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Open Quantum Systems

System of interest embedded in an environment: composite system-environment

Reduced dynamics via master equation

d =i

Ps = [ﬁS,PS} + D(ps)

Markovian limit: Universal Lindblad form

d —1

. 1
%PS = ? [HSUPS} + 20;704 [LaIOSLL _ 5 {LZ;LOHPS}:|
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Open Quantum Systems: Decoherence

Decay of coherences of density matrix, e.g. of a Schrodinger cat state

Quantum Brownian Motion

d 1 1y 2mykgT

03t = = H, ps(®)] = S-[n. {p ps ()] = =377, v, ps ()]

Decoherence time in the high-temperature limit

)\2
/. ~ /. —t2m~ykpT(z—x')? /R? = B
ps(ZIZ,JZ,t) Nps(:z:,a:,())e kBT s/ D 2yAx?
il
LUXEMBOURG e.g. Zurek, Physics Today
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Decoherence from Quantum Decay: Purity

Purity
Py = trpg € [1/d,1]

Master equation

d —i [z 1
%Ps = H@ [Hs,ps} + za:’ya [LaPSLIX ~ 9 {LLLa,ps}

Short time decay
P, = Py[1 — Dt + O(t?)]

Universal decoherence time & rate

2 1 1
D=—— ™D = ;
Po 1p > o YaCov (La, La)
s M. Beau, J. Kiukas, I. L. Egusquiza, AdC, Phys. Rev. Lett. 119, 130401 (2017)
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Stochastic Hamiltonians

Full system

Deterministic part + stochastic part with real Gaussian process
H(t) = Ho(t) +~()V

Stochastic Schrodinger equation

o) = [Ho(t) + 4 (V] [(0)

Extensive literature

G. J. Milburn, PRA 44,5401 (1991)
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Exact Noise-Averaged dynamics

Density matrix averaged over realizations WWWW
p(t) = (pss(t)) = ([()) ((2)])

Master equation requires stochastic unravelling
t A A
—p(t) = —ilHo(t), o] - / ds{(y(B(s)) |V ([0 (t, $)VOL (E 5). p (0)])]

Simplified via Novikov's theorem for white noise  (y(t)y(t')) = W2§(t — t)

2 For an
2 ott) = ~i{Ho(0)pl0)) — V. Vp(o) ||

. I

s A. Chenu, M. Beau, J. Cao, AdC, Phys. Rev. Lett. 118, 140403 (2017)
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Experimental tests?

Quantum simulation of open systems with many-body dissipators

Target Hamiltonian: Ising chain

H; = —ZJijafajZ. —hZJf.

1<J =1
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A. Chenu, M. Beau, J. Cao, AdC, Phys. Rev. Lett. 118, 140403 (2017)
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Experimental tests?

Quantum simulation of open systems with many-body dissipators

Target Hamiltonian: Ising chain

N
& z _z T
Hy==} Jijoio; —@p_oi.
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Experimental tests?

Quantum simulation of open systems with many-body dissipators

Target Hamiltonian: Ising chain

N
& E : z _z E : T
1< 1=1

Modulating magnetic field
Dlp(t)] = =y Y _[of[oF, p(t)]]
1J

Nonlocal "2-body" dissipator

™
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Experimental tests?

Quantum simulation of open systems with many-body dissipators

Target Hamiltonian: Ising chain

N
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Experimental tests?

Quantum simulation of open systems with many-body dissipators

Target Hamiltonian: Ising chain

=—> Jijoio; —h)Y of.

1<J =1

Modulating ferromagnetic couplings

Dlp()) =) > loio}, (050 p(t)]]

1<g v <yg’
= & < Nonlocal "4-body" dissipator
o o o
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- Stochastic k-body Hamiltonians

Stochastic Hamiltonian

ia — Z Lgfék)zk

"2k-body" dissipators

D) =-Y 3 Y epeh L, gl

a1y <<t g <o <3G

Double sum over indices vs usual single sum ~ correlated environment

. I

s A. Chenu, M. Beau, J. Cao, AdC, Phys. Rev. Lett. 118, 140403 (2017)
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- Stochastic k-body Hamiltonians

Stochastic Hamiltonian

Hs(t) = Hr(t) + ) Aa(t)L

k-body operators

_ (a, k)
o Z Lzla
11 <---<1p
"2k-body" dissipators

TD ™~ 1/N2k

Polynomial scaling

s A. Chenu, M. Beau, J. Cao, AdC, Phys. Rev. Lett. 118, 140403 (2017)
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Dephasing dynamics

Master equation with Hermitian Lindblad op

d . W2
—p(t) = —i[Ho(t), p(t)] — [V, [V, p(t)]]
dt 2
. . £ (o
Decoherence rate scaling for k-body Lindblad op /\ S
— @ e & o ®
< e ¢ ¢ <
o0 6 6 6 o
@
© ©¢ 6 6 o o o
TD 1 / N 2k
Polynomial scaling in system size
.l
s A. Chenu, M. Beau, J. Cao, AdC, Phys. Rev. Lett. 118, 140403 (2017)
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Dephasing dynamics

Master equation with Hermitian Lindblad op

d , W?
—p(t) = —i[Ho(t), p(t)] — — [V, [V, p(¢)]]
dt 2
. . £ o
Decoherence rate scaling for k-body Lindblad op /\ S
— @ e O ¢ ®
@ e © ¢ ®
6 66 6 6 6 o
© © © o
o.-a e © o
© © ©¢ ©¢ © ¢ o
What are the ultimate bounds to
the decoherence rates?
uni.lu
LUXEMBOURS A. Chenu, M. Beau, J. Cao, AdC, Phys. Rev. Lett. 118, 140403 (2017)
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_Decoherence rate iIn RMT: GUE

Noise-averaged master equation

%p(t) Zlh HT p Z)\ L, a,p(t)]]

Decoherence rate

Ensemble average

{DGUENFdsz}

Py mp R
L. € GUE(d)
I = Z Ao,
Exponential dependence on particle number!
Extreme decoherence
.l
LUXEMBOURG Z. Xu, L. P. Garcia-Pintos, A. Chenu, and AdC, PRL 122, 014103 (2019)
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Noise-induced anti-Kibble-Zurek scaling

05t QCP

= | Ye

UUUUUUUUUUUU

UUUUUUUUUU Dutta, Rahmani, AdC PRL 117, 080402 (2016)
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Quantum Annealing Protocol

Example

_—AZ{l— ) o+ 9(t)67,67 44

0 t T
N
H=-A o
; n H——Az:ancfwrl

UNIVERSITE DU

UUUUUUUUUU Dutta, Rahmani, AdC PRL 117, 080402 (2016)
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Defect density obeys Kibble-Zurek scaling

1D Ising [Sci. Rep. 6, 33381 (2016)]

0.351

S
o
w
o

_dv
Ndefects X T 1+=v

o

N

[4;]
T

Density of kink:
(=] o
o

1 I 1 I 1 L
1 1.5 2 25 3 35 4
W Jrg)!

§ .05}

3

20}

:>
2005 g
Polkovnikov §
Damski B o
Dziarmaga £ g f
Zurek, Dorner, Zoller 8 F

g’ 404

- 2

Experiment * ]

5} {
-20F
25}

KZM

= A

KzZm slope ﬂ Exp ~ g5 -

3D Ising [Du et al. Nature Physics 19, 1495 (2023)]
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Noise in the control fields

1

L;/O 0.5%(2(:[)

0

0 t T

Noisy control field
git)=t/T+~({), 0<t<rT

(v () = W3(t — ')

UUUUUUUUUUUU

UUUUUUUUUU Dutta, Rahmani, AdC PRL 117, 080402 (2016)
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Stochastic many-body Hamiltonians

Full system
H(t) = Ho(t) + )V

Deterministic and stochastic parts

Stochastic Schrodinger equation

5 Re() = [Ho(t) + (V] [(0)

UUUUUUUUUUUU

UUUUUUUUUU Dutta, Rahmani, AdC PRL 117, 080402 (2016)
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Annealing dynamics

Density of excitations Residual energy
1
nw=1-—+ ;<Gk(7)|9k(t)|Gk(7)> Q =[E(T) — Egs(1)]/N

30 35 40 45 50
In|7]

Noise-induced breakdown of adiabatic protocols
Anti-Kibble-Zurek behavior

. I

UNIVERSITE DU
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Universality of optimal annealing time

Density of excitations

nw ~ 17 +cr P

Kibble-Zurek exponent

B dv
14z

B

Optimal annealing time

Topt X (Wz)_l/(BH)

Dutta, Rahmani, AdC PRL 117, 080402 (2016)
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Experimental verification

KZ/Anti-KZ Linear excess Universal optimal driving time

a O5F T FI —IO—OPI(HZ '
~1.0F-"-20KHt ——40KH
2BKHz —d—60 KHz

04k F

—H—20 KHz
25 KHz

—&—40 KHz
. —4—60KHz

2.0 | —m— Transverse Quench

Lt —A— Along Gapless Line

1.5 | —®— Through MC Point

I : | :

-2 -1 0
In(W?2)

10 15 20 25 3.0 35 4.0
In(7)

Single trapped 171Yb* ion simulator of transverse-field XY chain

UNIVERSITE DU

LUXEMBOURG Ai et al. PRA 103, 012608 (2021)
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~ Noise-induced AntI-KZM in QC

Analog Quantum Simulation Digital Quantum Simulation
2D Quantum Ising model (Dwave) Anti-KZ induced by digitized errors (IBM)
¢ L=4 4 L=1a
o0 b o= oo | Application-oriented benchmarking Zj
¢ L=20 3 via universal scaling

defect density nger

gresgmssesy
_j —iStH(t ‘ %)
. -4 readout
- ¥ readout + DD

-0~ None
o readout + pulse eff
¢ readout + DD + pulse eff

10°F

. ; .
reliable 0.1
simulation

up to D layers

%, | ANtiKZ |

defect density
S

10—2 v . n h g
100 102 104
total time t;
v total time t;
Weinberg et al. PRL 124, 090502 (2020) Miessen et al PRX Quantum 5, 040320 (2024)
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Symmetry breaking induced by monitoring

oo ®

UUUUUUUUUUUU

UUUUUUUUUU Garcia-Pintos et al. PRL 123, 090403 (2019)
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Continuous Quantum Measurement: Dynamics

Equation of motion

Nonlinear innovation term conditioning to a measurement record

1

Lo lpe) = | o ({Aas pe} = 2Te(Aape) pr)

m

. I

UUUUUUUUUUUU

uuuuuuuuuu Garcia-Pintos et al. PRL 123, 090403 (2019)
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Continuous Measurement of Ising Model

Paramagnet to ferromagnet

UNIVER SITE DU

LUXEMBOURG Garcia-Pintos et al. PRL 123, 090403 (2019)
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Continuous Measurement of Ising Model

Paramagnet to ferromagnet

H(t)/A = (1 - —) Za - —Zajajﬂ

Magnetization conserved on average

®I —); (W(O)M[T(0) =0  E[(T(t)|M[T(t)] =0
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Continuous Measurement of Ising Model

Paramagnet to ferromagnet

H(t)/A = — (1 - i) ia - —Zajaﬁl

7Q

Magnetization conserved on average

®I —); (W(O)M[T(0) =0  E[(T(t)|M[T(t)] =0

Symmetry breaking induced by measurement feedback

d(o?)(t) = —Tr (1[ i o%) AW
il

J
= A2 (t)dW
\/Tm < (t)dW;
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Increasing measurement strength

(a) T A =1000 (b) TwA =10 (c) T

10 1 Spin

Symmetry breaking induced by monitoring
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Locality of monitoring

local coarse-grained global

oD ® @

——

K spins
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Locality of monitoring

ORI O

(c) TmA=3

0

4( 20

10 spin
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Classification of topological defects

Using the vacuum manifold of the system via homotopy theory
[Kibble 76, Mermin ‘79]

M~G/H T (M)
M ~7Zsy/e >~ 7o

Monitoring agent alters the pattern of symmetry-breaking

MZZQZ>MZZK+1

Need for classification framework including monitoring
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Quantum Chaos in Open Quantum Systems

vk fo Z. Xu, A. Chenu, T. Prosen, and AdC, PRB 103, 064309 (2021)
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QChaos vs Decoherence: Long-standing problem

Seminal results ...

Books ...

Quantum §
Signatures ;
of Chaos

We focus on spectral properties & introduce analogue of Spectral Form Factor

s Z. Xu, A. Chenu, T. Prosen, and AdC, PRB 103, 064309 (2021)
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SFF as Fourier transform of the spectrum

Leviander et al. PRL 56, 2449 (1986)

e B, P o7 s Gs0) <\<\If<o>\\v<t>>\2> L4 Pav(V

Alhassid, Whelan, PRL 70, 572 (1993) E
i A rwe V[\AWA [\'\nvf\v;
0.2r 5
i Regular ]
0.0 H—t—
| A
0.2 i B
Cotler et al JHEP05(2017)118 B lntermediate
Dyer Gur-Ari JHEP08(2017)075 0.0 , " | |
AdC Molina-Vilaplana Sonner PRD 95, 126008 (2017) : o
L v
N2 0.2 oo’ :
Z (B + it) _ _
Z(B) Chaotic
O‘O | | |
E(H) 0 1 2
t/2mp
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SFF as Fourier transform of the spectrum

Survival amplitude

(W (0)| (1)) = / AEp(E)e " = S B O) (8 - Fa)

Survival probability/fidelity averaged over ensemble: sum of 3 terms

(F(1)), / dEdE'(p(E E’)> BB

| / 4B p(E i
il 1 2 3

UNIVERSITE DU
UUUUUUUUUU

Adolfo del Campo

/dEdE/<p(E E/)>(c) —’L(E E)t_|_F


https://www.google.com/url?sa=i&url=https%3A%2F%2Fwwwen.uni.lu%2Fmedia%2Fimages%2Finside_images%2Flogo_uni&psig=AOvVaw11m3ApotvDRL8qphlJnL1f&ust=1602245102035000&source=images&cd=vfe&ved=0CAIQjRxqFwoTCKiK46f6pOwCFQAAAAAdAAAAABAD

Chaos In isolated systems

Partition function with complex-valued temperature (SYK, N=26)
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Chaos In isolated systems

Partition function with complex-valued temperature (SYK, N=26)

[E—
-
)
Ty
[E—
-
)
B

— =0 8=0

Fidelity
= 3

Fidelity
= 3

[E—
S

(@)
e
S

@)}

Cond vl vl vl il il il el

Quantum noise
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Chaos In isolated systems

Partition function with complex-valued temperature (SYK, N=26)
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Chaos In isolated systems

Partition function with complex-valued temperature (SYK, N=26)
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Fidelity-based SFF for open quantum systems

Conventional definition of SFF as Fourier transform of energy spectrum

Open problem: Generalization to Open and Non-Hermitian systems

My view:
Fidelity-based approach provides natural generalization grounded

on gquantum dynamics and the geometry of quantum states

AdC, Molina-Vilaplana, Sonner, PRD 95, 126008 (2017)
AdC & T Takayanagi, JHEP02(2020)170
Xu, AdC, PRL 122, 160602 (2019)
Z. Xu, A. Chenu, T. Prosen, and AdC, PRB 103, 064309 (2021)
Cornelius et al. PRL 128, 190402 (2022)
Matsoukas-Roubeas et al. JHEP 2023, 60 (2023)
° Matsoukas-Roubeas et al. PRA 108, 062201 (2023)
“ l"l“ Matsoukas-Roubeas, Prosen, AdC, Quantum 8, 1446 (2024)
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Fidelity-based SFF for isolated systems

ve) =y
Coherent Gibbs state (pure) 3) = n
— \/Zo(B)
evolves into Py = U(t)|¢5><¢5\U(t)T
Z(8 +it) |
Fidelity-based SFF SFF = F; = ‘ (5(5; )

LUXEMBOURG Z. Xu, A. Chenu, T. Prosen, and AdC, PRB 103, 064309 (2021)
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Fidelity-based SFF for open quantum systems

o—BE, /2

NGO

Coherent Gibbs state (pure) kvry Z

evolves into Pt = At H¢5><¢5H

Fidelity-based SFF SFF = F, = (Y3|pe|vp)

. I

et fo Z. Xu, A. Chenu, T. Prosen, and AdC, PRB 103, 064309 (2021)
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Chaos in open systems: Energy dephasing

Survival probability after Hubbard-Stratonovich transformation

R= g [ are (G g
= TE v T
N 78

o+

]

Spectral Form Factor for isolated qguantum system

iy = 20D

Energy dephasing equivalent to time averaging with given kernel

. I
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TFD Fidelity as SFF for open systems
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Competition of Time scales

Most quantities are monotonic, ruled by decoherence time

Fidelity sensitive to

. 2
- Decoherence time 1Yz o= L
VTexp (—NB?/4) He
« Dip/Thouless time tg ~ Vd
P VRN
. . 2m

« Plateau/Heisenberg time tp ™~ a Wd
il
et fo Z. Xu, A. Chenu, T. Prosen, and AdC, PRB 103, 064309 (2021)
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Spectral filtering in Non-Hermitian dynamics
balanced gain and loss

. I
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UUUUUUUUUU J. Cornelius et al. PRL 128, 190402 (2022)
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Conditioning & Balanced gain and loss

Rewriting the Master equation

Theoretical and Mathematico) Physics
Statistical
Methods in

Quantum Optics 2

| |
dip = —i[Ho, p] + %:%z (KapKl — §{KlKa,p})

= i (Henp — pHlz) + J(p)
?
_ _ 2 T
H.g = Hy 5 Ea Vo K Ko

J(p) = vaKapK}

Null-measurement conditioning (no jumps) yields “balanced gain and loss”

. 1
dip = —1 (Heﬂ‘p - pHiff) + ol KHTH; — Hff) p} P

. I

UNIVERSITE DU
LUXEMBOURG

Adolfo del Campo



https://www.google.com/url?sa=i&url=https%3A%2F%2Fwwwen.uni.lu%2Fmedia%2Fimages%2Finside_images%2Flogo_uni&psig=AOvVaw11m3ApotvDRL8qphlJnL1f&ust=1602245102035000&source=images&cd=vfe&ved=0CAIQjRxqFwoTCKiK46f6pOwCFQAAAAAdAAAAABAD

BGL and energy dephasing

BGL Equations of motion: Non-Hermitian and Non-Linear

dip = —i[Ho, p| — v|Ho, [Ho, p|| energy dephasing

1
dip = —1 (Heﬂ?p — pHgﬁ) + §tr [(H;cf — Heff> ,0} P  NO jumps
Heg = Ho — Z/YHOQ

Quantum state evolution

S Pum (O)e—i(En —E ) t—~t(E2+E2)
>, pun(0)e 20

p(t) = [n) (m|

. I
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Fidelity-based SFF for open quantum systems
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Coherent Gibbs state (pure)  |13) Z

Uhlmann fidelity SFE = F, = <¢B‘thﬁ>

| 2
SFF under BGL |Zn e (B+it) En—iE,

Ft — __ 5)
Zo(B) D _; e” PEIT2E;

Ensemble average
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Fidelity-based SFF for open quantum systems
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7z

Coherent Gibbs state (pure)  |13) Z

Uhlmann fidelity SFE = F, = <¢B‘thﬁ>

‘ffooo dsK (t,s)Zy(B + is) ‘2
Zo(B) ffooo dsds'K (t,s)K(t,s')Zo[B8 + i(s — 5]

SFF under BGL F, =

1 _ (t—s)?
K(t7 5) = \/me 4t

Ensemble average
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Spectral fllterlng enhances chaos

Z N2 —2BE, —2~tE? 1
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Spectral filtering enhances chaos
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Optimal filter: Energy dephasing + BGL
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Spectral filtering as unifying framework

Energy dephasing = Frequency filtering = Time averaging = Liouvillian deformation

SFF,, (1) — %{D(t) < SFR(1)
L()=—ilH.]  WL)=loguw(L) lp) =L+ XOWWL) oy
o (2n)
i = il e+ X0 S i

Energy dephasing with no jumps: Eigenvalue filtering = Hamiltonian deformation
1
2

Ty (G—BFB—itH)
il Tr (e=FFs)

LUXEMBOURS Matsoukas-Roubeas et al PRA 108, 062201 (2023)
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SFF,, (t) =
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Summary

Spontaneous Symmetry Breaking
* Extreme decoherence rate in RMT, exponential in system size
* Noise-induced anti-Kibble-Zurek scaling

* Symmetry breaking governed by monitoring

Quantum chaos
 Fidelity-based Spectral Form Factor for Open Systems

* Energy dephasing suppresses quantum chaos (jumps)
spectral

« Balanced gain and loss enhance quantum chaos (no jumps) filtering

—
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