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tuneable s-wave interactions using 
Feshbach resonances
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for any single resonance, 
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cf. classical fluid dynamics

Matter-wave fluid dynamics
Nonlinear Schrödinger equation with cubic nonlinearity (Gross-Pitaevskii Equation)
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Shaken, not stirred

 excite the system by oscillating 
spatially uniform force

N. Navon et al., Nature 539, 72 (2016)
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excitation amplitude,  Us (× ts)

Shaken interacting homogeneous Bose gases
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What happens in the absence of  interactions?

energy grows 
linearly with !ts

Christoph Eigen

nk = n0 k−γ,  γ ≈ 3.4

also at nonzero T 
In 2D: P. Christodoulou et al., Nature 594, 191 (2021) 

In 3D: T. A. Hilker et al., PRL 128, 223601 (2022) 

Trento, April 2024



Driven Particle in a box

39K in  at the  
zero crossing ( )
|1,1⟩ B = 350.4(1)G

a → 0

 cylindrical box ( µm and µm)L ≈ 50 R ≈ 15

can turn off interactions!
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Driven particle in a box

39K in  at the  
zero crossing ( )
|1,1⟩ B = 350.4(1)G

a → 0

 cylindrical box ( µm and µm)L ≈ 50 R ≈ 15

can turn off interactions!

ωK = (ε1 − ε0)/ℏ =
3ℏ
2m ( π

L )2 = 2π × 2Hz

lowest-lying axial excitation

extremely low ~100pK energy scale!

weak kick  Rabi oscillations→

Fs

Fs = (Us/L)cos(ωsts) ̂ez
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dynamics described by Schrödinger equation:
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Driven particle in a box
more violent excitation?

ωs/(2π)
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Driven particle in a box
violent excitation

energy fluctuates
 but average saturates!
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violent excitation

In Floquet basis 
energy level statistics show 
Wigner-Dyson distribution

signatures of chaos

L. E. Reichl & W. A. Lin, PRA 33, 3598 (1986)
W. A. Lin & L. E. Reichl, PRA 37, 3972 (1988)

W. A. Lin & L. E. Reichl, Physica D 19, 145 (1986)
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ts = 0s

OD
0 ≥ 3

F(ts)z
r

Fs = (Us/L)cos(ωsts) ̂ez

protocol

Shaking up a noninteracting 3D Bose gas

kz
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prepare BEC at  in 
trap of depth 

 violently shake axially 
( , )

a ≈ 0
UD/kB ≈ 90nK

Us/kB = 10.5 nK ωs/(2π) = 10 Hz

( )ℏωz ≪ Us ≪ UD

50 ms 
ToF

absorption
image
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✦ rapid excitation of axial modes

✦ energy gradually leaks into radial modes!

✦ center-of-mass (CoM) motion persists 
(reaches steady-state)
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violent drive + weak disorder
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N = 3.3(1) × 105

Tc ≈ 180 nK
E/kB ≈ 13 nK

If allowed to equilibrate, 
condensed fraction 

≈ 75 %

highly nonthermal distribution!
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(t̃βkr, t0)

n k
r(t
s/
t 0
)-

α
(µ
m
2 )

kr (ts/t0)β (µm-1)

particle-
conserving UV 
transport with

α = − 0.45(2)
β = − 0.23(1)

t0 = 3s

 , ,  UD/kB ≈ 90nK Us/kB = 7.0 nK ωs/(2π) = 10 Hz

0.3 3 30
3

10

30

ts (s)

E r
/k
B
(n
K
)

E r
/k
B
(n
K
)
N

(1
04
)

Er ∝ tη
s , η = 0.46(2)

scaling function
,

with 
fcg = A0 exp[ − (k/k0)κ]

κ = 3.0(2)

0.1 0.3 1 3
10-3
10-2
10-1
1

kr (ts/t0)β (µm-1)

n k
r(t
s/
t 0
)-

α
(µ
m
2 )

sim.

exp.

behavior reproduced with Schrödinger equation simulations with speckle disorder 

dynamic scaling?

✦ power-law energy 
growth 

✦  saturates when 
loss occurs

E

Trento, April 2024G. Martirosyan et al., PRL 132, 113401 (2024)



Christoph Eigen

vary disorder ( ) and drive ( )Γd ∝ U2
D Us

α = − 0.48(4)
β = − 0.24(2)

in the dynamics of a noninteracting box-trapped Bose gas driven far from equilibrium
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weak disorder limit:
, with E ∝ tη η = 1/2

,
with 

nk ∝ exp[ − (k/k0)κ3D]
κ3D = 4

 
corresponds to

κ3D = 4

κ ≈ 3Gaussian in energy-space!

nk ∝ exp[ − (E/E0)2]
reflecting boundary at , so  grows!E = 0 E

Semi-classical model

Trento, April 2024



in general:
, with E ∝ tη

η ∈ {0.5 − 0.4}

Y. Zhang et al., C. R. Phys. 24 [online first] (2023)
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drift-diffusion equation
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d
dt

⟨E2⟩ = rE2
c

step size:
 Ec = ℏ2k2

c /(2m)
with 

nk ∝ exp[ − (k/k0)κ3D]
κ3D ∈ {4 − 5}

random walk in energy-space

Semi-classical model

 
corresponds to

κ3D = 4

κ ≈ 3
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Crossover to wave-turbulent behavior
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( , , )Us/kB ≈ 7.0 nK ωs/(2π) = 10 Hz ts = 1 s

vary initial interaction strength a
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Crossover to wave-turbulent behavior

Upd
ate

 excite cloud 
( , , )Us/kB ≈ 7.0 nK ωs/(2π) = 10 Hz ts = 1 s

vary initial interaction strength a

✦  

✦  

N. Navon et al., Nature 539, 72 (2016)
N. Navon et al., Science 366, 382 (2019)
L. H. Dogra et al., Nature 620, 521 (2023)

fp = n0 k−γ+1
for weak-wave turbulence
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coarsening dynamics
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can vary initial N, E, kD, ⋯

S. Erne et al., Nature 563, 225 (2018)
M. Prüfer et al., Nature 563, 217 (2018)

see also

J. A. P. Glidden et al., Nat. Phys. 17, 457 (2021)
S. Huh et al., Nat. Phys. 20, 402 (2024)
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Talk outline

1. Subdiffusive dynamic scaling in a driven disordered Bose gas

2. Bose polarons in box

Christoph Eigen

G. Martirosyan et al. PRL 132, 113401 (2024)

Y. Zhang et al. C. R. Phys. 24 [online first] (2023)

J. Etrych et al. arXiv:2402.14816 (2024)
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mean-field theories…
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mean-field theories…
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widespread concept relevant 
in many materials!

relevant for hybrid quantum 
simulation platforms:

e.g. coolants, …

e.g. Kondo effect, colossal 
magnetoresistance



fundamental problem in physics

Christoph Eigen

in ultracold atoms
impurities immersed

 in a Fermi gas 

Impurities in a quantum bath

Paris, Innsbruck, MIT, Cambridge, 
JILA, Aarhus,…

Some highlights:

Fermi polaron

 Schirotzek et al., PRL 102, 230402 (2009)

 Nascimbène et al., PRL 103, 170402 (2009)

 Koschorreck et al., Nature 485, 619 (2012)

 Cetina et al., Science 354, 96 (2016)

 Kohstall et al., Nature 485, 615 (2012)

 Scazza et al., PRL 118, 083602 (2017)

 Ness et al., PRX 10, 041019 (2020)

 Baroni et al., Nat. Phys 20, 68 (2024)

 Vivanco et al., arXiv:2308.05746

impurities immersed
 in a BEC

Bose polaron

Other related systems: 
Rydberg impurities, monolayer 

semiconductors, lattice polarons, etc…
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some aspects understood,   
but questions remain…

harmonic trap 
an issue…

many rich theories…
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Bose polarons in a homogeneous BEC

another spin state 
mobile equal-mass impurities 

|1⟩
rf

|2⟩
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rich Feshbach resonance landscape 
for tuning intra- and inter-state 

interactions…

3 interactions strengths
 a, aB, aI
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Bose polarons in a homogeneous BEC

rich Feshbach resonance landscape 
for tuning intra- and inter-state 

interactions…

|1⟩
rf

|2⟩

Christoph Eigen

3 interactions strengths
 a, aB, aI

levitate two spin states 
against gravity?

A. L. Gaunt et al., PRL 110, 200406 (2013)

L

C. Eigen et al., PRX 6, 041058 (2016)

review: N. Navon et al., 
Nat. Phys. 17, 1334 

(2021)

optical box

ultracold  

Bose gas in a box

39K

homogeneous density n

momentum: 
 energy: 

time: 

kn = (6π2n)1/3

En = ℏ2k2
n /(2m)

tn = ℏ/En

another spin state 
mobile equal-mass impurities 
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Pinpointing Feshbach resonances in 39K

d) Tanzi et al., PRA 98, 062712 (2018) - used for previous 39K polarons

Intrastate

a) Fattori et al., PRL 101, 190405 (2008) b) D’Errico et al., NJP 9, 223 (2007)
c) Chapurin et al., PRL 123, 233402 (2019)

Interstate

J. Etrych et al., PRR 5, 013174 (2023)

a(B) = abg(1 −
Δ

B − Bres )

recent precision measurements of few-body physics!

s-wave interaction strength

Trento, April 2024

also explored
Efimov 

universalities
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aB ≈ 50a0
aI ≈ − 65a0  

aB ≈ 18a0
aI ≈ − 64a0

526.16(3)G
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d) Tanzi et al., PRA 98, 062712 (2018) - used for previous 39K polarons

Interstate

recent precision measurements of few-body physics!

445.42(3)G 
homogeneous Bose mixtures?

moments differ by 3% moments differ by 0.3%
Trento, April 2024

Intrastate

Pinpointing Feshbach resonances in 39K
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Injection (indirect) spectroscopy

 Hu et al., PRL 117, 055301 (2016)
 Jørgensen et al., PRL 117, 055302 (2016)
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Injection (indirect) spectroscopy Ramsey-type many-body interferometry

 Hu et al., PRL 117, 055301 (2016)
 Jørgensen et al., PRL 117, 055302 (2016)

Experimental probes
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weak, long pulses: 
access to spectral function 

measure fractional atom loss   
following a quench to  and hold time

A(ω)

ΔN/N
Bres

Trento, April 2024

following Cetina et al. Science 354, 96 (2016) 
see also Skou et al. Nat. Phys. 17, 731 (2021)



probes coherence C(t) = ⟨ψ(t) |ψ(0)⟩
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Injection (indirect) spectroscopy Ramsey-type many-body interferometry

 Hu et al., PRL 117, 055301 (2016)
 Jørgensen et al., PRL 117, 055302 (2016)

Experimental probes

following Cetina et al. Science 354, 96 (2016) 
see also Skou et al. Nat. Phys. 17, 731 (2021)
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response of system 
following a spin/

interaction quench

weak, long pulses: 
access to spectral function 

measure fractional atom loss   
following a quench to  and hold time

A(ω)

ΔN/N
Bres

Trento, April 2024



Weakly interacting regime
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density calibration

Ep = 4πℏ2an/m = gn
in the weakly interacting limit:

narrow!
little technical 

broadening
(  pulse, 
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1600 μs

< 10 % transfer

,  | ⟩ = | ⟩ | ⟩ = | ⟩1,-1 1,0↑ ↓
Bres = 526.2 G

Trento, April 2024J. Etrych et al., arXiv:2402.14816 (2024)



-8 0 8
0

0

0

0

0

0

0.3

0.3

0.3

0.3

0.3

0.3

/(2 ) (kHz) δ π

n (μm−
 

3) 

-2 -1 0 1 20

1

2

-2

-1

0

1

2

E p
 /(

2
) (

kH
z)

π ℏ

5 2010 15

−900

−550

−210

190

570

980
Sp

ec
tra

l r
es

po
ns

e,
 

N
/N

Δ

gn /(2 ) (kHz)πℏ

/(2
) (

kH
z)

 
Γ

π

/ 0a a

Weakly interacting regime

Christoph Eigen

-8 0 8
0

0

0

0

0

0

0.3

0.3

0.3

0.3

0.3

0.3

/(2 ) (kHz) δ π

n (μm−
 

3) 

-2 -1 0 1 20

1

2

-2

-1

0

1

2

E p
 /(

2
) (

kH
z)

π ℏ

5 2010 15

−900

−550

−210

190

570

980

Sp
ec

tra
l r

es
po

ns
e,

 
N

/N
Δ

gn /(2 ) (kHz)πℏ

/(2
) (

kH
z)

 
Γ

π

/ 0a a

-8 0 8
0

0

0

0

0

0

0.3

0.3

0.3

0.3

0.3

0.3

/(2 ) (kHz) δ π

n (μm−
 

3) 

-2 -1 0 1 20

1

2

-2

-1

0

1

2

E p
 /(

2
) (

kH
z)

π ℏ

5 2010 15

−900

−550

−210

190

570

980

Sp
ec

tra
l r

es
po

ns
e,

 
N

/N
Δ

gn /(2 ) (kHz)πℏ

/(2
) (

kH
z)

 
Γ

π

/ 0a a

-8 0 8
0

0

0

0

0

0

0.3

0.3

0.3

0.3

0.3

0.3

/(2 ) (kHz) δ π

n (μm−
 

3) 

-2 -1 0 1 20

1

2

-2

-1

0

1

2

E p
 /(

2
) (

kH
z)

π ℏ

5 2010 15

−900

−550

−210

190

570

980
Sp

ec
tra

l r
es

po
ns

e,
 

N
/N

Δ

gn /(2 ) (kHz)πℏ

/(2
) (

kH
z)

 
Γ

π

/ 0a a

unexpected width

Ep = 4πℏ2an/m = gn
in the weakly interacting limit:

narrow!
little technical 

broadening
(  pulse, 

)
1600 μs

< 10 % transfer

,  | ⟩ = | ⟩ | ⟩ = | ⟩1,-1 1,0↑ ↓
Bres = 526.2 G

Trento, April 2024J. Etrych et al., arXiv:2402.14816 (2024)



Weakly interacting regime

Christoph Eigen

-8 0 8
0

0

0

0

0

0

0.3

0.3

0.3

0.3

0.3

0.3

/(2 ) (kHz) δ π

n (μm−
 

3) 

-2 -1 0 1 20

1

2

-2

-1

0

1

2

E p
 /(

2
) (

kH
z)

π ℏ

5 2010 15

−900

−550

−210

190

570

980

Sp
ec

tra
l r

es
po

ns
e,

 
N

/N
Δ

gn /(2 ) (kHz)πℏ

/(2
) (

kH
z)

 
Γ

π

/ 0a a

narrow!
little technical 

broadening
(  pulse, 

)
1600 μs

< 10 % transfer

,  | ⟩ = | ⟩ | ⟩ = | ⟩1,-1 1,0↑ ↓
Bres = 526.2 G

Trento, April 2024

unexpected width

Ep = 4πℏ2an/m = gn
in the weakly interacting limit:

iℏ
dψ
dt

= −
ℏ2

2m
∇2ψ + gi |ψ |2 ψ + gnbath(r)ψ

broadening due to dynamics of impurities 

dynamical finite-size effect, 
quench physics!

J. Etrych et al., arXiv:2402.14816 (2024)
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asymmetric bimodal 
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Injection spectrum 
I(δ) ∝ ΔN/N

En = ℏ2k2
n /(2m) ≈ 10 kHz

kn = (6π2n)1/3 ≈ 9 μm−1
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Ω/(2π) = 0.6 kHz

,  | ⟩ = | ⟩ | ⟩ = | ⟩1,-1 1,0↑ ↓
Bres = 526.2 G

b/
0

a
a

/
0

a
a

N
/N

Δ

0

B−B res (G)

/E
n

ℏ δ
B res (G)

445.4 526.2

Detuning, /(2π) (kHz)δ

0

60

0

−104

104

1 (kn )/ a

−4
−1

4

0 1

I ( )En /δ ℏ
↑↓

↑↑
Update

−3900
/ 0a a

+2200
/ 0a a

0 1.50.5 1.0

| ⟩

| ⟩
rf

↑

↓ ℏδ

0

0.3

-30 0 30 -30 0 30

-4 0 4

attractive repulsive

Trento, April 2024



b/
0

a
a

/
0

a
a

N
/N

Δ

0

B−B res (G)

/E
n

ℏ δ

B res (G)
445.4 526.2

Detuning, /(2π) (kHz)δ

0

60

0

−104

104

1 (kn )/ a

−4
−1

4

0 1

I ( )En /δ ℏ
↑↓

↑↑
Update

−3900
/ 0a a

+2200
/ 0a a

0 1.50.5 1.0

| ⟩

| ⟩
rf

↑

↓ ℏδ

0

0.3

-30 0 30 -30 0 30

-4 0 4

Bose polaron injection spectrum

simple theories 
(no free parameters!)

modern theories: 
Tempere, Bruun, Massignan, Enss, 
Schmidt, Demler, Grusdt, Gurarie, 

Giorgini, Parish, Levinsen, 
Lewenstein, Devreese, Naidon, 

Schmelcher, Busch, …

Christoph Eigen

Feshbach dimer

mean-field

single-phonon ansatz/ 
 T-matrix

Rath et al., PRA 88, 053632 (2013)

En = ℏ2k2
n /(2m) ≈ 10 kHz

kn = (6π2n)1/3 ≈ 9 μm−1

 sq rf pulse200 μs

fixed n ≈ 12 μm−3

Ω/(2π) = 0.6 kHz
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Real-time dynamics
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Ramsey-like many-body interferometry

coherence function
 C(t) = |C(t) |exp[iφc(t)]

defined so that
 C(0) = 1

Trento, April 2024J. Etrych et al., arXiv:2402.14816 (2024)
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Real-time dynamics
Ramsey-like many-body interferometry

coherence function
 C(t) = |C(t) |exp[iφc(t)]

dynamics faster 
for larger |a |

rich dynamics
(beats)

Trento, April 2024J. Etrych et al., arXiv:2402.14816 (2024)
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accounting for 
Fourier broadening 

of spectra

Fourier transform of C(t)

lines
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Conclusion & Outlook

Christoph Eigen

Energy-space random walk

✦ bipolarons?

✦ effective mass?

✦ fate of polarons at 
finite temperature

✦ dynamic phase diagram?

✦ stronger disorder 
(localization)

✦ useful far-from-eq. state!

 Bose polarons
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