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Abstract: Monitored quantum dynamics has attracted much research attention recently. Environmental monitoring typically leads to the decoherence
of a quantum system. We explore the effect of energy-level decoherence in quench dynamics. In particular, we consider the linear quench across
guantum critical phase transitions under the influence of decoherence. Due to the critica slowing down, the system will necessarily fall out of
equilibrium in the vicinity of the critical point within a time scale known as the freeze-out time. The freeze-out time will scale with the quench rate
following the Kibble-Zurek scaling. In the presence of decoherence, we found a new scaling behavior differed from the Kibble-Zurek scaling. We
demonstrated our findings in the critical quench between 2D Chern insulator and trivial insulator. We show that the new scaling behavior can be
justified from the behavior of Hall conductivity across the quantum quench.
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Motivation
e Exploring the effect of measurement in quantum dynamics
e Evolution of quantum states in quantum mechanics
e Unitary evolution (coherent)

e Measurement (incoherent)
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Motivation
e Exploring the effect of measurement in quantum dynamics
e Evolution of quantum states in quantum mechanics
e Unitary evolution (coherent)

—i8,|¥) = H|¥) A 4O
e Measurement (incoherent) lMeaSUfe
PV -
) A =
(T|P|Y) .

e Measurement - system interacting
with environment

e Environmental monitoring effect _
— decoherence, dissipation ... Environment

System
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Motivation
e Exploring the effect of measurement in quantum dynamics

¢ Measurements in quantum circuits (!D $ 4) 4) 4) 4)
drives entanglement transitions () () ()

Li, Chen, Fisher 1808.06134; Skinner, Ruhman,
Nahum 1808.05953; Chan, Nandkishore, Pretko,
Smith 1808.05949 ...

Unitary gates
Local measurements ( JC )( )

e Measurements can stabilize g
different quantum phases -

Lavasani, Alavirad, Barkeshli 2004.07243;
Sang, Hsieh 2004.09509...

What are being measured are local terms of a Hamiltonian.
— As if environment is monitoring the energy of the system.
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Open Quantum Systems
e How system interacts with environment?
H = Hsys + Henv * Hint

Closed System Open System Hin¢ # 0

Hint — 0 “Par.tla”yl! Open uFu"yH Open
[Hing, Hoys] =0 [Hing, Heys] # 0

System
Environment Environment Environment
x Information flow / Information flow J Information flow
x Energy flow x Energy flow J Energy flow

e Coherent ® Decoherence ® Dissipation
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Decoherence in Energy Basis
e One apparent scenario for [Hint, Hsys] = 0 is

Hing; = Hyys ® Acnv Some random Hermitian
operator in environment

e Continuous indirect measurement
e Environment starts with ancilla state |¢)
e Evolves jointly with system under H;,; for short time
e Environment collapse to measurement basis |i)

e Effect on the system density matrix

Psys — Z KiPSysK;r
i

1

Kraus operator: K; = (i|e it | )
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Decoherence in Energy Basis
e One apparent scenario for [Hint, Hsys] = 0 is

Hint = Hgys ® Aeny - Some random Hermitian
t  operator in environment

e Continuous indirect measurement scheme
e Environment starts with ancilla state |¢)
e Evolves jointly with system under H;,; for short time
e Environment collapse to measurement basis |i)

e Effect on the system density matrix

Psys = Psys — 1€(P|A|d)[Hsys, Psys]

1
= 5€ (D146} [Hoys, [Hays, poys]] + -+

27y ot
(#l4%)¢) = =5

Assuming: [ (¢|A|¢) — 0 E
A, A,
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Decoherence in Energy Basis
e One apparent scenario for [Hint, Hsys] = 0 is

Hing = Hgys ® Aenv  Some random Hermitian
operator in environment

e Continuous indirect measurement scheme
e Environment starts with ancilla state |¢)
e Evolves jointly with system under H;,; for short time
® Environment collapse to measurement tgasis |7)

e Effect on the system density matrix

Psys = Psys — 1€(P|A|d)[Hsys, Psys]

1
= 5€ (91476} [Hoys, [Hays, poys]] + -+

27y ot
(#l4%)¢) = =5

Assuming: [ (¢|A|p) — 0 E
A, A,
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Decoherence in Energy Basis
e Lindblad equation (omitting “sys” subscript)

Oyp(t) = —i[H(t), p(t)] —v[H (), [H (), p(t)]]

B
¢ | indblad operator = Hamiltonian:
describing decoherence in the energy basis

® Decoherence strength 7
e Toy Model (two levels with an energy gap A)

0 O Poo  Pol
H = —
[0 A] P [Plo P11]

. A2t
Oipor = iApor — YA py1 = po1 ~ e TR TRt

1
e Decoherence time ['Tdec ~ ]
vA
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Decoherence in Energy Basis
e One apparent scenario for [Hint, Hsys] = 0 is

Hiny = Hgys ® Aenv  Some random Hermitian
operator in environment

e Continuous indirect measurement scheme
e Environment starts with ancilla state |¢)
e Evolves jointly with system under H;,; for short time
e Environment collapse to measurement basis |i)

e Effect on the system density matrix

Psys = Psys — 1€(P|A|d)[Hsys, Psys]

- 162 <¢LA2|¢> [Hsys; [Hsys, psys]] + -+ -

2
| 27v 90
Assummg: AE¢<¢|A|¢> — 0 <¢|A2|¢> = ZQ ¢

E
A,
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Decoherence in Energy Basis
e Lindblad equation (omitting “sys” subscript)

Oip(t) = —i[H(t), p(t)] —Y[H(2), [H (), p(t)]]
¢ | indblad operator = Hamiltonian: '

describing decoherence in the energy basis
® Decoherence strength 7
e Toy Model (two levels with an energy gap A)

0 O Poo  Pol
H = —
[0 A] P [Plo P11]

. A2t
Oipor = iApor — YA py1 = po1 ~ e TR TRt

1
e Decoherence time ['Tdec ~ ]
vA

Page 13/30



Motivation
e Exploring the effect of measurement in quantum dynamics

e Measurements in quantum circuits 4} $ 4) 4, 4) 4)
drives entanglement transitions () ()

Nanum 1803.05953. Chan, Nandkishors, Pretko, Q9999

Smith 1808.05949 ... Uniaryasise A (g [(:) (:3 [¢ 4)) [4)

Local measurements ( )JC J( )

N 42909999

® Measurements can stabilize _gI [I_[] C ) )
different quantum phases - I

Lavasani, Alavirad, Barkeshli 2004.07243;
Sang, Hsieh 2004.09509...

What are being measured are local terms of a Hamiltonian.
— As if environment is monitoring the energy of the system.
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Decoherence in Energy Basis
e One apparent scenario for [Hint, Hsys] = 0 is

Hiny = Hgys ® Aenv  Some random Hermitian
operator in environment

e Continuous indirect measurement scheme
e Environment starts with ancilla state |¢)
e Evolves jointly with system under H;,; for short time
e Environment collapse to measurement basis |i)

e Effect on the system density matrix

Psys = Psys — 1€(P|A|d)[Hsys, Psys]

1
— S (1A% ) Hoys, [Hoye, poysl] + -

27y ot
(#l4%)¢) = =5

Assuming: [ (¢|A|¢) — 0 E
A, A,

Pirsa: 20110004 Page 15/30



Decoherent Quantum Quench
e Quantum quench through continuous phase transition

Phase III

Phase 11
Phase I
0

e Continuously tuning parameter § with time

H(t) = Hcrr + 0(t) Hpert Linearize: 6(t) — ¢/7
i t t
Critical theory  Relevant Quenchrate1/7
perturbation
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Decoherent Critical Quench
e Quantum quench through continuous phase transition

H(t) = Horr + 0(t) Hpert Linearize: 6(t) = t/7

e Correlation length £ ~ 07% ~ (t/7)7"
e Excitation gap A~E" (t/7)"*

e Two relevant time-scales of quantum dynamics
e Correlation time: how fast system responses coherently
1 t\ V=
&~ 5~ (5)
e Decoherence time: how fast system decohere to energy
eigenstates 1 1/ 202
e~ 33~ 5 (7)
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Decoherent Critical Quench
e Two relevant time-scales of quantum dynamics
e Correlation time: &; ~ (t/7)7"*
e Decoherence time: Tgec ~ Y (/7)™ %*

time scales

Tdec Tdec
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Decoherent Critical Quench
e Two relevant time-scales of quantum dynamics
e Correlation time: &; ~ (t/7)7"*
e Decoherence time: Tgec ~ Y (/7)™ %*

e Slow quench 7>y T!/v2

2

gN 7'1+yz

vz
vz

t ~TTF

Kibble-Zurek Scaling

..........................

quasi—
adiabatic

time scales
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Decoherent Critical Quench
e Two relevant time-scales of quantum dynamics
e Correlation time: & ~ (t/7)7"*

e Decoherence time: Tgec ~ v (/7)™ %*
1+1/vz

e Slow quench 7> v

2

gN 7'1+yz

vz
vz

t ~TTF

Kibble-Zurek Scaling

time scales
on—adiabatic ¥

e Fast quench: 7 < 41 t1/v2

=

£ ~ (yr) e

(Different scaling under
strong decoherence)
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Chern Insulator Transition

e (2+1)D spinless fermion + time dependent band structure

Caio,Cooper, Bhaseen 2015;

H(t) = 1 E CL h’?}(t) - O CL Hu, Zoller, Budike 2016; D'Alessio, Rigol
2 ” 2016; Wilson, Song, Refael 2016; Wang,

Zhang, Chen, Yu, Zhai 2016 ...

w w w

— 0 wzop-m(t)oct/‘r

e Band topological number (winding of Ay, = hy/|hy|)
1 N o~ ~
w= — /d2k hi - (Ox, hi X 8kyhk:)
A
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Chern Insulator Transition
e (2+1)D spinless fermion + time dependent band structure

Ht) = %ch hao(t) - o cx
k

® Density matrix (free fermion)
p(t) = | | ckl0) ok () (Olex
k

14+ ne(t) o
Pr(t) = 2g)

Pseudo spin: nx(t) = Tr p(t)cLock

e Dynamic Equation

Oep(t) = —i[H(¢), p(t)] — v[H(?), [H(2), p(2)]]
= O = h X ng + vhg X (hk X 'nk)
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Pseudo-Spin Dynamics
e Dynamic Equation

Ong = hr X Ny + vhy X (hk X 'n,k)

Weak decoherence Strong decoherence
v <L % N2> r1/2
TR i =
J/ . ' \\ \ “\
;r ! | |
NV {27 ir. _;f
WAL : %)/ %)/
N (A
\\ SAVAR—/ r/
Pseudospin precession Zeno effect
(Quantum dynamics) (Decoherent dynamics)
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Excitation after Quench

e Momentum space picture E
of excitation density & &
"
0 0.5 1
I ' | Pex
e Scaling behavi h b ke
Ca4|ng SlavIon Before quench ~  After quench
10% =
\
N _ v
103 | “\ 1{‘- I_{: g—l T 1l4vz f)/ << ’YC
> £ P v
102 \\ Q y YC ("}/7‘) 14+2vz f'y >> f}/c
S ‘A
e 10¢ \\ =
L, v=z=1 (free fermion CFT)
ARSI
107} _ —1/2 1/2
2 Y Sk k~d 7 ~1/3 ’Y<<T12
ol LT (y) > 7Y
00 05 10 15 20

k'
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Probing the Frozen Time
e Time scale associated to the change of Hall conductance
Peak: o(t) ~ £In(t/t)
Tail: og(t) ~ £(t/t)~?

I
10
1L
|
0.10 b
/’()r_)
0.01} - |
| 1 .
0.001 0.100 10 1000
T L 72 T T > 72

Strong decoherence Weak decoherence
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Summary

e We study the critical quench dynamics in the presence of
energy-basis decoherence

Ocp(t) = —i[H(t), p(t)] — v[H (), [H(2), p(t)]]

e Different scaling behavior emerges in the strong
decoherence regime compared to Kibble-Zurek

t ~ (7_17-2'”) T30z EN (v7) TT2vz
e These behaviors tested in free fermion topological transitions

e General result applicable for other transitions (bosonic SPT
transition, DQCP ...), which could possibly be probed by the
topological response across the transition.
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Hall Conductance

e Hall conductance for non-equilibrium system (via linear
response theory)

Fifa
on(®)= [ it T (La(0) Iy (¢ + )lp(0)
B
_ /dzknk . (6kmhk X 6kyhk,)
2|hy |2
b 0 1 10 100
” y= y= y=10{ | | 7=

0.5 L
0 .

-20 2 4 -20 2 4 -20 2 4 -2 0 2 4
~1/2

~1/2 ~1/2 ~1/2

g i T T tt
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Pseudo-Spin Dynamics
e Dynamic Equation

Ong = hr X Ny + vhy X (hk X 'n,k)
N

Weak decoherence Strong decoherence

v <L % N2> r1/2
TR i =

J/ . ' \\ \ “\

;r ! | |

f { Tk ir. _;f

NN Pl i

\\ oA/ 4

Pseudospin precession Zeno effect

(Quantum dynamics) (Decoherent dynamics)
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Decoherence in Energy Basis
e Lindblad equation (omitting “sys” subscript)

Oip(t) = —i[H(t), p(t)] — v[H (), [H (), p(t)]]

¢ | indblad operator = Hamiltonian:
describing decoherence in the energy basis
® Decoherence strength 7

e Toy Model (two levels with an energy gap A)
0 0 Poo  Po1

H - —
[0 A] P [Plo P11]

. A2t
Oipor = iApor — YA py1 = po1 ~ e TR TRt

1
e Decoherence time ['Tdec ~ ]
vA
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Chern Insulator Transition
e (2+1)D spinless fermion + time dependent band structure

Ht) = %ch hao(t) - o cx
k

® Density matrix (free fermion)
p(t) = |  ckl0) ok (1) (Olex
k

o (t) = 1 +n;;(t)-cr

Pseudo spin: nx(t) = Tr p(t)cLock

e Dynamic Equation

Oep(t) = —i[H(¢), p(t)] — Y[H(?), [H(2), p(t)]]
= O = h X ng + vhg X (hk i( 'nk)
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