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Collective behaviour and driven-dissipative systems

Q Nonequilibrium quantum matter

9 Collective behaviour in driven—dissipative systems
@ Transverse field Ising
@ Rabi-Hubbard model

e Collective dissipation
@ Coupled qubit-cavity systems
@ Bath induced coherence
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Nonequilibrium quantum matter

0 Nonequilibrium quantum matter

=] = = E = DA
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Driven systems
Open quantum system

op=—ilH,p) + > wiLlX],  LIX]=2XpX] — X[ X;jp — pX] X;
i

Need drive to balance loss
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Driven systems
Open quantum system

op=—ilH,p) + > wiLlX],  LIX]=2XpX] — X[ X;jp — pX] X;
i

Need drive to balance loss

@ External coherent drive:

H — H+ Vcos(Qt)
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Driven systems
Open quantum system

op=—ilH,p) + > wiLlX],  LIX]=2XpX] — X[ X;jp — pX] X;
i

Need drive to balance loss

@ External coherent drive:

ho Vo1 COS(€21) 0
ﬁ B vg1 cos(Qt) hy v,, COS(£2t)
- 0 vl, cos(Qt) ho
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Driven systems
Open quantum system

op=—ilH,p) + > wiLlX],  LIX]=2XpX] — X[ X;p — pX] X;
i

Need drive to balance loss
@ External coherent drive:

B -2 v,

H=1l0o v, m-20

> ﬁ — e—iNtfeiolt _ o fy

» Neglect fast €¥* terms — fast
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Driven systems
Open quantum system

op=—ilH,p) + > miLIX], LX) =2XpX] — X[ Xip — pX] X,
i

Need drive to balance loss

@ External coherent drive:

o -2 v

H=1l0o v, m-20

> ﬁ — e—iNtfeiolt _ o fy
» Neglect fast €¥* terms — fast
» Rotating frame — breaks detailed balance with bath.
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Non-equilibrium steady state

@ External i[icoherent drive:
Oip = —ilH, ol + Y wiLIX]+ > iL[X]]
i i

Energy flow

Pump Y
bath

K Decay

 System bath
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Non-equilibrium steady state

@ External i[icoherent drive:
Oip = —ilH, p] + 3 mil[X] + > 7iLlX]]
i i

Energy flow

Pump Y
bath

K Decay

 System bath

@ Energy flow through system

- fen

Jonathan Keeling Collective dissipative behaviour CUNY, April 2015 6



Non-equilibrium steady state

@ External ipcoherent drive:
Oip = —ilH, ol + Y wiLIX]+ > iL[X]]
i i

Energy flow

Pump Y
bath

K Decay

 System bath

@ Energy flow through system
iy —

o-plne momentsy

%

@ Not thermodynamics — attractors of dynamics

» Stationary points — extrema of energy?
» Nontrivial attractors
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Coupled cavity arrays
@ Control photon dispersion — lattice

BT

[Hartmann et al. Nat. Phys. '06; Greentree et al. ibid 06; Angelakis et al. PRA "07]
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Coupled cavity arrays
@ Control photon dispersion — lattice

BT

[Hartmann et al. Nat. Phys. '06; Greentree et al. ibid 06; Angelakis et al. PRA "07]
@ X-Hubbard Model, H =" Hx e —J > _ ¥[1;
; -

(if)
[X=Bose, Jaynes-Cummings, Rabi, ...]
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Coupled cavity arrays
@ Control photon dispersion — lattice

BT

[Hartmann et al. Nat. Phys. '06; Greentree et al. ibid 06; Angelakis et al. PRA "07]

o X-Hubbard Model, H = ZHX s —J >}y

(i)
[X=Bose, Jaynes-Cummmgs, Rabi, ...]

En

Dielectric
Coupling|

) mirror \
i
waveguide|
heaters
: Iew ) ( )
mirror (o \ /
Atoms .4*,:

il NG

< ; \x A \\

oo mitor */ *"/ oW
BB B B B

[Lepert et al. NJP ’11; APL "13]

Dielectric

[Underwood et al. PRA '12; Nat. Phys ’'12]
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Collective behaviour in driven—dissipative systems

9 Collective behaviour in driven—dissipative systems
@ Transverse field Ising
@ Rabi-Hubbard model
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H = —; > vl wz [wczb,-*w,- + Uplylyp — Q (¢;¢;+1 e—2int | 1, C)]

<ij> i

[Bardyn & Immamoglu, PRL '12]
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H = —; > vl wz [wczb,-*w,- + Uplylyp — Q <¢;¢;+1 e—2int | 1, C)]

<ij> i

Rotating frame, blockade approximation, rescale:

H = _JZ [T/*Ti:J + 1T 9T+ A (Ti+7111 + 71117/_)]

[Bardyn & Immamoglu, PRL '12]
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H = —; > vl wz [chD,TZbi + Uplylyp — Q <¢;¢;+1 e—2int | 1, C)]

<ij> i
Rotating frame, blockade approximation, rescale:
H= —JZ |:7'I-—i_7'i:_1 + 7',.117',._ +gf+A (TfT,L + 7',-:_17'1-_)]
Orp = —i[H,pl +>_ kL[] ]
i

[Bardyn & Immamoglu, PRL '12]
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Parametric pumping — equilibrium

H= —JZ [Ti+Ti:_1 + 7',-117',-_ +grf+A <Ti+7,-i1 + T,-LTF)}

A
@ Equilibrium — transverse field Ising
model
. PM PM
» g —transverse field, geit = 1.
FMX
- 0 FMy 1 g

[Bardyn & Immamoglu, PRL '12]
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Parametric pumping — equilibrium

H= —JZ [Ti+Ti:_1 + 7',-117',-_ +grf+A <Ti+7,-fr1 + TI:L1TI-_>:|

A
@ Equilibrium — transverse field Ising
model
. PM PM
» g —transverse field, geit = 1. rs
» A — anisotropy. N
A = 0: XY, |A] > 0: Ising (X,Y). - 5 N .
FMy

[Bardyn & Immamoglu, PRL '12]
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Parametric pumping — open system

H__JZ[ l+1 +1Ti_+gTiz+A( I+1+TI+1 i )]
Op = —i[H,p) + > kL[r ]
i

® Mean-field EOM: () = Fu((r] 1), (), (/1))
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Parametric pumping — open system

H__JZ[ Tipr T

+ 97 +A( I+1+TI+1 i )]
Op = —i[H, p] + > /<;£[Ti_]

o Mean-field EOM: 9;(r®) = Fa((r0 ), (), (=

_1/» T,' ) Ti+1>)
@ Dynamical attractors, linear stability

Trivial
0 state

Trivial
state

Jonathan Keeling

Collective dissipative behaviour
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Why AFM/FM attractors .

:

state

[Joshi, Nissen, Keeling, PRA ’13] - ~
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Why AFM/FM attractors

Trivial
state

@ Linear stability, fluctuation ~ exp(—ivkt + ikr;) Linear stability

vk = —iniZJ\/gz +2gcosk + (1 — A2)cos? k

[Joshi, Nissen, Keeling, PRA ’13]



Why AFM/FM attractors

Trivial
state

@ Linear stability, fluctuation ~ exp(—ivkt + ikr;) Linear stability

vk = —iniZJ\/gz +2gcosk + (1 — A2)cos? k

@ g < —1, Dissipation matches ground state
» Most unstable mode, k =0

[Joshi, Nissen, Keeling, PRA ’13]



Why AFM/FM attractors .

Trivial
state

@ Linear stability, fluctuation ~ exp(—ivkt + ikr;) Linear stability

vk = —iniZJ\/gz +2gcosk + (1 — A2)cos? k

@ g <« —1, Dissipation matches ground state
» Most unstable mode, k =0

@ g > +1, Dissipation matches max energy
» Most unstable mode, k = 7

[Joshi, Nissen, Keeling, PRA ’13]



Beyond mean-field

@ Matrix-product-operator representation of

N
B 11i 2 (N—1]in_ j :
p= Z Z rg,]oz11 r1[341112062 r0‘N727CI“VN*11 al\/g N1 ®T/
{117’277IN} {aj} /:1

i i iz iy is

Vidal, White, Schollwéck, et al. Density matrices: [Zwolak & Vidal, PRL '04]
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Beyond mean-field

@ Matrix-product-operator representation of

N
. [1]i 2 [N=1]in_1 N]/ i
p= Z Z r1,oz11 r1[311],2062 oy zan-1 CYN /\/1’ ® 7'/
{’17’277’N} {aj} /:1
i i iz iy is
Vidal, White, Schollwéck, et al. Density matrices: [Zwolak & Vidal, PRL '04]

@ No broken symmetry — correlators:
A=1k=05J:
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Beyond mean-field

@ Matrix-product-operator representation of

_ [1]i 2]i [N=1]in—1 [N]i i
p= 2. | 2T/ T Tawaan 0 T | @7
{’17’277’N} {aj} /:1
i i iz iy is
Vidal, White, Schollwéck, et al. Density matrices: [Zwolak & Vidal, PRL '04]
@ No broken symmetry — correlators:

L
A=1,k=0.5J: PCARCAR
/’_‘\\\p |
_________ A
. e
7 = 7
‘\ ________
-0.3r| N\ o
Mean-field theory e’
= = = MPO numerics
_0.6_
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Correlations

@ AFM vs FM from sign of g(A=1)
< a ~/1N/2/>

Trivial
state
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Correlations

@ AFM vs FM from sign of g(A=1)
< w0 ~/z~/z/>

Trivial
state

@ A — 0, Analytic spin-wave,
‘(T 7'+/ ‘ o exp(—&cl)
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Correlations

@ AFM vs FM from sign of g(A=1)
< w0 ~/z~/z/>

Trivial
state

@ A — 0, Analytic spin-wave,
(1 7'+/ ‘ o exp(—&cl)

@ ¢,
5.0
40
3.
2
1.0
0 02 [ 06 08 10
Jonathan Keeling Collective dissipative behaviour
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Rabi Hubbard model

Q»

L 10

% i% i% i% §§ 01
Pump
Qa

\ Cavity
8

y

L__ 00

H=-J) ala+) pe
(i) i

AR = wala + %az + [aT(ga‘ +got)+ H'C'}
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Rabi Hubbard model

Q»

L 10

% i% i% i% §§ 01
Pump
Qa

\ Cavity
8

y

L__ 00

H=-J) ala+) pe
(i) i

AR = wala + %az + [aT(ga‘ +got)+ H'C'}

@ W = Weavity — Wpump
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Rabi Hubbard model

Q»

L 10

% i% i% i% §§ 01
Pump
Qa

\ Cavity
8

y

L__ 00

H=-J) ala+) pe
(i) i

pRabi _ o atg 4 %Uz + {aT(go—‘ +go)+ H.c.}

@ W = Weavity — Wpump
@ g, g separately tunable

Jonathan Keeling Collective dissipative behaviour CUNY, April 2015



Rabi Hubbard model

Q»
L 10
% i% i% i% §§ L_ o1
Pump \ Cavity
Qa 3

y

L__ 00

H= —JZ ala;+ > hpe
m -

hRab'—waTaJr 507+ {a*(ga +go )+H.c.}

@ W = Weavity — Wpump
@ g, g separately tunable

p = —i[H, p] + Z kLla] + Lo ]
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Rabi Hubbard model — equilibrium

5 T T T TTTTT LERERIERLL ] T T T TTTTT

4 _ — g’/g=0.5

g/, -

2 — —]

1_ —

0- 1 IIIIIII| 1 I\IIII“ 1 IIIIII-

0.001 0.01 0.1 1
J/m0

[Schiré et al. PRL '12]
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Rabi Hubbard model — equilibrium

5 T T TTTTIT T I\IIII\, T T TTTTIT
4-_ — g’/g=0.5| |
g/, -
27 —]
1_ —
0- 1 IIIIIII| 1 I\IIII“ 1 IIIIII-
0.001 0.01 0.1 1
J/m0

@ Discrete Z, symmetry
» Parity Mott lobes

[Schiré et al. PRL '12]
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Rabi Hubbard model — equilibrium

5 T T T rrrm LR RN T T Trorm 5 T T T T T T T

4 _ — g’/g=0.5

Ll Lol [ )

00.001 0.01 0.1 1

J/m0

@ Discrete Z, symmetry
» Parity Mott lobes

[Schiré et al. PRL '12]
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Rabi Hubbard model — equilibrium

5 T T T rrrm LR RN T T Trorm 5 T T T T T T T

4 _ — g’/g=0.5

Ll Lol [ )

00.001 0.01 0.1 1

J/m0

@ Discrete Z, symmetry
» Parity Mott lobes @ g = ¢, never degenerate —
never superfluid

[Schiré et al. PRL '12]
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Driven-dissipative system — linear stability
Mean field theory — still large Hilbert space.
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Driven-dissipative system — linear stability
Mean field theory — still large Hilbert space.
@ Normal state + fluctuations: p = @p(pss + > Ipk€* "™ + H.c.)

Follow [Boité et al. , PRA 2014]
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Driven-dissipative system — linear stability
Mean field theory — still large Hilbert space.
@ Normal state + fluctuations: p = @p(pss + > Ipk€* "™ + H.c.)
@ i Eigenvalues of M = My — txMy, tx = —2J cos(k)
@ Unstable if 3[k] > 0
Follow [Boité et al. , PRA 2014]
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Driven-dissipative system — linear stability

Mean field theory — still large Hilbert space.
@ Normal state + fluctuations: p = @p(pss + > Ipk€* "™ + H.c.)
@ i Eigenvalues of M = My — txMy, tx = —2J cos(k)
@ Unstable if 3[k] > 0

Follow [Boité et al. , PRA 2014]

02 [ g=g’=1"

e
=

Max[Im(vy)]
=

S
=

/

-1 -0.5 0 0.5 1
2Jcos(k)

o
[\
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Driven-dissipative system — linear stability

Mean field theory — still large Hilbert space.
@ Normal state + fluctuations: p = @p(pss + > Ipk€* "™ + H.c.)
@ i Eigenvalues of M = My — txMy, tx = —2J cos(k)
@ Unstable if 3[k] > 0

Follow [Boité et al. , PRA 2014]

02 [ g=g'=1"
J=0.07
= 0.1 r
S
E e Given J, || < 2J
E‘ 4
= o1}
M
02 t ‘ ‘ ‘
-1 0.5 0 0.5 1
2Jcos(k)
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Driven-dissipative system — linear stability

Mean field theory — still large Hilbert space.
@ Normal state + fluctuations: p = @p(pss + > Ipk€* "™ + H.c.)
@ 1y Eigenvalues of M = My — txMy, & = —2J cos(k)
@ Unstable if S[vk] > 0

Follow [Boité et al. , PRA 2014]

02 | g=g’=1
J=0.25

= 0.1 r
=
E e Given J, || < 2J
5 @ First instability k = 0,7
= 01

-0.2 T ‘

-1 0.5 0 0.5 1

2Jcos(k)
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Driven-dissipative system — linear stability

Mean field theory — still large Hilbert space.
@ Normal state + fluctuations: p = @p(pss + > Ipk€* "™ + H.c.)
@ 1y Eigenvalues of M = My — txMy, & = —2J cos(k)
@ Unstable if S[vk] > 0

Follow [Boité et al. , PRA 2014]

0.2 [ gdg’=1"
190.4
0.1 |
@ Given J, || < 2J

@ First instability k = 0, =
@ k— m/2atlarge J

Max[Im(vy)]
=

-1 -0.5 0 0.5 1
2Jcos(k)

Jonathan Keeling Collective dissipative behaviour CUNY, April 2015 17



Rabi-Hubbard model — linear stability

Stability phase diagram:
2 =,

T

1.5 i

Q

=

. E]
P 2 E
1)) =
&

05 =

0

0 0.25 0.5 0.75 1

[Schir6 et al. arXiv:1503.04456]
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Rabi-Hubbard model — linear stability

Steady state correlations:

/N

g=1.5 ——

Stability phase diagram: 06
. 04
2 ra T =
o 02
)
15 x 0
= 02
. E}
P n2 Z 0
1)) =
&
0.5 =
0 0
0 025 05 075 1
J

[Schir6 et al. arXiv:1503.04456]
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Rabi-Hubbard model — linear stability

Steady state correlations:

Stability phase diagram: 06
04
2 ra T =
& o2 \\
1.5 e 0
= 02 e=ls ——
. E
ﬁo 1 2 2 0 0.25 0.5 0.75
o = J
Z il
05 S ...vs|i—j|=1
0 o 0.6 1=0.4
0 025 05 075 1 ~ 04
02
33: 0
[Schir6 et al. arXiv:1503.04456] 0n
0 4 8 12 16

Separation, [
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Rabi-Hubbard model — linear stability

Steady state correlations:

Stability phase diagram: 06
- n 04
3 o2 \\
g /)
15 x 0
= 02 e=ls ——
\ <
on » 0 0.25 0.5 0.75
u 1 /2 £ ]
o E vsli—jl=1
0.6 J=0.4
0 0 04 1=0.6 ——
0 025 05 075 1 ~
J %: 0'2\ /\
© o /
[Schir et al. arXiv:1503.04456] - \/ \/

Separation, [
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Rabi-Hubbard model — linear stability

Steady state correlations:

Stability phase diagram: 06
- x 04
o 02 \.\
1.5 e 0
% -0.2 g=l.5 —_—
N <
on > 0 0.25 0.5 0.75
u 1 /2 £ ]
o £ . vsli—jl=1
0 0 =
0 025 05 075 1 ~ 04 1=08
; 5N O
LR /
[Schiré et al. arXiv:1503.04456] - W \/ \>ﬂ

Separation, [
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Linear stability — limit cycles

o If v = +v; + iy} at instability — Limit Cycle
[Lee et al. PRA 11, Jin et al. PRL ’13, Ludwig & Marquard PRL ’13, Chan et
al. arXiV:1501.00979]

[Schiro et al. arXiv:1503.04456]
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Linear stability — limit cycles

o If v = +v; + iy} at instability — Limit Cycle
[Lee et al. PRA 11, Jin et al. PRL ’13, Ludwig & Marquard PRL ’13, Chan et
al. arXiV:1501.00979]

2

u T . : ;
0.61 1
1.5 v
\ é /\: 04+t 1
Lot "E Y 02 ]
P <o
0.5 2 0 B
e g=1.5 —— 1
0 0 0.2 g=0.5 : .
0 0.25 0.5 0.75 1 0 0.25 0.5 0.75
J

[Schiro et al. arXiv:1503.04456]

Jonathan Keeling Collective dissipative behaviour CUNY, April 2015 19



Phase-boundary Effective model

@ Compare phase boundaries

Ground state: Driven dissipative:
ST . 2 —— ———
4 |

g/(;)0 [ ] gwyl - B
[— ¢is=10} o
i Normal
0 L 1 1 1 1
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Phase-boundary Effective model

@ Compare phase boundaries

Ground state: Driven dissipative:
ST . 2 —— ———
4 |
g/(!)0 B ] glogl -
(= ere=to] S
i Normal
0 I | | | |

@ Ground state, Jgit ~ e—29°/< at g>w
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Phase-boundary Effective model

@ Compare phase boundaries

Ground state: Driven dissipative:
ST . 2 —— ———
4 |
g/(!)0 N i gloyl - f
(= ere=to] S
i Normal
0 I | I | | |

0 02 04 06 08 1

@ Ground state, Jgit ~ e—29°/< at g>w
@ Dissipation means Jgit > Jmin

Jonathan Keeling Collective dissipative behaviour CUNY, April 2015
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Phase-boundary Effective model

@ Consider effective spinor model

H= Z—T —ZJXTT —i—Jy, e
(i)

Jonathan Keeling Collective dissipative behaviour

p=—i[H,p]+ ...
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Phase-boundary Effective model

@ Consider effective spinor model

A ; ; .
H:ZETiZ_ZJXTiXTiX—i_J}/T/nyVv p-:—I[H,p]—i-...
i (i)

@ Level populations:

1
3
/ <] =
2 . |
=
1 <
uf £05
0 =
=
1 £
2 g'/g=1.0
03 i T3 0 05 1 s
3 3
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Phase-boundary Effective model

@ Consider effective spinor model
A ~ - . .
H=) o= 't +dyr/r/,  p=—ilH ]+ ..
i (i)

@ Level populations:

1
3
2/——\ /:i
1 £
uf . £05
| £
2
0 05 1 s
g g
2 ~2 3
2/,,2 r=g w
@ If A ~wye 29/ « 1 Jorit = —2— + s
crit w3 1692
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g # g, Level crossings
@ For g’ # g, A can swap sign

Population, (nlpln)
=4
wn

3
2
1
=
53]

0

-1

2 g'/g=0.25

0 0.5

1.5

,J
0 0.5 1 15
g
o 5 =

Jonathan Keeling
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g # g, Level crossings
@ For g’ # g, A can swap sign ...and loss can invert populatoin

1
3
2 //\ 2
: z
of £05
0 =
=
B Dé:‘
2 g'/g=0.25
03 i 5 0
g g
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g # g, Level crossings

@ For g’ # g, A can swap sign ...and loss can invert populatoin

1
3
\QE.
<! =
I S 05
0 =
=
] \ 2 T\\_—__
=9
2 2'/g=0.25 | A
03 i 5 0 0.5 1 15

g

g

@ If levels/populations in wrong order, FM/AFM switch.

2
>
o |
0 025 05 075
]

T

2
S
Most unstable k

0
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g # g, Level crossings

@ For g’ # g, A can swap sign ...and loss can invert populatoin

//—\

3
2
1 \
0

-1 \
2 g'g=0.25

0.5 1 1.5
g

1

0.5

Population, {(nlpIn)

=
[ A
1 1.5

0.5
g

@ If levels/populations in wrong order, FM/AFM switch.

2
S
Most unstable k

2 T
—s
o |
0 025 05 075 0
]

0.3
0.2
/\E 0.1
%

<

-0.1
-0.2
-0.3

iMPO results

0.6 12 1.8
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Collective dissipation

@ Collective dissipation
@ Coupled qubit-cavity systems
@ Bath induced coherence
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Collective dephasing

@ Real environment is not Markovian

» [Carmichael & Walls JPA '73] Requirements for correct equilibrium
» [Ciuti & Carusotto PRA '09] Dicke SR and emission

Jonathan Keeling Collective dissipative behaviour CUNY, April 2015 24



Collective dephasing

@ Real environment is not Markovian

» [Carmichael & Walls JPA '73] Requirements for correct equilibrium
» [Ciuti & Carusotto PRA '09] Dicke SR and emission

@ Cannot assume fixed «, ~y
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Collective dephasing

@ Real environment is not Markovian

» [Carmichael & Walls JPA '73] Requirements for correct equilibrium
» [Ciuti & Carusotto PRA '09] Dicke SR and emission

@ Cannot assume fixed «, ~y
@ Phase transition — soft modes

Dicke model linewidth:
= waerZ 507 +9 (0 +he)
+Z o Z o ( +bg) + > Bablby.
q
[Nissen, Fink et al. PRL '13]
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Collective dephasing

@ Real environment is not Markovian
» [Carmichael & Walls JPA '73] Requirements for correct equilibrium
» [Ciuti & Carusotto PRA '09] Dicke SR and emission

@ Cannot assume fixed «, ~y
@ Phase transition — soft modes

Dicke model linewidth: 0.014

0.012

—www+220, +9 (o] ¥ +hc)

frequency (a.u.)

+Z oj Z Yq ( + bq) + Z /quiqbq' ;xpmmem _._ |
. |

0.008 theory -

linewidth/g

o
=)

1 2 3 4 5
number of qubits, N

[Nissen, Fink et al. PRL ’13]
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Collective dephasing & weak lasing

@ Weak lasing, [Aleiner, Altshuler, Rubo PRB '12] — dissipation selects
collective modes.

Jonathan Keeling Collective dissipative behaviour CUNY, April 2015 25



Collective dephasing & weak lasing

@ Weak lasing, [Aleiner, Altshuler, Rubo PRB '12] — dissipation selects
collective modes.

@ Toy problem:

H = waala+wpb’b+ (a + b) ZfiCi + H.c + Hagatn

]
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Collective dephasing & weak lasing

@ Weak lasing, [Aleiner, Altshuler, Rubo PRB '12] — dissipation selects
collective modes.

@ Toy problem:

H = waa'a+wpblb+ (a' + b') Y " gici + H.c + Hgann
i
@ Standard picture:

vL[a’ + b'] +~,L[a+ b]+ degenerate

p [Ho, ] {%@5[5] + L[0T +...  secularised
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Collective dephasing & weak lasing

@ Weak lasing, [Aleiner, Altshuler, Rubo PRB '12] — dissipation selects
collective modes.

@ Toy problem:

H = wata+ wpb'b + (aT + bT) ZfiCi + H.c + Hagatn

]

@ Standard picture:

vL[a’ + b'] +~,L[a+ b]+ degenerate

) = —i[Ho, p] + !
’ -7} {%aﬁ[aT] +ympL[bl]+...  secularised

@ Exactly solvable problem — which is correct? Consider (a'b)
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Bath induced coherence

@ Steady state:
» If wy = wp, then (a'b) = (afa) = (btb)
> If wa # wp then (afb) < (ata), (b'h)

[m] = - =
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Bath induced coherence

@ Steady state:
> If w, = wp, then (atb) = (afa) = (b'b)
» If w, # wp then (aTb) < (afa), (bfb)

0.0015
. Exact
> ‘C[a + b] wrong if Wa # Wh = 0.001 »\\\in. Sec. e
. "1‘30.0005 ]

» Residual coherece — non-flat DoS 0
s 08 n,
5 0.6 Dy
2 04
£ 02

0
10 12 14 16 18 20 22 24 26
[ON
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Bath induced coherence
@ Steady state:
» If wy = wp, then (a'b) = (afa) = (btb)
» If w, # wp then (aTb) < (afa), (bfb)

0.0015

» Lla+ bl wrong if ws # wp 2 0000 e NpeSee
. 20,0005 [
» Residual coherece — non-flat DoS 0

0.8 n,
0.6
0.4
0.2

» Requires non-secular master eqgn.

Populations

0
10 12 14 16 18 20 22 24 26
[ON
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Bath induced coherence
@ Steady state:

» If wy = wp, then (a'b) = (afa) = (btb)

» If ws # wp then (afb) <« (afa), (bTb)

» Lla+ b] wrong if wa # wp

» Residual coherece — non-flat DoS

» Requires non-secular master eqgn.

@ Approaching steady state:
100

Coherence: (4'b)

80
60

time

40
20

0
14 16 18 20 22

@,

O = N W B W,

0.0015

2 0001
<0.0005

Populations

0
0.8
0.6
0.4
0.2

0
10 12 14 16 18 20 22 24 26
[ON
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Bath induced coherence
@ Steady state:
» If wy = wp, then (a'b) = (afa) = (btb)
» If w, # wp then (aTb) < (afa), (bfb)

0.0015
» L[a+ b] wrong if wa # wp 0001 \\Nféi?
. 20,0005 [
» Residual coherece — non-flat DoS 0
. s, 08 ny
» Requires non-secular mastereqn. £ m,
2 04
. ,,gf 0.2
@ Approaching steady state:

0
10 12 14 16 18 20 22 24 26
100 @

Coherence: (4'b)

80

* (a'h) ~ exp [~ C(wa — wp)?t

time

40

20 + (@' b)ts0

O = N W B W,

0
14 16 18 20 22

@,
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Summary

@ Parametric pumping — non-equilibrium “phases” of transverse
fleld Ising model

Joshi et al. PRA’13
o Rab| Hubbard model — exotic attractors.

TR %

Schir6 et al. arXiv:1503.04456
° CoIIectlve effects in dephasmg

Nissen et al. PRL ’13
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