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box-trapped Bose gases

far-from-equilibrium dynamics Bose polarons
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Why ultracold atoms?

temperature scale (logarithmic)

ultracold atom dilution outer warm place sun’s
experiments refrigerator space on earth center

10

T (K)
atoms ~ 100 km/s
move at
Cambridge
to Trento
in~10s
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atoms
move at

temperature scale (logarithmic)

ultracold atom dilution outer warm place
experiments refrigerator space on earth

Why ultracold atoms?

sun’s
center

4

\_

coherent macroscopic quantum objects

~

(Bose-Einstein condensate / degenerate Fermi gases)

|

|
10°

~ 100 km/s

T (K)

Cambridge
to Trento
in~10s

_/

[ real-time dynamics ][ highly controllable ]

macroscopic
quantum system
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Experimental platform

ultracold *’K
Bose gas in a box

review: N. Navon et al.,
Nat. Phys. 17, 1334
(2021)

optical box
A. L. Gaunt et al., PRL 110, 200406 (2013)
C. Eigen et al., PRX 6, 041058 (2016)
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Experimental platform

three relevant length scales

ultracold K
Bose gas in a box \Z%\

%

% interparticle n 13
/&(% spacing (e

.

review: N. Navon et al.,
Nat. Phys. 17, 1334
(2021)

thermal A,OC INT
wavelength -l
optical box S-wave (Q)
C. Eigen et al., PRX 6, 041058 (2016)
small print:

the 3-body length scale Ro (set by Efimov physics) is
another potentially relevant length scale,
as well as the finite box size L
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Experimental platform

> tuneable s-wave interactions using
Feshbach resonances

rich landscapes in 3°K

ultracold %

Bose gas in a

review: N. Navon et al.,
Nat. Phys. 17, 1334
(2021)

optical box
A. L. Gaunt et al., PRL 110, 200406 (2013)
C. Eigen et al., PRX 6, 041058 (2016)
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review: N. Navon et al.,

Nat. Phys. 17,
(2021)

Christoph Eigen

Experimental platform

uItracoId.
Bose gas in a box

1334

optical box
A. L. Gaunt et al., PRL 110, 200406 (2013)
C. Eigen et al., PRX 6, 041058 (2016)

--------------------- > tuneable s-wave interactions using

Feshbach resonances

for any single resonance,

full control!

200l unitary regime
5 - 100 (at Bres) a — O
B oo
s & S 0
L Y can also turn off
8 5 S _100}
c v interactions!
= 200} '

(a=0)

300 200 500
magnetic field (G)

( many-body )

(is one good resonance enough?]
Trento, April 2024




Experimental platform

............................................. > tuneable S-Wa_ve interactions using
uItracoId Feshbach resonances
Bose gas in a box rich landscapes in 39K

review: N. Navon et al.,
Nat. Phys. 17, 1334
(2021)

( many-body )

+ spin-state-based
interaction switches

optical box i1, dno / \

atom matters!
(not just m...)

A1y, Ao, dpp \ /

A. L. Gaunt et al., PRL 110, 200406 (2013) 4 quantum mixtures
C. Eigen et al., PRX 6, 041058 (2016)

polarons droplets

‘...
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review: N. Navon et al.,

Nat. Phys. 17,
(2021)
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Experimental platform

1334

optical box
A. L. Gaunt et al., PRL 110, 200406 (2013)
C. Eigen et al., PRX 6, 041058 (2016)

> tuneable s-wave interactions using

Feshbach resonances
rich landscapes in 3°K

( many-body )

+ spin-state-based
interaction switches

11, dyp

+ quantum mixtures
di1, dpp, dpp

polarons droplets
+...

( few-body )

+ Efimov physics

Efimov trimers

quantum mechanical analogue

of Borromean rings

Trento, April 2024



How does it look in practice?

Christoph Eigen Trento, April 2024



How does it look in practice?
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How does it look in practice?

L %‘SOum

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

(2021)
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Talk outline

|. Subdiffusive dynamic scaling in a driven disordered Bose gas

G. Martirosyan et al. PRL 132, 113401 (2024)
Y. Zhang et al. C. R. Phys. 24 [online first] (2023)

2. Bose polarons in box
J. Etrych et al. arXiv:2402.14816 (2024)
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Talk outline

|. Subdiffusive dynamic scaling in a driven disordered Bose gas

G. Martirosyan et al. PRL 132, 113401 (2024)
Y. Zhang et al. C. R. Phys. 24 [online first] (2023)
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Matter-wave fluid dynamics

Nonlinear Schrodinger equation with cubic nonlinearity (Gross-Pitaevskii Equation)

U (r, 1 2
im0 ):( "

ot
<Abrikosov Iattices>

V2 V() + g\@(r,tw) ¥ (x, )

transport > < Breathers >

solitons > | — e
v|*|A v]
turbulence > =

2m

(Z_wﬁ) dcy

HT= 0 008 024 o047 ©
R. Saint-Jalm et al., PRX 9, 021035 (2019)

< Wave collapse >

YN

—h

C

. classical fluid dynamics
J. R. Abo-Shaeer et al., Science 292, 476 (2001) i

< Bose fireworks >

L. W. Clark et al., Nature 551, 356 (2017)
Christoph Eigen
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Shaken, not stirred

excite the system by oscillating

39
ultracold K spatially uniform force

Bose gas in a box . n
F, = (U,/L)sin(wt,)e,
review: N. Navon et al., :
Nat. Phys. 17, 1334
(2021)
Force
optical box

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

C. Eigen et al., PRX 6, 041058 (2016)
N. Navon et al., Nature 539, 72 (2016)
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Shaken interacting homogeneous Bose gases

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)

Bogoliubov sound waves

single-particle excitations — sound waves
S. Garratt et al., PRA 99, 021601(R) (2019)

R R EEEEEEEEEE=E——————————————————.=
excitation amplitude, U, (X f,)

Christoph Eigen Trento, April 2024



Shaken interacting homogeneous Bose gases

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)

Bogoliubov sound waves Route to turbulence

E\ continuum |

first-step: W theory collab.

many-body JN W. Zheng,

decay N. R. Cooper

 goundstte
single-particle excitations — sound waves J. Zhang et al., PRL 126, 060402 (2021)
S. Garratt et al.,, PRA 99, 021601(R) (2019) also in 2D

M. Gatka et al., PRL 129, 190402 (2022)
—_—_—m -

excitation amplitude, U, (X f,)
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Shaken interacting homogeneous Bose gases

also at nonzero T
In 2D: P. Christodoulou et al., Nature 594, 191 (2021) ener’gy gl"OWS
In 3D: T. A. Hilker et al., PRL 128, 223601 (2022) .
g*
Route to turbulence

| linearly with z_!
Bogoliubov sound waves

Wave Turbulence

10°
. E . continuum — 1L '0..."
first-step: ¥ theory collab. & 132
many-body JN W. Zheng, < 109 K,
decay N. R. Cooper 104l t’kx
T eroumaistate ) 0-5 ) n,=nyk™, yx 34
i -parti itati J. Zhang et al., PRL 126, 060402 (2021
single-particle excitations — sound waves 9 | ( ) N. Navon et al., Nature 539, 72 (2016)
S. Garratt et al., PRA 99, 021601(R) (2019) also in 2D N. Navon et al., Science 366, 382 (2019)
M. Gatka et al., PRL 129, 190402 (2022) L. H. Dogra et al., Nature 620, 521 (2023)

excitation amplitude, U, (X f,)
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Shaken interacting homogeneous Bose gases

also at nonzero T
In 2D: P. Christodoulou et al., Nature 594, 191 (2021) eNergy grows
In 3D: T. A. Hilker et al., PRL 128, 223601 (2022) . . '
| linearly with !
Bogoliubov sound waves Route to turbulence Wave Turbulence
o | 10°FT <
. R continuum o;_\ 1 °< .oooc.." ~
first-step: o theory collab. % 132
many-body JN W. Zheng, < 109 K,
decay N. R. Cooper | L
 oroundstae 05 1 _
single-particle excitations — sound waves J. Zhang et al., PRL 126, 060402 (2021) N. Navon et al., Nature 539, 72 (2016)
S. Garratt et al., PRA 99, 021601(R) (2019) aISO |n 2D N. Navon et al., Science 366, 382 (2019)
M. Gatka et al., PRL 129, 190402 (2022) L. H. Dogra et al., Nature 620, 521 (2023)

excitation amplitude, U, (X f,)

& A
What happens in the absence of interactions?
\_ J
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Particle in a box

can turn off interactions!

3K in | 1,1) at the B = 350.4(1)G

zero crossing (a — 0)

cylindrical box (L =~ 50um and R &~ 15um)
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Driven particle in a box

can turn off interactions!

3K in | 1,1) at the B = 350.4(1)G

zero crossing (a — 0)

F, = (U/L)cos(wgt,)e,

cylindrical box (L ~ 50um and R &~ 15um)

lowest-lying axial excitation
3n (my,
( ) = 2n X 2Hz

i ‘/F;
L
l dtqﬂ e 2m A

extremely low ~100pK energy scale!

wx = (&1~ &)/ = dynamics described by Schrodinger equation:

2m

Christoph Eigen Trento, April 2024



Driven particle in a box

can turn off interactions! . -
more violent excitation!?

¥K in | 1,1) at the B = 350.4(1)G U -

zero crossing (a — 0)

1 w/Q2nr)
<

cylindrical box (L =~ 50um and R &~ 15um)

lowest-lying axial excitation

3n (my,
Wi = (&1 — €/ h = ( > = 2n X 2Hz

2m \ L dynamics described by Schrodinger equation:
: . ., 0 h?
weak kick — Rabi oscillations lha—qp(r, f) = ; V2 4+ V(r, )| o, )
[ m

extremely low ~100pK energy scale!

Christoph Eigen Trento, April 2024



Driven particle in a box

< violent excitation >

Up-

w./(2r)
<>

energy fluctuates
but average saturates!

%‘ 3-OOW”VWWW\ o./(27) = 10Hz
— 3.00F —
& 90 o.gofJ ] 1 L=50um
v 0.03 | -
< 0.03F 0 005 010 1 U./ky = 10.5nK
0 2.5 5
ts ()

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



/momentu m\

distribution

@'eads up tokj

Christoph Eigen

e (L) | |
; | - ~ 3.00
~ 3 2 WWWWM
............................................ = oo
iaj: Op v/ 3 3 030 O.3OfJ -
yQN ............................................ \1\2 003 | |
_3l - = 0.03F 0 0.05 0.10
0 0.5 1 0 2.5
. (S) NS

Driven particle in a box

Up-

w./(2r)

>

energy fluctuates
but average saturate

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

< violent excitation >

>

w./(2r) = 10Hz
L =50um

Trento, April 2024



Driven particle in a box

< signatures of chaos > < violent excitation >

In Floquet basis e Up- ] ' ]
energy level statistics show ﬁ// \ w./(2r)
Wigner-Dyson distribution = 2 \ —>
W. A. Lin & L. E. Reichl, Physica D 19, 145 (1986) 7 \ .
L. E. Reichl & W. A. Lin, PRA 33, 3598 (1986) 7
W. A. Lin & L. E. Reichl, PRA 37, 3972 (1988) ¥ K
A
energy fluctuates
but average saturates!
0 2 4 6 i
' e (M) | |
/ \ ~ 3r - @) 3'OOW‘AVWM w,/(27) = 10 Hz
momentum | | e veak R A A Tk L W v s s 5 3 00F | ]
. . . E 0.30F ' - _
distribution 3 Of 3 e 0.30} : L=50um
S reads up to k vQN ............................................ \1\2 0.03 | -
Q P j L _ <003 o o005 o0 1 Utk = 10.5nK
0 0.5 1 0 2.5 S
1. (S) 1. (S)

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



Shaking up a noninteracting 3D Bose gas

. = (U/L)cos(wgt,)e,
ab%orPtlon _). F(z) 0 ms
image . ToF
| ) >
protocol

In

O0nK

prepare BEC at a
trap of depth Up/ky

n

n/
n
ny/

violently shake axially

(U,kg = 10.5nK, o,/(27) = 10 Hz)

(ho, < U, < Up)

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



Shaking up a noninteracting 3D Bose gas

violent drive

. = (U/L)cos(wgt,)e,
ab%orPtlon _). F(z) 50 ms
image . ToF
| ) T > 3
protocol

| rapid excitation of axial modes
prepare BEC at a ~ 0 in

trap of depth Up/ky =~ 90nK

violently shake axially

(U,kg = 10.5nK, o,/(27) = 10 Hz)

(ho, < U, < Up)

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



Shaking up a noninteracting 3D Bose gas

violent drive + weak disorder

s = (Us/L)cos(agty)e, nearly isotropic!
g 0.3
absorption =
>OrP > F(t) = 02
Image z T« 0.1
IS
| o2 0 2 4
~1
oz (HM™)
protocol

| rapid excitation of axial modes
prepare BEC at a ~ 0 in

trap of depth Up/kg ~ 90nK ergy gradually leaks into radial modes!

violently shake axially enter-of-mass (CoM) motion persists
(Uslkg = 10.5nK, o/ (27) = 10 Hz) (reaches steady-state)

(ho, < U, < Up)

Christoph Eigen . Martirosyan et al., PRL 132, 113401 (2024 Trento, April 2024



Shaking up a noninteracting 3D Bose gas

violent drive + weak disorder

s = (U/L)cos(ae, nearly isotropic!
: g 03— & 3s
ab%OI‘Ptlon _). F(ts) /Q:/ 02k
IMmage . — . O.1F -
IS
| R S 21 4
\ vz (MM
protocol z
rapid excitation of axial modes :
prepare BEC at a ~ 0 in P — - - drive
trap of depth Up/kg ~ 90nK + energy gradually leaks into radial modes! S C
. . \ .
violently shake axially center-of-mass (CoM) motion persists disorder
(Uslkg = 10.5nK, o,/ (27) = 10 Hz) (reaches steady-state) .
>

(ho, < U, < Up)

Christoph Eigen G. Martirosyan et al., PRL 132, 113401 (2024 rento, April 2024



Shaking up a noninteracting 3D Bose gas

violent drive + weak disorder

= (U,/L)cos(wyt,)e,

S

ab§orptlon - . F(z)
image .

look down tube to isolate
spreading dynamics

Christoph Eigen G. Martirosyan et al., PRL 132, 113401 (2024

— drive
~
~N

\

C

disorder

Trento, April 2024



New far-from-equilibrium state?

highly nonthermal distribution!

F, = (U/L)cos(wgt)e,

very low energy,

no BEC!
If allowed to equilibrate,
—— data condensed fraction
Bose (same E) ~ 75 %
0.1 0.3 1 3
N = 3.3(1) x 10° ky (um')
1. ~ 180nkK
Elkg =~ 13nK Jzﬂkrﬁkrdkr — 1
a=~0

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



Subdiffusive dynamic scaling

in the dynamics of a noninteracting Bose gas driven far from equilibrium

UD/kB ~ 9OHK, US/kB — 70 IlK, a)s/(ZJZ') — 10 HZ

E « !, n=0.46(2)

|
...m o

— DN
S

e
SO O

E,/kg (nK) N (10%

o
|
]

3
ts ()

+ power-law energy
growth

+ [ saturates when
loss occurs

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



Subdiffusive dynamic scaling

in the dynamics of a noninteracting Bose gas driven far from equilibrium

UD/kB ~ 9OHK, US/kB — 70 IlK, a)s/(ZJZ') — 10 HZ

2rkiidk = 1
E xt!,n=0.46(2) [ k
q'o 20T.!.......ml '....I.._. l'l LS . ! ! '
= 10
= 0
—~ 30
N
A=)

7 10
-
X
R

3 30 0.1 0.3 1 3
Ls (3) ky (um™)
+ power-law energy
growth

dynamic scaling?

+ [ saturates when
loss occurs

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



Subdiffusive dynamic scaling

in the dynamics of a noninteracting Bose gas driven far from equilibrium

UD/kB ~ 9OHK, US/kB — 7() IlK, a)s/(ZJZ') — 10 HZ

[anﬁkdk =1

E « !, n=0.46(2)

ié ?gz.f.....“@ s - | | I particle-
> 0 _ ~ _ conserving UV
%) 30 transport with
-
= 10 i i a = —0.45(2)
=
5 3 _ _ p=—0.23(1)
3 30 0.1 0.3 1 3 0.1 0.3 i 3 e {l.1—-14.4}s
s (8) kr (um™") ky (t5/t0)° (m™") 0 = 3s
+ power-law energy
rowth . : ~ Ax (7
5 dynamic scaling? 7 (k. 1) = t“nkr(tﬁk,,, t)
+ L saturates when [ = 1,/1
loss occurs

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



Subdiffusive dynamic scaling

in the dynamics of a noninteracting Bose gas driven far from equilibrium

UD/kB ~ 9OHK, US/kB — 7() IlK, a)s/(ZJZ') — 10 HZ

[anﬁkdk =1

E « !, n=0.46(2)

ié ?82.!,....,009 R | L particle-
> 0 conserving UV
o _ transport with
-
= 10 i a = —0.45(2)
-
% B =—0.23(1)
3 . | i
3 30 0.1 0.3 1 3 0.1 0.3 1 3 e {l.1—-14.4}s
's (8) kr (um™") kr (t5/10)° (um™") 3
0 = 38
+ power-law energy
rowth , , - i (7
5 dynamic scaling? 7 (k. 1) = t“nkr(tﬁk,,, f) scaling function
+ E saturates when t = 1,/ Jeg = Apexpl — (k/ky)"],
loss occurs with k = 3.0(2)

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



E « !, n=0.46(2)

L 20f e - 0-0000 R
= 10}
= 0
—~ 30
N
A=)
7 10
-
X
Q
3
3 30
ts (8)
+ power-law energy
growth

+ [ saturates when
loss occurs

Christoph Eigen

Subdiffusive dynamic scaling

behavior reproduced with Schrodinger equation simulations with speckle disorder

UD/kB ~ 9OHK, US/kB — 7() IlK, a)s/(ZJZ') — 10 HZ

[anﬁkdk =1

exp. particle-
conserving UV
transport with

Slm _ C{=—O45(2)
01 03 1 3 | i p==023)
0.1 0.3 1 3 0.1 0.3 1 3 e {l.1—-14.4}s
kr (m™) kr (ts/to)’ (m™) o = 3s

dynamic scaling? 7 (k. 1) = f“ﬁkr(fﬁkr, t)
[ =1/t

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

scaling function

feg = Agexpl — (k/ko)"],
with k = 3.0(2)

Trento, April 2024



Robustness of dynamic scaling

in the dynamics of a noninteracting box-trapped Bose gas driven far from equilibrium

collapsed curves

vary disorder (I § UIz)) and drive (U) 1E —~ - —
c\’g hN faster for
U 2 10! i larger U, and I 4
. Ulky o/Qn)  t kK —a —p =

) @K) (Hz)  (s) s
— 25 35 10  {5.0-10} 2.7 051 0.26 ~ 102 _ .
— 25 105 10 {1.5-40} 27 047 025 = robust behavior
| 8.0 3.5 10 {2.0-25y 29 047 024 = consistent with
— 80 70 10 {1.1-14} 3.0 045 023 1077k, - - W -
— 80 105 10 {0.96-9.61 2.9 045 0.23 0.1 0.3 1 3 a = —0.43(4)
— 150 105 10 {0.6-45' 3.0 047 024 (ts/to) k, (um™) 5= —024(2)

Kk =2.902)

ﬁxed t() — 3 S

calibrate disorder potential to be ~ 2% of Up

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



Robustness of dynamic scaling

in the dynamics of a noninteracting box-trapped Bose gas driven far from equilibrium

collapsed curves

vary disorder (I § UIz)) and drive (U) 1E —~ - —

and o,/ (2r) . faster for
larger U, and I 4

T, Ulky o/Qr) ¢t k  —a -

s7) (@K) (Hz) (s)
— 25 35 10 {50-10} 27 051 0.26

robust behavior

(ts/t0)™™ 71y (um?)

— 25 105 10 {1540} 27 047 025
80 35 10  {2.0-25}) 29 047 0.24 consistent with
— 80 70 10 {1.1-14} 3.0 045 0.23 -
— 80 105 10 {0.96-9.61 2.9 045 0.23 = - a = —0.43(4)
9 105 1010645 30 047 024 g B=—0.24(2)
— 8.0 10.5 2 {2.0-15% 22 0.58 0.30 = ) ’
— 80 105 5 {1680} 29 047 0.24 = k= 2.9(2)
— 80 105 15 {1.0-25} 2.8 048 026 -
:5 -
fixed f, = 3 s 2 also not fine-tuned
calibrate disorder potential to be ~ 2% of Uy 10~E, - 8.0 - in frequency

0.1 013 1 3
(ts/tof K, (um™")

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



Semi-classical model

. early times late times
k-
— drive
............ N o i
\
\\ disorder
\ (\
|
>
Ky

Christoph Eigen Trento, April 2024



early times

Christoph Eigen

Semi-classical model

~

~

random walk in energy-space

drive

!

disorder

late times

step size:

E. = h*k>/(2m)

Trento, April 2024



Semi-classical model
4 N

random walk in energy-space

L 4 early times late times
. d oo weak disorder limit:
-~ di TEVSTE E S iwithy = 172
SOPRI S .
\ . K
. , step size: n, x expl — (k/ky)*p],
\ dlsf{:‘er E, = h*k2/(2m) with &y, = 4
\
‘ >
Ky K3p = 4
o corresponds to
Gaussian in energy-space! P!

n, « expl — (E/E,)~]

Christoph Eigen reflecting boundary at £ = 0, so £ grows! Trento, April 2024



Semi-classical model

~

~

random walk in energy-space

early times
A
k.
— drive
= N
SHTIR SETI k. i
\
\\ disorder
\ (\

0P 4sfkcEZ 0 [ 1 (ap P)’
0t 45 OFE |sk+f |

late times

step size:

E. = h*k>/(2m)

drift-diffusion equation

OE 2E

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

in general:
E « 1", with
ne{05-04}

n, x expl — (k/ky)™r]
with i3p € {4 — 35}

corresponds to
K~ 3

Trento, April 2024



Crossover to wave-turbulent behavior

what happens in the presence of weak interactions!?
+ excite cloud
(UJkg = 7.00K, o,/(27) = 10Hz,t, = 1)

4+ vary initial interaction strength a

a (ao)

— 20
— 50
— 100

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



Crossover to wave-turbulent behavior

what happens in the presence of weak interactions!?

4+ excite cloud

(UJkg = 7.0nK, w /(2x) = 10Hz, ¢, = 1)

4+ vary initial interaction strength a

1_ | | | | |

—~ 107!
(@\|

=

=2

= 1072F

for weak-wave turbulence
—y+1
10_3', ]sznok Y+

0.1 0.3 1 3 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)
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Crossover to wave-turbulent behavior

what happens in the presence of weak interactions!?

4+ excite cloud

(U./ky ~ 7.00K, ./(27) = 10Hz, 1, = 1 5) + fit with

Cfg + (1 —0)f;
fcg = Ay exp| — (k/ky)"]

4+ vary initial interaction strength a

free ngy, ¢

fixx =27,y = 3.4,
ko= 1.1um™1, A (k)

N (10%

l_l | | | |
fi) — no k—}/-l—l
_1 | | |
(\/]E\ 10 I_HOD.Q8DQ°O]CCg _
2 _ 2
< 1072 o 0.5F o) -
6
— O
10_3_I OF | ]ICP ..... QQGQ? O O-
0.1 10 107 10°
Na (pm)
Christoph Eigen G. Martirosyan et al., PRL 132, 113401 (2024)
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Crossover to wave-turbulent behavior

what happens in the presence of weak interactions!?

4+ excite cloud

(U.Jky ~ 7.00K, w./(27) = 10Hz, 1, = 1 5) + fit with free ng, ¢
Cl.o T
4+ vary initial interaction strength a Jeg 2.7,y = 3.4,
P, lum=!, Ay(k,)
T | | | o am' . 20N
| | phas® &a%;f dixsotidﬁ1£ m
— ical P an
~ 10~ a (ao) Qyﬂam tactl()ﬂs S ) N (10
= — 5 \ay : BOSE o 5
= 1072 ) ‘ﬂtet? d{l\Te 0 4 o 10
— 50 ODQ 0 15
03k 100 | _ 0 | ]I‘p....Qa.oa.Q o o o- o 21
0.1 0.3 _ 3 10 107 10°
kr (um™) Na (um)

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



Exploit far-from-equilibrium state?

coarsening dynamics

far-from-equilibrium
state engineering

( very useful! )

0.3 i 3
k (um™")

can vary initial N, E, kpy, «+
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Exploit far-from-equilibrium state?

far-from-equilibrium
state engineering

'E
=
=
<
0.3 i 3
k (um™")

can vary initial N, E, kpy, «+

Christoph Eigen

coarsening dynamics

also in 2D,
used to study coarsening

bidirectional transport

see also
M. Prufer et al., Nature 563, 217 (2018)

S. Erne et al., Nature 563, 225 (2018)
J. A. P. Glidden et al., Nat. Phys. 17, 457 (2021)
S. Huh et al., Nat. Phys. 20, 402 (2024)
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Exploit far-from-equilibrium state?

far-from-equilibrium
state engineering

'E
=
=
<
0.3 i 3
k (um™")

can vary initial N, E, kpy, «+

relaxation studies
in 3D ongoing

)

Christoph Eigen

coarsening dynamics

also in 2D,
used to study coarsening

bidirectional transport

see also
M. Prufer et al., Nature 563, 217 (2018)

S. Erne et al., Nature 563, 225 (2018)
J. A. P. Glidden et al., Nat. Phys. 17, 457 (2021)
S. Huh et al., Nat. Phys. 20, 402 (2024)

< account for prescaling, get 7, . >

103

AL

. 10°
Luni (mS)

150 :
E[so .
15 ]

—
(@)
N

(tunilto) %M (UM®)

0 2
0 i3
L 10°%} L K
0.2 0.5 1 2 0.2 0.5 1 2
k (um™) (tonil o)k (um™)

M. Gazo et al., arXiv:2312.09248

agreement with analytical
field-theory NTFP predictions
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Talk outline

2. Bose polarons in box
J. Etrych et al. arXiv:2402.14816 (2024)
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Impurities in a quantum bath

fundamental problem in physics

historically: Landau, Pekar, ...

¢

'S °

generic!
quantum system + environment

Frohlich Hamiltonian, simple
mean-field theories...
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Impurities in a quantum bath

widespread concept relevant
in many materials!

e.g. Kondo effect, colossal
magnetoresistance

Christoph Eigen

fundamental problem in physics

historically: Landau, Pekar, ...

¢

'S °

generic!
quantum system + environment

Frohlich Hamiltonian, simple
mean-field theories...

relevant for hybrid quantum
simulation platforms:
e.g. coolants, ...

Trento, April 2024



Impurities in a quantum bath

< Fermi polaron >

impurities immersed
in 2 Fermi gas

Some highlights:
Schirotzek et al., PRL 102, 230402 (2009)

Nascimbene et al., PRL 103, 170402 (2009)
Kohstall et al., Nature 485, 615 (2012)
Koschorreck et al., Nature 485, 619 (2012)
Cetina et al., Science 354, 96 (2016)
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

Christoph Eigen

fundamental problem in physics

in ultracold atoms

Paris, Innsbruck, MIT, Cambridge,

JILA,Aarhus,...

Other related systems:
Rydberg impurities, monolayer
semiconductors, lattice polarons, etc...

< Bose polaron >

impurities immersed
in a BEC
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Impurities in a quantum bath

< Fermi polaron >

impurities immersed
in 2 Fermi gas

Some highlights:

Schirotzek et al., PRL 102,220402 (2009)

Nascimbene et al., P¥ 2009)
Kohstall et~ N [12)
Koschg 2012)
C (2016)

Sc 083602 (2017)
Nes 10, 041019 (2020)

Baroni et al., Nat. Phys 20, 68 (2024)
Vivanco et al., arXiv:2308.05746
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fundamental problem in physics

in ultracold atoms

Paris, Innsbruck, MIT, Cambridge,

JILA,Aarhus,...

Other related systems:
Rydberg impurities, monolayer
semiconductors, lattice polarons, etc...

< Bose polaron >

impurities immersed
in a BEC
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Impurities in a quantum bath

< Fermi polaron >

impurities immersed
in 2 Fermi gas

Some highlights:
Schirotzek et al., PRL 102

Nascimbeéne et al., B¥

0402 (2009)

Nes 10, 041019 (2020)
Baroni et al., Nat. Phys 20, 68 (2024)
Vivanco et al., arXiv:2308.05746

Christoph Eigen

fundamental problem in physics

in ultracold atoms

Paris, Innsbruck, MIT, Cambridge,
JILA,Aarhus,...

Other related systems:
Rydberg impurities, monolayer
semiconductors, lattice polarons, etc...

from Jargensen
et al., PRL 117,
055302 (2016)

< Bose polaron >

impurities immersed
in a BEC

Some highlights:

Hu et al., PRL 117, 055301 (2016)
Jargensen et al., PRL 117, 055302 (2016)
Yan et al., Science 368, 190 (2020)
Skou et al., Nat. Phys. 17, 731 (2021)
Cayla et al., PRL 130, 153401 (2023)

1/kna

Injection spectrum
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Impurities in a quantum bath

C Fermi polaron )

impurities immersed
in 2 Fermi gas

Some highlights:
Schirotzek et al., PRL 102

Nascimbeéne et al., B¥

0402 (2009)

Kohstall e 12)
Koschg 2012)
C (2016)

Nes 10, 041019 (2020)
Baroni et al., Nat. Phys 20, 68 (2024)
Vivanco et al., arXiv:2308.05746

Christoph Eigen

fundamental problem in physics

in ultracold atoms

Paris, Innsbruck, MIT, Cambridge,
JILA,Aarhus,...

from Jarge
etal., PRL1

Other related systems: 055302 (201

Rydberg impurities, monolayer
semiconductors, lattice polarons, etc...

C Bose polaron )

impurities immersed

many rich theories...

Tempere, Bruun, Massignan, Enss,
Schmidt, Demler, Grusdt, Gurarie,
Giorgini, Parish, Levinsen,
Lewenstein, Devreese, Naidon,
Schmelcher, Busch, ...

some aspects understood,
but questions remain...

harmonic trap
an issue...

-1.5 :
4 =2 0 o 4
1/kna

Injection spectrum
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Bose polarons in a homogeneous BEC

another spin state
mobile equal-mass impurities

@ o

2) ,",

20 O

| 1) ‘coo
® o

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

3 interactions strengths
a, dg, a;
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Bose polarons in a homogeneous BEC

ultracold *’K another spin state
Bose gas in a box mobile equal-mass impurities
review: N. Navon et al.,
Nat. Phys. 17, 1334 O o
(2021) ; 12) O
) g 00
optical box ®
A. L. Gaunt et al., PRL 110, 200406 (2013)
C. Eigen et al., PRX 6, 041058 (2016) rich Feshbach resonance landscape

for tuning intra- and inter-state

homogeneous density n , ,
interactions...

momentum: k, = (67°n)'">
energy: E, = h*k*/(2m)
time:t, = h/E,

3 interactions strengths
a, dg, a;

Christoph Eigen

levitate two spin states
against gravity!

Trento, April 2024



Pinpointing Feshbach resonances 1n 3K

recent precision measurements of few-body physics!

Intrastate Interstate
|F, mp) Bres (G) apgA (a0 G)  Bgero (G)  p(up) [Emp) +IEmp)y  Bres (G)  apgA (a0 G) p1(up)  p2(uB)
1,1) 25.91(6) - - —0.605 1,1) +[1,0) 25.81(6) - ~-0.605 —0.155
1,1) 402.74(1) 1530(20) 350.4(1)*  —0.961 1,1)+|1,0) 39.81(6) _ —0651 —0.235
LY 75231)° - : ~0.987 1,1) +11,0) 445.42(3)  1110(40) —-0.967 —0.939
1,0) 58.97(12) : : —0.337 1,1y +|1,—1) 77.6(4) - ~0.747  0.034
:-’85 ?1?25 ;gﬁ)) 2040(20) 393.2(2) _8'34712 LL+1L, =1 501.6(3) ] 0975 ~0.948
1, : : —0. _ d d _ _
L 0) 191.17(7 140(30) 20012)  —0.948 1,0) +|1,-1) 113.76(1) 715(7) 0.569 —0.215
L-1)  33.5820(14)C 1073C ) 0324 1,0) +|1,-1) 526.16(3) 970(50) —0.956 —0.953
L-L 162.36(2) 7/60(20) / —0.489 d) Tanzi et al., PRA 98, 062712 (2018) - used for previous 39K polarons
1,-1) 561.14(2) 1660(20) 504.9(2)  —0.959

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) @3?8‘23::’53-5.::-:5@ s-wave interaction Strength

(\ ..... a(B) = ay, (1 — )

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

also explored
Efimov
universalities
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Pinpointing Feshbach resonances 1n 3K

recent precision measurements of few-body physics!

Intrastate

—104' I

Bres (G)

--445.4 —526.2

10%F,

GO'TT

.
.
.
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o © < 0.8
‘00 O 5
o

Christoph Eigen

200

200
B (G)

600

F, mr
2,-2
1,-1
1,0
1,1

Interstate
|F, mF>1 + F;mF>2 Bres (G) abgA (ag G) ,UI(HB) ,UZ(IJB)
1,1) +1,0) 25.81(6) —0.605 —0.155
1,1) +|1,0) 39.81(6) ~0.651 —0.235
1,1) +|1,0) 445.42(3)  1110(40) —0.967 —0.939
1,1)+1,-1) 77.6(4) ~0.747  0.034
1,1) +1,-1) 501.6(3) ~0.973 —0.948
1,0y +|1,—1) 113.76(1D¢  715(n¢  -0.569 -0.215
1,0) +|1,—1) 526.16(3)  970(50) —0.956 —0.953

homogeneous Bose mixtures?

445.42(3)G

ag =~ S0a

a; & — 65a0) (

moments differ by 3%

526.16(3)G

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

ag ~ 18a,

a; & — 64a0)

moments differ by 0.3%
Trento, April 2024



Experimental probes
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Experimental probes

Injection (indirect) spectroscopy

1)
1)-

rf
A ho

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

weak, long pulses:
access to spectral function A(w)

measure fractional atom loss AN/N
following a quench to B, and hold time

2

te [° (=) e
I(w) = ot j A(w") sinc ( ) rf do’
27 J-o0 L 2 J
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Experimental probes

Injection (indirect) spectroscopy Ramsey-type many-body interferometry
1) i t
= = -> <«

rf N ] variable

‘l) ¢h5 rf C(t) ¢ ¢ pulse
Hu et al., PRL 117, 055301 (2016) WX a | |
Jargensen et al., PRL 117, 055302 (2016) < n >

weak, Iong pulses: following Cetina et al. Science 354, 96 (2016)

measure fractional atom loss AN/N

probes coherence C(¥) = (y () |yw(0))
following a quench to B, and hold time

I |

1 [ [ -
o (e — ) e 12 A(w) = —Re f C(t)e '“rd¢
I(a)):%j A(w" sinc w ;U)trf dw'’ @) T 1 Jo 4)

-
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Experimental probes

Injection (indirect) spectroscopy

1)
1)-

rf
A ho

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

weak, long pulses:
access to spectral function A(w)

measure fractional atom loss AN/N

following a quench to B, and hold time kinteraction quench/

fe [° (=W ts
I(w) = 1L j A(w') sinc ( ) Irf

27 J—o0 _ 2

2

following a spin/

/response of system\ C

do'’

Ramsey-type many-body interferometry

> <« > <«
variable
rf

¢ pulse

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

probes coherence C(¥) = (y () |yw(0))

I |

1 [ [ .
A(w) = —Re f C(te '®ldt
T 1J0

-

methods to access equilibrium properties:
ejection spectroscopy, effective mass,...

Christoph Eigen
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Weakly interacting regime

alagp
03k  °  _ogp0- in the weakly interacting limit:

E, = 4rh’an/m = gn

0.3}
o S
<
0 o 4 Of<
ll). 3h6 © o s 09
g L
S (Oleooc@uuoe o
‘T> — ‘19'1>’ ‘l> — ‘190> % 0.3} 190
B.. =5206.2G s |
5
narrow! &
little technical
broadening

(1600 us pulse,
< 10 % transfer)

5/(27x) (kHz)
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Weakly interacting regime

alagp
03k  °  _ogp0- in the weakly interacting limit:

E, = 4rh’anim = gn

0.3}
< - : : :
O S density callbratlorD
1) - < o3l (
8 L
O (Ole—0eocd %poeo-
1) =[1-1), [1)=1]10) @ 0.3 190
B.. =5206.2G s —
8 L
narrow! & =
. . S
little technical IS
broadening E;
(1600 us pulse,
< 10 % transfer) 5 (i) : 5
5/(27) (KHz) gnl(2zh) (kHz)
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Weakly interacting regime

alagp
03k  °  _ogp0- in the weakly interacting limit:

E, = 4rh’anim = gn

0.3}
< ' unexpected width>
H«) Ao ‘Q .: ® Elh O.g- < P
% s |
S Ol eo—0 @ X050 oo 5_10 D i n (um=3)
1) =1,-1), [1)=11,0) a 0.3} 190 — T T
B.. =526.2G s - '
S N
narrow! C%- =
little technical S
broadening ~
(1600 us pulse,

< 10 % transfer)

5/(27) (kHz) gn/(2rch) (kHz)
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1)

B..=5262G

narrow!
little technical
broadening

(1600 us pulse,
< 10 % transfer)

Christoph Eigen

Weakly interacting regime

Spectral response, AN/N

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

ajldg

—900-

—5350-

980 -

5/(27) (KHz)

in the weakly interacting limit:

E, = 4rh’anim = gn

(unexpected width)

broadening due to dynamics of impurities

d 7?2
in
dt 2m

2
Vay + gyl w + gng,q (0w

dynamical finite-size effect,
quench physics!

Trento, April 2024



Bose polaron injection spectrum

attractive repulsive

0.3r * " am [ o ame
[ -3900 L& +2200

L] u L] - I llllll

30 0 30 -30 0 30
Detuning, o/(2w) (kHz)

asymmetric bimodal

1)

V) —=—
‘T> — ‘19'1>’ ‘l> — ‘190>
B.. =526.2G
fixedn ~ 12 um™>
k = (6x°n)'” ~ 9um™!
E = n*k*/(2m) ~ 10kHz
200 us sq rf pulse
Q/(2r) = 0.6 kHz
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Bose polaron injection spectrum

attractive repulsive
N
o Z [ -3900 L +2200
<
| T) O ® o'onan‘ ....... ’Jo'o¢ = e ¢0 e DY ... . 005 e
-30 0 30 -30 0 30
1) Detuning, &/(2m) (kHz)
0 0.5 1.0 1.5
1) = [1-1), 1) = [1.0) = ——luuil

B.. =526.2G
fixedn ~ 12 um™>
k = (6x°n)'” ~ 9um™!

E = n*k*/(2m) ~ 10kHz

Injection spectrum

[(0) x AN/N

200 us sq rf pulse
Q/(2rx) = 0.6kHz
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Bose polaron injection spectrum

attractive

1)

V) —=—
‘T> — ‘19'1>’ ‘l> — ‘190>
B.. =526.2G
fixedn ~ 12 um™>
k = (6x°n)'” ~ 9um™!
E = n*k*/(2m) ~ 10kHz
200 us sq rf pulse
Q/(2r) = 0.6 kHz

Christoph Eigen

repulsive

Detuning, o/(2w) (kHz)
0.5

— [(5)

Enln

simple theories
(no free parameters!)

---- Feshbach dimer

— mean-field

single-phonon ansatz/
T-matrix
Rath et al., PRA 88, 053632 (2013)

modern theories:
Tempere, Bruun, Massignan, Enss,
Schmidt, Demler, Grusdt, Gurarie,
Giorgini, Parish, Levinsen,
Lewenstein, Devreese, Naidon,
Schmelcher, Busch, ...
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coherence function Re al-time dynamiCS

C(@) = | C(0) | explig(D)] Ramsey-like many-body interferometry
Ip Ip
> <« > <«
rf C(t) ¢
4 — ___
< >

defined so that
C0)=1

Phase, ¢

Christoph Eigen J. Etrych ef al., arXiv:2402.14816 (2024) Trento, April 2024



coherence function

C(1) = | C(1) [ explig (1)]

rf C(t) ¢

Phase, ¢

Christoph Eigen

= 1/(krlya)

o-1.15
0 -0.57

O 0.04
O 0.92

- A 1.34

2

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

4
Time, t/t,

Real-time dynamics

Ramsey-like many-body interferometry

0.5

Amplitude, |C|

0.5

1 |

WOC

Time, t/t,

dynamics faster
for larger |a|

rich dynamics
(beats)
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Comparison of spectroscopy & interferometry

symbols
spectroscopy data

Christoph Eigen

o

Spectral response, 1(0)En/h
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J. Etrych et al., arXiv:2402.14816 (2024)
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Comparison of spectroscopy & interferometry

symbols
spectroscopy data

lines
interferometry data

Fourier transform of C(t)

accounting for
Fourier broadening
of spectra

Christoph Eigen

2 2
=
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Q)
1 o
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~ <
5 @
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0.5 73
<
@

Detuning, h6/En

J. Etrych et al., arXiv:2402.14816 (2024)
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Comparison of spectroscopy & interferometry

symbols
spectroscopy data

lines
interferometry data

Fourier transform of C(t)

accounting for
Fourier broadening
of spectra

Christoph Eigen

2 =

=

Q)

1 0O

N ()

s >
W ok

L

80.6

2 5
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% s
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T 0

(3]
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0.5 73

<

0

Detuning, h6/En

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

Rabi and Ramsey
would be happy :)
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How universal are the dynamics?

/ Naively, physics set by:\

4+ dimensionless interaction
parameter 1/(k a)

\ 4+ energy scale £, J

density-set units
k = (6x*n)'?  E = n*k*/(2m)
t, = hl/E,

Christoph Eigen J. Etrych ef al., arXiv:2402.14816 (2024) Trento, April 2024



How universal are the dynamics?

/ Naively, physics set by:\ / o Bosons. other \

+ dimensionless interaction scales thought to weakly enter:

parameter 1/(k a)

e.g. bath properties a,,

ics?
\ + energyscale E, J \ Efimov physics? ...

some examples:
J. Levinsen et al. PRL 115, 125302 (2015)
L. A. Pena Ardila et al. PRA 92, 033612 (2015)
Y. E. Shchadilova et al. PRL 117, 113002 (2016) : :
F. Grusdt et al. PRA 96, 013607 (2017) density-set units
S. M. Yoshida et al., PRX 8, 011024 (2018)
M. Drescher et al. PRR 2, 032011 (2020) kn — (671'2”)1/3 En — hzkg/(Zm)
P. Massignan et al. PRL 126, 123403 (2021)
A. Christianen et al. PRA 105, 053302 (2022) t, = nh/E,
A. Christianen et al. SciPost Phys. 16, 067 (2024)
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How universal are the dynamics?

/ Naively, physics set by:\ / o Bosons. other \

+ dimensionless interaction scales thought to weakly enter: Start at unitarity
parameter 1/(k.a) . (@ — o0),so it drops out
e.g. bath properties a,, and can just vary n

ics?
\ + energyscale E, J \ Efimov physics? ...

some examples:
J. Levinsen et al. PRL 115, 125302 (2015)
L. A. Pena Ardila et al. PRA 92, 033612 (2015)
Y. E. Shchadilova et al. PRL 117, 113002 (2016) : :
F. Grusdt et al. PRA 96, 013607 (2017) density-set units
S. M. Yoshida et al., PRX 8, 011024 (2018)
M. Drescher et al. PRR 2, 032011 (2020) kn — (671'2”)1/3 En — hzkg/(Zm)
P. Massignan et al. PRL 126, 123403 (2021)
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Aside: Universality in the Unitary Bose Gas

universality in single-component bulk unitary Bose gases
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weakly interacting

/ Naively, physics set by:\ (o, o)
low o
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k = (6x*n)'?  E = n*k*/(2m)
t, = hl/E,
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(a = o), so it drops out
and can just vary n

Christoph Eigen

Universal dynamics at unitarity?

Start at unitarity
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coherence function, C(¢) = | C(¢) | explig.(?)]

+ dynamics faster
for larger n
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Universal dynamics at unitarity

coherence function, C(¢) = | C(¢) | explig.(?)]
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Universal dynamics at unitarity

estimate based

coherence function, C(¢) = | C(¢) | explig.(?)] on inelastic losses

— 1
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Universal dynamics at unitarity

estimate based

coherence function, C(¢) = | C(¢) | explig.(?)] on inelastic losses
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universal quantum §
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ynamics 2 0.3
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= 0.1

iparticles? <

quasiparticles!

0.8

+ phase winds linearly

w/ slope 0.49(4)/t,
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Universal dynamics at unitarity

estimate based

coherence function, C(¢) = | C(¢) | explig.(?)] on inelastic losses

—h

universal quantum O
g sl -
ynamics 8 0.3
=
Q.
= 0.1
<
0.8

+ phase winds linearly

Phase, ¢./n
o
~

w/ slope 0.49(4)/t,
BUT 0
+ decoherence approx. 0
exponential w/ inverse Time, t (JUS) Scaled time, t/t,
lifetime 0.60(8)/z,
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Universality of the Bose polaron spectrum?

spectroscopy to amass data with different
n,a, a,

0__05 10 15
4_ T I I

(8)Enlh
) -

1/(kn a)
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Analyzing the injection spectra

characteristic spectra across the resonance

heuristic fits to polaron features to extract
peak position £, and half width Al

AN/N
© o o

J |
0 0.45
unresolved

Christoph Eigen

Detuning, o/(2r) (kHz)

small print: we always correct I for Fourier broadening using I = (Fg — l“ff)l/2

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

Trento, April 2024



Analyzing the injection spectra

characteristic spectra across the resonance

heuristic fits to polaron features to extract
peak position £, and half width Al

0.3 ' ' e
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> 0.2 unresolved -
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0 b M l : |
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7p)
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0 50

Detuning, o/(2m) (kHz)

< residual isolates second branch for a > 0, extract Ep and Al >

small print: we always correct I for Fourier broadening using I = (Fg — l“ff)l/2
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Universality of Bose polaron spectrum

peak position £ ( vary n )

-1t Bes(G) :

| 10
_ 445.4 526.2 _
O Z
ol ; _ S

same simple theory lines as before!
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Universality of Bose polaron spectrum

a-independent!
peak position £ ( vary n )

-1F Bres (G) a
445.4 526.2 - | -

same simple theory lines as before!
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Universality of Bose polaron spectrum

peak position £ (

vary n and a, )

half width 7l

a-independent!
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E,/E, and hl'/E,
universal functions of 1/(k a)
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Universality of Bose polaron spectrum

peak position £ ( vary n and a, )

half width 7l

a-independent!

]

o T —
I o T
20 - & 7 1
O_ 1 1 L
. L\Ll: g & 0.6 0.9 1.2
Z % E 0.51 085 %% i
—1— Bres (G) 7 10
445.4 5262 .4 i
o O Z
_2_ I I I I I I L > O? | I I %l.@?_
4 i, 0 4 0 > 4
1/(kna) 1/(kna)

Christoph Eigen

C next: look at ratio hF/Ep )

J. Etrych et al., arXiv:2402.14816 (2024)
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Breakdown of quasiparticle picture near unitarity

unresolved

Slarons E + for 1/(k,a) 2 1,
P = ratio il /E_ ~ constant
branches E P
+near B, 1/(ka) S 1,
width exceeds energy!
molecular EQ quasiparticles no longer well
branch E defined near B, !
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Strongly repulsive regime

nature of dimer-like peak!?

dimer 3
| fixa =2.7 %X 10 d Ed — hz/(maz) = — 13 kHz
¥
> 085 1/(kna)
S g4l 1.06 E vary density
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Strongly repulsive regime
nature of dimer-like peak!?

E, = — h*/(ma*) = — 13kHz

< vary density >
/both peaks

broaden...

molecular
branch shows a
many-body

\character!/

o/(2r) (kHz)
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Strongly repulsive regime
nature of dimer-like peak!?

_ 3
= 2.7 X 10 aO Ed — hz/(maz) = — 13 kHz

spectroscopy

vary density scale x axis and
normalize heights
<universal shape>
/both peaks

broaden...

molecular
branch shows a
many-body

\character!/

60 -30 0 30
o/(2r) (kHz)
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Differential interferometry

nature of dimer-like peak!?

1/(ka)~ 0.6

differential interferometry spectroscopy

rf _ [T} L scale x axis and

---- normalize heights

<universal shape>
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Differential interferometry

nature of dimer-like peak!?

1/(ka)~ 0.6

differential interferometry spectroscopy

rf _ [T} L scale x axis and

normalize heights

<universal shape>

(hé—Ed)/En
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Differential interferometry

nature of dimer-like peak!?

1/(ka)~ 0.6

differential interferometry spectroscopy

rf _ [T} L scale x axis and

normalize heights

<universal shape>

(h6—Ea)/En (ho—Eq)/E;
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Differential interferometry

nature of dimer-like peak!?

1/(ka)~ 0.6

differential interferometry spectroscopy

rf _ 7] [ ] / \ scale x axis and
. : many-body state(s) with normalize heights

attractive-polaron character
vwith energy ~ L below L) / <universal shape>

(h6—Ea)/En (ho—Eq)/E;
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Conclusion & Outlook

Bose polarons

0 05 10 15
e /(S) En/h

Energy-space random walk

0.1 0.3 1 3
ky (um™")
1/(kna)
+ dynamic phase diagram? + bipolarons!?
+  stronger disorder +  effective mass?

localization
( ) + fate of polarons at

+ useful far-from-eq. state! finite temperature
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