

(a) 0.8

Df (w)

each site. As noted previously, this gap can be mea-
sured by corresponding techniques, and it also can be
used to detect the formation of Hubbard bands. For
comparison, the conduction electron DOS D.(w) is also
shown. It is clear that no qualitative changes appear for
the conduction electron during the Mott localization of
the f-electron [52].

4 Conclusion and discussion

We have proposed a possible way to realize both a
SU(N) periodic Anderson model and its standard ver-
sion, where universal heavy fermion physics in the con-
densed matter community is able to be detected and
clarified by a well-developed optical lattice and cold-
atom techniques. For SU(2) PAM, the underlying high

(b) 0.20

0.15

0.10

Dc ((,U)

0.051

0.00
-1.5 -1.0 -05 00 05 1.0 1.5
w/U

Fig. 6 (a) f-electron density of state Dy(w) for 2D periodic Anderson model on square lattice with parameters ¢ = 1,
V=1,U=4,6,8,10,12,16, Ey = —U/2 and T = 1. For comparison, the conduction electron density of state D.(w) is also

shown (b).
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temperature but still interesting physics is explored by
numerical simulations, i.e., DQMC and DMFT, where
the spatial distribution of f-electron density and its lo-
cal density of state are consistent with the expectation
of Mott or orbital-selective Mott physics. These clear
signatures of interaction-induced (orbital-selective) Mott
localization states for local f-electrons may be helpful for
corresponding experiments in this direction. Addition-
ally, the SU(N) physics of PAM have not been explored,
but we expect novel physics beyond Doniach’s classic
phase diagram of a heavy fermion like charge-density-
wave, valence-bond-solid and n-pairing should emerge
as inspired by a corresponding large symmetry study of
SU(2N) Hubbard-like models [53-56].

Future investigations of detailed spin/charges or even
pairing correlations at site scale are desirable because
similar measurements have been performed with a
fermionic Hubbard model [13, 16, 17]. In addition, if
the effective temperature of an optical lattice can be
further lowered, it will be interesting to study the low-
energy /temperature-lattice Kondo physics and the cor-
responding two-fluid behavior [7], which is proposed as
a core actor for almost all low-temperature anomalous
quantum phenomena.

Another interesting issue is to explore the negative-
U periodic Anderson model in these ultracold fermion
systems. (Such negative-U can be tuned by the orbital
Feshbeach resonance technique [27-29].) Such a negative
U model can be (numerically) solved by DQMC, and
has been argued as a phenomenological Hamiltonian for
heavy fermion superconductivity [57]. Future work in
this direction is helpful to uncover the nature of this
effective model, and will be a good starting point for
understanding the unconventional pairing mechanisms in
those strongly correlated electron systems [58-61].

Note added in proof. After the completion of this work,
Nakagawa and Kawakami brought their work to us [62],
where they proposed a laser-induced PAM with spin-
dependent c— f hybridization, which is not the standard
PAM proposed by us. Moreover, the SU(N) physics is
lost in their model and is distinct to ours.
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