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Open quantum systems

Quantum systems coupled to environements :
Exchange of energy⇒ heat transfer
Exchange of particles

Transport phenomena
Case of loss process

Zeno effect→ strongly correlated gases
F. Verstraete et al., Nature Physics 5, 633 (2009)
M. Roncaglia et al., Phys. Rev. Lett. 104, 096803 (2010)
N. Syassen et al., Science 320, 1329 (2008)

Effect of losses : still a lot to discover
Losses in a correlated system : a field at its begining
Here : slow losses in gases with contact interactions

“Long-lived nonthermal states realized by atom losses in one-dimensional quasicondensates” (2017)
“Cooling phonon modes of a Bose condensate with uniform few body losses” (2018)
“Cooling a Bose gas by three-body losses” (2018)
“Asymptotic temperature of a lossy condensate” (2020)
“The effect of atom losses on the distribution of rapidities in the one-dimensional Bose gas” (2020)
“Breakdown of Tan’s relation in lossy one-dimensional Bose gases” (2021)
“Losses in interacting quantum gases : Ultraviolet divergence and its regularization” (2021)
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Reservoir of vanishing correlation time : Lindblad equation

Homogeneous 1-body loss process
• System : density matrix ρ

Lindblad equation for homogeneous 1-body losses
Reservoir of correlation time� system’s dynamics time

dρ
dt

= −i[H, ρ] + Γ

ˆ
ddr
(
−1

2
{ψ+

r ψr, ρ}+ ψrρψ
+
r

)
Lindblad equation : used in all previous works in cold atoms domain

Universal behavior : single parameter Γ

trivial if uncorrelated system ρ =
∏

a ρa : dNa/dt = −ΓNa

If quantum correlations present between atoms?
⇒ Difficult problem

Interactions between atoms⇒ correlations
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Interactions between atoms : contact interaction

re � r �
√

mE/~
re

ψ ' solution of ∆ψ = 0
Potential⇒ boundary condition for r → 0

For re � r �
√

mE/~
ψ ∝ 1/r − 1/a (3D)
ψ ∝ ln(r/a) (2D)
ψ ∝ 1− r/a (1D)

Single parameter : scattering length a
Universal behavior
Pseudo-potential : V = δd(r)U

1/p4 momentum tail tail⇒ UV divergence of Ekin

For p2/m� E, |ψp|2 = m
Ld (Uψ)2

r=0
1
p4 = α

p4

Ekin ∝
´

ddp p2

2m |ψp|2⇒ Ekin =∞ for D > 1

compensated by diverging interaction energy (Etot finite)
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UV divergence of the energy deposited by a loss event

Lindblad : loss event instantaneous
⇒ |ψ〉 → |ψ′〉 = ψrloss |ψ〉 ⇒ ψ′(r2, r3, . . . ) ∝ ψ(r1 = rloss, r2, r3, . . . )

Singularity at loss event position :
⇒ momentum tails decreasing as 1/p4

⇒ Ekin =∞
No compensation by interaction term

x2xloss

Energy diverges in D > 1 after a loss event

UV catastrophe for Lindblad dynamics with contact interactions

dE/dt =∞

Regularisation
Finite interaction range

Finite correlation time of the reservoir⇒ finite energy width
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Reservoir of finite energy width Eres

Role of the contact

Contact C : quantifies the number of pairs in the system

Amplitude of 1/p4 momentum tails :C = limp→∞ p4n(p)

Energy increase rate

For large Eres, dE/dt = Γ0
C
mB with B ' √mEres (3D)

Case of a BEC : Bogoliubov calculation

Slow losses⇒ at any time, thermal equilibrium at temperature T(t)
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I. Bouchoule et al., arxiv (2021)
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K-body losses in a 1D Bose gas with Contact repulsive
interactions

Reservoir of large energy width : Lindblad equation

dρ
dt

= −i[H, ρ] + G
ˆ

dx
(
−1

2
{ψ+K

x ψK
x , ρ}+ ψK

x ρψ
+K
x

)

H =

ˆ
dx
(
−~2/(2m)ψ+

x ∂
2
xψx + (g/2)ψ+2

x ψ2
x
)

Integrable system : No relaxation towards thermal equilibrium
Keeping track of n and e not sufficient
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Rapidity distribution

Eigenstates of Lieb-Liniger :
ψ(x1 < x2 < · · · < xN) =

∑
σ aσei(kσ(1)x1+kσ(2)x2+···+kσ(N)xN)

k1, . . . , kN : rapidities

Rapidity distribution

k

ρ

δk

ρ(k)δk =
# rapidities in [k,k+δk]

L

Relaxation
System locally described by ρ(k)

Slow losses : At each time, system described by ρ(k, t)
effect of losses :

dρ(k)

dt
= −GnK−1F[ρ](k)
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Evolution of ρ(k)

Evolution of conserved quantities under Lindblad

Q =
´

dxq(x) d〈Q〉/dt = LG〈ψ+K
0 [Q, ψK

0 ]〉[ρ]

Observable Qk :
Qk|{λν}〉 =

∑
ν δσ(k − λν)|{λν}〉

1/L� σ � (dρ(k)/dk)/ρ(k)⇒ Lρ(k) ' 〈Qk〉

σ

k

δσ(k)

F[ρ](k) = −n1−K
∑
{λi}

p{λi}
∑
{µj}

|〈{µj}|ΨK(0)|{λi}〉|2(∑
j δσ(µj − k)−∑i δσ(λi − k)

)
Numerical calculation (J. Dubail) :

Double Markov chain
Form factors : L. Piroli and P. Calabrese (2015), B. Pozsgay
(2011)
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Exact results in the hard-core Bosons limit

Hard-core Bosons : Typical energy per atom fulfills : E � mg2/~2 .
〈ψ+KψK〉 = 0 if K > 1 : K = 1 only relevant

Mapping to fermions : Jordan-Wigner c(x) = (−1)N[0,x]Ψ(x)

Fermionic boundary
condition :
depends on N parity L

N even : antiperidoic

z3z2
z1

N odd : periodic

z4
Lz5

F[ρ](k) = ρ(k)−2π

(
ρ(k)2 −

(
1
π

 
ρ(λ)dλ
k − λ

)2
)

+
2n
π

 
ρ(k)− ρ(λ)

(k − λ)2 dλ
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Fonctional F[ρ] in the hard-core Bosons limit
SciPost Phys. 9, 044 (2020)

Figure 3: Left: rapidity distribution for the thermal state at T = 1.02n2 and g = 105n,
compared with the Fermi-Dirac distribution (black dashed line). Right: numerical
evaluation of the functional F[ρ](k) for K = 1, compared with the exact formula (14)
for the hard-core limit (black dashed line). The agreement is excellent and serves as
a further validation of the numerical method. The curve is obtained by summing over
104 independent pairs of Bethe states with N ' 30 particles. A Gaussian of width
σ = 0.12n is used to smoothen the rapidity distribution.

the gas is described by a position-dependent distribution of rapidities ρ(x , k), which evolves
according to

∂tρ + ∂x[v
effρ]− (∂x V )∂kρ = −GnK−1F[ρ](k), (16)

where the “effective velocity" veff is a functional of ρ defined in Refs. [59–61]. The nonzero
term on the right-hand side extends the Generalized Hydrodynamics equations [60–64] to
include atom losses; other types of integrability breaking situations have been studied recently
[41,65–69]. Solving equation (16) is a challenging numerical problem, because it requires the
calculation of F for many different rapidity distributions. It may be doable with the methods
we presented, using a large amount of parallelization. Analytical progress on the evaluation
of the sum (7)-(8) would also be desirable and could possibly lead to drastic reduction of the
computational time needed to evaluate F , thus facilitating a numerical solution of Eq. (16).
This would lead to important improvements in the theoretical modeling of out-of-equilibrium
cold atom experiments by GHD [70].

9 Conclusion

This work on the effect of losses in the one-dimensional Bose gas, an integrable system, calls for
extensions and further studies. We can extend immediatly the results of this paper to the case,
often relevant experimentally, where different loss processes occur at the same time. Then,
within our assumption of slow loss process, the right-hand side of Eq.(2) is simply the sum of
the contribution of each loss process. More involved further studies could explore different
directions.

First, in the hard-core regime, it is possible to show from Eq. (14) that F[ρ](k) generically
behaves as 1/k4 at large k. Thus, in sharp contrast with its thermal equilibrium distribution,
the gas typically develops 1/k4 tails in its rapidity distribution because of atom losses. This
stems from the short-range correlations between atoms in the Lieb-Liniger model: right after
a loss event, the many-body wavefunction presents a cusp at the position of the lost atom. We

11

Exact time integration : analytic solution for ρ(k, t)
losses⇒ ρ(k, t) non thermal
Numerical results in very good agreement with exact result

I.Bouchoule, Benjamin Doyon, Jerome Dubail, SciPost Phys. 9, 044 (2020)
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Breakdown of Tan’s relation

The Tan’s relation : a famous thermodynamic relation

Contact interactions : velocity distribution limk→∞ k4w(k) = cc

cc = m2g2n2g2(0)/(2π~)
z1zi

∂z1ψ)z+i
− ∂z1ψ)z−i

= gψ(z1 = zi, . . . )

Olshanii and Dunjko (Phys. Rev. Lett. 91, 090401 (2003).).

Generalized Tan’s relation for rapidity distribution with 1/k4 tails

lim
k→∞

k4w(k) = cc + cr, where cr = lim
k→∞

k4ρ(k)

z1

ψ

Initial growing of 1/k4 tails of ρ(k) :
dcr
dt = GnK+1K2g2g(K)(0)g(K+1)(0)

Conclusion : Tan’s relation most probably violated in 1D
I Bouchoule, J Dubail, Physical Review Letters 126 (16), 160603 (2021)
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Quasi-condensate : Bogoliubov description

Wavelength considered :� 1/n. Small density fluctuations

Bogoliubov Hamiltonian

Linearisation in δn(r) and θ(r)
Collective modes : Fourier modes. H = Cste +

∑
k Hk

Hk =
~ωk

2

(
1

2n0
fkδn2

k + 2n0f−1
k θ2

k

)
= ~ωk(a+

k ak + 1/2)

ωk = 2
√
~2k2/(2m)(~2k2/(2m) + 2gn), fk = ~ωk/(~2k2/(2m))

Effect of slow 1-body losses on Bogoliubov modes :
P. Grisins et al., Phys. Rev. A93, 033634 (2016)
Our work :

quantum trajectories calculation, K-body losses, trapped gases



D > 1 : UV divergence Losses in 1D Bose gas Failure of Tan’s relation Quansicondensate limit Experimental results

Effect of losses

Effect on density fluctuations and phase flluctuations

dδn = −K2GnK−1
0 δn dt︸ ︷︷ ︸

Cooling

+ dη︸︷︷︸
shot noise

heating

, 〈dη(r)dη(r′)〉 = K2GnK
0 δ(r− r′)dt

If lost atom number recorded : increase of knowledge on δN
⇒ 〈δN2〉 ↘⇒ 〈θ2〉 ↗

〈dθ(r)dθ(r′)〉 = K2

4 GnK−2
0 δ(r− r′)dt

Fourier representation

d
dt
〈δn2

k〉 = −2K2GnK−1
0 〈δn2

k〉+ K2GnK
0

d
dt
〈θ2

k〉 = K2GnK−2
0 /4
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Evolution of Bogoliubov modes

Mode population

d〈a+
k ak〉
dt

= K2GnK−1
(
−〈a+

k ak〉 − 1/2 + (fk + f−1
k )/4

)
Large p behavior : d〈a+

p ap〉/dt = K2GnK−1
(
−〈a+

p ap〉+ m2g2n2/p4
)

→ 1/p4 tails

Phononic limit ~2k2/m� gn = mc2, y = ~ωk〈a+
k ak〉/(mc2)

dy/dt = KGnK−1 (−y(K − 1/2) + K/2)

Stationnary value : y∞ = 1/(2− 1/K)

Asymptotic phonons temperature : kBT = mc2y∞
Calculation extended for non-homogeneous gases (effect of trap)

Calculation extended to take into account 3D effect at large n

I. Bouchoule et al. SciPost Phys. 5, 043 (2018)
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Experimental setup : realising and imaging 1D gases

•Magnetic confinement using atom-chip setup

NA=0.4

Probe beam

CCD camera

Chip mount

light sheet w0 = 100µm

Nat = 3− 10× 103

ωz = 8− 15 Hz

ω⊥ = 1.5− 3 kHz

µ ' T = 50− 100 nK

lc/ξ ' 10 : deep into quasi-BEC

√
2h = 9.0µm

A typical in-situ absoprtion image
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Thermometry in qBEC regime via density ripples analysis

Trapping potential suddenly turned off : interactions↘ 0
8 ms time of flight : θ(x)→ density fluctuations ( density ripples)

Single shot image
Statistical analysis on ' 50
images
⇒ extract power spectrum
〈|ρq|2〉

Fit to deduce temperature
Sensitive to phononic modes
⇒ phonons temperature
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Decay of atom number under 3-body loss process

Losses dominated by 3-body process

dn
dt

= −K3n3

0 1 2 3 4
t [s]

30

50

100

200

n
p

[µ
m
−

1
]

ω⊥/(2π) =1.6kHz

ω⊥/(2π) =2.3kHz

ω⊥/(2π) =3.1kHz

ω⊥/(2π) =4.7kHz

ω⊥/(2π) =9.3kHz
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Evolution of phonons temperature

Evolution of T/(mc2)

0 50 100 150 200 250
np [µm−1]

0.0

0.5

1.0

k
B
T
/(
m
c2 p

)

: y∞ = 0.6 for homogeneous gas
: y∞ = 0.70 for harmonic trap

Evolution in phase space

t̃ = ~2kBTn2/(m3c4)
γ̃ = m2c2/(~2n2)

10−4 10−3 10−2 10−1 100

γ̃

101

104

107

t̃ Y
Y

t̃Y Y γ̃ = 0.7

t̃Y Y γ̃
3/2 = 1

t̃Y Y γ̃
2 = 1

Tonks

Good agreement with theory

Initial state already close to asymptotic behavior
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1-body losses

Ingeneered 1-body losses

0.0 0.2 0.4 0.6 0.8 1.0
t [s]

2500

5000

10000

20000

N

(a)

Energy-insensitive
losses : noisy HF field
Large parameter range

explored :
ω⊥ = 1.5− 4kHz

Evolution of the phonons temperature

0.0 0.5 1.0 1.5 2.0 2.5
Γt

0.0

0.5

1.0

1.5

y
=
k
B
T
/(
m
c2 p

)

(a)

Good agreement with theory

Solve the open question raised by
former results (Rauer et al. , Phys.
Rev. Lett.116, 030402 (2016))
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Evidence for non-thermal states produced by losses

Profile and density ripples incompatible

Thermal profile at T deduced
from density ripples analysis

Profile and insistu density fluctuations incompatible
Insitu density thermometry : 〈δN2〉 = kBT

∆∂n/∂µ

0 50 100
N

0

100

200

〈 δ
N

2
〉

(a)

100 0 100
x/∆

0

50

100

N
(z

)

(b)

0 500 1000
t [ms]

0

50

100

150

200

T
 [n

K
]

(c) Profile T
Fluctuation T

A. Johnson et al., Phys Rev A 96, 013623 (2017)
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Conclusion

Results
UV divergence for Lindblad dynamics with contact interactions
in D > 1⇒ finite Eres and/or finite re

Lieb-Liniger gas : evolution of rapidity distribution, analytic
expression for har-core bosons

Peculiar state : failure of Tan’s relation

Observation of the asymptotic temperature of phonons

Prospects
Numerical effort requiered to compare to profile data
Link between Bogoliubov picture and ρ(k)

Bouchoule, et al., Phys Rev Lett (2023)

Effect of finite reservoir energy width in D > 1


	UV divergence in D>1 for 1-body losses
	Losses in 1D Bose gas: general results
	Evolution of the rapidity distribution
	Analytic result for hard-core bosons

	Failure of Tan's relation
	Quansicondensate limit
	Experimental results: asymptotic temperature of phonons

