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Impurity particle drugged by a constant force through quantum fluid
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Impurity particle drugged by a constant force through quantum fluid
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F

v∞v

t

classical liquid/gas, Fermi liquid:

v∞



Fluids with nontrivial spectral edge

nontrivial spectral edge: trivial spectral edge: 

(classical gas and liquid,
Fermi liquid, ...)

- eigenenergy of 

spectral edge of the fluid (aka fluid dispersion ) 



Fluids with nontrivial spectral edge

superfluid He Bose-Einstein condensate 1D fluid 6

Pazler et al Phys. Rev. Lett. 2009 Meinert et al Science 2017Allum, McClintock, Phillips
Phil. Trans. R. Soc. Lond. A 1977



Depleton model
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D. M. Gangardt and A. Kamenev, Phys. Rev. Lett. 102, 070402 (2009)

M. Schecter, D. Gangardt, and A. Kamenev, Ann. Phys. 327, 639 (2012)

M. Schecter, A. Kamenev, D. M. Gangardt, and A. Lamacraft, Phys. Rev. Lett. 108, 207001 (2012)

M. Schecter, D. Gangardt, and A. Kamenev, New J. Phys. 18, 065002 (2016)

A. Campbell, D. Gangardt, SciPost Phys. 3, 015 (2017)



Bloch oscillations without a lattice

• Hellmann-Feynman Theorem:

J. B. McGuire,  J. Math. Phys. 6, 432 (1965)
A. Lamacraft, Phys. Rev. B 79, 241105(R) (2009)

E(P) – eigenenergy of H at a fixed P • driving:

• (approximate) adiabatic following :

Bloch oscillations:
D. M. Gangardt and A. Kamenev, Phys. Rev. Lett. 102, 070402 (2009)



Depleton model
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D. M. Gangardt and A. Kamenev, Phys. Rev. Lett. 102, 070402 (2009)

M. Schecter, D. Gangardt, and A. Kamenev, Ann. Phys. 327, 639 (2012)

M. Schecter, A. Kamenev, D. M. Gangardt, and A. Lamacraft, Phys. Rev. Lett. 108, 207001 (2012)

M. Schecter, D. Gangardt, and A. Kamenev, New J. Phys. 18, 065002 (2016)

A. Campbell, D. Gangardt, SciPost Phys. 3, 015 (2017)

- dispersion relation of a depleton



Bloch oscillations in depletion model 
at zero temperature
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• Bloch oscillations are universal (any 1D fluid, any impurity mass and coupling), provided                       is smooth

• Bloch oscillations are superimposed on drift velocity v∞ linear in F (for small F)

M. Schecter, D. Gangardt, and A. Kamenev, Ann. Phys. 327, 639 (2012)



Bloch oscillations without a lattice
- observation
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Meinert et al., Science 356, 945–948 (2017)

strongly interacting Bose gas

mimp = mgas



Kinetic theory of mobile impurity in a quantum fluid

bum!!!

q k

q’ k’

GW Rayfield, Phys. Rev. Lett. 16, 934 (1966)
R. Bowley and F. Sheard, in Proceedings of the International Conference 
on Low Temperature Physics, 1, 165 (1975)

R. Bowley and F. Sheard, Phys. Rev. B 16, 244 (1977)

D. Allum, P. V. McClintock, and A. Phillips, Philos. Trans. R. Soc. London. Ser. A 284, 179 (1977)

E. Burovski, V. Cheianov, O. Gamayun, and O. Lychkovskiy, Phys. Rev. A 89, 041601 (R) (2014)

O. Gamayun, O. Lychkovskiy, and V. Cheianov, Phys. Rev. E 90, 032132 (2014)

O. Gamayun, Phys. Rev. A 89, 063627 (2014)

O. Lychkovskiy, Phys. Rev. A 89, 033619 (2014)

O. Lychkovskiy, Phys. Rev. A 91, 040101 (R) (2015)

Y. Castin, I. Ferrier-Barbut, and C. Salomon, C. R. Phys. 16, 241 (2015)

...



Kinetic theory of mobile impurity in a quantum fluid

superfluid He Bose-Einstein condensate 1D fluid 13



Perpetual motion of impurity in a quantum fluid

no solutions for 

- generalized critical velocity 

superfluid He Bose-Einstein condensate 1D fluid 14



Generalized critical velocity

GW Rayfield, Phys. Rev. Lett. 16, 934 (1966)

Landau criƟcal velocity (Landau, 1941): m=∞
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Critical velocity in one dimension

Generalized critical velocity: Landau critical velocity:



Critical mass

heavy impurity, m>mc light impurity, m>mc



Impurity dragged by a constant force: two regimes

heavy impurity light impurity

oscillations saturation without oscillations
O. Lychkovskiy, Phys. Rev. A 91, 040101 (R) (2015)



Ions accelerated by electric field in in superfluid He

19

D. Allum, P. V. McClintock, and A. Phillips, Philos. Trans. R.
Soc. London. Ser. A 284, 179 (1977).

R. Bowley and F. Sheard, Phys. Rev. B 16, 244 (1977).



Impurity dragged through 1D gas of noninteracting fermions

heavy impurity, m>mc light impurity, m>mc



Impurity dragged through 1D gas of noninteracting fermions

Boltzmann equation:

momentum distribution of impurity

total scattering rate
partial scattering rate



Quantum Boltzmann Equation (QBE)

O. Gamayun, Phys. Rev. A 89, 033619 (2014) 



Boltzmann equation – validity conditions

weak coupling



Boltzmann equation: results
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heavy impuritylight impurity

oscillationssaturation without oscillations

O. Gamayun, O. Lychkovskiy, and V. Cheianov, Phys. Rev. E 90, 032132 (2014)



Impurity dragged through 1D gas of noninteracting Fermions
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heavy impuritylight impurity

O. Gamayun, O. Lychkovskiy, and V. Cheianov, Phys. Rev. E 90, 032132 (2014)



Depleton model vs kinetic theory

26

universal oscillations: 

any 1D fluid, any impurity mass and coupling

depleton model kinetic theory

saturation without oscillations for oscillations

nonperturbative effective theory perturbative



Depleton model vs kinetic theory
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Formally, two approaches can be reconciled if kinetic theory is grossly inadequate 
for F<Fc

However, such reconciliation could be quite a bizarre, particularly for light impurities:



Depleton model vs kinetic theory: nonperturbative effects
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perturbative treatment can miss binding 
between the hole and the impurity 

binding and related oscillations can be destroyed by 
quantum fluctuations 



Depleton model: finite temperature
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M. Schecter, D. Gangardt, and A. Kamenev, New J. Phys. 18, 065002 (2016)

At least, thermal fluctuations do destroy the oscillations in the depletion model: 



Cusps in the impurity-fluid dispersion
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A. Lamacraft, Phys. Rev. B 79, 241105(R) (2009):

has a cusp at P=π n

for fluids with K<1 (bosons)

and for γ< γc

impurity-fluid coupling



Cusps in the impurity-fluid dispersion
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M. Schecter, A. Kamenev, D. M. Gangardt, and A. Lamacraft, Phys. Rev. Lett. 108, 207001 (2012)

impurity fails to follow                     adiabatically  

v∞ nonlinear in F



Cusps in the impurity-fluid dispersion: integrable model test
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A. Lamacraft, Phys. Rev. B 79, 241105(R) (2009):

has a cusp at P=π n

for fluids with K<1 (bosons)

and for γ< γc

Integrable bosonic Yang-Gaudin model:
no cusp for any γ



Cusp in the McGuire model with attraction
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Is this cusp there beyond integrability?

kinetic theory: not sensitive to the sign of γ

depleton model: no impurity-hole binding any more



Summary and outlook

• reconciling kinetic theory and depletion model is nontrivial

• more studies are welcome (numerics, adiabatic perturbation theory, ..., 

experiments?)

• non-linear-response theory is, in general, lacking

• attractive impurity-fluid interaction: little studied, potentially very interesting
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Footnote: no many-body adiabaticity at finite F
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necessary adiabatic condition: 

sufficient adiabatic condition: (scaling of energy gap) 

necessary and sufficient adiabatic condition: 

O. Lychkovskiy, O. Gamayun, V. Cheianov
PRL119, 200401 (2017);
AIP Conf. Proc. 1936, 020024 (2018)

O. Lychkovskiy, O. Gamayun, V. Cheianov
Phys. Rev. B 98, 024307 (2018)
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Miscellaneous slides
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Impurity dynamics for                 : semiclassical picture

weak impurity-fluid coupling

scattering forbidden,

scattering allowed
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Impurity dynamics for                 : semiclassical picture
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Impurity dynamics for                 : semiclassical picture  

weak impurity-fluid coupling

scattering forbidden,

scattering allowed
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Impurity dynamics for                 : semiclassical picture 

weak impurity-fluid coupling

scattering forbidden,

scattering allowed
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Impurity dynamics for                 : semiclassical picture 

weak impurity-fluid coupling

scattering forbidden,

scattering allowed
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Impurity dynamics for                 : semiclassical picture 

weak impurity-fluid coupling

scattering forbidden,

scattering allowed
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Impurity dynamics: weak coupling

Boltzmann equation:

- scattering probability

works even in 1D,  with reservations

E. Burovski, V. Cheianov, O. Gamayun and OL, 
Phys. Rev. A 89, 041601 (R) (2014)
O. Gamayun, Phys. Rev. A 89, 063627 (2014)
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Footnote: generalized critical velocity beyond 
kinetic theory

O. Lychkovskiy, Phys. Rev. A 91, 040101 (R) (2015)
O. Lychkovskiy, Phys. Rev. A 89, 033619 (2014)

rigorous bound:

valid for

fluid density

impurity-fluid 
interaction
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Accounting for impurity-fluid interactions

impurity-fluid 
interaction

kinetic energy

48



Accounting for impurity-fluid interactions

OL, Phys. Rev. A 89, 033619 (2014)
OL, Phys. Rev. A 91, 040101 (R) (2015)

rigorous bound:

valid for

fluid density
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McGuire model: polarons and anyons

Q = 0

Q = 0.8 kF

Q = kF

O. Gamayun, O. Lychkovskiy, M. Zvonarev
arXiv 1909.07358

Anyons:

:  bosons                               :  fermions

with

Patu, Korepin, Averin, 2008

similar effect in 2D:

Yakaboylu et al, arXiv1912.07890
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McGuire model: polarons and anyons

O. Gamayun, O. Lychkovskiy, M. Zvonarev
arXiv 1909.07358

anyons:

:  bosons                               :  fermions

with

Patu, Korepin, Averin, 2008

similar effect in 2D:

Yakaboylu et al, arXiv1912.07890

k Q

polaron
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Q = 0

Q = 0.8 kF

Q = kF


