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THE PROBLEI

e Onset of modern nanotechnologkespossibility to engineefesoscopic devices
e Hallmarks: quantum dynamics + environme&topen quantum systems (0penQ9
e Mesoscopic sizez large fluctuations

e Gradients + external drivierg nonequilibrium

e Aim: understand theronequilibrium fluctuating
behavior specially theurrent statistics

© FrameworKarge deviation theory

e Main interestgurrent LDF + quantum control

current



SYMMETRIES OUT OF EQUILIBR

e Despite interestinderstanding nonequilibrium behavior remains challenging:
difbculty in combining statistics and dynamics
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SYMMETRIES OUT OF EQUILIBR

e Despite interestinderstanding nonequilibrium behavior remains challenging:
difbculty in combining statistics and dynamics

e Remarkable exception: tAkctuation Theorem  lim L In [ PPT((;]J))

700 TL4

] = 2€-J
e Lesson: symmetry is a powerfull tool to gain insights into nonequilibrium physic

e Example: invariance of optimal paths in driven diffusive systems leads to Isome
Fluctuation Theorem

1 [PT(J)

lim —In P ()

7-_>OO|Ld ]:E(J_J/)

J =Ry = |J|=|J

© |[dea: explore consequencessytnmetry for the transport properties of openQS
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e In openQSsymmetry <zmultiple NESS ~ coexistence of different transport chan

e Coexistence linked t&*-order dynamic phase transition in current statistics

e Shows up as a kink in the current cumulant generating functionschvex regime
in the current large-deviation function

e Microscopic time-reversibiltyg twin dynamic phase transition!!

e Application¢control of transport and fluctuations by tailoring the symmetry-
protected information of the Initial state

e Detailed examplepen quantum networks (motivated by coherent energy harves
In photosynthetic complexes)

e Novel guantum device:
symmetry controlled quantum thermal switch
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SETUP

e openQS described lyeduced) density matrix | € B(H)

current

e B(H ) space of bounded operators actingHitbert space 7{ (of dimension D)

e B(H) is itself a Hilbert space with the inner producfo, p) = Tr( o p) - <sm)

© Lindblad master equation (for Markovian open quantum systems)
: : 1

e H=hamiltoniaA,B] = AB — BA,{A,B} = AB + BA ,andL,, € B(H) are
Lindblad operators

© Coheren evolution punctuated bylecohering interactions with environment

e Debnesuperoperator V'V, a DxD? matrix acting of8(H )

® Nonequilibrium steady states (NESS)null Pxed points &V — Wy, = 0



SYMMETRY AND NESS DEGENER/#

© Theorem: an openQS with strong symmetry S € B(H)
S,H]=0=[S,L,,] !m

hasmultiple, degenerate NESS’s indexed by thes distinct symmetry eigenvalues
Buca&Prosen, New J. Phys073007 (2012)

/dﬂ: —i[H, /0] + Z (Lm me - %{LmLmap}>

m

multiple NESS’s coexist at the same time!!

current
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SYMMETRY AND NESS DEGENERF£

e Sketch of the proof: usesymmetry spectrum S! !(k)! — |l !(k)!
WEr H L efl,ng] k! [Ldi] dy=dim(Ha)
to decompose both Hilbert spaces “ : g= Wp
H = (PH Ho = {91

B(H) = D Br B,s = {|1 (V11 )

current

e S strong symmetry <zsubspace$ s remain invariant under the flow W
WB.s !B 45

e Therefore we havet least ns distinct NESS’s, i.e. for any, (0) ! B ..

p}\IESS ' thm €+tW,0! (0) "B I
— OO

® Corollary: one-dimensional symmetry eigenspaces do not deconhdiek states

[Va) (Pal
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QUANTUM LARGE DEVIATIONS

e Current statistics <zreduced density matrlx (t) :Q events in time t
P.(Q) =T o) ¥ etC(H) G(q) <0

e Q ~ global constraint. Better to workdifferent ensemble:

D)= ) (e
Q

© Moment generating function of current distribution

ZA(t) 1 Talpa(£)) £ e u(A) = max[G(g) ! Ad]

e Closed evolution equation for! x(t)

G (t) = —i[H,!/]+e 'Ly LyT+et Lyl Lyt
1
D) LehiLh =5 {LiLm i} =Wl = 1 (1) =e ™M 1(0)
m#£1,2 m

e Deformed SUPERoperath¥, — thermodynamics of currents
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SYMMETRY AND CURRENT FLUCTUATIO

® Deformed superoperator V), also leaves invariant the subspaces 5,3

© Hence 3 a complete biorthogonal set of right (and left) eigenfunctions
WiBwy B "# wus (M) $Bry i Wiwss (M) = pg(A)wss (N)

e Recall thatZ, (¢) ! Trlpx(t)] ¥ 7> etV withpy (1) = e™™ p(0)

e Spectral decomposition of initial density matrix then yields

Zy(t) = 3 et O (1 0 (M), #(0)) 1225 ettio (K o(M), #(0))

e Therefore the current LDF corresponds to #ienvalue of VWi with largest real
part and symmetry index®®g among those sectors present in the initial state

p(1) =y = max u (1))

® The long-time limit selects a symmetry eigeﬁspace Xo — symmetry breaking at
the Buctuating level. Distinct symmetry sectors may dominate different 3uctt
regimes, separated by+drder phase transitions
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SYMMETRY CONTROL OF TRANSPO

e Playing with amplitudes: possibility to control current statistics and average tran
properties.

Z, (1) F7° gttn™C

(e 0("), #(0))

R |
© Exampleiverage current — <q> = E}m f! A In ZA(t)|>\=O

D1 (a ) (P, p(0))
> 1 (pivEss, p(0))

with 'qa" = # 0 pd™ (W) |azo = Tr[ Lop™SS LI # Tr Ly pX"5 L]

(@) =

NESS

e Different p,”>° € B, will typically have different average curi@nts
® By preparing the symmetry of the initial state, we can control the average current

e Detailed examples below: esgnmetry-controled quantum thermal switch
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SYMMETR¥zTWIN DYNAMIC PHASE TRANSITION

® Expansion of leading eigenvalue within symmetry sectax for |\| < 1
s )1 g (0) + MO I (A)) =0 =" Mg §
e Therefore, using that(! ) = u(()! 0) = max [uﬁl )(! )]

" (O ) for I <0 maximal current phase

Ht) = 4
A< —|! O ) for! >0 minimal current phase

e Hence 11(\) exhibits a kink at A = 0 . Jump in the dynamic order parameter
Q()\) — _,u/(>\) of SiZGAqO — |q| i #| q "

max min

e For time-reversible systersGallavotti-Cohen fluctuation theorem
Chetrite&Mallick, J. Stat. Phys. 148,480 ( 2012)
[ Pt (q)

} — g <2G(q)—G(—q)=cq <z P(1) =p(" —1)

lim In
{t—o0

<z Twin dynamic phase transition



SYMMETR¥zTWIN DYNAMIC PHASE TRANSITION
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SYMMETR¥zTWIN DYNAMIC PHASE TRANSITION

© Inverse Legendre-Fenchel transform:G(q) = max () + gA]

e The twin kinks ipl(! ) corresnpond to two current intervals
|q| I [l"q! min #|1 |"q! max #l]

where the current LDE(Q) is non-convex or at least non-affine

e This thus corresponds toraultimodal current distribution P;(() = ¢t) with
several peaks refdecting the coexistence of multiple transport channels



SPONTANEOUS SYMMETRY BREAKING IN FLUCTUAT

A N
KA Gla) > ¢
. A » A & &
maximal curren minimal current < | | N
phase phase g E N/ > d
S Oé” Cyf§/ \ II
NN -
/ / ,'
“o /
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D | -
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NS ol
S R el
S’D c maximal current
, £ phase

~ ~ >
qarnin

e Remarkablyhe symmetry present in the initial state is broken at the fluctuating
level: the quantum system selects the symmetry sector that maximally facilit:

given current uctuation

e Forlq| > |'q . "| the statistics is dominated by the symmetry subspace wi
maximal current, while forlg| < |'q _.."| theminimum current subspace prevails



NO TWIN DPT IN EQUILIBRIUM !

e Corollary: the twin dynamic phase transitions only happen out of equilibrium,
disappearing in equilibrium !

e In equilibrium, (q1 ) = 0 Vv so there ar@o symmetry-induced kinks in (! )

e Expanding to second order the leading eigenvalues

| 2

o7 (1) = —("?\uﬁf*)(' Do = —#

® In equilibrium, current statistics is dominated by the symmetry eigenspace with
maximal variance among those symmetry sectors presep({)

e Still possible to control current statistics wit)



APPLICATION TO OPEN QUANTUM NETWORK

e Motivation: evidence of coherent energy transfer at room temperateana-
Mathews-Olson complex of green sulfur bacteria <z Photosynthesis

e Natural selection @fuantum effects to optimize energy harvesting In living system

“igure 1 from Gerhard Ritschel et al \
2011 New J. Phys, 13113034 ‘N

e Open quantum networks: useful to understand
functional role of noise and dephasing Iin
enhancing coherent energy transfer
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APPLICATION TO OPEN QUANTUM NETWORK

@ Fully connected network of quantum two-level systems (qubits). Hamiltonian:

| N I[N o #
+ + — 4"
H=~h o, 0, +J 0; 0, +c7,iaj
i=1 i, =1
7<t bulk qubits

e !  raising and lowering operators

s/

e Coupling to Markovian bosothigat baths:
terminal vs bulk qubits

e Four Lindblad operators: rate a(b;) for
excitation pumping (extraction) at qubit |

/a 0'1 |_3 — @' ]—|\_f /
L2 — \/ ' Ly = ON ON terminal qubits
e Temperature gradient wheneven; b, 7 asby

bosonic heat baths
I =In[ a; b/ (a2i0)]

/ﬂ: —i[H, IO]+ Z (Lm /OLm o %{LmLmap}>

m



SYMMETRY AN SPECTRUI

e The quantum network exhibiisultiple strong symmetries:
permutations ! ;; € B(#H) of bulk qubitgj ! [2,N " 1]

L H]=0=1[",Lm]
e \We hence expecinultiple NESS, twin-DPT, symmetry breaking ...
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SYMMETRY AN SPECTRUI

e The quantum network exhibiisultiple strong symmetries:
permutations ! ;; € B(#H) of bulk qubitgj ! [2,N " 1]

L H]=0=1[",Lm]
e \We hence expecinultiple NESS, twin-DPT, symmetry breaking ...

e Spectrum ofV, for N=2, 4,8z u(\; N)

2 ' ! ' | i ' |
. T 1 © =100 N=40 = ) =
[ e g TR
]l 4 »=056 .
- W
1o s ©u(A; N)shows no dependenc
= W)/ . withNfor0 < A < e while
] ’ rapid increase with N appear

w(A;N)

|, for|\! e/2] > ¢/2
4 e Suggests two kinks in p(A; V)
A,g-'; ________________________ _ at )\ — O7 €




SYMMETRY ANV SPECTRULI

e The sharp change of behavionat 0, € IS most
evident in the associateigenmatrix. Example for N=6 :
-1 0 }% 2 3
(a.1)(px — mijpr)/2  (a.2)(px + mijpa)/2 (b.1)(px —mi;px)/2  (b.2)(pr + miip2)/2
T S
Totally | (22 22 & i Pair
Symmetric i | 1 | | | | ] :l: l:: | :l 1 | i 1 1 | 1 1 l- antisymmetric
e | T T T .I -rl-.r..r I .l. l. ] T T T . .l
ol put s T | mn mm rd
o N H N ol
T mnm "N ol
i O s s "N H B
5 = s s a H N H N
L o W C - .
a n CR HE H N
Re(m|px|n)
I Tl b0<A<e
0 0.005 0.01




SYMMETRY AN SPECTRUI

e The sharp change of behavionat 0, € IS most
evident in the associateigenmatrix. Example for N=6

(a.1)(px — mijpx) /2 (a'.2)(‘.)’\ + Wﬁjp*.)/z, (b.1)(px — mi02) /2 (b.2)(px + miip) /2

........
||||||

Totally R _ Pair
symmetric 1 tas =R 55 E5{ antisymmetric
u(Y) = an ]
maximal currentf  minimal current g = Em
g 10 20 30 40 50 60 lRe(mip,\|n) J
(AA<0 = I ; ol bo<A<e

(QO;:n)

e Minimal current phase corresponds to pair-antisymmetric btdle of dark states



SYMMETRY AN SPECTRUI

e Symmetry of max/min-current phases allows §evee dimensional reduction <z
possibility to analyze much larger qubit netwczkp to N=40

e Studyfinite-size effects in current statistics{\; V) = u(A) + a()\)N_l/2

2 ! ! 1 | : T | T

A=-1.00

o N=40

Aponoo

N=2




CURRENT LDF IN THE THERMODYNAMIC LIN

e Estimation of the LDE(\) in the thermodynamic limit

05 | ' b«' ' | ' || ]
o i ’ E /
2F :

<
\./1_ . Iu()\):lu(e_)\)
=. E

v=0.5, N=6 i

y=0.5, N ":39:;. :

O._‘Y::HO*HS:F\*‘ _____ ~ ~~HH:k ﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁ |
1 | 1 | §—-1===T—_—: 1 | 2
-1 0 1 2 3



SYMMETRY CONTROL OVER TRANSPORT PROPEF

CASE |
e Current vs N for varying initial state preparations: an even numger- ) N of
bulk qubits are initially in antisymmetric, singlet states by pairs, with remainir

gubits in totally symmetric state be0.1
g = T T T T T T T T O—O¢=1
O-1/2
0.28¢} O~ 113
A 1/4
= 1/5
g/ 1;?
1
/\e 1/8
) 1/9
V 1110
0.26}
v,
N .7 8 a1=2 -
- a1= o1
. a1= 1
@ 1




SYMMETRY CONTROL OVER TRANSPORT PROPEF

CASE 2
e Gainfull control of current by modifying the network Hamiltonian

e Initial! (0) with projectioh ! [0,1  on the totally symmetric subspace

e Symmetry-controlled quantum thermal switch:energy [3ow can be blocked,
modulated or turned on using the symmetry of the initial state

' L) Ll L L) ' L) L) L) T l’ L L4 L) L) O_O¢=1
O-01/2
0.28F O 1/3
LA 1/4
ST 1/5
Z 1/6
s 1/7
Ae 1/8
o b
V 110
0.26 =
/'/7
— a,=2]
— a1= ]
- e a1=
0.24
@ 1




ROLE OF DEPHASING NOIS

e The interaction with dephasing environment reduces quantum coherence, but can

enhance transport and energy transfer
m ! [1, N]

e Model dephasing environment with set of Lindblad operatg?s? = ,/~yo' o

el ,, act locally on each qukitz break bulk permutation symmetrz(unique NESS)
+ (no twin-DPT) + (no symmetry breakingg differentiable:(\) and convéx(q)

0 . 5 T T T T T T T T
oV’
- R {7
2=

- de = —

S —— — —




TOWARD AN EXPERIMENTAL REALIZATIC

e Experimental modeloherent optical cavity networks (MIT&Singapore U.)
1 2 3

e
—— :

\/.
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é
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|
o \
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e Hybridelectro/opto-mechanical settings with spin-1/2 particles

0.10

2 ‘ """" ’5 0.8
f(s) 0.06

0.04

|
Bias parameter, s

S. Pigeon, A. Xuereb, |. Lesanovsky, J. P. Garrahan, G. De Chiara, and M. Paternostro, arXiv:1409.0422



SUMMARY AND OUTLOOK

e \We have shown how tharness symmetry to control transport and current
statistics In open quantum systems

e Symmetry<z degenerate NESSQsdynamic phase transition (~ coexistence of
different transport channels). Time reversigiitywin DPT

® Symmetry breaking at the fluctuation level

e Applications: open quantum networks (~ photosynthetic complexes) and
symmetry-controlled quantum thermal switch

e QOutlook: combine novel dissipation engineering techniques with symmetry-ba
design strategy to store simultaneously multiple coherent quantum states



Thank you






SYMMETRY AND NESS DEGENERF£

e Proof: usesymmetry spectrum S|! !(k)! S !(k)!
p®mH L eng k! [Ld] dy=dim(He)

to decompose both Hilbert spaces
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SYMMETRY AND NESS DEGENERZ

e Proof: usesymmetry spectrum S|! !(k)! S| !(k)!
pPIH L en] kLA ] da=dim(Ha) e e S (e tten)
to decompose both Hilbert spaces, - Ho = {001 k" [1,do]}
B = @B Bap = (0Tl n#t [Ldy]m # [1,ds])

e Depbnéleft and right adjoint symmetry SUPERoperators S| R

e Clearly, subspacés,s  are jbiet eigenspaces of bothS| r
S|t (M) = e M) S|t (M) = e Fep (M)

© S strong symmetry <z|\W, Sy gr| = 0 <zsubspaceB,s remain invariant under
the BowW <z WBQB B af
e Therefore we have at leastdistinct NESSOs, i.e. forany)) ! B ..

p}\IESS I thm e+th! (O) "B I
— 00



EQUATIONS 1 |

p H B
| A,B]=AB —B ‘€|9H!
€ B(H) {A,B} = AB + BA Ho = {471 k"
p,n!B (H) Lo €B(H) BH)=EDBr s
1 =1 :
Ba — (n)!" (m) :
W p2xp? G =dd ()
H W 0 SL,R SL‘w! 1
(0,p) = Tr(o p) a | — g
S|_. — S| SR"
v, eBH) ° €BH) Sg! = IS

[S,H]:O:[S,Lm] !77"B(H) O

I rm»



EQUATIONS 2

| Q (t) Q t—00,
Q(t) P(Q)=Tr[ ! Q(t)] > exp[+tG(Q/1)]
Tr[ Wi ()\)] =1

Pi(Q) = exp[+tG(Q/D] [ (V)] o 61

G(q) < C Sewrs () = e®owey (V)
p()=  peyexp(-AQ) Srirs ()= ey ()
Q WA! aﬁv(") — uu(")! aﬁu(")
)\ ZA(t) | Tr[p)\(t)] w.()éﬁl/()\) | B (H)
Zy (1) =< exp[+tu(A)] . ! 4 (()? B(H)
By | s
| p(A) = max[Glg) b Aqg] Sy 1, Wi] = 0
' A(t) Ll L2 SL,R
W

G(t) = —i[H,!,]+e "Lyl L;"+et Lyl Lyt

1



SPONTANEOUS SYMMETRY BREAKING IN FLUCTUAI

! (Gope, ) for ! S0
u(t) =

N<F (g ) for ! 20

Al > (e /| Omax

|q‘ < |<qC¥min >‘ Ctmin 'QI = ( Ho
piff | llm pk(t) _ waoao()()\) ‘)\‘ I 1
t—0o0 TI‘[,O)\( )] (1) (| )
o (1) —( "PHp (1)
g = Oémax(amin)
€ € € € 12 1(0)
Aogl g (hogl< )



SSB IN FLUCTUATIONS FOR OPEN QUANTUM SYST

© Nonequilibrium, open quantum systéimdblad master eq. for density matrix p
. . 1 11
p(t) =" i[H,pl+ ) (Lkafi | §{L|J£Lk,p}) W p
K
© Symmetry of Liouvillean: unitary operator S such that 7] =0=1[ S, Li] V&

© Theoren®uca&rrosen 20128ymmetry S <z degenerate nonequilibrium steady states

(NESSs) classibed by the symmetry spectdjai = e |a! Manzano & PH.
preprint 2014



SSB IN FLUCTUATIONS FOR OPEN QUANTUM SYST

© Nonequilibrium, open quantum systéimdblad master eq. for density matrix p
. . 1 11
p(t) =" i[H,pl+ ) (Lkafi | §{L|J£Lk,p}) W p
K
© Symmetry of Liouvillean: unitary operator S such that 7] =0=1[ S, Li] V&

© Theoren®uca&rrosen 20128ymmetry S <z degenerate nonequilibrium steady states

(NESSs) classibed by the symmetry spectdjai = e |a! Manzano & PH.
preprint 2014

© First observatioB:multiple transport channels classified by symmetry <z

symmetry-controled transport via initial state preparation

e Current statisticsgymmetry breaking at the fluctuation level!!!! <zthe quantum

system selects a symmetry subspace that maximally facilitates a current 3uc
e First-order dynamic phase transition: coexistence of different transport channel

© Time reversibility <z Gallavotti-Cohen symmetryB3<z twin phase transition



SSB IN FLUCTUATIONS FOR OPEN QUANTUM SYST
EXAMPLE: NONEQUILIBRIUM QUANTUM NETWORK

e Hamiltonian: fully-connected network of qubits

N N
DT MR R
=1

ij =1
j<

e Symmetries: permutations diulk qubits

Manzano & PH., ;
preprint 2014 S ! P = |ﬂ7;j |



SSB IN FLUCTUATIONS FOR OPEN QUANTUM SYST
EXAMPLE: NONEQUILIBRIUM QUANTUM NETWORK

' © Hamiltonian: fully-connected network of gubits
> &’\ 2 N / N :
> / H _ | Z " i—|—|| I| 4+ g Z (n i—|—|| J' i " Il " J—I—)
i=1 ij =1
j<i

e Symmetries: permutations diulk qubits
Manzano & PH, ;
preprint 2014 S ! P = |n7;j |

_ Re(mlp,[n) _

o
o
2
o
o

G(a)-Gla)f ] /2

15

........
||||||

"(!)

1

0.5

60 (0:2) (ps + P ps)/2

(b)0<s<e

e First-order dynamic phase transitions in the Legendre transform of the current LI
e For|J|>)c*, pr totally-symmetric in bulk. A&, pr pair-antisymmetric in bulk.

e (5()) is non-convex In two regions, connected by time-reversibility



