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3Doping charge carriers into Mo0 insulators: Equilibrium

factors, the magnetic excitations, the underlying Fermi sur-
face topology, or additional effects, are not optimized here.

ARPES confirms that the Brillouin zone is magnetic,
i.e., there is clear observations of a gap along the magnetic
zone boundary.272–274 Figure 20 show a fragmented Fermi
surface, which suggests that the large Fermi surface is
gapped by into electron and hole pockets,272–274 and
“shadow” and main bands are split along the magnetic BZ
boundary.273 This can be described by the generalized dy-
namical mean-field theory with the k-dependent self-energy
(LDA þ DMFT þ Rk).

274 Similar s-wave-like dependence
of the pseudogap has been recently suggested based on the
analysis of Raman spectra and for hole-doped BSCCO.275

One may conclude that the electron–hole asymmetry of
the phase diagram of cuprates is a piece of pseudogap puzzle
that should be addressed by any consistent model.

5. Pseudogap in Fe-SC

In the iron-based superconductors, the pseudogap is
hardly seen by ARPES.46 It has been reported in several
early studies on polycrystalline samples276–278 and later on
Ba1"xKxFe2As2 (BKFA) single crystals,279 but that observa-
tions are not supported by a majority of ARPES208,280–285

and STM286,287 experiments.
It is surprising because from a nearly perfect Fermi

surface nesting one would expect the pseudogap due to
incommensurate ordering like in transition metal dichalcoge-
nides and cuprates. The absence of the pseudogap in ARPES
spectra may be just a consequence of low spectral weight
modulation by the magnetic ordering that may question its
importance for superconductivity, discussed in previous sec-
tion. Also, the band gap due to antiferromagnetic order, even
commensurate, is small and partial, it opens the gap on
Fermi surface parts but not even along each direction.288

Meanwhile, a growing evidence for pseudogap comes
from other experiments.46 NMR on some of 1111 com-
pounds and Ba(Fe1"xCox)2As2 (BFCA)289 and nuclear
spin-lattice relaxation rate on Ca(Fe1"xCox)2As2

290 reveal a
pseudogap-like gradual decrease of (T1T)"1 below some
temperature above Tc as function of doping, similarly to the
spin-gap behavior in cuprates.

The interplane resistivity data for BFCA over a broad
doping range also shows a clear correlation with the NMR
Knight shift, assigned to the formation of the pseudogap.291

In SmFeAsO1"x, the pseudogap was determined from resis-
tivity measurements.292,293 The evidence for the supercon-
ducting pairs in the normal state (up to temperature T #
1.3Tc) has been obtained using point-contact spectroscopy
on BFCA film.294

The optical spectroscopies reveal the presence of the
low- and high-energy pseudogaps in the Ba122295 and
FeSe.296 The former shares striking similarities with the
infrared pseudogap in YBCO while the later is similar to fea-
tures in an electron-doped NCCO. Recently a pseudogap-
like feature has been observed in LiFeAs above Tc up to
40K by ultrafast optical spectroscopy.297

In magnetic torque measurements of the isovalent-doping
system BaFe2(As1"xPx)2 (BFAP), electronic nematicity has
been observed above the structural and superconducting tran-
sitions.298 It has been supported by recent ARPES study of
the same compound299 in which a composition-dependent
pseudogap formation has been reported. The pseudogap
develops a dome on the phase diagram very similar to cup-
rates and is accompanied by inequivalent energy shifts in the
Fe zx/yz orbitals, which are thus responsible for breaking the
fourfold rotational symmetry.

The pseudogap related to the fourfold symmetry break-
ing and electronic nematic fluctuations has been observed by
a time-resolved optical study for electron-doped BFCA300

and near optimally doped Sm(Fe,Co)AsO.301 The observed
anisotropy persists into the superconducting state, that indi-
cates that the superconductivity is coexisting with nematicity
and the pseudogap in these compounds.

Very recently, the pseudogap-like behavior has been
found in the novel iron-based superconductor with a triclinic
crystal structure (CaFe1"xPtxAs)10Pt3As8 (Tc ¼ 13K), con-
taining platinum–arsenide intermediary layers, studied by
lSR, INS, and NMR.302 Authors have found two supercon-
ducting gaps like in other Fe-SCs, but smaller, about 2 and
0.3meV, and also an unusual peak in the spin-excitation spec-
trum around 7meV, which disappears only above T*¼ 45K.
A suppression of the spin-lattice relaxation rate observed by
NMR immediately below this temperature indicates that T*
could mark the onset of a pseudogap, which is likely associ-
ated with the emergence of preformed Cooper pairs.

To conclude, there is much less consensus about the
pseudogap in the iron-based superconductors than in cup-
rates. The fact that in contrast to cuprates the pseudogap in
Fe-SC is not easily seen by ARPES says for its more sophis-
ticated appearance in multiband superconductors. Thus, at
the moment, unlike the CDW bearing dichalcogenides, the
ferro-pnictides and ferro-chalcogenides can hardly provide
deeper incite into pseudogap origins. On the other hand, due
to their multiband electronic structure, studying these materi-
als may shed some light on the interplay of the pseudogap
and superconductivity.

6. Pseudogap and superconductivity

Density wave (SDW or CDW) in cuprates, like CDW in
TMD, competes with superconductivity for the phase space
and is generally expected to suppress Tc. Though the

FIG. 21. Compiled phase diagram of HTSC cuprates. Insets show a sketch
of the AFM split conducting band along the magnetic zone boundary illus-
trating the idea of “topological superconductivity.”
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(Exponen-al with U/v )
N. Strohmaiser, et. al., PRL 104, 080401 (2010).
R. Sensarma, et. al., PRB 82, 224302 (2010).
A. Rosch, et. al., PRL  101, 265301 (2008).
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What kinds of metastable states emerge in photo-doped Mott insulators?

General question & three complementary approaches

1) Direct time-evolution 

2) Quasi-NESS approach 3) Quasi-equilibrium approach 

▷ Analogous to photo-doped semiconductor
▷ Mainly used in this talk

Approximate quasi-steady state 
with a true steady state supported 
by external bath
J. Li, et. al., PRB 102, 165136 (2020).
J. Li and M. Eckstein, PRB 103 045133 (2021).

A. Rosch, et. al., PRL  101, 265301 (2008).
Y. Kanamori, et al., PRL 107, 167403 (2011). 
YM, et. al., Comm. Phys. 5, 23 (2022).
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Effective chemical potential &  temperature 
“μc,μv, Teff”

K. Asano, Bussei Kenkyu (2013).
L. V. Keldysh, Contemporary Phys. 27, 395 (1986).
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図 2 電子正孔系の概念的相図．EX と aX は励
起子の束縛エネルギーと励起子 Bohr半径．

になると予想できる．ただしここでは，電子数と
正孔数が同じである場合を考えているので，両者
共通の密度を単に密度と呼んでいる．また，励起
子 Bohr半径 aX と励起子の束縛エネルギー EX を
それぞれ長さとエネルギーの単位にとり，密度を
na3

X，温度を kBT/EX と無次元化した．
この概念的な相図を読み解く上で，相互作用の

強さを表すパラメーターが何かを理解する必要が
ある．まず，絶対零度を考えて，電子正孔一対当
たりの運動エネルギー (Eg を原点として測る)を，
相互作用を無視して見積もると，数係数は除いて，

εkin =
3
5

(
εe,F + εh,F − Eg

)
=

3
5
·
!2k2

F

2m
∼ !

2

md2 (9)

を得る．ここで εe,F と εh,F は電子と正孔の Fermi

エネルギー，kF =
(
3π2n
)1/3
は Fermi 波数である

（Fermi 波数は電子と正孔で共通であることに注
意）．また，d = (3/4πn)1/3 = (9π/4)1/3 k−1

F は平均
キャリア間距離を表す．一方，電子正孔一対当た
りの相互作用エネルギーは，

εint ∼
e2

4πεbd
(10)

程度である．従って，相互作用の強さは，

εint

εkin
=

(e2/4πεbd)
!2/md2 ∼ d

aX
(11)

と表せる．右辺に現れる rs = d/aX は rs パラメー
ターと呼ばれている．つまり，低温極限では低密
度ほど相互作用が強く，高密度ほど相互作用が
弱い．
逆に，高温極限を考えると，電子正孔一対当

たりの運動エネルギーは，いわゆる等分配則に
従って，

εkin ∼ 2 · 3
2

kBT ∼ kBT (12)

となる．一方，電子正孔一対当たりの相互作用エ
ネルギーは低温の場合と同じ評価で良い．従っ
て，相互作用の強さは，

εint

εkin
=

e2

4πεbdkBT
(13)

と表せる．右辺に現れる Γ = e2/4πεbkBT は不完
全性パラメーターと呼ばれている．つまり，高温
極限では低密度ほど相互作用が弱く，高密度ほど
相互作用が強い．
こうして低温領域と高温領域では，相互作用の

強さの密度依存性が逆転することが分かった．そ
れでは，これら二つの領域の境目はどこにある
のだろうか．上記の考察を見直すと，両領域の
違いは運動エネルギーの評価の違いとして現れ
ている．即ち，電子と正孔が量子統計に従って
いる（Fermi縮退している）場合が式 (11)で，古
典統計に従っている場合が式 (13) である．両領
域の移り変わりは，一種の量子古典クロスオー
バーと理解することができ，両領域の境目は，
kBT/

(
εeF + ε

h
F

)
= 定数 という条件式で表せる．こ

の式は，熱的 de Broglie波長

λT =
h√

2πmkBT
(14)

を使えば，
nλ3

T =定数 (15)

と書くこともできる．熱的 de Broglie波長は，二
つの同種粒子がどのくらい近づいたら量子統計性
を考慮しなければならないかを表す長さである．
以上の考察から，相互作用が最も強い領域（強

結合領域）が低密度かつ低温の領域にあることが

物性研究・電子版 Vol.3、No.1, 031207（2013年11月・2014年2月合併号）《講義ノート》
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8Quasi-equilibrium description for strongly correlated systems

GGE type description

Ĥ
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Original Hamiltonian:

Effective Hamiltonian: Ĥe↵
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K̂e↵ = Ĥe↵ �
X

g2ps

µgn̂g

<latexit sha1_base64="M+n+14xS/U3xPOLN1FALlDqteX8="></latexit><latexit sha1_base64="M+n+14xS/U3xPOLN1FALlDqteX8="></latexit><latexit sha1_base64="M+n+14xS/U3xPOLN1FALlDqteX8="></latexit><latexit sha1_base64="M+n+14xS/U3xPOLN1FALlDqteX8="></latexit>

⇢̂e↵ = exp(��e↵K̂e↵)
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Step2

Step3

Step1 Apply the Schrieffer-Wolff transformation (1/U expansion) 

Effective model with conserved local multiplets dressed with virtual fluctuation 

Introducing chemical potential for local multiplets and effective temperature

Solve the effective problem with existing equilibrium methods

ex) doublons, holons

YM, et. al., Comm. Phys. 5, 23 (2022).



9Example : Extended Hubbard model

⌘̂+i = (�)iĉ†i#ĉ
†
i"
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not think of the order, i.e. (k, i, j) = (j, i, k).

Ĥ(2)
kin,UHB =

v2

U

∑

〈i,j〉,σ

[ ∑

k∈iNN ,k $=j

n̄i,σ̄c
†
j,σnj,σ̄nk,σ̄ck,σ +

∑

k∈jNN ,k $=i

n̄j,σ̄c
†
i,σni,σ̄nk,σ̄ck,σ

]

−v2

U

∑

〈i,j〉,σ

[ ∑

k∈iNN ,k $=j

c†i,σ̄nk,σck,σ̄nj,σ̄c
†
j,σci,σ +

∑

k∈jNN ,k $=i

c†j,σ̄nk,σck,σ̄ni,σ̄c
†
i,σcj,σ

]
(36)

=
v2

U

∑

〈k,i,j〉,σ

[
n̄i,σ̄c

†
j,σnj,σ̄nk,σ̄ck,σ + n̄i,σ̄c

†
k,σnk,σ̄nj,σ̄cj,σ

]

−v2

U

∑

〈k,i,j〉,σ

[
c†i,σ̄nk,σck,σ̄nj,σ̄c

†
j,σci,σ + c†i,σ̄nj,σcj,σ̄nk,σ̄c

†
k,σci,σ

]
(37)

Ĥ(2)
U,shift = Jex

∑

i

(n̂i↑ −
1

2
)(n̂i↓ −

1

2
), (38)

Ĥspin,ex = Jex
∑

〈i,j〉

ŝi · ŝj (39)

Ĥdh,ex = −Jex
∑

〈i,j〉

[η̂xi η̂
x
j + η̂yi η̂

y
j + η̂zi η̂

z
j ], (40)

Ĥ(2)
dh,slide =

v2

U

∑

〈i,j〉,σ

[ ∑

k∈iNN,k $=j

c†iσcj,σn̄j,σ̄c
†
i,σ̄ck,σ̄nk,σ +

∑

k∈jNN,k $=i

c†jσci,σn̄i,σ̄c
†
j,σ̄ck,σ̄nk,σ

]
(41)

+
v2

U

∑

〈i,j〉,σ

[ ∑

k∈iNN,k $=j

nj,σ̄c
†
jσci,σn̄k,σc

†
k,σ̄ci,σ̄ +

∑

k∈jNN,k $=i

ni,σ̄c
†
iσcj,σn̄k,σc

†
k,σ̄cj,σ̄

]

=
v2

U

∑

〈k,i,j〉,σ

[
c†iσcj,σn̄j,σ̄c

†
i,σ̄ck,σ̄nk,σ + c†iσck,σn̄k,σ̄c

†
i,σ̄cj,σ̄nj,σ

]
(42)

+
v2

U

∑

〈k,i,j〉,σ

[
nj,σ̄c

†
jσci,σn̄k,σc

†
k,σ̄ci,σ̄ + nk,σ̄c

†
kσci,σn̄j,σc

†
j,σ̄ci,σ̄

]

Here, we introduced the η-operators as η̂+i = θiĉ
†
i↓ĉ

†
i↑, η̂

−
i = θiĉi↑ĉi↓ and η̂zi = 1

2(n̂i − 1).

4.2 Discussion before the calculation

We consider the excitation of the half-filled Hubbard model. The steady state reached when the recom-
bination of doublon and holon is very inefficient shall be an equilibrium state of Ĥeff with finite doublon
or holon numbers. When we assume a very low temperature, such a state should be described as a
ground state of the ”Grand Canonical Hamiltonian”,

Ĥ ′
eff = Ĥeff − (

U

2
+ zV )

∑

i

ni −∆U
∑

i

(n̂i↑ −
1

2
)(n̂i↓ −

1

2
). (43)

Note that this is a complete analogy for the semiconductor systems. Here, ĤU corresponds to the energy
level difference between the conduction band and the valence band, while ∆U

∑
i n̂i↑n̂i↓ corresponds to

the difference of the effective chemical potential introduced to describe the steady state after the photo-
excitation. [I am not sure what happens for the finite temperatures.]

So we can immediately guess the following cases.

6

Ĥdh,ex = �Jex

X

hi,ji

⌘̂i · ⌘̂j
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1

2
(n̂i � 1)
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i ĉj + ĤU + ĤV
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4 One band Extended Hubbard model

4.1 Expression of the effective model

For the Hubbard model, one can obtain the explicit form of the effective model;

Ĥeff =ĤU + Ĥkin,LHB(t) + Ĥkin,UHB(t) + ĤV

+ Ĥ(2)
kin,LHB + Ĥ(2)

kin,UHB + Ĥ(2)
U,shift + Ĥspin,ex + Ĥdh,ex + Ĥ(2)

dh,slide. (29)

ĤU = U
∑

i

n̂i↑n̂i↓ (30)

is the interaction term.

ĤV = V
∑

〈i,j〉

n̂in̂j (31)

is the nearest neighbor interaction term. Note that 〈i, j〉 indicates a pair of i, j of neighboring sites and
order is not accounted.

Ĥkin,LHB(t) = −v
∑

〈i,j〉,σ

n̄i,σ̄(c
†
i,σcj,σ + c†j,σci,σ)n̄j,σ̄, (32)

Ĥkin,UHB(t) = −v
∑

〈i,j〉,σ

ni,σ̄(c
†
i,σcj,σ + c†j,σci,σ)nj,σ̄, (33)

are the leading hopping term of doublons and holons. These terms do not change the number of them.
The meaning of O(v2/U) terms is as follows. Ĥ(2)

kin,LHB describes the hopping of a holon and Ĥ(2)
kin,UHB

describes the hopping of a doublon. Ĥ(2)
U,shift describes the shift of the local interaction U , while Ĥdh,ex

is the exchange coupling of the doublon and holon. Ĥ(2)
dh,slide describes the simultaneous hopping of a

doublon and a holon to the neighboring sites. The expression of each term is as follows. Here, Jex =
4v2

U .

Ĥ(2)
kin,LHB =

v2

U

∑

〈i,j〉,σ

[ ∑

k∈iNN ,k &=j

ni,σ̄cj,σn̄j,σ̄n̄k,σ̄c
†
k,σ +

∑

k∈jNN ,k &=i

nj,σ̄ci,σn̄i,σ̄n̄k,σ̄c
†
k,σ

]

−v2

U

∑

〈i,j〉,σ

[ ∑

k∈iNN ,k &=j

n̄k,σc
†
k,σ̄ci,σ̄c

†
i,σcj,σn̄j,σ̄ +

∑

k∈jNN ,k &=i

n̄k,σc
†
k,σ̄cj,σ̄c

†
j,σci,σn̄i,σ̄

]
(34)

=
v2

U

∑

〈k,i,j〉,σ

[
ni,σ̄cj,σn̄j,σ̄n̄k,σ̄c

†
k,σ + ni,σ̄ck,σn̄k,σ̄n̄j,σ̄c

†
j,σ

]
(35)

−v2

U

∑

〈k,i,j〉,σ

[
n̄k,σc

†
k,σ̄ci,σ̄c

†
i,σcj,σn̄j,σ̄ + n̄j,σc

†
j,σ̄ci,σ̄c

†
i,σck,σn̄k,σ̄

]

Here, 〈k, i, j〉 means that both of (k, i) and (i, j) are a pair of neighbouring sites and k $= j and we do
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kin,UHB

describes the hopping of a doublon. Ĥ(2)
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ĤU = U
∑

i

n̂i↑n̂i↓ (30)

is the interaction term.
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Ĥkin,UHB(t) = −v
∑

〈i,j〉,σ

ni,σ̄(c
†
i,σcj,σ + c†j,σci,σ)nj,σ̄, (33)

are the leading hopping term of doublons and holons. These terms do not change the number of them.
The meaning of O(v2/U) terms is as follows. Ĥ(2)
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Ĥ(2)
kin,LHB =

v2

U

∑

〈i,j〉,σ

[ ∑

k∈iNN ,k &=j

ni,σ̄cj,σn̄j,σ̄n̄k,σ̄c
†
k,σ +

∑

k∈jNN ,k &=i

nj,σ̄ci,σn̄i,σ̄n̄k,σ̄c
†
k,σ

]

−v2

U

∑

〈i,j〉,σ

[ ∑

k∈iNN ,k &=j

n̄k,σc
†
k,σ̄ci,σ̄c

†
i,σcj,σn̄j,σ̄ +

∑

k∈jNN ,k &=i

n̄k,σc
†
k,σ̄cj,σ̄c

†
j,σci,σn̄i,σ̄

]
(34)

=
v2

U

∑

〈k,i,j〉,σ

[
ni,σ̄cj,σn̄j,σ̄n̄k,σ̄c

†
k,σ + ni,σ̄ck,σn̄k,σ̄n̄j,σ̄c

†
j,σ

]
(35)

−v2

U

∑

〈k,i,j〉,σ

[
n̄k,σc

†
k,σ̄ci,σ̄c

†
i,σcj,σn̄j,σ̄ + n̄j,σc

†
j,σ̄ci,σ̄c

†
i,σck,σn̄k,σ̄

]

Here, 〈k, i, j〉 means that both of (k, i) and (i, j) are a pair of neighbouring sites and k $= j and we do

5

d h

h d

4 types of pseudo-par9cles

EffecBve model with conserved local mulBplets and effects of virtual fluctuaBon 4 One band Extended Hubbard model

4.1 Expression of the effective model

For the Hubbard model, one can obtain the explicit form of the effective model;
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dh,slide describes the simultaneous hopping of a

doublon and a holon to the neighboring sites. The expression of each term is as follows. Here, Jex =
4v2

U .
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η paring state
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In the fermionic Hubbard model, doubly occupied states have an exponentially large lifetime for strong

repulsive interactions U. We show that this property can be used to prepare a metastable s-wave superfluid
state for fermionic atoms in optical lattices described by a large-U Hubbard model. When an initial band-

insulating state is expanded, the doubly occupied sites Bose condense. A mapping to the ferromagnetic

Heisenberg model in an external field allows for a reliable solution of the problem. Nearest-neighbor

repulsion and pair hopping are important in stabilizing superfluidity.
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Trapped cold atoms open the possibility to realize new
quantum states of matter and to control them with an
unprecedented precision. An especially exciting perspec-
tive is the possibility to study interacting quantum systems
out of equilibrium. The high tunability in combination with
the slow dynamics of cold atoms allows us to investigate
time-dependent processes, for example, the quench from a
superfluid to a Mott-insulating state [1].

Thermal equilibrium is usually dominated by low-
energy states of the system, while out of equilibrium also
high-energy states can become important. In the contin-
uum, high-energy states typically decay rapidly in the
presence of interactions: High energy implies that the
available phase space for inelastic scattering is large. In
contrast, for lattice systems where the kinetic energy of a
single particle cannot exceed its bandwidth D, a state with
high energy, E " D (e.g., a doubly occupied site in a
strongly repulsive Hubbard model), cannot easily decay.
This is a consequence of energy conservation: To dissipate
the huge energy E, a complex many-particle scattering
process is needed, with at least n * E=D participating
particles. For local two-particle interactions, such pro-
cesses are expected to be exponentially suppressed for
large n (see below). This effect has been directly observed
in measurements of the lifetime of doubly occupied lattices
sites for bosonic 87Rb atoms in an optical lattice [2]:
Starting from a dense cloud of atoms with many doubly
occupied sites, the strength of the trapping potential was
reduced in one direction, allowing the cloud to expand.
Subsequently, many long-lived double occupancies were
detected, with a lifetime exceeding their inverse tunneling
rate by more than 2 orders of magnitude.

The large lifetime of doubly occupied lattice sites im-
plies that one can easily create new metastable states of
matter. Indeed, numerical simulations by Kollath, Läuchli,
and Altman [3] show that metastable states form in the one-
dimensional bosonic Hubbard model for strong repulsion.

An obvious question is whether the doubly occupied
sites will Bose condense. For a bosonic Hubbard model,
this question was investigated by Petrosyan et al. [4], but

the authors found that instead the system will phase-
separate: Because of nearest-neighbor attractive inter-
actions, doubly occupied sites will stick together in-
stead of forming a low-density superfluid. In this Letter,
we will prove that for fermions, in contrast, a Bose con-
densate of spin singlets with s-wave symmetry will form.
Interestingly, the many-particle wave function of the rele-
vant homogeneous metastable superfluid state can be con-
structed in a controlled way. It has been known for a long
time [5,6] that a hidden SU(2) symmetry of the charge
sector [called SUCð2Þ in the following] of the Hubbard
model can be employed to build wave functions with off-
diagonal long-range order (states with so-called ‘‘! pair-
ing’’ [5]). We shall show that these states can easily be
realized just by expanding an atomic cloud in an optical
lattice slowly compared to typical collision times but rap-
idly compared to the exponentially large lifetime of the
doubly occupied states.
The condensation of doubly occupied sites can be de-

tected by measuring the momentum distribution of fermion
pairs [7]. The repulsively bound doubly occupied sites of
the repulsive Hubbard model hop from site to site via
virtual low-energy states. Therefore the sign of their effec-
tive hopping amplitude is reversed compared to bound
pairs in the attractive Hubbard model. This implies that
the condensation occurs at momentum ð";";"Þ [5,6]

FIG. 1 (color online). Schematic plot of the momentum distri-
bution of fermion pairs [7]. For attractive interactions, the
Cooper pairs condense at momentum 0 (and corresponding
reciprocal lattice vectors). In contrast, the metastable supercon-
ductivity of the repulsive Hubbard model arises at momentum
ð%";%";%"Þ.
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Metastable state with doublon or holon

rather than zero, allowing for an unambiguous detection of
this state; see Fig. 1.

Setup.—We consider the fermionic Hubbard model

H ¼ "J
X

hiji;!
cyi!cj! þU

X

i

ni"ni# þ Vt

X

i

r2i ni (1)

on a cubic lattice with a harmonic trapping potential of
strength Vt. Here J is the tunneling rate between neighbor-
ing sites of the optical lattice, U > 12J ¼ D is a strong
repulsive interaction, ni! ¼ cyi!ci!, and ni ¼ ni# þ ni".
The lattice distance a is set to unity.

As argued above, the total number of doubly occupied
sites Nd ¼ P

ini"ni# has an extremely long lifetime, due to
the difficulty in losing the large energy U. This can for-
mally be seen using a well-known unitary transforma-

tion [8,9] H ! ~H ¼ eiSH e"iS, Nd ! ~Nd ¼ eiSNde
"iS,

called the Schrieffer-Wolff transformation. For a given
arbitrary order n, one can explicitly construct [9] a unitary

operator eiSn , such that the commutator ½ ~Nd;
~H % vanishes

exactly up to terms of order 1=Un. This proves that, in the
limit of large U, the lifetime "d of doubly occupied sites
grows faster than any power of U. The underlying physical
reason, the energy bottleneck, has been described in the
introduction. We therefore expect that, for Vt ¼ 0, "d is
exponentially large in U=D.

We consider an initial situation where the atoms are
densely packed, with two atoms per site in the center of
the trap (i.e., a band insulator state), and investigate the
evolution of the system upon reducing the strength Vt (i.e.,
curvature) of the trapping potential [10]. The initial system
is in thermal equilibrium, and we assume vanishing en-
tropy for simplicity (all of the following arguments remain
valid as long as the entropy per particle remains small

compared to unity). The radius of the atomic cloud is rd &
N1=3

d . To avoid a decay of the doubly occupied states by a
conversion of interaction energy into potential energy, the
slope of the trapping potential at the edge of the cloud has
to be small compared to U: 2Vtrd ' U. Taking into ac-
count the Mott-insulating shell forming around the band-
insulating core [11–13], one obtains from this condition the
ratio of the numbers of singly and doubly occupied sites

N1=Nd ( 1=N1=3
d . Nevertheless, the ratio N1=Nd can be

made sufficiently small, such that singly occupied states
can be neglected. Note that this is not required to obtain
Bose condensation of double occupancies but simplifies
the theoretical analysis considerably.

Effective model.—Neglecting singly occupied sites, the
effective Hamiltonian after the Schrieffer-Wolff transfor-
mation [8,9] reads [14] (up to constant contributions)

~H ¼ J2

U

X

hiji
cyi"c

y
i#cj#cj" þ ni"ni#ð1" nj"Þð1" nj#Þ

þ 2Vt

X

i

r2i ni"ni#: (2)

The first term describes the hopping of doubly occupied
sites, and the second an effective interaction. In the pres-
ence of singly occupied sites, the leading correction to (2)
arises [9] from J

P
hiji!ni;"!c

y
i!cj!nj;"!, which describes

an exchange of a doubly and a singly occupied site. This
term can be neglected when the local density of single
occupancies is smaller than J=U. While this is not the case
at the border of the atomic cloud in its initial configuration,
it turns out to be valid in the scaling limit discussed below,
as single occupancies are efficiently diluted when the
trapping potential gets weaker.
It is useful to rewrite (2) in two different ways. First, one

can identify the doubly occupied states with a boson dyi ¼
cyi"c

y
i# such that (up to a constant)

~H ¼ J2

U

X

hiji
dyi dj þ

X

ij

Vijndindj þ 2Vt

X

i

r2i ndi; (3)

with ndi ¼ dyi di. Here Vii ¼ 1 implements a hard-core
constraint, and Vij ¼ "J2=U describes an attraction for
nearest neighbors i and j. Second, one can map the hard-
core bosons to spins [4]. Starting from (2), this can be done
by performing a particle-hole transformation for the down
spins only: cyi" ! ~cyi", c

y
i# ! ð"1Þi~ci#. This maps an empty

site to a spin down and a doubly occupied site to a spin up.
A finite magnetization in the xy plane describes Bose
condensation of pairs of fermions; see below. Identifying
Si ¼ 1

2

P
#$~c

y
i#!#$~ci$ after this transformation, one ob-

tains a ferromagnetic Heisenberg model in a magnetic
field:

~H ¼ " J2

U

X

hiji
Si + Sj þ 2Vt

X

i

r2i S
z
i : (4)

The SU(2) symmetry of the first term in (4) is a direct
consequence of the SUCð2Þ symmetry of the charge sector
of the underlying Hubbard model [5,6]: For Vt ¼ 0 and a
chemical potential % ¼ U=2, H (1) commutes with all
three components of the particle-hole transformed opera-
tors

P
iSi defined above—in the original variables, these

are ð&þ &yÞ=2, ð&" &yÞ=ð2iÞ, and P
iðni " 1Þ=2, with

&y ¼ P
ið"1Þicyi"cyi#.

For Vt ¼ 0, the exact ground state of (4) for fixed
particle density nd is a ferromagnetic state

j!i ¼ e
"i'

P
i

Sxi j""" . . .i ¼ e
"i'2

P
i

ð"1Þiðcy
i"c

y
i#þH:c:Þ

j0i; (5)

where cos' ¼ 1" 2nd fixes the magnetization Sz ¼ nd "
1
2 in the z direction. The rotational symmetry around the z
axis is spontaneously broken, which implies off-diagonal

long-range order hcyi"cyi#i ¼ hdyi i ¼ ð"1Þi
2 sin', with momen-

tum ð(;(;(Þ. The superfluid fraction, defined as
jhdyi ij2=nd, is given exactly by (1" nd) [15].
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conversion of interaction energy into potential energy, the
slope of the trapping potential at the edge of the cloud has
to be small compared to U: 2Vtrd ' U. Taking into ac-
count the Mott-insulating shell forming around the band-
insulating core [11–13], one obtains from this condition the
ratio of the numbers of singly and doubly occupied sites

N1=Nd ( 1=N1=3
d . Nevertheless, the ratio N1=Nd can be

made sufficiently small, such that singly occupied states
can be neglected. Note that this is not required to obtain
Bose condensation of double occupancies but simplifies
the theoretical analysis considerably.

Effective model.—Neglecting singly occupied sites, the
effective Hamiltonian after the Schrieffer-Wolff transfor-
mation [8,9] reads [14] (up to constant contributions)

~H ¼ J2

U

X

hiji
cyi"c

y
i#cj#cj" þ ni"ni#ð1" nj"Þð1" nj#Þ

þ 2Vt

X

i

r2i ni"ni#: (2)

The first term describes the hopping of doubly occupied
sites, and the second an effective interaction. In the pres-
ence of singly occupied sites, the leading correction to (2)
arises [9] from J

P
hiji!ni;"!c

y
i!cj!nj;"!, which describes

an exchange of a doubly and a singly occupied site. This
term can be neglected when the local density of single
occupancies is smaller than J=U. While this is not the case
at the border of the atomic cloud in its initial configuration,
it turns out to be valid in the scaling limit discussed below,
as single occupancies are efficiently diluted when the
trapping potential gets weaker.
It is useful to rewrite (2) in two different ways. First, one

can identify the doubly occupied states with a boson dyi ¼
cyi"c

y
i# such that (up to a constant)

~H ¼ J2

U

X

hiji
dyi dj þ

X

ij

Vijndindj þ 2Vt

X

i

r2i ndi; (3)

with ndi ¼ dyi di. Here Vii ¼ 1 implements a hard-core
constraint, and Vij ¼ "J2=U describes an attraction for
nearest neighbors i and j. Second, one can map the hard-
core bosons to spins [4]. Starting from (2), this can be done
by performing a particle-hole transformation for the down
spins only: cyi" ! ~cyi", c

y
i# ! ð"1Þi~ci#. This maps an empty

site to a spin down and a doubly occupied site to a spin up.
A finite magnetization in the xy plane describes Bose
condensation of pairs of fermions; see below. Identifying
Si ¼ 1

2

P
#$~c

y
i#!#$~ci$ after this transformation, one ob-

tains a ferromagnetic Heisenberg model in a magnetic
field:

~H ¼ " J2

U

X

hiji
Si + Sj þ 2Vt

X

i

r2i S
z
i : (4)

The SU(2) symmetry of the first term in (4) is a direct
consequence of the SUCð2Þ symmetry of the charge sector
of the underlying Hubbard model [5,6]: For Vt ¼ 0 and a
chemical potential % ¼ U=2, H (1) commutes with all
three components of the particle-hole transformed opera-
tors

P
iSi defined above—in the original variables, these

are ð&þ &yÞ=2, ð&" &yÞ=ð2iÞ, and P
iðni " 1Þ=2, with

&y ¼ P
ið"1Þicyi"cyi#.

For Vt ¼ 0, the exact ground state of (4) for fixed
particle density nd is a ferromagnetic state

j!i ¼ e
"i'

P
i

Sxi j""" . . .i ¼ e
"i'2

P
i

ð"1Þiðcy
i"c

y
i#þH:c:Þ

j0i; (5)

where cos' ¼ 1" 2nd fixes the magnetization Sz ¼ nd "
1
2 in the z direction. The rotational symmetry around the z
axis is spontaneously broken, which implies off-diagonal

long-range order hcyi"cyi#i ¼ hdyi i ¼ ð"1Þi
2 sin', with momen-

tum ð(;(;(Þ. The superfluid fraction, defined as
jhdyi ij2=nd, is given exactly by (1" nd) [15].

PRL 101, 265301 (2008) P HY S I CA L R EV I EW LE T T E R S
week ending
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SUc(2) Symmetry
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11Photo-doped metastable states in 1D ? 

▷ Numerical analysis 
(A tensor network: iTEBD)

▷ Analytical discussion

▷ Intuitive insight into physics of metastable states

Emergent degrees of freedoms by photo-doping lead to intriguing nonequilibrium phases!

Main points

▷ Exact from of wave function of photo-doped states: | i = | GS
SF i| GS

spini
<latexit sha1_base64="z54BmeXcUGQoDFYoJxFA1UDuoJQ="></latexit><latexit sha1_base64="z54BmeXcUGQoDFYoJxFA1UDuoJQ="></latexit><latexit sha1_base64="z54BmeXcUGQoDFYoJxFA1UDuoJQ="></latexit><latexit sha1_base64="z54BmeXcUGQoDFYoJxFA1UDuoJQ="></latexit>

| GS
⌘�spini

<latexit sha1_base64="xHXZy7JGsJ7/xJ8SnNJwbzyDbtk="></latexit><latexit sha1_base64="xHXZy7JGsJ7/xJ8SnNJwbzyDbtk="></latexit><latexit sha1_base64="xHXZy7JGsJ7/xJ8SnNJwbzyDbtk="></latexit><latexit sha1_base64="xHXZy7JGsJ7/xJ8SnNJwbzyDbtk="></latexit>

▷ Spin, charge and η-spin separation

YM, et al., Comm. Phys. 5, 23 (2022).

YM, et al., Phys. Rev. Lett. 130, 106501 (2023).

Quasi-equilibrium approach for 1D extended Hubbard model  
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▷ Extension of Ogata-Shiba state in equilibrium

▷ Spin, charge and η-spin separation

▷ Useful insight into physics

Exact wave function of photo-doped metastable states

Spinless fermion
(PosiNon of Singlons)

Squeezed 
spin space

M. Ogata & H. Shiba, 
PRB 41 2326 (1990).

H
(SQ)
spin

<latexit sha1_base64="Wdu/ZIvW6Hrn6gXAU6EyjHYjbvw="></latexit><latexit sha1_base64="Wdu/ZIvW6Hrn6gXAU6EyjHYjbvw="></latexit><latexit sha1_base64="Wdu/ZIvW6Hrn6gXAU6EyjHYjbvw="></latexit><latexit sha1_base64="Wdu/ZIvW6Hrn6gXAU6EyjHYjbvw="></latexit>

H
(SQ)
⌘�spin

<latexit sha1_base64="vVEG75gNgh+/x2nM/zxXmy4zq2A="></latexit><latexit sha1_base64="vVEG75gNgh+/x2nM/zxXmy4zq2A="></latexit><latexit sha1_base64="vVEG75gNgh+/x2nM/zxXmy4zq2A="></latexit><latexit sha1_base64="vVEG75gNgh+/x2nM/zxXmy4zq2A="></latexit>

HSF,free
<latexit sha1_base64="KQuH0ujTVl9FNEe1ieih4WKJ+Ew="></latexit><latexit sha1_base64="KQuH0ujTVl9FNEe1ieih4WKJ+Ew="></latexit><latexit sha1_base64="KQuH0ujTVl9FNEe1ieih4WKJ+Ew="></latexit><latexit sha1_base64="KQuH0ujTVl9FNEe1ieih4WKJ+Ew="></latexit>

| i = | GS
SF i| GS

spini
<latexit sha1_base64="z54BmeXcUGQoDFYoJxFA1UDuoJQ="></latexit><latexit sha1_base64="z54BmeXcUGQoDFYoJxFA1UDuoJQ="></latexit><latexit sha1_base64="z54BmeXcUGQoDFYoJxFA1UDuoJQ="></latexit><latexit sha1_base64="z54BmeXcUGQoDFYoJxFA1UDuoJQ="></latexit>

| i = | GS
SF i| GS

spini
<latexit sha1_base64="z54BmeXcUGQoDFYoJxFA1UDuoJQ="></latexit><latexit sha1_base64="z54BmeXcUGQoDFYoJxFA1UDuoJQ="></latexit><latexit sha1_base64="z54BmeXcUGQoDFYoJxFA1UDuoJQ="></latexit><latexit sha1_base64="z54BmeXcUGQoDFYoJxFA1UDuoJQ="></latexit>

| GS
⌘�spini

<latexit sha1_base64="xHXZy7JGsJ7/xJ8SnNJwbzyDbtk="></latexit><latexit sha1_base64="xHXZy7JGsJ7/xJ8SnNJwbzyDbtk="></latexit><latexit sha1_base64="xHXZy7JGsJ7/xJ8SnNJwbzyDbtk="></latexit><latexit sha1_base64="xHXZy7JGsJ7/xJ8SnNJwbzyDbtk="></latexit>

Squeezed 
η -spin space

YM, et al., PRL. 130, 106501 (2023).
Wave function @ U à ∞ , V/Jex = const, Teff =0

cf. V=0 limit
F Woynarovich,
J. Phys. C 15 97 (1982) 



13Explanation of | i = | GS
SF i| GS

� i| GS
⌘ i

<latexit sha1_base64="fJmhg+N35FYuUmA0IwpeWHQ8RHQ="></latexit><latexit sha1_base64="fJmhg+N35FYuUmA0IwpeWHQ8RHQ="></latexit><latexit sha1_base64="fJmhg+N35FYuUmA0IwpeWHQ8RHQ="></latexit><latexit sha1_base64="fJmhg+N35FYuUmA0IwpeWHQ8RHQ="></latexit>

New expression of states:    

d hh d|
<latexit sha1_base64="W38o0bohRBwcjtOXlWfMD1W5H8M="></latexit><latexit sha1_base64="W38o0bohRBwcjtOXlWfMD1W5H8M="></latexit><latexit sha1_base64="W38o0bohRBwcjtOXlWfMD1W5H8M="></latexit><latexit sha1_base64="W38o0bohRBwcjtOXlWfMD1W5H8M="></latexit>

i
<latexit sha1_base64="KMuTxWTJUzn09hX+HPjAWEtXvAU="></latexit><latexit sha1_base64="KMuTxWTJUzn09hX+HPjAWEtXvAU="></latexit><latexit sha1_base64="KMuTxWTJUzn09hX+HPjAWEtXvAU="></latexit><latexit sha1_base64="KMuTxWTJUzn09hX+HPjAWEtXvAU="></latexit>

=<latexit sha1_base64="3jRxvf3YPChsxr3D8MypZK+N9Rg="></latexit><latexit sha1_base64="3jRxvf3YPChsxr3D8MypZK+N9Rg="></latexit><latexit sha1_base64="3jRxvf3YPChsxr3D8MypZK+N9Rg="></latexit><latexit sha1_base64="3jRxvf3YPChsxr3D8MypZK+N9Rg="></latexit> d hd|
<latexit sha1_base64="W38o0bohRBwcjtOXlWfMD1W5H8M="></latexit><latexit sha1_base64="W38o0bohRBwcjtOXlWfMD1W5H8M="></latexit><latexit sha1_base64="W38o0bohRBwcjtOXlWfMD1W5H8M="></latexit><latexit sha1_base64="W38o0bohRBwcjtOXlWfMD1W5H8M="></latexit>

i
<latexit sha1_base64="KMuTxWTJUzn09hX+HPjAWEtXvAU="></latexit><latexit sha1_base64="KMuTxWTJUzn09hX+HPjAWEtXvAU="></latexit><latexit sha1_base64="KMuTxWTJUzn09hX+HPjAWEtXvAU="></latexit><latexit sha1_base64="KMuTxWTJUzn09hX+HPjAWEtXvAU="></latexit>

⌦
<latexit sha1_base64="3sGO3r9Kn5QVWh8IBMM+Y9GljTk="></latexit><latexit sha1_base64="3sGO3r9Kn5QVWh8IBMM+Y9GljTk="></latexit><latexit sha1_base64="3sGO3r9Kn5QVWh8IBMM+Y9GljTk="></latexit><latexit sha1_base64="3sGO3r9Kn5QVWh8IBMM+Y9GljTk="></latexit>

|
<latexit sha1_base64="W38o0bohRBwcjtOXlWfMD1W5H8M="></latexit><latexit sha1_base64="W38o0bohRBwcjtOXlWfMD1W5H8M="></latexit><latexit sha1_base64="W38o0bohRBwcjtOXlWfMD1W5H8M="></latexit><latexit sha1_base64="W38o0bohRBwcjtOXlWfMD1W5H8M="></latexit>

i
<latexit sha1_base64="KMuTxWTJUzn09hX+HPjAWEtXvAU="></latexit><latexit sha1_base64="KMuTxWTJUzn09hX+HPjAWEtXvAU="></latexit><latexit sha1_base64="KMuTxWTJUzn09hX+HPjAWEtXvAU="></latexit><latexit sha1_base64="KMuTxWTJUzn09hX+HPjAWEtXvAU="></latexit>

↑ ↓↓ ↑|
<latexit sha1_base64="W38o0bohRBwcjtOXlWfMD1W5H8M="></latexit><latexit sha1_base64="W38o0bohRBwcjtOXlWfMD1W5H8M="></latexit><latexit sha1_base64="W38o0bohRBwcjtOXlWfMD1W5H8M="></latexit><latexit sha1_base64="W38o0bohRBwcjtOXlWfMD1W5H8M="></latexit>

i
<latexit sha1_base64="KMuTxWTJUzn09hX+HPjAWEtXvAU="></latexit><latexit sha1_base64="KMuTxWTJUzn09hX+HPjAWEtXvAU="></latexit><latexit sha1_base64="KMuTxWTJUzn09hX+HPjAWEtXvAU="></latexit><latexit sha1_base64="KMuTxWTJUzn09hX+HPjAWEtXvAU="></latexit>

⌦
<latexit sha1_base64="3sGO3r9Kn5QVWh8IBMM+Y9GljTk="></latexit><latexit sha1_base64="3sGO3r9Kn5QVWh8IBMM+Y9GljTk="></latexit><latexit sha1_base64="3sGO3r9Kn5QVWh8IBMM+Y9GljTk="></latexit><latexit sha1_base64="3sGO3r9Kn5QVWh8IBMM+Y9GljTk="></latexit>

Hamiltonian for Jex = 0 in the new expression

ÛĤkinÛ
† = �thop

X

hi,ji

(ĉ†i ĉj + h.c.)(⌘ ĤSF,free)

<latexit sha1_base64="WgggTlqxsR6tys4ZALwf5aINIbg="></latexit><latexit sha1_base64="WgggTlqxsR6tys4ZALwf5aINIbg="></latexit><latexit sha1_base64="WgggTlqxsR6tys4ZALwf5aINIbg="></latexit><latexit sha1_base64="WgggTlqxsR6tys4ZALwf5aINIbg="></latexit>

0 th order wave function

| GS
SF i| �,⌘i

<latexit sha1_base64="7sizcnQUiPamKS0n6Bd72ewM4zg="></latexit><latexit sha1_base64="7sizcnQUiPamKS0n6Bd72ewM4zg="></latexit><latexit sha1_base64="7sizcnQUiPamKS0n6Bd72ewM4zg="></latexit><latexit sha1_base64="7sizcnQUiPamKS0n6Bd72ewM4zg="></latexit>

2Ns · 2N⌘
<latexit sha1_base64="sDIfBlJPzlliRmD/20foZYmyUyc="></latexit><latexit sha1_base64="sDIfBlJPzlliRmD/20foZYmyUyc="></latexit><latexit sha1_base64="sDIfBlJPzlliRmD/20foZYmyUyc="></latexit><latexit sha1_base64="ZcOOLtxZWfvIYi1VPNhav+2NXcE="></latexit>

i.e. Degeneracy of 

| GS
SF i| �,⌘i

<latexit sha1_base64="7sizcnQUiPamKS0n6Bd72ewM4zg="></latexit><latexit sha1_base64="7sizcnQUiPamKS0n6Bd72ewM4zg="></latexit><latexit sha1_base64="7sizcnQUiPamKS0n6Bd72ewM4zg="></latexit><latexit sha1_base64="7sizcnQUiPamKS0n6Bd72ewM4zg="></latexit>

is determined by degenerate perturbation theory

Û
<latexit sha1_base64="CA3fjnq7jg9arEpmeB95kSKRBkA="></latexit><latexit sha1_base64="CA3fjnq7jg9arEpmeB95kSKRBkA="></latexit><latexit sha1_base64="CA3fjnq7jg9arEpmeB95kSKRBkA="></latexit><latexit sha1_base64="CA3fjnq7jg9arEpmeB95kSKRBkA="></latexit>

Spinless fermion
(Position of Singlons)

Squeezed 
spin space

Squeezed 
η -spin space

L: System size
Ns: Number of singly occupied sites
Nη: Number of doublons and holons

YM, et al., PRL. 130, 106501 (2023).

L sites L sites Ns sites Nη sites
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j

CDW
(string)

η pairing
(LRO)

CDW
(LRO)

SDW

η pairing
(power law)

6A:X kX S?�b2 /B�;`�K Q7 i?2 T?QiQ@/QT2/ QM2@/BK2MbBQM�H
JQii BMbmH�iQ` /2b+`B#2/ #v Ĥe↵ BM i?2 HBKBi Jex ! 0X h?2
T?�b2 #QmM/�`v U#H�+F bQHB/ HBM2V +Q``2bTQM/b iQ �M al(2)

bvKK2i`B+ TQBMi Q7 Ĥ(SQ)
⌘�spin- BX2X V/Jex = ỹ�ỹ0

2ỹ X h?2 ?Q`BxQM@
i�H /�b?2/ HBM2 BM/B+�i2b i?2 T?�b2 #QmM/�`v 7Q` i?2 bvbi2K
/2b+`B#2/ #v Ĥe↵2X

AM i?2 `2bmHi�Mi T`QD2+i2/ >�KBHiQMB�M- i?2 b[m22x2/ bTBM
�M/ ⌘@bTBM bT�+2b �`2 /2+QmTH2/- �M/ i?2 +Q``2bTQM/BM;
>�KBHiQMB�Mb #2+QK2

Ĥ
(SQ)
spin = J

s
ex

X

i

ŝi+1 · ŝi,

Ĥ
(SQ)
⌘�spin = �J

⌘
X

X

j

(⌘̂xj+1⌘̂
x
j + ⌘̂

y
j+1⌘̂

y
j ) + J

⌘
Z

X

j

⌘̂
z
j+1⌘̂

z
j ,

rBi? J
s
ex = (x̃� x̃

0)Jex- J⌘
X = (ỹ� ỹ

0)Jex �M/ J
⌘
Z = �(ỹ�

ỹ
0)Jex+4ỹV X >2`2 x̃, x̃

0
, ỹ �M/ ỹ

0 �`2 i?2 `2MQ`K�HBx�iBQM
7�+iQ`b /2i2`KBM2/ #v | GS

SF iX qBi? ns = Ns/L �M/ n⌘ =
N⌘/L �M/ BM i?2 HBKBi L ! 1 i?2v +�M #2 2tT`2bb2/ �b

x̃ = ns �
sin2(⇡ns)

⇡2ns
, x̃

0 =
sin(2⇡ns)

2⇡
� sin2(⇡ns)

⇡2ns
,

ỹ = n⌘ �
sin2(⇡n⌘)

⇡2n⌘
, ỹ

0 =
sin(2⇡n⌘)

2⇡
� sin2(⇡n⌘)

⇡2n⌘
.

>2`2 x̃ �M/ ỹ �`2 i?2 +QMi`B#miBQMb 7`QK i?2 k@bBi2 i2`Kb
Q7 O(Jex)- r?BH2 x̃

0 �M/ ỹ
0 �`2 i?Qb2 7`QK i?2 j@bBi2 i2`KbX

h?mb- i?2 r�p2 7mM+iBQM UBM H0V i�F2b i?2 7Q`K

| i = | GS
SF i| GS

� i| GS
⌘ i, U8V

r?2`2 | GS
� i Bb i?2 ;`QmM/ bi�i2 Q7 Ĥ

(SQ)
spin �M/ | GS

⌘ i Bb
i?�i Q7 Ĥ(SQ)

⌘�spinX 6Q` KQ`2 /2i�BHb- b22 aJ (8y)X h?2 7Q`K
Q7 | GS

SF i �M/ | GS
� i Bb BM/2T2M/2Mi Q7 i?2 `�iBQ Q7 /Qm@

#HQMb �M/ ?QHQMb- �M/- BM T�`iB+mH�`- i?2b2 bi�i2b �`2 i?2
b�K2 �b i?Qb2 BM i?2 2[mBHB#`BmK /QT2/ >m##�`/ KQ/2H
�i i?2 /QTBM; H2p2H nholes = n⌘ (8R- 8k)X h?Bb BKTHB2b i?�i
i?2 2z2+ib Q7 T?QiQ@/QTBM; �M/ +?2KB+�H /QTBM; QM i?2
bTBMb �`2 2bb2MiB�HHv i?2 b�K2- r?B+? Bb +QMbBbi2Mi rBi?
T`2pBQmb MmK2`B+�H �M�Hvb2b (9y- 8j- 89)X

LQr r2 7Q+mb QM ?�H7 }HHBM; �M/ /Bb+mbb i?2 BKTHB+�@
iBQMb Q7 i?2 2t�+i 7Q`K Q7 i?2 r�p2 7mM+iBQM 7Q` i?2 Q`B;BM
Q7 i?2 /Bz2`2Mi T?�b2bX h?2 ⌘@bTBM b2+iQ` ?Qbib i?2 T?�b2

i`�MbBiBQM #2ir22M i?2 ;�TH2bb �M/ ;�T7mH T?�b2b Q7 i?2
ssw KQ/2H- r?B+? Bb +QMi`QHH2/ #v i?2 `�iBQ #2ir22M Jex

�M/ V X �b b22M #2HQr- i?2b2 bi�i2b �`2 +?�`�+i2`Bx2/ #v
i?2 #2?�pBQ` Q7 i?2 +Q``2H�iBQM 7mM+iBQMb Q7 i?2 ⌘@bTBMb-
BX2X �⌘,a(r) ⌘ h⌘̂a(r)⌘̂a(0)iX L�K2Hv- i?2 ;�TH2bb T?�b2
+Q``2bTQM/b iQ i?2 ⌘@T�B`BM; T?�b2- r?2`2 i?2 T�B` +Q`@
`2H�iBQM �⌘�pair ⌘ �⌘,x Bb /QKBM�MiX PM i?2 Qi?2` ?�M/-
i?2 ;�T7mH T?�b2 +Q``2bTQM/b iQ i?2 *.q T?�b2- r?2`2
i?2 +?�`;2 +Q``2H�iBQM �charge ⌘ �⌘,z Bb /QKBM�MiX h`m2
HQM;@`�M;2 Q`/2` UG_PV Bb `2�HBx2/ �i V = 0 7Q` i?2 ⌘@
T�B`BM; T?�b2- r?BH2 � G_P *.q Bb `2�HBx2/ �i n⌘ = 1
�M/ V >

Jex
2 X �T�`i 7`QK i?2b2 HBKBib- r2 ?�p2 [m�bB@

HQM;@`�M;2 Q`/2`b UTQr2` H�r /2+�v Q7 +Q``2H�iBQMbVX LQi2
i?�i MQMi?2`K�H /2p2HQTK2Mi Q7 i?2 ⌘@T�B`BM; ?�b #22M
`2+2MiHv /Bb+mbb2/ (kk- ke- j3- 88Ĝ8d) BM `2H�iBQM rBi? i?2
T?QiQ@BM/m+2/ bmT2`+QM/m+iBM;@HBF2 T?�b2b (ky- 83ĜeR)X
6m`i?2`KQ`2- r2 2KT?�bBx2 i?�i G_P Bb `2�HBx2/ BM i?2
b[m22x2/ ⌘@bTBM bT�+2 7Q` i?2 *.q T?�b2- r?B+? Bb `2KB@
MBb+2Mi Q7 i?2 bi`BM; Q`/2` BM i?2 >�H/�M2 T?�b2 (ek)X h?2
T?�b2 i`�MbBiBQM Q++m`b �i i?2 al(2) TQBMi Q7 Ĥ

(SQ)
⌘�spin-

b22 6B;X kX 6Q` Ĥe↵2 UrBi?Qmi Ĥ3�siteV- �(⌘ J
⌘
Z/J

⌘
X) �M/
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0 �`2 i?Qb2 7`QK i?2 j@bBi2 i2`KbX

h?mb- i?2 r�p2 7mM+iBQM UBM H0V i�F2b i?2 7Q`K

| i = | GS
SF i| GS

� i| GS
⌘ i, U8V

r?2`2 | GS
� i Bb i?2 ;`QmM/ bi�i2 Q7 Ĥ

(SQ)
spin �M/ | GS

⌘ i Bb
i?�i Q7 Ĥ(SQ)
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▷ spin and η-spin are separated
▷ Exchange couplings are renormalized
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YM, et al., PRL. 130, 106501 (2023).



15Indication to nonequilibrium phases

η-spin sectors Described by the XXZ model Two types of phases

JZ < JX : Gapless phase of the XXZ model

※ Alternating sign in definition of 
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k

d hh d

(a)

(b) |
<latexit sha1_base64="W38o0bohRBwcjtOXlWfMD1W5H8M="></latexit><latexit sha1_base64="W38o0bohRBwcjtOXlWfMD1W5H8M="></latexit><latexit sha1_base64="W38o0bohRBwcjtOXlWfMD1W5H8M="></latexit><latexit sha1_base64="W38o0bohRBwcjtOXlWfMD1W5H8M="></latexit>

i
<latexit sha1_base64="KMuTxWTJUzn09hX+HPjAWEtXvAU="></latexit><latexit sha1_base64="KMuTxWTJUzn09hX+HPjAWEtXvAU="></latexit><latexit sha1_base64="KMuTxWTJUzn09hX+HPjAWEtXvAU="></latexit><latexit sha1_base64="KMuTxWTJUzn09hX+HPjAWEtXvAU="></latexit>

=<latexit sha1_base64="3jRxvf3YPChsxr3D8MypZK+N9Rg="></latexit><latexit sha1_base64="3jRxvf3YPChsxr3D8MypZK+N9Rg="></latexit><latexit sha1_base64="3jRxvf3YPChsxr3D8MypZK+N9Rg="></latexit><latexit sha1_base64="3jRxvf3YPChsxr3D8MypZK+N9Rg="></latexit>

⌦
<latexit sha1_base64="3sGO3r9Kn5QVWh8IBMM+Y9GljTk="></latexit><latexit sha1_base64="3sGO3r9Kn5QVWh8IBMM+Y9GljTk="></latexit><latexit sha1_base64="3sGO3r9Kn5QVWh8IBMM+Y9GljTk="></latexit><latexit sha1_base64="3sGO3r9Kn5QVWh8IBMM+Y9GljTk="></latexit>

d hd|
<latexit sha1_base64="W38o0bohRBwcjtOXlWfMD1W5H8M="></latexit><latexit sha1_base64="W38o0bohRBwcjtOXlWfMD1W5H8M="></latexit><latexit sha1_base64="W38o0bohRBwcjtOXlWfMD1W5H8M="></latexit><latexit sha1_base64="W38o0bohRBwcjtOXlWfMD1W5H8M="></latexit>

i
<latexit sha1_base64="KMuTxWTJUzn09hX+HPjAWEtXvAU="></latexit><latexit sha1_base64="KMuTxWTJUzn09hX+HPjAWEtXvAU="></latexit><latexit sha1_base64="KMuTxWTJUzn09hX+HPjAWEtXvAU="></latexit><latexit sha1_base64="KMuTxWTJUzn09hX+HPjAWEtXvAU="></latexit>

|
<latexit sha1_base64="W38o0bohRBwcjtOXlWfMD1W5H8M="></latexit><latexit sha1_base64="W38o0bohRBwcjtOXlWfMD1W5H8M="></latexit><latexit sha1_base64="W38o0bohRBwcjtOXlWfMD1W5H8M="></latexit><latexit sha1_base64="W38o0bohRBwcjtOXlWfMD1W5H8M="></latexit>

i
<latexit sha1_base64="KMuTxWTJUzn09hX+HPjAWEtXvAU="></latexit><latexit sha1_base64="KMuTxWTJUzn09hX+HPjAWEtXvAU="></latexit><latexit sha1_base64="KMuTxWTJUzn09hX+HPjAWEtXvAU="></latexit><latexit sha1_base64="KMuTxWTJUzn09hX+HPjAWEtXvAU="></latexit>

d hh d|
<latexit sha1_base64="W38o0bohRBwcjtOXlWfMD1W5H8M="></latexit><latexit sha1_base64="W38o0bohRBwcjtOXlWfMD1W5H8M="></latexit><latexit sha1_base64="W38o0bohRBwcjtOXlWfMD1W5H8M="></latexit><latexit sha1_base64="W38o0bohRBwcjtOXlWfMD1W5H8M="></latexit>

i
<latexit sha1_base64="KMuTxWTJUzn09hX+HPjAWEtXvAU="></latexit><latexit sha1_base64="KMuTxWTJUzn09hX+HPjAWEtXvAU="></latexit><latexit sha1_base64="KMuTxWTJUzn09hX+HPjAWEtXvAU="></latexit><latexit sha1_base64="KMuTxWTJUzn09hX+HPjAWEtXvAU="></latexit>

⌦
<latexit sha1_base64="3sGO3r9Kn5QVWh8IBMM+Y9GljTk="></latexit><latexit sha1_base64="3sGO3r9Kn5QVWh8IBMM+Y9GljTk="></latexit><latexit sha1_base64="3sGO3r9Kn5QVWh8IBMM+Y9GljTk="></latexit><latexit sha1_base64="3sGO3r9Kn5QVWh8IBMM+Y9GljTk="></latexit>

Metastable state

Intraband
cooling

UHB

Photo-doping

LHB

6A:X RX U�V a+?2K�iB+ TB+im`2 Q7 i?2 T?QiQ@/QBM; �M/ BM@
i`�#�M/ +QQHBM; T`Q+2bb2b i?�i `2bmHi BM � K2i�bi�#H2 bi�i2
Q7 i?2 H�`;2@;�T JQii BMbmH�iQ`X l>" UG>"V bi�M/b 7Q` mT@
T2` UHQr2`V >m##�`/ #�M/X U#V h?2 r�p2 7mM+iBQM Q7 i?2
K2i�bi�#H2 bi�i2 BM i?2 HBKBi Q7 U ! 1 +�M #2 2tT`2bb2/ �b
� /B`2+i T`Q/m+i Q7 i?2 +?�`;2 r�p2 7mM+iBQM- i?2 bTBM r�p2
7mM+iBQM BM i?2 b[m22x2/ bT�+2 �M/ i?2 ⌘@bTBM r�p2 7mM+iBQM
BM i?2 b[m22x2/ bT�+2X h?2 ;`22M b?�/2/ +B`+H2b BM i?2 +?�`;2
r�p2 7mM+iBQM `2T`2b2Mi bTBMH2bb 72`KBQMbX

Tb2m/QT�`iB+H2b- b22 6B;X RU�VX �b T`2pBQmbHv /Bb+mbb2/-
bm+? � [m�bB@bi2�/v bi�i2 +�M #2 /2b+`B#2/ rBi? i?2 2z2+@
iBp2 >�KBHiQMB�M Q#i�BM2/ #v � a+?`B2z2`@qQHz i`�Mb7Q`@
K�iBQM 7`QK i?2 Q`B;BM�H >�KBHiQMB�M URV (j9Ĝ9y)X h?Bb
2z2+iBp2 >�KBHiQMB�M 2tTHB+BiHv +QMb2`p2b i?2 MmK#2` Q7
/Qm#HQMb �M/ ?QHQMbX lT iQ O(t2hop/U)- Bi i�F2b i?2 7Q`K
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�`2 ŝ = 1

2

P
↵,�=",# ĉ
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ĉ
†
r

⌘
|vaci|�i|⌘i

, #r = #� = Ns �M/ #⌘ = N⌘

o
. UjV

>2`2 r- � �M/ ⌘ �`2 b2ib Q7 bT�+2- bTBM �M/ ⌘@bTBM BM/B+2b-
ĉ
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â
†
r̄j ,⌘j

⌘
|vaci

!
=
⇣Y

r2r

ĉ
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† = �thop
P

hi,ji(ĉ
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In the fermionic Hubbard model, doubly occupied states have an exponentially large lifetime for strong

repulsive interactions U. We show that this property can be used to prepare a metastable s-wave superfluid
state for fermionic atoms in optical lattices described by a large-U Hubbard model. When an initial band-

insulating state is expanded, the doubly occupied sites Bose condense. A mapping to the ferromagnetic

Heisenberg model in an external field allows for a reliable solution of the problem. Nearest-neighbor

repulsion and pair hopping are important in stabilizing superfluidity.
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Trapped cold atoms open the possibility to realize new
quantum states of matter and to control them with an
unprecedented precision. An especially exciting perspec-
tive is the possibility to study interacting quantum systems
out of equilibrium. The high tunability in combination with
the slow dynamics of cold atoms allows us to investigate
time-dependent processes, for example, the quench from a
superfluid to a Mott-insulating state [1].

Thermal equilibrium is usually dominated by low-
energy states of the system, while out of equilibrium also
high-energy states can become important. In the contin-
uum, high-energy states typically decay rapidly in the
presence of interactions: High energy implies that the
available phase space for inelastic scattering is large. In
contrast, for lattice systems where the kinetic energy of a
single particle cannot exceed its bandwidth D, a state with
high energy, E " D (e.g., a doubly occupied site in a
strongly repulsive Hubbard model), cannot easily decay.
This is a consequence of energy conservation: To dissipate
the huge energy E, a complex many-particle scattering
process is needed, with at least n * E=D participating
particles. For local two-particle interactions, such pro-
cesses are expected to be exponentially suppressed for
large n (see below). This effect has been directly observed
in measurements of the lifetime of doubly occupied lattices
sites for bosonic 87Rb atoms in an optical lattice [2]:
Starting from a dense cloud of atoms with many doubly
occupied sites, the strength of the trapping potential was
reduced in one direction, allowing the cloud to expand.
Subsequently, many long-lived double occupancies were
detected, with a lifetime exceeding their inverse tunneling
rate by more than 2 orders of magnitude.

The large lifetime of doubly occupied lattice sites im-
plies that one can easily create new metastable states of
matter. Indeed, numerical simulations by Kollath, Läuchli,
and Altman [3] show that metastable states form in the one-
dimensional bosonic Hubbard model for strong repulsion.

An obvious question is whether the doubly occupied
sites will Bose condense. For a bosonic Hubbard model,
this question was investigated by Petrosyan et al. [4], but

the authors found that instead the system will phase-
separate: Because of nearest-neighbor attractive inter-
actions, doubly occupied sites will stick together in-
stead of forming a low-density superfluid. In this Letter,
we will prove that for fermions, in contrast, a Bose con-
densate of spin singlets with s-wave symmetry will form.
Interestingly, the many-particle wave function of the rele-
vant homogeneous metastable superfluid state can be con-
structed in a controlled way. It has been known for a long
time [5,6] that a hidden SU(2) symmetry of the charge
sector [called SUCð2Þ in the following] of the Hubbard
model can be employed to build wave functions with off-
diagonal long-range order (states with so-called ‘‘! pair-
ing’’ [5]). We shall show that these states can easily be
realized just by expanding an atomic cloud in an optical
lattice slowly compared to typical collision times but rap-
idly compared to the exponentially large lifetime of the
doubly occupied states.
The condensation of doubly occupied sites can be de-

tected by measuring the momentum distribution of fermion
pairs [7]. The repulsively bound doubly occupied sites of
the repulsive Hubbard model hop from site to site via
virtual low-energy states. Therefore the sign of their effec-
tive hopping amplitude is reversed compared to bound
pairs in the attractive Hubbard model. This implies that
the condensation occurs at momentum ð";";"Þ [5,6]

FIG. 1 (color online). Schematic plot of the momentum distri-
bution of fermion pairs [7]. For attractive interactions, the
Cooper pairs condense at momentum 0 (and corresponding
reciprocal lattice vectors). In contrast, the metastable supercon-
ductivity of the repulsive Hubbard model arises at momentum
ð%";%";%"Þ.
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JZ > JX : Gapful phase of the XXZ model

CDW state with slowly decaying  

※ Long range order in the squeezed η spin space

String type order

�charge(r) ⌘ h⌘̂z(r)⌘̂z(0)i
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▷ Charge (SF) sector: gapless

▷ Spin sector: gapless

▷ η-spin sector: η pairing à gapless
CDW à gapful

Total central charge (c) 〜 Number of massless modes

η pairing: c=3 ?  &  CDW: c=2 ?
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8

K2i�bi�#H2 bi�i2 TQbb2bb2b i?`22 /2;`22b Q7 7`22/QKbX h?2
r�p2 7mM+iBQMb Q7 i?2 +?�`;2 �M/ bTBM b2+iQ`b �`2 i?Qb2 Q7
;�TH2bb bi�i2b UBX2X /QT2/ 7`22 72`KBQMb �M/ i?2 BbQi`QTB+
>2Bb2M#2`; KQ/2HV- r?BH2 i?�i Q7 i?2 ⌘@bTBM b2+iQ` +Q`@
`2bTQM/b iQ i?2 ;�TH2bb bi�i2 Q` i?2 ;�T7mH bi�i2 Q7 i?2
⌘@ssw KQ/2H 7Q` i?2 ⌘@T�B`BM; bi�i2 �M/ i?2 *.q bi�i2-
`2bT2+iBp2HvX h?mb- QM2 M�im`�HHv 2tT2+ib i?�i c = 3 BM
i?2 ⌘@T�B`BM; bi�i2 �M/ c = 2 BM i?2 *.q bi�i2X hQ +QM@
}`K i?Bb- r2 T2`7Q`K Bh1". bBKmH�iBQMb QM i?2 2z2+iBp2
KQ/2H Ĥe↵2 7Q` p�`BQmb +mi@Qz /BK2MbBQM UDV �M/ 2ti`�+i
c 7`QK i?2 `2H�iBQM (dy)

SE =
c

6
ln(⇠D) + s0. U3V

>2`2 SE Bb i?2 2Mi�M;H2K2Mi 2Mi`QTv- s0 Bb � +QMbi�Mi
�M/ ⇠D Bb i?2 +Q``2H�iBQM H2M;i? 2p�Hm�i2/ 7`QK i?2
b2+QM/@H�`;2bi 2B;2Mp�Hm2 Q7 i?2 i`�Mb72` K�i`Bt- b22 aJX
AM 6B;X 9- r2 b?Qr i?2 +2Mi`�H +?�`;2 7Q` Ĥe↵2 rBi?
Jex = 0.4- r?B+? Bb 2ti`�+i2/ mbBM; 1[X U3V �M/ i?2 HBM@
2�` }i Q7 i?2 Bh1". `2bmHib (b22 i?2 BMb2i Q7 6B;X 9)X h?2
`2bmHib BM/22/ +QM}`K i?2 �#Qp2 2tT2+i�iBQMX q2 2KT?�@
bBx2 i?�i i?2 2K2`;2M+2 Q7 � c = 3 bi�i2 BM i?2 >m##�`/
KQ/2H Bb ?�`/Hv 2tT2+i2/ BM 2[mBHB#`BmK �M/ `2~2+ib i?2
K2i�bi�#H2 M�im`2 Q7 i?2 bi�i2X

*QM+HmbBQMĜ q2 b?Qr2/ i?�i i?2 �//BiBQM�H /2;`22b Q7
7`22/QK �+iBp�i2/ #v T?QiQ@/QTBM; H2�/ iQ T2+mHB�` ivT2b
Q7 [m�MimK HB[mB/b �#b2Mi BM 2[mBHB#`BmKX AM T�`iB+mH�`-
r2 `2p2�H2/ i?2 BMi`B;mBM; bi`m+im`2 Q7 i?2 +Q``2H�iBQMb
#2ir22M �+iBp2 /2;`22b Q7 7`22/QK BM T?QiQ@/QT2/ QM2@
/BK2MbBQM�H bi`QM;Hv +Q``2H�i2/ bvbi2Kb- BX2X i?2 bTBM@
+?�`;2@⌘@bTBM b2T�`�iBQMX Pm` `2bmHib QT2M � M2r �p2Mm2
7Q` bim/vBM; K2i�bi�#H2 bi�i2b BM QM2@/BK2MbBQM�H bvb@
i2Kb �M/ `�Bb2 BMi2`2biBM; [m2biBQMbX 6B`biHv- BM +QMi`�bi
iQ i?2 2[mBHB#`BmK >m##�`/ KQ/2H- i?2 r2�F +QmTHBM;
`2;BK2 Bb MQi r2HH@/2}M2/- �M/ i?2 `2H�iBQM #2ir22M i?2
H�iiB+2 KQ/2H �M/ i?2 +Q``2bTQM/BM; +QM7Q`K�H }2H/ i?2@
Q`v Bb MQi +H2�`X *QMbi`m+iBQM Q7 i?2 }2H/ i?2Q`v 7Q` i?2
K2i�bi�#H2 bi�i2b Bb �M BKTQ`i�Mi 7mim`2 i�bFX a2+QM/Hv-
r2 T`QpB/2 � `B;Q`Qmb #�bBb 7Q` i?2 7mim`2 /2p2HQTK2Mi
Q7 � #QbQMBx�iBQM �TT`Q�+?X qBi? bm+? �M �TT`Q�+?- QM2
+�M #2ii2` mM/2`bi�M/ i?2 bT2+i`�H 72�im`2b Q7 i?2 T?QiQ@
/QT2/ bvbi2Kb �M/ i?2 BKTHB+�iBQMb Q7 i?2 bTBM@+?�`;2@⌘@
bTBM b2T�`�iBQM 7Q` /vM�KB+�H T`QT2`iB2bX h?B`/Hv- p�`@
BQmb +QM+2Tib /2p2HQT2/ 7Q` QM2@/BK2MbBQM�H bvbi2Kb BM
2[mBHB#`BmK +�M #2 2ti2M/2/ iQ mM/2`bi�M/ i?2 T?vbB+b
Q7 K2i�bi�#H2 bi�i2bX 6Q` 2t�KTH2- 2ti2M/BM; i?2 bTBM
BM+Q?2`2Mi GmiiBM;2` HB[mB/b (dR) K�v #2 ?2HT7mH 7Q` mM@
/2`bi�M/BM; 2z2+iBp2Hv +QH/- #mi MQi mHi`�+QH/ bvbi2KbX

6BM�HHv #mi MQi H2�bi- Qm` �M�HviB+�H �M/ BMimBiBp2 BM@
bB;?ib T`QpB/2 � mb27mH `272`2M+2 7Q` i?2 bim/v Q7 T?QiQ@
/QT2/ JQii BMbmH�iQ`b BM ?B;?2` /BK2MbBQMb- r?2`2 i?2
b2T�`�iBQM Q7 bTBM- +?�`;2 �M/ ⌘@bTBM Bb MQi 2tT2+i2/- #mi
� +`QbbQp2` 7`QK ?B;?@/BK2MbBQM�H iQ QM2@/BK2MbBQM�H #2@
?�pBQ` +�M Q++m` BM �MBbQi`QTB+ bvbi2KbX

q2 i?�MF _X �`Bi� 7Q` BMbTB`BM; +QKK2Mib �M/ �X CX
JBHHBb- wX amM- .X :QH2ʈ �M/ .X "�2`BbrvH 7Q` 7`mBi@

7mH /Bb+mbbBQMbX h?Bb rQ`F r�b bmTTQ`i2/ #v :`�Mi@
BM@�B/ 7Q` a+B2MiB}+ _2b2�`+? 7`QK CaSa- E�E1L>A
:`�Mi LQbX CSkyER99Rk UuXJXV- CSkR>y8yRd UuXJXV-
kREyj9Rk UaX hXV- CSR3ERj8yN UhXEXV CSky>yR39N
UhXEXV- Cah *_1ah :`�Mi LQX CSJC*_RNyR UuXJXV-
CSJC*_RNhj UuX JX �M/ aX hXV- �M/ 1_* *QMbQHB/�iQ`
:`�Mi LQX dk9Ryj USXqXVX

(R) JX AK�/�- �X 6mDBKQ`B- �M/ uX hQFm`�- _2pX JQ/X S?vbX
dy- RyjN URNN3VX

(k) 1X .�;QiiQ- _2pX JQ/X S?vbX ee- dej URNN9VX
(j) S?vbB+b _2TQ`ib 9e8- R Ukyy3VX
(9) *X :B�MM2iiB- JX *�TQM2- .X 6�mbiB- JX 6�#`BxBQ-

6X S�`KB;B�MB- �M/ .X JB?�BHQpB+- �/p�M+2b BM S?vbB+b
e8- 83 UkyReVX

(8) .X LX "�bQp- _X .X �p2`Bii- �M/ .X >bB2?- L�im`2 J�@
i2`B�Hb Re- Rydd UkyRdVX

(e) �X /2 H� hQ``2- .X JX E2MM2b- JX *H��bb2M- aX :2`#2`-
CX qX J+Ap2`- �M/ JX �X a2Mi27- _2pX JQ/X S?vbX Nj-
y9Ryyk UkykRVX

(d) aX EQb?B?�`�- hX Ab?BF�r�- uX PFBKQiQ- EX PM/�-
_X 6mF�v�- JX >�/�- uX >�v�b?B- aX Ab?B?�`�- �M/
hX Gmiv- S?vbB+b _2TQ`ib N9k- R UkykkVX

(3) aX Ar�B- JX PMQ- �X J�2/�- >X J�ibmx�FB- >X EBb?B/�-
>X PF�KQiQ- �M/ uX hQFm`�- S?vbX _2pX G2iiX NR- y8d9yR
UkyyjVX

(N) >X PF�KQiQ- >X J�ibmx�FB- hX q�F�#�v�b?B- uX h�F�@
?�b?B- �M/ hX >�b2;�r�- S?vbX _2pX G2iiX N3- yjd9yR
UkyydVX

(Ry) �X h�F�?�b?B- >X AiQ?- �M/ JX �B?�`�- S?vbX _2pX " dd-
ky8Ry8 Ukyy3VX

(RR) >X PF�KQiQ- hX JBv�;Q2- EX EQ#�v�b?B- >X l2Km`�-
>X LBb?BQF�- >X J�ibmx�FB- �X a�r�- �M/ uX hQFm`�-
S?vbX _2pX " 3k- yey8Rj UkyRyVX

(Rk) JX 1+Fbi2BM �M/ SX q2`M2`- S?vbX _2pX G2iiX RRy- Rke9yR
UkyRjVX

(Rj) aX 1DBK�- 6X G�M;2- �M/ >X 62?bF2- S?vbX _2pX _2b2�`+?
9- GyRkyRk UkykkVX

(R9) >X J�ibmx�FB- JX Ar�i�- hX JBv�KQiQ- hX h2`�b?B;2-
EX Ar�MQ- aX h�F�Bb?B- JX h�F�Km`�- aX EmK�;�B-
JX u�K�b?Bi�- _X h�F�?�b?B- uX q�F�#�v�b?B- �M/
>X PF�KQiQ- S?vbX _2pX G2iiX RRj- yNe9yj UkyR9VX

(R8) GX aiQD+?2pbF�- AX o�bFBpbFvB- hX J2`i2HD- SX Emb�`-
.X ap2iBM- aX "`�xQpbFBB- �M/ .X JB?�BHQpB+- a+B2M+2 j99-
Rdd UkyR9VX

(Re) >X Gm- aX aQi�- >X J�ibm2/�- CX "QMÍ�- �M/ hX hQ?v�K�-
S?vbX _2pX G2iiX RyN- RNd9yR UkyRkVX

(Rd) .X �7�M�bB2p- �X :�iBHQp�- .X CX :`Q2M2M/BDF- "X �X
Ap�MQp- JX :B#2`i- aX :�`B;HBQ- CX J2MiBMF- CX GB-
LX .�b�`B- JX 1+Fbi2BM- hX _�bBM;- �X .X *�pB;HB�- �M/
�X oX EBK2H- S?vbX _2pX s N- ykRyky UkyRNVX

(R3) CX GB- >X lX _X ai`�M/- SX q2`M2`- �M/ JX 1+Fbi2BM-
L�im`2 *QKKmMB+�iBQMb N- 983R UkyR3VX

(RN) �X _Qb+?- .X _�b+?- "X "BMx- �M/ JX oQDi�- S?vbX _2pX
G2iiX RyR- ke8jyR Ukyy3VX

(ky) hX amxmFB- hX aQK2v�- hX >�b?BKQiQ- aX JB+?BK�2-
JX q�i�M�#2- JX 6mDBb�r�- hX E�M�B- LX Ab?BB- CX Ai�i�MB-
aX E�b�?�`�- uX J�ibm/�- hX a?B#�m+?B- EX PF�x�FB- �M/
aX a?BM- *QKKmMB+�iBQMb S?vbB+b k- RR8 UkyRNVX

c: central charge
D: cut-off dimension
ξD: correlation length at D
SE: entanglement entropy at D η pairing CDW

Jex = 0.4

η pairing: c=3   &  CDW: c=2

J. A. Kjäll, et al., PRB 87,
235106 (2013). 

c=3 in single-band Hubbard model is not expected in equilibrium 

Emergence of extra degrees of freedom by photo-doping!

Scaling analysis



19Naïve expectation of single-particle spectrum

Equilibrium doped system

Photo-doped system

Electron = charge (SF) degree + spin degree

Electron = charge (SF) degree + spin degree + η spin degree

Gapless around Fermi level

η pairing phase : Gapless around Fermi level ?
CDW phase : Gapful around Fermi level ?

η pairing: gapless
CDW: gapful

gaplessgapless

gaplessgapless

Ak(!) = � 1

⇡
ImGR

k (!)
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Gk(t, t
0) = �ihT ck(t)c

†
k(t

0)i
<latexit sha1_base64="LRubgUTLLJHPckZSZoxRh5YqYEI="></latexit><latexit sha1_base64="LRubgUTLLJHPckZSZoxRh5YqYEI="></latexit><latexit sha1_base64="LRubgUTLLJHPckZSZoxRh5YqYEI="></latexit><latexit sha1_base64="LRubgUTLLJHPckZSZoxRh5YqYEI="></latexit>

with



20Single particle spectra for η pairing state and CDW state

No gap close to the Fermi level

Finite Gap at the Fermi level

Gapless SC

cf. DMFT J. Li et al, Mod. Phys. Lett B (2022)

Fermi levels

η pairing state

CDW



21Summary
Large gap Mott system

Upper 
Hubbard band

Lower
Hubbard band

Upper 
Hubbard band

Lower
Hubbard band

Approximate conservation
of charge carriers

Quasi  steady states

▷ Intuitive insight into physics of metastable states

Emergent degrees of freedoms by photo-doping lead to intriguing nonequilibrium phases!

YM, et al., Comm. Phys. 5, 23 (2022):

YM, et al., PRL. 130, 106501 (2023).

Photo-doped states in 1D extended Hubbard model  

▷ Extension of Ogata-Shiba state in equilibrium : | i = | GS
SF i| GS
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| GS
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▷ Spin, charge and η-spin separation

Review on nonequilibrium Mott insulators: YM, D Golež, M Eckstein, P Werner, arXiv:2310.05201


