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Photonic Platforms: driven-dissipative quantum fluids

2D Light-matter quantum fluids with drive and decay

Environment
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Different Drives
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v" Preserves U(1) symmetry ] - \ k —_—

v' Gapless Goldstone mode

@ Adam Lowicki, Mtody Technik

v Violates particle number conservation
(f-sum rule may not hold)

QW Free carrier
= states
?9_1,77
> CW Ti-Saph.
ol @ 1765 meV
21,76 d=35pum spot
L
-15 -10 'ia 15
1.72 r —
upper polariton |
1.71} )
—_— ‘.\
% 1.70 \ Relaxation
> . Photony ,’ --------------
o v
g 1.69F Exciton
168f g
Emission XN_ A
\ HE ‘ Iower polarlton ‘
1.67

60 30 0 30 60
0 (deq)



Different Drives

Coherent

v Breaks U(1) symmetry B \ k e

v No gapless Goldstone mode

© Adam Lowicki, Mtody Technik
v" Violates particle number conservation
(f-sum rule may not hold)

v" Violates Galilean invariance
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Different Drives

Parametric

v" Preserves U(1) symmetry ] \ k

v' Gapless Goldstone mode

@ Adam Lowicki, Mtody Technik

v' Violates particle number conservation
(f-sum rule may not hold)

v Spatial inhomogeneity — additional knob
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Incoherently Driven Bosons in 2D

Generic model for incoherently driven-dissipative bosons

idy(r,t) = —% +glY(r,t)° +i(y — & = Tl (r,t)|°) | Y (r, t)dt + dW
Y

1+ [¢(r,t)|?/ns

Y+ £+ TDY(r, 1)|?

more non-linear drive

Wiener noise  (dW*(x', t)dW (r, t)) T Op prdt
o0 ms -
av
Another model used in the context of semiconductor microcavities
idy(r,t) = —% + glY(r, )|> + grngr(r,t) +i(R[ng(r,t)] — &) | ¥(r, t)dt + dW
ng(r,t)t = P(r) — yrng(r,t) — Rlng(r, )] (r, t)|? Free phase: gapless

phase mode, all other
excitations gapped
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Kardar—Parisi—Zhang (KPZ) Theory

[Altman et al, PRX 2015]
Treating phase fluctuations exactly

Az Ay
010 = Dy026 + Dyog0 + — (89)+ (89)+C(xt)

KPZ non-linearity
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Tuning parameter x

At large distances

(6" (d(0) ~ e, X ~0.37

Stretched exponential (faster then algebraic) decay of coherence but superfluidity survives



KPZ — why interesting?

Solving KPZ equation Martin Hairer, Warwick

Universality class for a wide range of non-equilibrium phenomena in 1D
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KPZ Order with Polaritons
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Compact KPZ Equation and Vortices

Interactions between V and AV V(R) = 1 log E 4 log3 E
- : € D, 3e3 D,
in KPZ equation

\ | k | [Sieberer et al, 2018]
Y Y
Attractive as in XY model Repulsive or attractive
depending on anisotropy

For isotropic system interactions repulsive at L, = D.exp (2y/eD/\)

For strongly anisotropic interactions always attractive and enhanced with respect to non-driven system

Phase ordering kinetics after quench
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Compact KPZ Equation and Vortices

Interactions between V and AV V(R) = 1 log (E) _ ;Lg log3 (ﬂ
€ €

. . D D
in KPZ equatlon \ C} k C) [Sieberer et al, 2018]

Y Y
Attractive as in XY model Repulsive or attractive
depending on anisotropy

For isotropic system interactions repulsive at L, = D.exp (2y/eD/\)

For strongly anisotropic interactions always attractive and enhanced with respect to non-driven system

Phase ordering kinetics after quench
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Topological Phase Transition

idi(r,t) = [—3—2 + glv(r, )2 +i(y — £ — D[y(r, t)E)J Y(r, t)dt + dW

BKT transition
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Dynamics after infinitely fast
guench

if universal can reveal the critical
exponents of the transition

Fast change of pump
strength

Time

Quench Dynamics

[P. Comaron et al, PRL 2018]
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Number of vortices / antivortices Number of vortices / antivortices

Number of vortices / antivortices
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System with Reservoir:

2

id(r,t) = v + glv(r,t)|* + grng(r,t) +i(R[ngr(r,t)] — &) | ¥(r, t)dt + dW

2m

ne(r,t)t = P(r) — yrnr(r,t) — Rlng(r, )][¢(r, )]

Weak drive — disordered phase, gi(r)
exponential

Medium drive — inhomogeneous superfluid,
vortices pushed to low density regions, g1(r)
exponential

Strong drive — homogeneous superfluid, g1(r)
algebraic

15t order phase transition, phase separation,
sudden jump in number of vortices and
correlations — different to BKT

Increasing drive

Reservoir density

Superfluid density




System with Reservoir:

2

. \% .
zdw(rat) - _% +g’¢(r7t)|2 +anR(r7t) +Z(R [nR(r7 t)] o K’) 11’(1'7 t)dt + dW
Reservoir density  Superfluid density Phase

ne(r,t)t = P(r) — yrnr(r,t) — Rlng(r, )][¢(r, )]

Weak drive — disordered phase, gi(r)

exponential M
Medium drive — inhomogeneous superfluid, %
vortices pushed to low density regions, g1(r) g
exponential 3
Strong drive — homogeneous superfluid, g1(r) - 0
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15t order phase transition, phase separation,
sudden jump in number of vortices and
correlations — different to BKT
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Anisotropic KPZ

Az Ay
010 = Dy 026 + Dyo70 + — (89) + = (69) +C(xt)

KPZ non-linearity

(6" (r)d(0)) ~ r~*

N o%2 1 T “"hpD,

Spatial anisotropy could help

Anisotropic system flows to a Gaussian fixed point:
power-law at any scale
g which defines KPZ lengthscale depends on anisotropy:
perhaps we can make L, smaller?

How to realise in experiment?



Anisotropic KPZ

Az Ay
010 = Dy 026 + Dyo70 + — (89) + = (39) +C(xt)

KPZ non-linearity

(@"(r)(0)) ~ 1

\\UJ & T Ton,

Spatial anisotropy could help
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Anisotropic system flows to a Gaussian fixed point:
power-law at any scale
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Playing with Spatial Anlsotropy 0):0)
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Playing with Spatial Anisotropy: OPO
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Tunning Across Universalities with OPO

[A. Zamora et al., PRX, 2017]

A A _
00 = D2036 + DyO20 + ?""(aﬁctﬁi)2 + ??*’(ayt?)2 + C(x,t)

Negative detuning

By increasing drive we move
from non-equilibrium to
equilibrium fixed point

Two different universality
classes as the drive is

increased
Fnp ; ¢ P~ : —
0.8 - @ |
0.6 B -
0.4 -
0.2 _
C

-0.4 -0.2 0.0 0.2 0.4 0.6

Singal momentum (ks)



Searching for the KPZ Phase

[A. Zamora et al., PRX, 2017]
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Searching for the KPZ Phase
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Searching for the KPZ Phase

“Condensate” density
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Elow Properties of Quantum FEluids

What is a superfluid?
Defined by flow properties:

* No viscosity

* No transverse response

* Quantised vortices

* Metastable persistent flow

Current-current response function: 07;(q) = x:;(q)d f;(q)

Long wavelength limit:
* Transverse direction first: longitudinal response
* Longitudinal direction first: transverse response

Superfluid component responds to longitudinal but not transverse perturbations

Superfluid density: ps = m lin’%) (XL(q) — XT((I))
q—



Conerently Driven Polaritons
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Coherently Driven Polaritons

[R. Juggins et al., Nature Comm. to appear, 2018]

* Phase fixed by the pump so

spectrum always gapped

e Blue detuning A =V |¢0| — Landau criterion
fulfilled in real part (c)



Coherently Driven Polaritons

[R. Juggins et al., Nature Comm. to appear, 2018]

Superfluid density from Keldysh: pg =m li_I>l’(l) (x(q) — xr(q)) =0
q

Coherently pumped polaritons are not superfluid
but ...

New quantum state
* Most of the system does not respond to neither longitudinal nor transverse forces

no superfluid but no normal fluid either

* Rigid state fixed by the external pump
* Some normal response dependent on pump vector k:p
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Reconciling with the Experiment

[R. Juggins et al., Nature Comm. to appear, 2018]

Detuning and the response function

* Vary pump strength for a given detuning
* Normal response goes to zero when the real spectrum fulfils the Landau criterion
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Experiment records the non-fluid rather then superfluid state



Conclusions

<> Driven-dissipative superfluids: rich variety of <> Anisotropy and dissipation — as in OPO —

phases depending on the kind of the drive: BKT, different phases, KPZ order at all lengthscales?
vortex dominated phase, 1%t order transition, .

phase separation, etc... 0

Isotropic Strongly Anisotropic
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