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_New states in ultra-cold matter

Atoms per pixel

[Pfau’s group, Nature (2015)]



New states in ultra-cold matter

Polaron problem (and the Normal Phase for highly polarisation)

Strongly interacting problem and out of equilibrium problem
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What happens under a coupling which

Transform a non-interacting impurity in a strongly | gy, + Z-Q(f% L) =0
interacting one. 2
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New states in ultra-cold matter

Liquid droplets and supersolidity in dipolar Bose gases (beyond mean field equation of state)
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New states in ultra-cold matter

Liquid droplets and supersolidity in dipolar Bose gases
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Ultra-co

What is Bose-Einstein condensation (BEC)?

Dynamics and non-homogeneity- Gross-Pitaevskii equation: w(x)

9,

)
g

High
Temperature T:
thermal velocity v

density d2
"Billiard balls"

Low
Temperature T:

De Broglie wavelength

AgB=h/mv o T-172
"Wave packets"

T=Tcrit:
Bose-Einstein
Condensation

ha~d

"Matter wave overlap"

T=0:
Pure Bose
condensate
"Giant matter wave"

homogeneous:

Ve

d Bose Gases: Condensate
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T=0 Bose gases: Elementary excitations

1
Uniform system (Mean-Field): e(n) — §gn2

Bogoliubov Spectrum (Goldstone mode of the U(1) broken symmetry)
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=0 Bose mixtures

1

il e(Ma,npy) = 2%”3 T Zgbng T GabTab
000 .

Both Na and Nb are conserved

Elementary

excitations

Ground state breaks U(1)xU(1) symmetry: 2 Goldstone modes -
coming from no cost to change the global and relative phase of the 2 order

parameters
g a — g b — g
[ J [ : y > [
— Total (in-phase) density mode
—— Relative (out-of-phase) density mode
B Without interspecies interaction (equal compressibility)
o g+ Yab)
= Cd p—

(k)

\ &

g = Yab
Spin mode soft:
unstable with
respect to phase
separation
(Immiscibility)



Coherently Coupled Bose Condensates

We consider a two component Bose gas with an interconversion term (Rabi coupling)
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The cleanest caseis: Ja = gb = ¢ » U(l) X Zs

In the weakly interacting regime at T=0 the system iba/2 \/n—Teicbr/?
forms a BEC well described within mean-field (MF) theory V=e \/n—e—iqbr/Q
by a spinor order parameter v

SS Q
The MF energy reads: ey p = g;;dnz -+ 9732 — 5\/712 — 52 cos(s)
n="ng+ny, @qg= Qg+ Pp gad = (9 + Yab)/2
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Para- or ferro-magnetic ground state

SS Q
EMF = géﬂnz - %sg — 5\/n2 — 52 cos(¢ps)

para s: =0 for 2+ 2gssn >0

#o = < Q 2
ferro s:==xny/1l-— ( ) for (2 + 2gssn < 0.
20ssT

Critical condition for the Il order phase transition:
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T=0 coherently coupled Bose gases

1 o 1 2
e(ng,np) = 59(1”@ - 591)’% T GabMallb Only
Na+Nb
+2(2| cos(pa — @b)v/Ma is conserved

Indeed the system is a single condensate
with a 2-component wave function

Elementary excitations

Ground state breaks U(1) symmetry:
1. Goldstone mode - coming from no cost to change the global total phase.
2. A gapped mode - due to the cost of changing the relative phase



Bogolyubov spectrum

L B I hybridization =

avoided crossing

0.2

gap Ap = \/Zanl_gl

| | linear gapless modes
(different behaviour in
mixtures)




Static structure factor across the transition
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Measuring the dispersion relation via

‘Faraday wave spectroscopy”

QR=O
Massless density excitation
Massless spin excitation

Qr#0

Massless density excitation
Massive spin excitation
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Measuring the dispersion relation via

D = )

‘Faraday wave spectroscopy”

(k)+F(k, t))B}LBHZ F(k, 1)
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bibt, +h.c.

wWith  f(¢) = 5 sin(w,,1)

The time evolution of the quasi-particle operator is equivalent to parametrically
driven harmonic oscillators described by the Mathieu equation:

T + w(k)|w(k) + 2nusS (k) Sin(wMt)/h} r, = 0. instabilities for: wm = 2w(k)/l.
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Coherently Coupled Bose Condensates
Qla) (6] + [b)(a]) = Qo

We consider a two component Bose gas with an interconversion term (Rabi coupling)

vwngg () Joo’
H = /r Z ( om + Va?ﬂl?ﬂa) — 5(%&% + ¢g¢a) + ; 9 wlwi’wa’wa
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The cleanest caseis: 9a = 9o = 9 » U(l) X Zs

In the weakly interacting regime at T=0 the system iy /2
is well described within mean-field theory by a U — ei¢a/2 [ V1€ -
spinor order parameter \/m@_wr/z

The dynamics of the classical fields are given by coupled Gross-Pitaevskii equations.

They can be recast in a very convenient as the equation of motion
for the relevant variables describing the gas, namely the density and the




Coherently Coupled Bose Condensates

density: n(r) = (3, 07) - (U4, U)" =ny +ny

spin-density: s;(r) = (U3, U)o (¥4, ¥))"  with |s(r)| = n(r)
They satisfy what can be called collision-less spin hydrodynamic equations [1]:
n + div(nv) = 0,
mv + V (m;2 At SRV - B hZ'VS'Q) — 0,

2m~/n 8mmn?2
S T Zazw,y,z 804(.3,04) — H(S) X8,

where the superfluid and the spin currents read: Lrrotational
(remeind:

_ @ h * * MCYV%LV\,—!‘:"D
v(r) = - E— (PEVU, — U, VU) @d + s, /nVao,) ) Acnhase He-z)
o= T {
advection vectortal nature

and the non-linear magnetic field is —Q,0,(9 — g11)s:/h)

break s (R) sy mm&tra

[1] T. Nikuni, J.E. Williams, J. Low Temp. Phys. 133, 323 (2003)



The spin sector and the equivalent magnetic system

A Landau-Lifshitz
magnetic functional
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The spin sector and the equivalent magnetic system

Our system is harmonically trapped in an elongated potential

(a) Forward

(b) Backward
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The spin sector and the equivalent magnetic system

From local measurement we can extract the phase diagram

Magnetisation and Hysteresis Susceptibility and magnetic Fluctuations
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The spin sector and the equivalent magnetic system

From local measurement we

Magnetisation and Hysteresis

NOTE: accurate
measurements of the
susceptibility and of the
fluctuations would open to

tests of the fluctuation-
dissipation theorem in the
guantum regime.

0.5 1.0 1.5

|K|H/QR

Theory (c)-(d) and purple points

can extract the phase diagram

Susceptibility and magnetic Fluctuations
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Metastability and Bubble Creation

The magnetic sector can be described by a
scalar field theory with (in the ferromagnetic regime)
a potential with a local and global minimum

I h (VZ)?2

V =rnZ?—-2Q(1 - Z2*)Y? - 25,47

Is it possible to study the decay to the ground state
by starting in the metastable one?
Or to use Coleman wording to study the
False vacuum decay?

[S. Coleman, PRD 15, 2929 (1977); C. G. Callan and S. Coleman, PRD
16, 1762 (1977); A. D. Linde, Nucl. Phys.B 216, 421 (1983)]



Metastability and Bubble Creation

The magnetic sector can be described by a
scalar field theory with (in the ferromagnetic regime) (a)
a potential with a local and global minimum

bt [( 2,

4 2m 1 — 72

V =rnZ?—-2Q(1 - Z2*)Y? - 25,47

Is it possible to study the decay to the ground state
by starting in the metastable one?
Or to use Coleman wording to study the
False vacuum decay?

A A_LA_III

O 1 1 1 1
[S. Coleman, PRD 15, 2929 (1977); C. G. Callan and S. Coleman, PRD 0.0 25 50 75 100 125 150
16, 1762 (1977): A. D. Linde, Nucl. Phys.B 216, 421 (1983)] tims)




Metastability and Bubble Creation

From the general of False Vacuum Decay the exponential behaviour of the decay rate can be inferred

1/7’ ~ 6EC/T with EC the critical (istanton) bubble field configuration
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NOTE:
we indeed observe orders of magnitude change in the bubble formation

DISCLAIMER:
iInstanton theory provides only the qualitative behaviour
(Temperature, quantum fluctuations, noise, complex field...still a lot to do)



The Trento team on Coherently Coupled Bose Gases

Alessandro Experimental group Theory group
JerEaiT Riccardo
(INO-CNR) Cominotti

(PhD)

Albert Gallem| Arko Roy

(postdoc) (postdoc)

-> Hannover -> IIT I\/Iandl

Gabriele Clegome . . Anna Bert lacopo Carusotto
. Lamporesi Chiara (PhD) (INO-CNR)
Ferrari
(UNITN) (INO-CNR)  Rogora
(PhD)

[Exp+Theory: Nat. Phys. 17, 1359 (2021), PRA 104, 023326 (2021), PRL 128, 210401 (2022), arXiv:2209.13235]



Beyond Mean Field Effect:

anomalous Goldstone mode damping and “tunable™ LHY
correction




Beliaev Decay across the phase transition

H|V¢|2 Bogolyubov modes have finite life time.
q For a single component gas
_k / the lowest order decaying processes is due to a
Vﬁiﬁ&\ three phonon vertex leading to Beliaev decay
o I'(k)  k°




Beliaev Decay across the phase transition

H|V¢|2 Bogolyubov modes have finite life time.
q For a single component gas
_k / the lowest order decaying processes is due to a
Vﬁfﬁﬂ\ three phonon vertex leading to Beliaev decay
o I'(k)  k°

For a two-component gas more process are possible.
What happens to the Goldstone (in-phase Bogolyubov mode) close to the FM

transition”
HdH2 ix’/ Due to symmetries the possible term are not
%k ® e that many and it is easy to find out that the most
s e relevant one is T14112
ke kt\d\\ (density in 2 spin modes):




Beliaev Decay across the phase transition

qa -
Hdﬂg ¥
5 R I'(k) = Pmy /d3q|Vk ke—ql?0(WE —ws —wd )
Vlf’f;k_q\\\A\ (27T)2 »ad, q k q |k—(]|
k—q >~
-
For a mixture at the PS point RO
the Goldstone mode is on ©
still well defined at low-k )
3
(mCdk)5/2 paramagnetic 4 I'(k) < k
I'(k) =
48nmm
(k) o< k°
For coh. coup. gases at the PT point eremagnetie
the Goldstone mode
: . Gab
is not well defined anymore at low-k =
ferromagnetic - phase separation 9
41 I(k) o k5/2
r(i) = (¢
4nm7r -~ ——————————————

[AR and F. Piazza, PRB 99, 064505 (2019)]



LHY corrections

The LHY correction to the mean-field equation is obtained as by expanding the
energy functional to second order in the fluctuations around the mean-field
solution and considering the zero-point energy:

Due to the in-phase fluctuations:
8 [(g+grn]™" | - -
Fruy T [ ; ] like LHY for a single component

[ 2 [<g —gmnrﬂ /O \/x(l ) [a: ' ‘;N)n]dxj

N

Due to the spin fluctuations: the gap introduce a new scaling.
1. Without Rabi one obtains standard LHY just from two independent modes
2. For Q> (g — g11)n strong change. From a 2.5-body to 2+3-body interaction:

vVQ (g—gabn)2+ 1 <g—gabn>3
2V 21 2 8/ 200 2

Both terms are exactly equal to a coupled STM calculation for 2 and 3 atoms.
LHY correction is much easier and theretore it could be even used to get results for
2 and 3 body interaction strengths in more general cases.




LHY corrections

Due to the spin fluctuations: the gap introduce a new scaling.
1. Without Rabi one obtains standard LHY just from two independent modes
2. For @ > (g — g1;)n strong change. From a 2.5-body to 2+3-body interaction:

VQ (g—gabn)2+ 1 <9—gabn>3
2/ 27 2 81/ 20 2

Both terms are exactly equal to a coupled STM calculation for 2 and 3 atoms.
LHY correction is much easier and therefore it could be even used to get results for
2 and 3 body interaction strengths in more general cases.

Therefore if the interspecies interactionis g,;, = —g < 0 the mean-field energy
as well as the LHY for the in-phase vanishes and the EoS reads:

VQ
2\/§7T

——
S8/ 207 b

(_gabn)Q -

[L. Lavoine, A. Hammond, AR, D. Petrov, T. Bourdel, PRL 127, 203402 (2021)]



Beyond-Mean-Field Correction close to collapse

In collaboration with Dima Petrov (LPTMS, France)

i
W&'. 5
L

Dmitry Petrov
(Orsay)

and
the Thomas Bourdel K-39 experimental group (Inst. Optique, France)

See also A. Cappellaro, F. Macri, G. Bertacco, and L. Salasnich,
Scientic Reports 7, 13358 (2017) for the discussion of the effect of coherent coupling on (Z_2 symmetric) droplets



Beyond-Mean-Field Correction

Experimental results vs extended Gross-Pitaevskii equation (eGPE)

Black line:
full LHY equation of state

in the eGPE
Including experimental noise

0 5 10 15 20 25 30 35
/27 (kHz)

[L. Lavoine, A. Hammond, AR, D. Petrov, T. Bourdel, PRL 127, 203402 (2021)]



For a recent review on coherently coupled Bose gases including spin-orbit coupling:

Alessio Recati and Sandro Stringari, Ann. Rev. Cond. Matter Physics 13, 407 (2022)



Vortices in coherently coupled BECs

Phase domain walls: simple picture [Son & Stephanov PRA '02]

1 1
e(naa nb) — §9an§ - §9bn% + GabTa b ‘I_Q‘Q‘ COS(¢a — ¢b)\/ Ta Tl
For fixed (equal) densities " h2n 2\ 1
the functional energy of Eopin — / —— (Vos)” + 20n cos(¢s)
the relative phase reads: L 4m |

Global minimum for ~ ¢s = (2n 4+ 1)m

Domain wall or kink I1s a
local minimum solution
which connects 2 global minima

37
-

The kink surface tension
reads




Vortices in coherently coupled BECs

Phase domain walls: simple picture [Son & Stephanov PRA "02]
Aps = 21

— 2T

Global minimum for @5 = (2n 4+ 1)m

Domain wall or kink I1s a
local minimum solution
which connects 2 global minima

The kink surface tension
reads




Vortices in coherently coupled BECs: dimers

density a

density b

Tylutky, AR, Pitaevskii, Stringari, PRA (2016) -
see also K. Kasamatsu, M. Tsubota, and M. Ueda, PRL 93, 250406 (2004).



Vortices in coherently coupled BECs: dimers

Magnus force = surface tension NO RABI

NgVi XK = —0 o —V§

Qpl'o(‘t/w_L

. OQp=05
— Q=10 9
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1 0.2

—-1.0

03 01 05
fho/Qd

Tylutky, AR, Pitaevskii, Stringari, PRA (2016)



Vortices in coherently coupled BECs: string breaking

equilibrium

too expensive
configuration...




Vortices in coherently coupled BECs: string breaking




An elongated iInhomogeneous system:
1) Local Josephson oscillations

1) We first prove the local BJJ in an elongated inhomogeneous cloud in the Josephson
oscillation regime. 1D spin dynamics with Thomas-Fermi profile and “large” Rabi coupling

Q
s(z) = ( 0 ) x s(z) in the Josephson regime wy(z) = /QQ + kn(x))
0+ ks, (x)

The parameter K is determined experimentally from the local Josephson oscillation frequency
(black dots) and from the loa

Central JJ frequency as
a function of Rabi coupling
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Bose-JJ eaqs.

Coherently coupled BEC and Josephson junction dynamics

é:H(R\XR

oscillation re

2. the so
self-trap|

H(s)=(0.0.2a..5.)

Experimel

T. Zibold et al. PRL (2010) - in a “0-dimensional”

system - Josephson physics

Phys. Rev. Lett. 95, 010402 (2005)
Phys. Rev. Lett. 105, 204101 (2010).

Phys. Rev. Lett. 120,173601 (2018).

Phys. Rev. Lett. 118, 230403 (2017).



An elongated iInhomogeneous system:
2) Critical region and Quantum-torque

4 critical slowing down

The system is very far from equilibrium...
and it is clear that the local density
approximation for the BJJ cannot be the proper
description any longer

what will happen?



Emulating Landau-Litshitz equations

L L L
P ———— ]

i

Xc

—_—_— —_— e _- = - —

S = H(S) X 8 H(S) = (Q, O, 293532)
the correct equation reads
S+ 0,js = H(s) x s

Spin current  Js = US

Dissipationless Landau Lifshitz Equation (LLE, 1935)



New Exp: An elongated inhomogeneous system

S=H(s)xs H(s)=(Q,0,29ss5:)

the correct equation reads

Spin




Equation of motion for the "hydrodynamic” quantities

experimental data

1D hydrodynamics

Note: total density (and total current,
not shown) pretty much constant,

ket T thus the LLE description can be
safely applied

Question: What is generated by the torque?

Dispersive magnetic shock wave? (shape and constant front speed)

100 fro=os

Turbulence?
fsz(a:)sz(av—l-Ax)/fsz(av)2

2 20
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The correlation looks very much
as for a quenched
anti-ferromagnet

Need more theoretical and experimental investigations...



Supercurrent stability

week endin

PRL 110, 025301 (2013) PHYSICAL REVIEW LETTERS 11 JANUARY 3013

B
EXx per iment Persistent Currents in Spinor Condensates

Scott Beattie, Stuart Moulder, Richard J. Fletcher, and Zoran Hadzibabic

stable

unstable

Theory

Bogolyubov dispersion relations
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tw] I/Gd_
phase slips due to vortices in the minority component
(spin dominated)
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Supercurrent stability

week endin,

PRL 110, 025301 (2013) PHYSICAL REVIEW LETTERS 11 JANUARY 2013

S
EX p erime n't Persistent Currents in Spinor Condensates

Scott Beattie, Stuart Moulder, Richard J. Fletcher, and Zoran Hadzibabic

stable

unstable

Time (s)

BUT if the RF is kept on the current is stable for over 1 minute



Coherently coupled Bose gas more...

The Rabi coupling strongly modified the physics of two component
Bose gas at the few and many body level.

ITF-like (or phir4) Ferromagnetic Transition (2D not-at-all MF)
Vortex dimer and string breaking (QCD-like) - Y.Shin
(tunable) LHY corrections from 2.5 to 3-body corrections
Peculiar spin collective modes (breaking of f-sum rule)
Goldstone mode decay at the FM transition

Simulator of Magnetic Models (Continuous and | attice)
Massive Hawking Radiation and boomerang effect

NOoOOkAWN =




Elementary excitations

T Y
H = Z Voo Vo _ E(wlwb + ple,)

- 2m

o)

2

+ Z Joo! ID:W;/ wa’wa:|

Only Na+Nb is conserved: The system is a single condensate
with a 2-component (spinor) wave function

Ground state breaks one cont. symmetry U(1):

1 gapless Goldstone modes: no cost to change the phase of the order parameter

1 gapped mode: due to the cost of changing the relative phase
(explicit U(1) symmetry breaking)




Two Component (mixture) BEC
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Both Na and Nb are conserved

Elementary excitations

e(Na,Mp) = =gao + =goNi + GapNals

Ground state breaks U(1)xU(1) symmetry: 2 Goldstone modes -
coming from no cost to change the global and relative phase of the 2 order parameters

Note:
the static structure factors
are qualitatively the same

9a = 9o = 9

- |—— Total (in-phase) density mode

— Relative (out-of-phase) density mode
- —  Without interspecies interaction (equal compressibility)

w(k)

n(g + gav)

o =

g — Gab

‘/Spin mode soft:

unstable with
respect to phase
separation
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