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Abstract

Quantum flutter is a ubiquitous phenomenon which can be observed from the fast moving impurity
injected into a fermionic or bosonic medium of quantum liquid. In this scenario, one usually considers
a medium of a fully polarized state and injects a spin-flipped impurity as the initial state. When the
initial velocity of the impurity is beyond the intrinsic sound velocity of the medium, the impurity
momentum dramatically exhibits a long-lived periodic oscillation with the periodicity remaining
invariant with respect to the initial velocity. In this paper, we show that such a novel phenomenon can
be explained by a linear Luttinger liquid coupled to a deep hole in the Fermi sea. Once the deep hole
excitations are involved and the impurity momentum surpasses the Fermi momentum, the propagator
thus displays a periodic oscillation after a quick relaxation decay. The oscillation periodicity is solely
determined by the energy of the deepest hole excitation. Our result provides deep insights into the
dynamical behavior of quantum impurities immersed into one-dimensional quantum liquids.

Keywords: quantum flutter, Yang—Gaudin model, Luttinger liquid, nonlinear Luttinger liquid

Introduction

In the last few decades, experimental developments of ultracold
atomic physics [1-5] have greatly promoted the research on non-
equilibrium physics. The progress which has been made con-
tinues to introduce new problems and discover rich phenomena
at the quantum many-body levels. In this scenario, quantum
impurity problems have a long history of study and manifests
various forms, such as a charged quasiparticle (polaron) moving
in medium [6-8], quantum flutter moving at high speed in a
medium of fluid [9, 10], and the lifetime of the quasiparticles
induced by impurities [11-13]. Quantum flutter is a dynamic
phenomenon observed in a spin-flipped impurity within a spin-
polarized gas, regardless of whether the system is bosonic or
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fermionic. We examine an initial state where the system is in a
fully polarized ground state and introduce a spin-flipped impur-
ity. As the system evolves, we measure the momentum of the
impurity and observe distinct behaviors depending on the
impurity’s initial momentum relative to the Fermi momentum.
Specifically, when the impurity’s initial momentum exceeds the
Fermi momentum, its momentum exhibits periodic oscillations
over time, a behavior termed quantum flutter. Conversely, if the
impurity’s initial momentum is below the Fermi momentum, the
momentum decays over time without oscillatory behavior. Due
to advancements in cold atomic system platforms, research on
quantum impurities has rapidly progressed [14-18], now the
experiment is capable of not only measuring the effective mass of
impurity, but also observing the trajectory of impurity.
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Figure 1. The particle-hole excitation spectra of interacting Fermi
gas. For the blue line at small ¢ and the blue area around 2k, the
Luttinger liquid description is valid. The upper thresholds corre-
spond to the particle excitations, and the lower thresholds correspond
to the hole excitations. They can be identified by w, (¢) and w_(g). It
should be noted that above the upper thresholds, there exist high
excitation spectra contributed to by the string excitations in
integrable systems.

However, for non-equilibrium dynamics, a unified
method cannot be achieved because different systems and
initial states acquire distinct approaches for the calculation of
dynamical properties and understanding their dynamical
process. Nevertheless, when the system is not far from
equilibrium, non-equilibrium dynamics phenomena are often
deduced from the properties of the equilibrium states, such as
the linear response theory [19]. For systems at low-energy
states, reduced degrees of freedom significantly facilitate the
theoretical analysis of quantum dynamics. Therefore, it is
very inspiring that we transform the non-equilibrium dyna-
mical phenomenon of quantum flutter into the power laws of
the propagator in equilibrium state.

A universal effective field theory for one-dimensional
systems at low energy is the Luttinger liquid theory [20, 21].
In a one-dimensional interacting Fermi gas, when considering
excitations near the Fermi surface, the density fluctuations of
the system exhibit as free bosons. Based on the linear Lut-
tinger liquid theory, an impurity with a small momentum
usually causes excitations near the Fermi point, i.e. quantum
flutter no longer exists. This aligns with the power-law rela-
tionship of the propagator with time in the linear Luttinger
liquid. However, it is important to note that the Luttinger
liquid theory is only valid at low energies, as shown in
figure 1, see the blue line for a small ¢ and around 2kg. For
high-energy excitations, the emergence of band curvatures
significantly alters the scenario [22-26]. The particle excita-
tions and hole excitations no longer share the same energy
dispersion, thereby the particle-hole symmetry is broken.
Therefore, at high energy, the nonlinearity of the dispersion
must be considered. This is the main point of this article: the
quantum flutter phenomenon originates from the nonlinear
spectra and our final results from the correlation functions
demonstrate that the eigenstates located in the blue line and
w_(kr) in figure 1 govern the quantum flutter phenomenon.

Nonlinear spectra are essential for the theoretical under-
standing of the experimental results. Previous theoretical

studies on spin-charge separation phenomena have shown
that including spectral broadening is necessary for better
agreement between experimental data and theoretical results
[27]. The same nature applies to the phenomenon of quantum
flutter, as its occurrence requires the momentum of the
impurity to exceed the Fermi momentum. This implies that
the system undergoes high-energy excitations. Therefore,
another important question is which high-energy excitations
contribute most significantly to the phenomenon of quantum
flutter. Examining the spectrum diagram, at the lower and
upper thresholds, edge singularities [28] might emerge due to
the many-body interaction and it leads to infinite-lifetime of
quasiparticles. These provide an alternative way to understand
the phenomenon of quantum flutter other than Bethe ansatz
exact solution [29]. In this paper, in view of the nonlinear
Luttinger liquid theory [25, 26], we combine the linear Lut-
tinger liquid theory and the high-energy deep Fermi sea hole
excitations to derive an analytical form of the propagator of
the impurity which reveals the essence of quantum flutter.

Yang-Gaudin model

We consider the Yang—Gaudin model which is described by

the Hamiltonian [30, 31]
h= f dx —axp {000.9(x)
j=T., 2m
+ 3 bbb w, )
JI=T1.1

where the notation T (]) shows the spin states with spin-up
(-down), ‘i'j(x) and \ill(x) are field operators and m is the mass of
the fermion, and A is Planck’s constant. The commutation
relation of the field operators satlsfy [Wi(x), U (x’ ). =
6;6(x — x'). For convenience, we let W=2m=1. Then the
dlmenswnless interaction strength of this system is = cL/N,
here N is the total particle number of the system and L is the
system size. The model is exactly solvable and exhibits rich
many-body physics throughout the temperature regimes.

For a system of a total particle number N with M spin-
down fermions and N — M are spin-up fermions. The model
was solved by using a nested Bethe Ansatz (BA) [30, 32].
The N-particle eigenstate is characterized by N quasi-
momenta {k}y= {ky,....ky} and M spin quasi-rapidities

{A = {A1,---, A}, respectively. They satisfy the following
Bethe ansatz equations (BAE)
Skl _ 1"_4[ ki = Ao +ic/2
a=1 ki — A — 16/2
11_\'[ i — Aa —|—1c/2 M )\a—)\g—ic’ @
iz k= Ao — 1c/2 321 Aa — Ag +ic
where i=1,...,N and o« = 1,...,M. The solutions of the BAE

give all the eigenstates |{k}n; {A}s), which have energy
E =Y,k and momentum K = }_k;.

Here, we only wish to introduce the expressions which
we need for our calculation. The thermodynamic properties of
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the spin 1/2 Fermi gas are described by thermodynamic
Bethe Ansatz (TBA) equation [33]. At zero temperature, the
TBA equations reduce to the following forms [34, 35]:

D=k == /24 [ k- NN )

O =H + fi” ar( — )2k dk
Ao
- ﬁ @ = X)enax. ©)

where H is the external magnetic field and p is the chemical
potential. The function a,, is given below,

1 nc

"0 e e

&)

Figure 3 illustrates the dressed energy of a spinful system
close to the critical point.

There is a phase transition between the full polarized
phase and mixture phase. At critical point, A\j =0 which
means ¢(S) (0) = 0. For the full polarized phase, zero-temper-
ature TBA equations become simpler [37],

edk)=k*— p— H/2,

AN =H+ [ @O — DLk ©)
—ko

At the critical point, the Fermi momentum can be
obtained from the relation 5(5) (ko) = 0,i.e. ko = Jp. + He/2.
We observe that if the particle density is fixed, the Fermi
momentum ko is fixed, and we thus have ¢’(0) =0 to
determine the relation between the critical magnetic field and
chemical potential

2
H, = (c— + gkoz) arctan(%ko) — ko, )
2 ¢ i

Iy Vs
Time evolution

At the initial moment, we inject a Fermi impurity into the
fully polarized initial state [9]

2(®) = [dx 20T [10) © 1), ®)

where ®|(x) is the wavefunction of the impurity and |{2)
denotes the ground state of the medium, namely

1) = [aF @1 FI0) = 1K)y ©)

Now we consider the evolution of the initial quantum
state under the Hamiltonian (1), and examine the dynamics of
the impurity in terms of the time evolution of the momentum
of the impurity. Over a repaid decay of relaxation, the
impurity’s momentum exhibits a periodic oscillation. Such a
phenomenon has been known as quantum flutter, see figure 2.

—(P,(0)) = Ldkp
—(P(0)) = kr
(P,(0)) = 0.2kg|

0 L L L L L
0 5 10 15 20 25

Figure 2. Time evolution of the impurity momentum P () from the
numerical method based on the determinant representation of the
Bethe Ansatz states [29]. We observe that once the initial momentum
of the impurity exceeds the Fermi momentum of the medium, i.e.
k > kg, quantum flutter phenomenon remarkably occurs. The
oscillation period is invariant with respect to the initial impurity
momentum, provided that it exceeds the Fermi momentum. When
k < kg, there does not exhibit quantum flutter phenomenon.

Correlation functions

The emergence of the quantum flutter phenomenon indicates
that it is primarily dominated by a select subset of eigenstates.
In the following discussion, we will demonstrate that the
periodic oscillation of the impurity momentum is primarily
driven by the momentum transfer between the nonlinear
Luttinger liquid and the magnon excitation. To gain deeper
insights into the spectrum of the system, we first analyze the
correlation function

G, 1) = (B, 00, 0), (10)
where the state (-) is the average value for the ground state of
the fully polarized system. This correlation function provides
crucial spectral information that facilitates our investigation of
dynamical behavior of the system.

To gain a more intuitive understanding of this phenom-
enon, we first consider the system in the strong interaction
regime. In this regime, the system exhibits spin-charge
separation, with the spin sector being equivalent to a Hei-
senberg spin chain [35, 36]. Consequently, the correlation
function under consideration is given by [38]

G(x, 1) = (B(x, [0, 0))
= (B(x, NT(0, 0))enarge (ST (x, 1S (0, 0))spin

bl

an

where (\il(x, t)\f/-r(O, 0))charge Tepresents the correlation func-
tion of a spinless Fermi system. For simplicity, we choose the
particle density p = % = 1. The interaction of the spinless
system is shown in figure 4.



Commun. Theor. Phys. 77 (2025) 055502

S Wang et al

The term <§+(x, NS0, 0))spin denotes the correlation
function of an antiferromagnetic Heisenberg spin chain with
an external magnetic field H,, described by the Hamiltonian

hspin = 2-[2 S - Sx+l - HL‘Z S)f’ (12)

here, the range of x is from O to N. At the critical point of the
Yang—Gaudin model, the relationship H. = 4J, see [39]. The
ground state of the spin chain is fully spin-polarized. The
excitations near this ground state, known as magnons, exhibit
the spectrum

& (k) = 2J(1 — cosk,). (13)

Treating magnons as free excitations, the correlation function
can be expressed as [38]

(S, 870, 0))spin = f ?eikﬁ%f. (14)

™

Consequently, we obtain
N A dks o
G 1) = (B DT, Oye - [T2ebr50(15)

The above analysis remains valid even for weak interactions,
because when we consider only a single magnon excitation,
the spectra of the charge sector and the spin sector are
decoupled.

Subsequently, we examine the correlation function in the
charge sector. Initially, we focus on the low-energy excita-
tions in the Luttinger liquid region in the charge sector, which
means Q < kg. It can only cause excitations near the Fermi
surface. Therefore, we can use the Luttinger liquid theory to
calculate the single-particle propagator in the charge sector
[25, 40].

G(x’ t)charge = <\Ij(x’ t)\IJT(O’O»LL
pei(2n+1)k,.-x Cn

L 21(=D" [ip(vt + x) + O]e[ip(vt — x) + 0]*= (16)

Here, C,, and p;, pg, v are some parameters depending on the
interaction, and p is the particle density. Even though we do
not rigorously calculate the values of these parameters, we
know that after performing a Fourier transformation with
respect to the coordinates, the correlation function will not
oscillate with respect to time 7, but instead, it will exhibit a
power-law decay with respect to time .

Next, we shall consider the nonlinear Luttinger liquid
effects. It is sufficient to introduce a single hole excitation
with momentum k deeply within the Fermi sea, which con-

tributes to the edge singularities [24, 25].
W(x) — e*rir(x) + ey (x) + e™d(x). a7

Then, the mobile-impurity Hamiltonian of the system can be
written down [24, 25, 41-54]

_ v 2 L 2
%—hf“VN“+KN@}
H,; = fdxd*(x)[f(k) — 1y V]d(x). (18)

Here, &(k)=e(k) shown in figure 3, is the single hole
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Figure 3. Dressed energy of a spinful system close to critical point.
The dressed energy (k) and ¢(k) are correlated to the charge and
spin excited energy, respectively.

Figure 4. The diagram illustrates the effective interaction among
spin-up fermions which is induced by the spin-down impurity.

excitation dispertion. K is the Luttinger parameter and v is the
sound velocity. H, is the Hamiltonian of the mobile impurity,
d(x) is the annihilation operator, v, is the velocity of the
mobile impurity and V is the gradient operator. Of course,
there are interactions between the Luttinger liquid and the
mobile impurity,

Hin = de[VR(k)pR(X) + Vo (k) pp ()1d(x)d" (x)

:fdx[VR(k)Ve_—d) _ VL(k)VeJr—(b]ddT. (19)
27 27

Here, V;, Vi represent the interaction, and there is a unitary
transform

U = exp {i fdx(%[@ — 9] — &[é + g?)])dd"’},
viy

2T
(20)
where f(x) = VKO(x), o) = ¢(x)/JK.
% V
b(k) = ——=—, bi(k) = ——F 1)
Vit v Vg — VvV
(VL — VR /NK =V — Vi, Vi + VRIVK =V, + Wi
(22)
After this transformation
U'(Ho + Hy + Hin)U = Ho + Hy, (23)

where 1% and H,; are decoupled in the new representation.
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Figure 5. Comparison between the analytical results and numerical
results. The orange circles are numerical results obtained by Bethe
Ansatz approach [29]. The blue line is the analytical results (25)
from the correlation functions.

From the quadratic Hamiltonian, we have the correlation
function as the following

G(X, t)charge = <\I’(X = V4t, t)\Iﬁ(O’ 0)>NLL
my

= (B(vat, D0, 0))LL + -
—2ir
efiﬂ”"v*/zAn 7(kd)efia(kd)t+i(kd+2nk,.-)x

24
2wt 4 x)a—r(vt — x)Hu-r @4)

Here t — oo, and A,, _ is the hole spectral function of a finite
system, see [25].

All the parameters depend on the interaction and the
single partical spectrum. Our primary interest lies in the
correlation function with respect to momentum and its time
dependence. To obtain meaningful results, it is straightfor-
ward to perform a Fourier transformation on the aforemen-
tioned correlation function. Notably, in order to obtain
meaningful results, the coordinate x must be able to take
arbitrary values which means that the hole velocity v, goes to
zero in the limit ¢t — oo . The condition v; = 0 corresponds to
the deepest hole excitations k; = 0. Therefore, the momentum
of the impurity must satisfy Q > k. Under these conditions,
we observe a time-oscillating term e*®*o? within the corre-
lation function, which contributes to the periodic oscillation
of the momentum of the impurity.

By combining the correlation functions of the charge and
the spin degrees of freedom, we determine that the oscillation
periodicity of the momentum of impurity is governed by the
energy difference between the deepest hole excitation in the
charge sector and the magnon excitation with the Fermi
momentum in the spin sector, namely

21
—= — (k) leg=0 — &5 (k) ety
H
=p.+——4J
/J/(, 2
H.
= - =<, 25
He = = (25)

Figure 5 shows the comparison between the analytical results
and numerical results, and we find that they agree very well.

Summary

In this paper, we have demonstrated that the quantum flutter
phenomenon can be manifested by the propagator of the
single fermion correlation function in the interacting Fermi
gases. We have investigated the single-particle correlation
functions at different energy scales: the Luttinger liquid
energy scale and the nonlinear Luttinger liquid energy scale.
These correspond to the cases of small and large impurity
energies, respectively. Our analysis reveals that the quantum
flutter phenomenon does not occur at the Luttinger liquid
energy scale. Nevertheless, when there are hole excitations at
the deepest part of the Fermi sea, the quantum flutter
phenomenon emerges. This study provides a comprehensive
understanding of the quantum dynamical phenomenon based
on the correlation functions within the framework of non-
linear Luttinger liquid.

Acknowledgments

SW is supported by the HK GRF under Grant Nos. 17306024
and 17313122, the CRF under Grant No. C7012-21G, and a
RGC Fellowship Award under No. HKU RFS2223-7S03.
XWG and ZHZ are supported by the NSFC key under Grant
Nos. 12134015, 92365202, 12121004, 12175290 and the
National Key R&D Program of China under Grant No.
2022YFA1404102.

References

[1] Weitenberg C, Endres M, Sherson J F, Cheneau M, Schauf P,
Fukuhara T, Bloch I and Kuhr S 2011 Single-spin
addressing in an atomic mott insulator Nature 471 319-24

[2] Endres M et al 2011 Observation of correlated particle-hole
pairs and string order in low-dimensional mott insulators
Science 334 200-3

[3] Cheneau M, Barmettler P, Poletti D, Endres M, Schauf3 P,
Fukuhara T, Gross C, Bloch I, Kollath C and Kuhr S 2012
Light-cone-like spreading of correlations in a quantum
many-body system Nature 481 4847

[4] Kaufman A M, Tai M E, Lukin A, Rispoli M, Schittko R,
Preiss P M and Greiner M 2016 Quantum thermalization
through entanglement in an isolated many-body system
Science 353 794-800

[5] Riegger L, Oppong N D, Hofer M, Fernandes D R, Bloch I and
Folling S 2018 Localized magnetic moments with tunable
spin exchange in a gas of ultracold fermions Phys. Rev. Lett.
120 143601

[6] Guan X-W, Ma Z-Q and Wilson B 2012 One-dimensional
multicomponent fermions with é-function interaction in
strong-and weak-coupling limits: x-component Fermi gas
Phys. Rev. A 85 033633

[7] Gerlach B and Lowen H 1991 Analytical properties of polaron
systems or: Do polaronic phase transitions exist or not? Rev.
Mod. Phys. 63 63

[8] Chang M, Yin X, Chen L and Zhang Y 2023 Correlation
functions and polaron-molecule crossover in one-
dimensional attractive Fermi gases Phys. Rev. A 107 053312


https://doi.org/10.1038/nature09827
https://doi.org/10.1038/nature09827
https://doi.org/10.1038/nature09827
https://doi.org/10.1126/science.1209284
https://doi.org/10.1126/science.1209284
https://doi.org/10.1126/science.1209284
https://doi.org/10.1038/nature10748
https://doi.org/10.1038/nature10748
https://doi.org/10.1038/nature10748
https://doi.org/10.1126/science.aaf6725
https://doi.org/10.1126/science.aaf6725
https://doi.org/10.1126/science.aaf6725
https://doi.org/10.1103/PhysRevLett.120.143601
https://doi.org/10.1103/PhysRevA.85.033633
https://doi.org/10.1103/RevModPhys.63.63
https://doi.org/10.1103/PhysRevA.107.053312

Commun. Theor. Phys. 77 (2025) 055502

S Wang et al

(91

(10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

(21]

(22]

(23]

[24]

[25]

[26]

[27]

(28]
[29]

[30]

Mathy C J M, Zvonarev M B and Demler E 2012 Quantum
flutter of supersonic particles in one-dimensional quantum
liquids Nat. Phys. 8 881-6

Knap M, Mathy C J M, Ganahl M, Zvonarev M B and
Demler E 2014 Quantum flutter: signatures and robustness
Phys. Rev. Lert. 112 015302

Sarma S D and Stern F 1985 Single-particle relaxation time
versus scattering time in an impure electron gas Phys. Rev. B
32 8442

Pustogow A, Le T, Wang H-H, Luo Y, Gati E, Schubert H,
Lang M and Brown S E 2020 Impurity moments conceal
low-energy relaxation of quantum spin liquids Phys. Rev. B
101 140401

Adlong H S, Liu W E, Scazza F, Zaccanti M, Oppong N D,
Folling S, Parish M M and Levinsen J 2020 Quasiparticle
lifetime of the repulsive Fermi polaron Phys. Rev. Lett. 125
133401

Panochko G and Pastukhov V 2022 Static impurities in a
weakly interacting bose gas Aroms 10 19

Koschorreck M, Pertot D, Vogt E, Frohlich B, Feld M and
Kohl M 2012 Attractive and repulsive Fermi polarons in two
dimensions Nature 485 619-22

Fukuhara T er al 2013 Quantum dynamics of a mobile spin
impurity Nat. Phys. 9 235-41

Scelle R, Rentrop T, Trautmann A, Schuster T and
Oberthaler M K 2013 Motional coherence of fermions
immersed in a bose gas Phys. Rev. Lett. 111 070401

Baroni C, Huang B, Fritsche I, Dobler E, Anich G, Kirilov E,
Grimm R, Bastarrachea-Magnani M A, Massignan P and
Bruun G M 2024 Mediated interactions between Fermi
polarons and the role of impurity quantum statistics Nat.
Phys. 20 68-73

Kubo R 1957 Statistical-mechanical theory of irreversible
processes. 1. general theory and simple applications to magnetic
and conduction problems J. Phys. Soc. Jpn. 12 570-86

Haldane F D M 1981 'Luttinger liquid theory’ of one-
dimensional quantum fluids. I. properties of the luttinger
model and their extension to the general 1D interacting
spinless Fermi gas J. Phys. C: Solid State Phys.

14 2585

Giamarchi T 2003 Quantum Physics in One Dimension Vol.
121 (Oxford: Clarendon)

Pereira R G, Sirker J, Caux J S, Hagemans R, Maillet J M,
White S R and Affleck I 2007 Dynamical structure factor at
small ¢ for the XXZ spin-1/2 chain J. Stat. Mech: Theory
Exp. 2007 P08022

Essler F H L, Pereira R G and Schneider I 2015 Spin-charge-
separated quasiparticles in one-dimensional quantum fluids
Phys. Rev. B 91 245150

Imambekov A and Glazman L I 2009 Universal theory of
nonlinear luttinger liquids Science 323 228-31

Imambekov A, Schmidt T L and Glazman L I 2012 One-
dimensional quantum liquids: beyond the Luttinger liquid
paradigm Rev. Mod. Phys. 84 1253

Karrasch C, Pereira R G and Sirker J 2015 Low temperature
dynamics of nonlinear Luttinger liquids New J. Phys. 17
103003

Senaratne R, Cavazos-Cavazos D, Wang S, He F, Chang Y-T,
Kafle A, Pu H, Guan X-W and Hulet R G 2022 Spin-charge
separation in a one-dimensional Fermi gas with tunable
interactions Science 376 1305-8

Mahan G D 2013 Many-Particle Physics (Berlin: Springer)

Zhang Z-H, Jiang Y, Lin H-Q and Guan X-W 2024
Microscopic origin of the quantum supersonic phenomenon
in one dimension Phys. Rev. A 110 023329

Yang C-N 1967 Some exact results for the many-body problem
in one dimension with repulsive delta-function interaction
Phys. Rev. Lett. 19 1312

[31]
[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]
[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

[50]

[51]

[52]

[53]

[54]

Gaudin M 1967 Un systeme a une dimension de fermions en
interaction Phys. Lett. A 24 55-6

Sutherland B 1968 Further results for the many-body problem
in one dimension Phys. Rev. Lett. 20 98

Takahashi M 1971 One-dimensional electron gas with delta-
function interaction at finite temperature Prog. Theor. Phys.
46 1388406

Takahashi M 1999 Thermodynamics of one-dimensional
solvable models

He F, Jiang Y-Z, Lin H-Q, Hulet R G, Pu H and Guan X-W
2020 Emergence and disruption of spin-charge separation in
one-dimensional repulsive fermions Phys. Rev. Lett. 125
190401

Guan X-W, Batchelor M T and Takahashi M 2007
Ferromagnetic behavior in the strongly interacting two-
component Bose gas Phys. Rev. A 76 043617

Guan X-W, Batchelor M T and Lee C 2013 Fermi gases in one
dimension: from Bethe ansatz to experiments Rev. Mod.
Phys. 85 1633

Matveev K A and Furusaki A 2008 Spectral functions of
strongly interacting isospin-1,/2 bosons in one dimension
Phys. Rev. Lett. 101 170403

He F, Jiang Y, Yu Y-C, Lin H-Q and Guan X-W 2017
Quantum criticality of spinons Phys. Rev. B 96 220401

Cazalilla M A 2004 Bosonizing one-dimensional cold atomic
gases J. Phys. B: Atom. Molecuar Opt. Phys. 37 S1

Khodas M, Pustilnik M, Kamenev A and Glazman L I 2007
Dynamics of excitations in a one-dimensional bose liquid
Phys. Rev. Lett. 99 110405

Khodas M, Pustilnik M, Kamenev A and Glazman L I 2007
Fermi—Luttinger liquid: Spectral function of interacting one-
dimensional fermions Phys. Rev. B 76 155402

Cheianov V V and Pustilnik M 2008 Threshold singularities in
the dynamic response of gapless integrable models Phys.
Rev. Lett. 100 126403

Imambekov A and Glazman L 12008 Exact exponents of edge
singularities in dynamic correlation functions of 1D bose gas
Phys. Rev. Lett. 100 206805

Lamacraft A 2008 Kondo polarons in a one-dimensional Fermi
gas Phys. Rev. Lett. 101 225301

Pereira R G, White S R and Affleck I 2008 Exact edge
singularities and dynamical correlations in spin-1/2 chains
Phys. Rev. Lett. 100 027206

Jacobsen J, Ouvry S, Pasquier V, Serban D and Cugliandolo L
2010 Exact Methods in Low-dimensional Statistical Physics
and Quantum Computing: Lecture Notes of the Les Houches
Summer School: 89, July 2008 (Oxford University Press)

Imambekov A and Glazman L I 2009 Phenomenology of one-
dimensional quantum liquids beyond the low-energy limit
Phys. Rev. Lett. 102 126405

Pereira R G, White S R and Affleck I 2009 Spectral function of
spinless fermions on a one-dimensional lattice Phys. Rev. B
79 165113

Zvonarev M B, Cheianov V V and Giamarchi T 2009
Dynamical properties of the one-dimensional spin-1,/2
Bose-—Hubbard model near a mott-insulator to
ferromagnetic-liquid transition Phys. Rev. Lett. 103 110401

Zvonarev M B, Cheianov V V and Giamarchi T 2009 Edge
exponent in the dynamic spin structure factor of the yang-
gaudin model Phys. Rev. B 80 201102

Pereira R G and Sela E 2010 Spin-charge coupling in quantum
wires at zero magnetic field Phys. Rev. B 82 115324

Schmidt T L, Imambekov A and Glazman L I 2010 Fate of 1D
spin-charge separation away from Fermi points Phys. Rev.
Lett. 104 116403

Schmidt T L, Imambekov A and Glazman L I 2010 Spin-
charge separation in one-dimensional fermion systems
beyond Luttinger liquid theory Phys. Rev. B 82 245104


https://doi.org/10.1038/nphys2455
https://doi.org/10.1038/nphys2455
https://doi.org/10.1038/nphys2455
https://doi.org/10.1103/PhysRevLett.112.015302
https://doi.org/10.1103/PhysRevB.32.8442
https://doi.org/10.1103/PhysRevB.101.140401
https://doi.org/10.1103/PhysRevLett.125.133401
https://doi.org/10.1103/PhysRevLett.125.133401
https://doi.org/10.3390/atoms10010019
https://doi.org/10.1038/nature11151
https://doi.org/10.1038/nature11151
https://doi.org/10.1038/nature11151
https://doi.org/10.1038/nphys2561
https://doi.org/10.1038/nphys2561
https://doi.org/10.1038/nphys2561
https://doi.org/10.1103/PhysRevLett.111.070401
https://doi.org/10.1038/s41567-023-02248-4
https://doi.org/10.1038/s41567-023-02248-4
https://doi.org/10.1038/s41567-023-02248-4
https://doi.org/10.1143/JPSJ.12.570
https://doi.org/10.1143/JPSJ.12.570
https://doi.org/10.1143/JPSJ.12.570
https://doi.org/10.1088/0022-3719/14/19/010
https://doi.org/10.1088/0022-3719/14/19/010
https://doi.org/10.1088/1742-5468/2007/08/P08022
https://doi.org/10.1103/PhysRevB.91.245150
https://doi.org/10.1126/science.1165403
https://doi.org/10.1126/science.1165403
https://doi.org/10.1126/science.1165403
https://doi.org/10.1103/RevModPhys.84.1253
https://doi.org/10.1088/1367-2630/17/10/103003
https://doi.org/10.1088/1367-2630/17/10/103003
https://doi.org/10.1126/science.abn1719
https://doi.org/10.1126/science.abn1719
https://doi.org/10.1126/science.abn1719
https://doi.org/10.1103/PhysRevA.110.023329
https://doi.org/10.1103/PhysRevLett.19.1312
https://doi.org/10.1016/0375-9601(67)90193-4
https://doi.org/10.1016/0375-9601(67)90193-4
https://doi.org/10.1016/0375-9601(67)90193-4
https://doi.org/10.1103/PhysRevLett.20.98
https://doi.org/10.1143/PTP.46.1388
https://doi.org/10.1143/PTP.46.1388
https://doi.org/10.1143/PTP.46.1388
https://doi.org/10.1103/PhysRevLett.125.190401
https://doi.org/10.1103/PhysRevLett.125.190401
https://doi.org/10.1103/PhysRevA.76.043617
https://doi.org/10.1103/RevModPhys.85.1633
https://doi.org/10.1103/PhysRevLett.101.170403
https://doi.org/10.1103/PhysRevB.96.220401
https://doi.org/10.1088/0953-4075/37/7/051
https://doi.org/10.1103/PhysRevLett.99.110405
https://doi.org/10.1103/PhysRevB.76.155402
https://doi.org/10.1103/PhysRevLett.100.126403
https://doi.org/10.1103/PhysRevLett.100.206805
https://doi.org/10.1103/PhysRevLett.101.225301
https://doi.org/10.1103/PhysRevLett.100.027206
https://doi.org/10.1103/PhysRevLett.102.126405
https://doi.org/10.1103/PhysRevB.79.165113
https://doi.org/10.1103/PhysRevLett.103.110401
https://doi.org/10.1103/PhysRevB.80.201102
https://doi.org/10.1103/PhysRevB.82.115324
https://doi.org/10.1103/PhysRevLett.104.116403
https://doi.org/10.1103/PhysRevB.82.245104

	Introduction
	Yang–Gaudin model
	Time evolution
	Correlation functions
	Summary
	Acknowledgments
	References



