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Dynamics of a quantum system interacting with
non-Gaussian baths:
Poisson noise master equation
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Theory of open quantum systems

Quantum systems are inevitably in contact
with the “outside world”

= Theory of open quantum systems
« decoherence, dissipation

-

External\
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system

Quantum system
of interest

J

B Analysis based on harmonic oscillator baths iFeyiman-vemon (1963), Caldeira-Leggert (1983)]

* Induces Gaussian fluctuations and dissipation (Gaussian baths)

B Non-Gaussian baths

Spin baths Two-state fluctuators
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General theory in the white noise regime

Non-Gaussian bath theory
« not well established yet!
» As a first step, we consider the white noise regime

¥

Lévy-Itd decomposition theorem of stochastic processes
white noise = white Gaussian noise + white Poisson noise

B white Gaussian noise B white Poisson noise
T ‘/ b;6(t —t;)
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» Describing the system dynamics under the influence of Poisson noise
facilitates the investigation of the effect of any non-Gaussian environments

in the white noise regime



Theoretical approach to describe open systems

B Noise-based approach B System-bath approach
Generalized Langevin eq. * Projection operator method, etc
(Gaussian noise)

dPe dtpsp = Lpsg

= V' (X,) — J, dsOK(t — )X, + (1)

|

Eq. of motion for ps(t) = Trg[pss(t)]

"

» A connection is known for the Gaussian case by using the
Harmonic oscillator bath model

[Zwanzig (1973), Caldeira-Leggett (1983)]



Theoretical approach to describe open systems

B Noise-based approach B System-bath approach
» Generalized Langevin eq. * Projection operator method, etc
(Gaussian noise)
dPe dtpsp = Lpsg

= V' (X,) — J, dsOK(t — )X, + (1)

* Non-Markovian jump process 1
(non-Gaussian noise) Eq. of motion for ps(t) = Trg[psg(t)]
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K. Kanazawa and D. Sornette (2023)

", " A Non-Gaussian baths ?

* We consider the system-bath approach and consider the quantum mechanical
modeling of the Poisson noise bath

Noise correlation functions <—> Bath correlation functions



Derivation of the reduced system dynamics

System-bath time-evolution bath
)
> Liouville eq. 3,psp = Lpsz
Hp
Lpsg = —i[Hs + Hipr + Hp, psp]
\___/

remarks

H int

system

)
Hg
N

« Usually, we consider unitary dynamics of S+B space (dimension of Hy is typically large)



Derivation of the reduced system dynamics

System-bath time-evolution ___ bath : system
|
L | ( \! ( \
» Liouville eq. d0¢psp = Lpsg = (Ls + Lp + Lint)Pse I D Iy,
, ,  dissip H J\/\lf\f H
Lsp = —i[Hs,p], Linep = —i[Hint, p] | ation "W B | S
I
Lgp = —i[Hg, p] + D[p] (GKLS equation) : \ /| \ /

remarks

« Usually, we consider unitary dynamics of S+B space (dimension of Hy is typically large)

* Here, we generalize the setting and consider dissipative dynamics of S+B
(dimension of Hz can be small)

— minimal model to describe the Poisson noise bath

Nakajima-Zwanziq projection operator method

> Projection operator: P = p.'Trg,Q =1—P
> Thermal state p;! = e PH8 /7y, (Lyps? = 0)

— Derive equation of motion for the reduced system



Derivation of the reduced system dynamics

Generalized ME D = 0 case: Yoon, Deutch, Freed J. Chem. Phys. (1975)

ln+1

t Up-1 oo
0pk(®) = ) (=D f du, f it Y (=D Gy, o, O) L (LY (6 = g + 105) L (¢ = up)ph(t = w)
n=1 0 0 i

> interaction : Ly, = ¥, (—D'LEBf Superoperator notation : A,p = Ap,A_p = pA

> multi-time bath correlation function

xiK(ty, e t,) = Trg [Bl’ileLB(tl—tz)QBlIZZ eLB(tn—rtn)QBknpgq]

In
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B Influence of the bath is fully captured by y4¥

The systems of two different system-bath models with the same n-point bath
correlation functions )(,l{k exhibit equivalent reduced dynamics

» The mathematical structures of the generalized ME and )(,l;k serve as a starting point to

analyze and classify the influence of non-Gaussian baths on the system.
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Non-Gaussian noise examples

Bath properties, equation of motion, and noise examples

_ Gaussian bath Non-Gaussian bath

Markov * White Gaussian noise * White Poisson noise
Gauss noise master eq. Poissongjse master eq.

Non-Markov » Colored Gaussian noise « Random telegraph noise
Feynman-Vernon theory, ... Generalized master eq.

M c.f. analysis of the classical noise model and master equation Van Den Broeck (1982)

Random telegraph noise White Poisson noise White Gaussian noise
A A
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Quantum mechanical modeling of Poisson noise

B Quantum mechanical modeling of the random telegraph noise (RTN)
and Poisson noise bath

> We use dissipative two qubit systems = 0 oo -- -
p q y RTN bath \ System

(dissipative two qubits) :

j | Wi —
Lipp = —i [7’0,-2, pB] +1; Do lpp] + F,-+Daj+ [ps] =12

A 1

Dissipator: D, pg = LpgLT — %{LTL, ps}

P e e
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> Interaction: ry d |0y Tr; ! .
Hint = A(Lsoff 05 + Lioraf) 3 ‘ | il N
Z
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Poisson white noise limit ,'—P:)ijss_oa_nc:is_e_b;t_h\} oyetom)
I A l
IF=Iy >0, A»TIf T ‘ ohisE—t) :
Q I .
<A/F1_ = /.t) 8 > W= / Y IA .u
P | ONW]
Discrete, strong, and short time (6- | Iy TF1+ | ]
function type) interaction with the system |0+ T ,} :



n-point bath correlation functions

B Random telegraph noise bath (non-Markovian)

RTN bath \ system
(dissipative two qubits)

x-¥ can be decomposed into a product of 2-point bath
correlation-like functions

A
Z"n ]:[TIB B ﬁBr -17h B (‘CB“ yh ]QJ” ]TIB[B B ﬁB“ T Bzzr:'p%q]
J | : J

Y
2-point bath correlation function with 2-point (equilibrium)
initial bath states |g4,e;)5 Or le1,g2)s  bath correlation function
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v explicit analytical expression can be obtained

B White Poisson noise bath ! “Poisson noise bath } ("~ system )
=0y >0, A»LY (yrr=p) = l
I 1
Iy’ 2n : 2T N
. 7(2;1) 8(ty — t3) =+ 6(tan—1 — tan) U | ONW | |
Xz’n = + T |
r I - + 1
%(2@2’15@1 —t,) 8 (tan1 — tam) - 1P _Trl ! :
oL T .. P N

no Memory effect

Generalized ME = Markovian ME

13



Poisson noise GKLS master equation H

K. Funo & A. Ishizaki, PRL 2024
B Poisson noise GKLS master equation

. cod -4
0cps = —ilHs, ps] + [ = e 7w 13 (Dy, o] + D [p]) + T (D1 (0] + Dy, [p1)]
> 2u: noise strength, I'1" /2,57 /2: noise rate
> Distribution of the time-duration: p(tg) < e~%/* Dimensionless parameter (a = Atg )

» Multiple jumps during the time-duration tz

s N2n+1 n . . (_l-a)zn _I_ n . . i _I_ n
¢ La = Z?’l:O ((Zlfl)-Fl)' LS (LELS) MCl - ZTL:l (Zn)' (LSLS) Na - anl (Zn)! (LSLS)




White Poisson noise limit and jJump operators

B Energy relaxation

1. Qubit excitation |g;,9,)s = 191, €2)5

2. Interaction (time-duration: 7p)

(_ia)2n+1
(2n+ 1)!

Lg (LI,LS)"

a = Atg

L, = (91'92|9_iTBHi”t|glr 32>B =
n=0

3. Qubit relaxation [p(ry) o< e 1175]

B Dephasing

2’. Interaction (time-duration: tp)

. —ia)?" n
M, = (g4, e2|e_”BHinf|g1,e2>B —-1= Z ( n). (L;LS)
n

Jump operators depend on higher order of
the system-bath coupling strength 4

/Dissipative two qubits |
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Poisson noise GKLS master equation 0

K. Funo & A. Ishizaki, PRL 2024
B Poisson noise GKLS master equation

ups = —ilHs, ps) + [ %% e+ [ (Dy, [p] + Duy, [p1) + Tt (D3 10] + D, [p])]

> 2u: noise strength, I'1" /2,57 /2: noise rate

> Distribution of the time-duration: p(tg) < e~%/* Dimensionless parameter (a = Atg )

» Multiple jumps during the time-duration tz

s N2n+1 n . . (_l-a)zn _I_ n . . i _I_ n
¢ La = Z?’l:O ((Zlfl)-Fl)' LS (LELS) MCl - ZTL:l (Zn)' (LSLS) Na - anl (Zn)! (LSLS)

L : bi6(t —t;)
B Gauss noise limit y - 0, I;" — oo for fixed u*T; ° T ‘/
R0
(weak noise strength and high noise rate limit) 3 | £ I :
l
Reproduces the weak coupling GKLS master eq ’v
]
Ocps = —ilHs, ps] + 2uT5 Dyg[ps] + 2p° I3 D 1 [ps] S



Application to identical qubit systems

Ex: N qubit system

17

N o N qubit system 4 ™\
* Hamiltonian Hg = =Y, o/ e A
a tO a S 2 Zl O-l /;\ /___\ /_..\ /_..\ wd |e’ g’ ’g> + al
» Interaction op. Lg = Y}; 0; —) = = 4 5 permutations
lg) £ o rate:y
» Consider the energy relaxation o e L
rate from the first excited state to . Gaussian/Poisson env. _ 0T 9,9+, 9) )
|

B o e e e e e e e e e e e e e

the ground state

B Gauss noise bath y
)
| . 5 04 ]
rate < N (I\_I-qublt system collectively mteragts = ,
with the bath, known as super-radiance) = 'l
-% 0.2 |
: : I .
B Poisson noise bath x —— Poisson
ey |2IFHPN =0(N) PN <1 2 -~ Gaussian
rate = oy =\ o 0.5 1.0 15 2.0
1+4u?N 72 =0(1) MZN > 1 : IJZ.N : .

2u: noise strength, T, /2: noise rate



Summary of the first part 0

General bath = Gauss bath + Poisson bath

In the white noise regime

_ Gaussian bath Non-Gaussian bath

Markov « White Gaussian noise ‘ * White Poisson noise
Gauss noise master eq. Poisson noise master eq.

Non-Markov « Colored Gaussian noise « Random telegraph noise
Feynman-Vernon theory, ... Generalized master eq.

We have derived a Poisson noise master equation ~oa loc N 00
o ! -
B different scaling behavior of the relaxation rate = ','
B The obtained results suggest that bath statistical g 021 ! o
differences may significantly alter the dissipative . o o
property 5 0.5 1.0 15 2.0

u*N

K. Funo & A. Ishizaki, PRL 132, 170402 (2024)
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