Bistability dynamics in the dissipative
Dicke-Bose-Hubbard system
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Outline

» Cold atoms in optical resonator

» Correlated phases in Dicke-Hubbard model

» Bistability and switching dynamics

» Summary and Outlook
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Two-level atoms in optical cavity

» Spins in single mode cavity: —
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R. H. Dicke, Phys. Rev. 93, 99 (1954); C. Emary and T. Brandes, PRL 90, 044101 (2003).
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Realization of the Dicke model

» Momentum states of each atom are mapped to atomic excitation.

Vo1 464129 Apr 201040103/ maara 09009 nature.

ARTICLES Figure 3: Observation of the phase transition.

Dicke quantum phase transition with a
superfluid gas in an optical cavity

Kristian Baumann’, Christine Guerlin'f, Ferdinand Brennecke & Tilman Esslinger'
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» Dicke superradiance is signalled by onset of self-organized BEC.

K. Baumann, C. Guerlin, F. Brennecke and T. Esslinger, Nature (London) 464, 1301 (2010) 4/23



Non-equilibrium phenomena with Dicke model

Dynamical phase transition in the open Dicke model

Jens Klinder, Hans KeBler, Matthias Wolke, Ludwig Mathey, and Andreas Hemmerich'
Institut for Laser-Physik, Universitat Hamburg, 22761 Hamburg, Germany

Edited by Peter Zoller, University of Innsbruck, Innsbruck, Austria, and approved January 15, 2015 (received for review September 4, 2014)

‘The Dicke model with a weak dissipation channel is realized by i ly by coupling a Bose-Einstein con-
P74  couping a BoseEinstein condensate to an optical cavity with ultra-  densate (BEC) t0 3 high-finesse resonator pumped by an external

narrow bandwidth. We explore the dynamical critical properties of  optical standing wave (32). A transition from a homogeneous phase
2D the Hepp-Licb-Dicke phase transition by performing quenches (consisting of the condensate with no photons in the cavity) into

across the phase boundary. We observe hysteresis in the transition 2 collective phase (with the atoms forming a density grating trapped
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J. Klinder, H. KeBler, M. Wolke, L. Mathey, and A. Hemmerich, PNAS USA 112, 3290 (2015) 5/23



Non-equilibrium phenomena with Dicke model

Relaxation towards lasing Many-body self-organization
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C. Halati, A. Sheikhan, H. Ritsch, and C. Kollath,
PRL 125, 093604 (2020)
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S. Ray, A. Vardi, and D. Cohen, PRL 128, 130604 (2022)

[Chaos and effective thermalization

A. Altland and F. Haake, PRL. 108, 073601 (2012) 6/23



BECs in 2-D optical lattice coupled to cavity
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Quantum phases from competmg short- and
long range 1nteract10ns 1n an optical lattice

te Landig', Lorenz Hruby!, Nishant Dogra', Landini, Rafael MottF!, Tobias [ 1 & Tilman Esst

these exneriments are mactly Timited to shart-rane

[New things in two dimensionsj

» Physics of strong correlation in .

lattice.

» Off-diagonal long-range order
exists at zero temperature. = S5

Figure 2: Characterization of the phases.
o

» Extended Bose-Hubbard model
including cavity-atom
interactions with Zs symmetry DU G 1,

R. Landig et al, Nature (London) 532, 476 (2016) 723




Dicke-Bose-Hubbard model in two-dimensions

» Hamiltonian: H = ﬁa + fIC +

Cavity: H. = Qata

BHM: Ha = —J 3, (blb; +h.c)

+3> [ i + an(ni - 1)]

Coupling: Hae = —*(CL-FCLT)Z (- 1) 5

» Dissipative dynamics: [ﬁ = —i[H,p] + nﬁ[d]}

» Cluster mean-field Hamiltonian: A = IEI(-, + Zl Hcl
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+Zi€Cl [ Hi; + U”z (R — 1)] L(&+ aT) Ziecl(_l)iﬁi
U. Pohl, S. Ray, and J. Kroha, Ann. Phys. (Berlin) (2022)
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MF factorization and orderparameters

> p=(Tibe,) x pe = (b = i, pe] + wLlal, b, = —ilYE. ci])

BHM: A3 =| =7 > bfb; -7 > (ble;+he)
{i9) (i)
i,7€C 1€C,j¢Cy

+Zi€Cl [—u’fli + %ﬁ, (7 — 1)] — /\(a +a*) Z (_1)’i’fli
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Cavity: HMF = Qata — ﬁ(d +ah) > (=)',
ieCy

» Orderparameters and characterization of various phases.

[Schematics of various atomic phasesj
Photon amplitude: a = (a)/v/L Mot Insulator (MD) Density Waves (DW)
Photon number: np = <de>/L mummm M‘LH_”;H_H;’
0 Swiden g S
condensate amp.: ®eo = (be,o) A'AAAARNA SATA

boson density: ne,0 = {fle,o0)
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Ground state phase diagram at zero temperature

» Phase diagram for () = 1 with k = 0.
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» Dicke transition is discontinuous

below (Je/U, Ac/U) = (0.105,0.77).

» Consistent with QMC and B-DMFT

in equilibrium.

Masterarbeit in Physik, T. Wu (2023)
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Bistability and co-existence of phase

[Coexistence of phases for density (fie) + (f1o) = 2 and for 1 x 2 cIuster]

Dashed: QPT (gr. state).

Dotted: QPT lines
extended to bistability.

Solid: bistability border.
Red(blue): jump(cont.).
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insulating phases are observed. o1

» The bistability boundaries meet at critical

=
o3
Je/U, where Dicke transition is continuous.
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T. Wu, S. Ray, and J. Kroha, arXiv:2311.13301 (2023)
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Switching dynamics in bistability

{Oscillations between SF and SS phases}

> At t =0 the system is in
SS ground state.

» Excess energy is provided
by photon field:
a(t =0) = ags + da.

» Unitary time-evolution is
performed for k = 0.

1 2 L3

P(n)
©

4 o 1 > 3 4
n

> Pye)(n) = (n|Treo)foyIn), In) is the number state of bosons.
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Observation of hysteresis

{Linear ramp in A across the discontinuous transition from SF to SS}

- . —
(a) ;;{x AU » At t = 0 the system is in
g :

SF ground state, a = 0.

0.6 0.

> Linear ramp in A(¢):
0.74 ++ 0.8 (Urq = 103).

» Dashed line: np for GS
(jump at QPT).

np(t)

0.4

» Dotted line: Bistability
border obtained from
numerical self-consistency.

® Numerical data

— Fit: Mg U=1.32/Ur,+0.784 TQ-dependence

» Increasing Tq — dynamics
is more adiabatic

AU — 0.784

> 7Q — oo: transition agrees

081 0 0.002 0.004 with bistability boundary.
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Q

T. Wu, S. Ray, and J. Kroha, arXiv:2311.13301 (2023)
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Relaxation dynamics with finite dissipation

» Time-evolution of orderparameters with different initial
preparations. Parameters: J/U = 0.09 and x/U = 1.08.

Ok=—c=r~, | ; ; ; ;
0 200 400 600 0 200 400 600
t (1/0) t (1/U)

» Dashed and solid lines — initial SF and DW states, respectively.
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Steady states and bistability with finite dissipation

> Orderparameters vs \ in steady states for J/U = 0.09 and x/Q = 1.08

o 1 . —
. : i (o) - : r k
(a)0.6 : , 1 “os8 - .
004 {srss Iss oW <0 6F T ~X 1 -
=0 =4 U2 4 N
o i -Q0.4_—SF§ SF+SS\YSS |
' 1 o2 AN
0 0 — 0—— e
0.82 0.88 094 0.82 0.88 0.94 0.82 0.88 0.94
\U AU AU

[Bistability boundary at finite n/UJ

1.1F 0.06—— — . ]
=i > Coexistence region for several
i values of k/U.
0.02
> Bistability occurs at a higher \/U
=098 with finite r/U.
0.3, i > Width of coexistence region AX/U
4 ME is less sensitive to k/U.
07 036 072 105 T4 is

¥/U

T. Wu, S. Ray, and J. Kroha, arXiv:2311.13301 (2023)
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Summary

» Bistability and dissipative dynamics of BEC in Dicke-Bose-Hubbard
model

» Ground state phase diagram at 7' =0 and at Kk = 0
» CMF for time evolution in long-range interacting system

» Discontinuous behaviour at Dicke transition and several
coexistence regions (survives under dissipation)
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» Switching dynamics and hysteresis behavior in bistability
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BHM phase diagram (CMF vs QMC)
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Number state distribution of photon wavefunction

» The parameters are: J/U = 0.08 and \/U = 0.76 for which the GS is SS phase.
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> Red dots: Coherent state of photon [¢). = e~lal?/2gaal 10).
> Solid line: Photon wavefunction [¢) in SS phase, and a = (Y|a|y).
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Dynamics of condensate in bistability

—

Dynamics of condensate and total boson density across SF-SS transition]

A ’ YO

{Oscillatory dynamics of condensate between SF and SS phasesJ

i

0 500 t 1000 1500

21/23



Bistability and orderparameters
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Effect of atom-photon entanglement

> Initial state preparation: |¢(t = 0)) = [))132 .. @ |¢)e. Coherent state of

DW/SS
photon: |¢). = e~lal?/2gaal |0)
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» Longer relaxation time, tunnelling between attractors.
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