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Quantum flutter of supersonic particles in
one-dimensional quantum liquids
Charles J. M. Mathy1,2*, Mikhail B. Zvonarev2,3,4 and Eugene Demler2

Fast obstacles in a medium are responsible for striking physical phenomena, such as aerodynamic flutter, Čerenkov radiation
and acoustic shock waves. In a hydrodynamic picture, quantum systems exhibit analogues of these dynamical features.
Here we uncover novel quantum dynamics induced by fast particles by considering impurities injected supersonically into
a one-dimensional quantum liquid. We find that the injected particle never comes to a full stop, at odds with conventional
expectations of relaxation. Furthermore the system excites a new type of collective mode, manifesting itself in several
observable quantities, such as long-lived oscillations in the velocity of the injected particle and simultaneous oscillations of
the correlation hole formed around the impurity. These features are inherently quantum-mechanical and provide an example of
a dynamically formed quantum coherent state propagating through a many-body environment while maintaining its coherence.
The signatures of these effects can be probed directly with existing experimental tools.

Disturbances moving faster than the intrinsic propagation
velocity of a medium lead to a rich spectrum of novel
phenomena. Examples include the flutter of mechanical

objects such as aeroplane wings and bridges, Čerenkov radiation
from particles propagating faster than the phase velocity of light
in the medium, and bremsstrahlung from particles stopping in
matter. These important phenomena can be captured using a hy-
drodynamic (or electrodynamic) approach. Many-body quantum
systems can in some limits be described by hydrodynamics and
therefore exhibit analogues of these effects1–4.

Here we uncover novel coherent quantum dynamical phenom-
ena triggered by fast particles which go beyond this paradigm.
We find that supersonic impurities in one-dimensional quan-
tum liquids trigger a new type of collective mode which cannot
be understood by a hydrodynamic approach, instead it follows
from quantum coherent processes involving a dressing of the
impurity in a many-body environment that is out of equilib-
rium. Quantum environments are capable of drastically alter-
ing the properties of embedded particles, notable examples be-
ing the formation of polarons in solid-state systems5, Kondo
singlets in systems with localized impurities6, and quasiparticles
in Fermi liquids7. The study of these phenomena has typically
been carried out assuming the dressing of the particle is in
equilibrium8, however recent experiments have begun addressing
nonequilibrium phenomena associated with the formation of these
strongly correlated states9–11.

We present an essentially exact numerical study of the dynamics
of an impurity injected into a one-dimensional gas of hardcore
bosons (known as the Tonks–Girardeau gas12) and into a free Fermi
gas. Our main observations are twofold. First, the injected particle
forms a strongly correlated state with the quantum liquid that
does not come to a full stop, instead it reaches a steady state that
propagates at a reduced velocity. Second, if the impurity is initially
supersonic, the correlation hole around the impurity and the
average impuritymomentumundergo pronounced oscillations.We
call this phenomenon quantum flutter, in analogy with supersonic
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flutter in aerodynamics. This quantum flutter is due to the
formation of an entangled many-body state, whose coherence is
long-lived. Recent work has shown that strongly coupling a particle
to a bath can lead to non-Markovian dynamics and the possibility
of coherence surviving for long times13,14. Quantum flutter provides
an example of a quantum system taken far out of equilibriumwhose
relaxation shows striking quantum coherent effects that go beyond
a hydrodynamical description.

Finally, we propose a direct experimental realization of this
physics in a cold atomic ensemble. Cold atom experiments
provide a rich arena for the study of novel non-equilibrium
phenomena15–22, and impurity physics in Tonks–Girardeau gases
has already been realized11,23,24. Signatures of quantum flutter are
present in quantities measurable in cold atom experiments, and we
explain how to realize and probe our predicted novel features of
coherent far out of equilibrium quantum dynamics with existing
experimental tools.

Physical system and correlation hole formation
Our system consists of an impurity interacting by a short-range
(δ-function) potential with a one-dimensional Tonks–Girardeau
gas. Previous works on impurity propagation in Bose gases assumed
either a weakly coupled gas described by a set of non-interacting
Bogoliubov excitations1,2,25–28, or a strongly interacting system
treated within a low-energy effective field theory approach29–34,
from which one predicts that the impurity feels a friction force35,36
and eventually comes to a full stop. In this paper we find that
there are novel features that require both the strong coupling
regime and a high-energy impurity, thus going beyond the regime
addressed in previous works.

The Tonks–Girardeau gas can be mapped to a fully polarized
non-interacting Fermi gas12, thus solving an interactingmany-body
problem exactly. This mapping extends to the case of a Tonks–
Girardeau gas with an impurity, allowing us to state that the
observables investigated in the present paper are the same for the
impurity immersed in a background gas of either Tonks–Girardeau
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Figure 1 | Correlation hole formation and wave packet emission for γ = 5 and Q= 1.35kF. a, Time evolution of the density distribution around the impurity,
G↓↑(x,t)=〈ρ̂↓(0,t)ρ̂↑(x,t)〉, in units of ρ↑/L, where ρ↑=N/L is the density in the background gas. The initial momentum Q points in the positive x
direction. From t=0 to about t= 5tF, the correlation hole forms (dip). Simultaneously, a large wave packet forms in the background gas (red ridge) and
becomes well separated from the correlation hole. Friedel-like oscillations in the spatial direction are visible outside of the correlation hole. The line at
t= 25tF is highlighted in red to bring out the Friedel oscillations. Two lines at constant positions (xρ↑=−0.85 and xρ↑=0.93) on the peaks bordering the
correlation hole are highlighted in blue. The oscillations which we call quantum flutter are visible along these lines (see Supplementary Movie S1). b, Front
view of the correlation hole. The oscillations inside the correlation hole, which correspond to the quantum flutter, are visible. The highlighted lines of
constant height (G↓↑(x,t)L/ρ↑=0.6 and 0.8) oscillate back and forth in space as a function of time, thus the correlation hole ‘flutters’. c, Change in
momentum distribution in the background gas of fully polarized fermions after the formation of the correlation hole: ñk↑(t= 5tF)− ñk↑(t=0), where
ñk↑(t)=N/2〈n̂k↑(t)〉 and 〈n̂k↑(t)〉= 〈ĉ†

k↑(t)ĉk↑(t)〉, so that
∫ kb/kF

ka/kF
ñk(t)d(k/kF) is the number of background particles with momentum between ka and kb.

The peak at k> kF corresponds to the emitted wave packet and a depletion at |k|< kF is due to the correlation hole delocalized across the Fermi sea. Note
that the momentum distribution for fully polarized fermions differs from the one for a Tonks–Girardeau gas43, and when dealing with 〈n̂k↑(t)〉 we limit our
considerations to the case of the background particles being fully polarized fermions.

bosons or fully polarized fermions (see Supplementary Sections S1
and S2 for details).We present all quantities for a background gas of
fully polarized fermions. We call the impurity a spin-down particle,
and the N particles in the background gas spin-up particles. We
define fermion creation (annihilation) operators: ĉ †

kσ (ĉkσ ) creates
(annihilates) a fermion of momentum k and spin σ (σ =↑,↓). The
ground state of the background gas is thus a Fermi sea of spin-up
particles, |FS〉 =

∏
|k|<kF ĉ

†
k↑|0〉, where |0〉 is the vacuum, ĉk |0〉 = 0,

and kF is the Fermi momentum, defined through the density ρ↑ of
the background gas as kF=πρ↑.

If the system is prepared in the initial state |in〉, this state
evolves with time such that |in(t )〉 = e−itH/h̄|in〉 at a time t , where
H is the Hamiltonian,

H =
P̂2
↓

2m↓
+

N∑
i=1

P̂2
i

2m↑
+g

N∑
i=1

δ(xi−x↓) (1)

Here xi (P̂i,m↑) is the coordinate (momentum, mass) of the ith
background particle, i= 1,...,N , and x↓(P̂↓,m↓) are those of the
impurity. g is the interaction strength between the impurity and
the particles in the background gas, and h̄ is Planck’s constant.
The dimensionless interaction strength between the impurity and
background particles is γ = m↑g/(h̄2ρ↑), and ρ↑ = N/L, where
L is the system size.

We start the impurity out in a planewavewithmomentumQ:

|inQ〉= ĉ †
Q↓|FS〉 (2)

and let this state evolve with time. Assuming for now thatm↑=m↓
we use the fact that the system becomes integrable, and obtaining
the many-body eigenstates of the problem reduces to solving
the Bethe Ansatz equations37,38. Therefore, after obtaining all

the eigenstates we are able to calculate the expectation value
〈Ô(t )〉= 〈in(t )|Ô|in(t )〉 of any operator Ô using massively
parallelized computing resources39 (see Supplementary Sections S1
through S7 for details).

To probe the dynamics in our system, we calculate G↓↑(x,t )=
〈ρ̂↓(0,t )ρ̂↑(x,t )〉, which measures the density of the background
quantum liquid a distance x away from the impurity. We plot
this quantity in Fig. 1a,b for γ = 5 and Q = 1.35kF (see also
Supplementary Movie S1). Time is measured in units of the
Fermi time tF= h̄/EF, where EF= h̄2k2F/(2m↑) is the Fermi energy.
Initially G↓↑(x,t = 0)= ρ↑/L, and subsequently a correlation hole
forms around x = 0 for t up to 5tF. Simultaneously a narrow
wave packet, seen as the correlation peak, forms and is emitted.
This wave packet can also be recognized in the momentum
distribution 〈n̂k↑〉 = 〈ĉ

†
k↑ĉk↑〉 of the background gas, plotted in

Fig. 1c for t = 5tF. There it shows up as a narrow peak around a
momentum close to Q.

Phenomenology of quantum flutter
One can see from Fig. 1b that the correlation hole oscillates
with time. To bring out these oscillations we plot the time
derivative ∂G↓↑(x, t )/∂t of the background density distribution,
within an interparticle distance 1/ρ↑ around the impurity in
Fig. 2a (2/ρ↑ is about the width of the correlation hole).
This plot confirms that the correlation hole moves back and
forth around the impurity. A pronounced signature of this
effect is also found in the time dependence of the impurity
momentum, 〈P̂↓(t )〉, plotted in Fig. 2b. It drops down sharply
from the initial value 〈P̂↓(0)〉 = Q during the formation of the
correlation hole, and then develops slowly decaying oscillations
with a fixed frequency around a saturated momentum equal to
a sizeable fraction of the Fermi momentum. The oscillations
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Figure 2 | Properties of quantum flutter for γ = 5 and Q= 1.35kF. a, Time derivative of the density distribution of the background gas, ∂G↓↑(x,t)/∂t in
units of ρ↑/(LtF), for x within an interparticle distance 1/ρ↑ from the impurity. Pronounced temporal oscillations are observed at fixed frequency (see
Supplementary Movie S2). b, Time dynamics of the impurity momentum, 〈P̂↓(t)〉. Two main features stand out: the saturation of the momentum to
non-zero value at large time, and the presence of long-lived oscillations with a fixed frequency around the saturation value. c, Comparison of
(〈P̂↓(t)〉−〈P̂↓(∞)〉)/kF, that is the oscillations of 〈P̂↓(t)〉 around the saturation value in units of kF, with L/vF

∫ d
−d x∂G↓↑(x,t)/∂tdx, where vF= h̄kF/m↑ is the

Fermi velocity and d= ρ−1
↑

. If the background gas were classical, then m↑L
∫ d
−d x∂G↓↑(x,t)/∂tdx would give the momentum of the density distribution

LG↓↑(x,t). The oscillations of the two quantities are almost in phase and of the same order of magnitude, substantiating the claim that they originate from
momentum exchange between the impurity and its correlation hole.

of 〈P̂↓(t )〉 and of the correlation hole are in phase, which is
seen from the time derivative ∂/∂t

∫ ρ−1
↑

−ρ−1
↑

xG↓↑(x,t )dx of the first
moment of G↓↑(x, t ) integrated around the impurity, plotted in
Fig. 2c. Multiplied by the mass of the background particles, this
quantity corresponds to the classical momentum of a density
distribution of the form LG↓↑(x,t ), and it oscillates approximately
in phase with the oscillations of the impurity momentum. This
result suggests that the oscillations are due to a momentum
exchange between the impurity and its correlation hole (see
Supplementary Movie S2).

Physical mechanism behind quantum flutter
Wenow detail the physical mechanism underlying quantum flutter:
it stems from coherent oscillations between two families of states,
which we call ‘exciton-like’ and ‘polaron-like’ (see Fig. 3a). That
this quantum superposition is coherent for such a long time is quite
remarkable, and is related to the fact that the polaron and exciton
dispersions are relatively flat at strong coupling.

To provide insight into the nature of the dynamical processes
and motivate the intuitive picture just described we supplement
the Bethe Ansatz analysis with a variational approach based on a
restricted set of wave functions. This latter approach has been used
successfully in previous works to study the ground state properties
of impurities in cold atomic systems40–42, and is capable of capturing
the states that we conjecture are responsible for quantum flutter (see
Supplementary Section S8 for details). That this approach agrees
quantitatively with the Bethe Ansatz results (see Supplementary
Fig. S4) strongly supports the qualitative picture. We emphasize,
however, that all quantitative results presented in this work (except
for the results with mass imbalance, see later) were obtained from
the Bethe Ansatz approach.

Our intuitive picture behind quantum flutter relies on two
types of states: exciton and polaron. The exciton state with total
momentum K is the lowest energy state composed of a Fermi sea,

an impurity and a hole. An approximation to the exciton is given by
the following variational ansatz:

|Exc(K )〉=

(∑
|q|<kF

α(K )
q ĉ †

K+q↓ĉq↑

)
|FS〉 (3)

where the parameters α(K )
q are chosen so as to minimize the energy.

We call E(Exc(K )) the energy of the exciton with momentum K .
We stress that a full description of the exciton, obtained from the
Bethe-Ansatz equations, contains an infinite number of particle–
hole pair excitations.

A polaron state is a ground state of an impurity on top of a Fermi
sea dressed by particle–hole excitations of the Fermi sea. If at most
one particle–hole pair excitation is allowed then40,42

|Pol(K )〉=

β(K )ĉ †
K↓+

∑
|q|<kF
|k|>kF

γ
(K )
kq ĉ †

K−k+q↓ĉ
†
k↑ĉq↑

|FS〉 (4)

where γ (K )
kq are chosen so as to minimize the energy. We call

E(Pol(K )) the energy of the polaron with momentum K . As for
the exciton, in the full description the polaron contains an infinite
number of particle–hole pair excitations.

Once the system has emitted a wave packet in the background
gas, it leaves behind a hole that the impurity can interact with.
Therefore the impurity and hole can form an exciton, and the wave
function of the system would be

Particle+exciton state: ĉ †
k↑|Exc(Q−k)〉 (5)

where k is the momentum of the emitted particle. Another option
is that the impurity does not bind with the hole, instead it forms a
polaron with the Fermi sea. We then have a polaron, a hole, and a
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Figure 3 | Physical mechanism behind quantum flutter. a, Schematic
picture of the states responsible for quantum flutter. The red arrows
represent the background particles. The impurity (green down-arrow) can
bind to the hole (small sphere) left behind by the emitted particle (blue
up-arrow), creating an exciton. Alternatively, it can remain unbound with
the hole and form a state dressed with particle–hole pairs, called a polaron.
Therefore, the two sets of states are ĉ†

k↑|Exc(Q−k)〉 (particle+exciton) and
ĉ†

k↑ ĉq↑|Pol(Q−k+q)〉 (particle+hole+polaron). b, Orange circles: h̄ωosc/EF,

where EF is the Fermi energy and ωosc= 2π/τosc. The oscillation period τosc

is extracted directly from the plot of 〈P̂↓(t)〉 versus t obtained from the
Bethe Ansatz approach (see, for example, Fig. 2b). The error bars are
obtained by taking the set of neighbouring extrema of 〈P̂↓(t)〉 as an
estimate of τosc/2 and calculating the standard deviation of this set. Green
line: energy difference between ĉ†

Q↑|Exc(0)〉 and ĉ†
Q↑ ĉ0↑|Pol(0)〉, which is

equal to E(Pol(0))−E(Exc(0)), in units of EF. The green line falls within the
error bars of the estimate of h̄ωosc/EF.

particle, which gives a wave function of the form

Particle+hole+polaron state: ĉ †
k↑ĉq↑|Pol(Q−k+q)〉 (6)

These two possibilities are illustrated in Fig. 3a.
Quantum flutter is due to the system being in a superposition

of states of the form shown in (5) and (6), with the particle
momentum k close to Q, and the hole momentum q close to
zero. Consider the case of the particle momentum exactly equal
to Q, and the hole momentum exactly equal to zero. States (5)
and (6) become ĉ †

Q↑|Exc(0)〉 and ĉ †
Q↑ĉ0↑|Pol(0)〉, respectively. The

energy of |Exc(0)〉 and |Pol(0)〉 can be calculated exactly using Bethe
Ansatz (equations (3) and (4) are now dressed with an infinite
number of particle–hole pair excitations). The difference in energy
between ĉ †

Q↑ĉ0↑|Pol(0)〉 and ĉ †
Q↑|Exc(0)〉 is E(Pol(0))− E(Exc(0)),

namely both states are composed of a Fermi sea and a particle at
Q, and the hole at zero momentum carries no energy (assuming
the deep hole weakly interacts with the polaron, as the polaron
is mostly dressed close to the Fermi surface). In Fig. 3b we
compare E(Pol(0)) − E(Exc(0)) to h̄ωosc, where ωosc = 2π/τosc
is the frequency of quantum flutter, and τosc is the oscillation
period in 〈P̂↓(t )〉, see Fig. 2b. The two quantities are in quantitative
agreement, which is consistent with our physical picture.
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a b

Figure 4 | Experimental setup to realize and probe quantum flutter in cold
atoms. a, Two retroreflected laser beams (red arrows) create an optical
potential which confines the motion of atoms cooled below the degeneracy
temperature, either fermions or bosons, to one spatial dimension. Two
Raman beams (yellow arrows) are used to create impurities with
momentum Q. b, The atoms are prepared in the ‘spin-up’ state |1〉 (red
up-arrows). A radio-frequency pulse is used to transfer a small fraction of
atoms to the state |2〉 (blue down-arrows), which interacts weakly with
particles in the |1〉 state. The |2〉 atoms should have low momentum, which
can be achieved for example by evaporating the fast |2〉 atoms or by
allowing their momentum to relax through weak interactions with the |1〉
atoms. Subsequently, two-photon Raman transitions are used to transfer
the |2〉 state with momentum close to zero to the ‘spin-down’ |3〉 state
(green down-arrows) with momentum close to Q and interacting with |1〉
through a δ-function potential of strength g. The dimensionless interaction
strength γ =m↑g/(h̄2ρ↑) between the impurity (state |3〉) and background
gas (state |1〉) can be controlled either through g or through the density ρ↑
of the background gas.

The emitted particle and hole do not have momentum exactly
equal to Q and zero, respectively. They are emitted as wave
packets with some width in momentum space. However, the
polaron and exciton states have increasingly flat dispersions as
γ increases. Therefore the energy difference between these states
depends only weakly on the emitted particle and hole momenta.
The dispersion leads to a slow damping of the oscillations, as
seen in Fig. 2b. Our physical picture also explains why oscillations
only appear when Q is of the order of or larger than kF (see
Supplementary Section S10): Q= kF is the minimum momentum
necessary to be able to create a particle in the background gas
(whose momentum has to be larger than kF) and an exciton
at zero momentum.

Experimental consequences
If the motion of ultracold atoms is confined to one spatial
dimension then in a broad range of experimental conditions the
interaction between atoms takes the form of a δ-function potential
whose strength can be controlled externally43. In particular,
ultracold atom experiments have realized gases of free fermions44
and Tonks–Girardeau bosons45,46. An experimental set-up we
propose to create and observe quantum flutter is illustrated in Fig. 4.
The time evolution of 〈P̂↓(t )〉 can be found by integrating the
impurity momentum distribution obtained through time-of-flight
measurements. Another possibility is to measure the centre of mass
position of the impurity, 〈x̂↓(t )〉, as was done in ref. 24, and use the
Ehrenfest theorem, 〈x̂↓(t )〉=

∫ t
0 1/m↓〈P̂↓(τ )〉dτ .

Quantum flutter is robust to significant variations of the
experimental conditions. It will be present for an impurity
initialized in a wave packet state which is rather broad in
momentum space, see Fig. 5. Particle number variations between
tubes, which takes place for a set-up illustrated in Fig. 4a, also affects
it only weakly (for example, 40% variation at γ = 5 would allow
one to see three periods of oscillations). As for the role of finite
temperature T , we estimate for γ = 5 that as long as kBT < 0.1EF,
where kB is the Boltzmann constant, the impurity can travel for
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(blue). Inset: zoom in on the oscillations. The oscillations depend only
weakly on Q. This implies that if the impurity was created in a wave packet
state

∑
kαk|ink〉 its momentum

∑
k |αk|

2
〈ink|P̂↓(t)|ink〉 would still oscillate

with time for αk not too broad in momentum space (see Supplementary
Section S9). If the Raman beams have a finite width w in the set-up shown
in Fig. 4, αk is a Gaussian in momentum space centred around Q with width
1/w.

four oscillation periods before encountering an excitation of the
background gas (see Supplementary Section S9 for details).

The results so far were derived at the integrable point,
m↑ = m↓. The equilibration of integrable and non-integrable
models can be qualitatively different, owing to the infinite set
of conserved quantities in the integrable case47. Non-integrable
models are expected to relax to a local equilibrium described by
hydrodynamics. The question therefore arises whether quantum
flutter exists away from integrability. The variational approach
described above, which reproduces the Bethe Ansatz results, allows
us to move away from integrability by varying the mass ratio r =
m↓/m↑.We demonstrate in Fig. 6 that the saturation ofmomentum
loss and subsequent quantum flutter are still present for r 6= 1.
That quantum flutter survives non-integrability is consistent with
our picture of the impurity forming a superposition of quasi-
equilibrium states at finite momentum that no longer decay owing
to the depletion of excitations of the background gas at low energies
andmomenta, an argumentwhich does not rely on integrability.

The oscillations and saturation of momentum loss are also
present when the background particles are bosons with a finite
background interaction strength (Knap M. et al. Unpublished).
This strongly suggests that the physics is universal. Furthermore,
the key ingredients in our analysis are the presence of the
deep hole and low-energy particle–hole excitations around the
Fermi points which dress the impurity, suggesting a possible
connection to beyond-Luttinger models discussed recently in
the literature29–32.

As a final point, the measurement of oscillations would be
consistent with quantum flutter, however devising a direct mea-
surement of the coherence in quantum flutter is an interest-
ing and open problem.

Conclusions and outlook
We have found new physics arising from the injection of
a supersonic particle into a many-body quantum system. In
many physical and biological systems48,49 an important question
is whether a correlated quantum state can travel through an
environment while maintaining its coherence. Quantum flutter
provides an example of the formation of an entangled state
propagating through a many-body system and remaining coherent
for long times. Furthermore, we showed that this dynamically
generated and protected coherent state is not a singular feature

〈P̂
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t)
〉/

k F
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r = 1.2

r = 1.4

0.20

r = m↓/m↑
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0 5 10 15

t/tF

20 25 30

Figure 6 | Time evolution of 〈P̂↓(t)〉 for several values of mass ratio
r=m↓/m↑. Initial momentum Q= 1.05kF, interaction strength γ = 5. These
results are obtained by the variational approach discussed in the text. In the
integrable case, r= 1, they agree quantitatively with those obtained by
Bethe Ansatz (see Supplementary Section S8). One can see that the
saturation of momentum loss and quantum flutter exist away from the
integrable point. However, quantum flutter gets strongly damped for r< 1,
whereas for r> 1 the damping depends on r only weakly.

of the integrable point, and we find similar features as we
perturb away from integrability. The most important question
that remains from this work is which physical systems exhibit
effects similar to quantum flutter, and more generally whether
quantum systems taken far out of equilibrium exhibit quantum
coherent effects, which go beyond a hydrodynamic picture of
local relaxation. We have begun answering these questions, and
believe that state-of-the-art theoretical and experimental methods
for studying nonequilibrium quantum dynamics should be able to
shed more light on this topic.
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