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Quantum systems are unavoidably open to their surrounding degrees of freedom. The theory of
open quantum systems is thus crucial to understanding the fluctuations, dissipation, and decoher-
ence of a quantum system of interest. Typically, the bath is modeled as an ensemble of harmonic
oscillators, which yields Gaussian statistics of the bath influence on the quantum systems. However,
there are also phenomena in which the bath consists of two-state systems, spins, or anharmonic
oscillators; therefore, the non-Gaussian properties of the bath become important. Nevertheless, a
theoretical framework to describe quantum systems under the influence of such non-Gaussian baths
is not well established. Here, we develop a theory to describe quantum dissipative systems affected
by Poisson noise properties of the bath, because the Lévi-It6 decomposition theorem asserts that
Poisson noise is fundamental in describing arbitrary white noise beyond Gaussian properties. We
introduce a quantum bath model that allows for the consistent description of dissipative quantum
systems. The obtained master equation reveals non-Gaussian bath effects in the white noise regime,
and provides an essential step toward describing open quantum dynamics under the influence of

generic baths.

Introduction.— In principle, quantum systems cannot
be regarded as isolated systems because they are unavoid-
ably in contact with their outside world; hence, their
quantum natures are sometimes sustained and sometimes
destroyed. Especially in condensed matter systems such
as solids and complex molecules, quantum systems are
affected by numerous dynamic degrees of freedom. The
balance between robustness and fragility of the quan-
tum natures may dramatically alter the properties and
dynamical behaviors of these systems. Therefore, it is
crucial to investigate the impact of ambient degrees of
freedom on quantum systems in various research fields,
ranging from condensed matter physics [ 2] to quantum
biophysics [3H6]. Quantum information science, which
has been making remarkable progress in recent years, is
no exception [fHI3]. In quantum information science,
it is crucial to elucidate and eradicate noise sources to
achieve long quantum coherence times, which is neces-
sary for practical applications in quantum computing,
communications, and sensing.

In the literature of such investigations, the surround-
ing degrees of freedom affecting a quantum system under
study are referred to as bath or environment. Typically,
the bath has been modeled as an ensemble of harmonic
oscillators, namely a boson bath [14], which introduces
Gaussian fluctuations and dissipation into the quantum
system. However, these Gaussian baths cannot charac-
terize noise sources, such as the shot noise in mesoscopic
conductors [I5][16] and radiation pressure inside optome-
chanical systems [I7]. It is also believed that one of
the primary sources of decoherence in solid-state quan-
tum devices could be two-state fluctuators, which repre-
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sent the ambient microscopic degrees of freedom [I8H21].
There is significant interest in utilizing dissipative qubits
to model and implement tunable baths [22H27], with pos-
sible applications to dissipative quantum state engineer-
ing [10, 26]. Moreover, anharmonicity in lattice vibra-
tions has been argued to increase charge carrier lifetimes
in the lead halide perovskite materials [28]. However, a
theoretical framework describing the dynamics of quan-
tum systems under the influence of such non-Gaussian
baths is not well established [29H35].

To develop a theory to describe the impact of a
non-Gaussian bath on a quantum system, we address
the Lévi-Ité6 decomposition theorem of stochastic pro-
cesses [36H38]. This theorem states that any white noise,
in which the noise correlation time is negligibly short, de-
composes into Gaussian white noise and a sum of Poisson
white noises. Therefore, describing quantum dissipative
systems under the influence of Poisson noise facilitates
the investigation of the effect of generic baths with arbi-
trary white noise properties.

In this work, we develop a theory to describe quan-
tum dissipative systems affected by Poisson noise and
discuss the physical properties of the resulting Poisson
bath master equation. To explore the noise properties
of the bath, past studies have primarily focused on cases
where the bath is modeled as a classical stochastic noise
source [39-46]. On the other hand, we start with a quan-
tum mechanical modeling of the bath using dissipative
two-level systems. It is worth pointing out that our
setup is relevant to physical situations of two-state fluc-
tuators [I8H21] and engineered bath [22H27]. We demon-
strate that the property of the constructed bath model
is consistent with the Poisson noise statistics when the
bath correlation time is short and the bath interacts with
the quantum system strongly but discretely. We then de-
rive an equation of motion to describe the time evolution
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of a quantum system coupled to the constructed Poisson
bath. The statistical differences between the Poisson and
Gaussian baths are captured in the emission and absorp-
tion rates. The rates of the obtained Poisson noise master
equation saturate as the system-bath coupling increases,
whereas those of the Gaussian noise master equation de-
pend quadratically on the coupling. These differences are
illustrated by considering a Dicke super-radiance model,
which describes a collective coupling between identical
two-level systems and a bath [47].

System-bath model.— We consider a situation where a
general system is coupled to a bath whose inverse tem-
perature is 8. The time-evolution of the entire system is
described by the Liouville equation,

= ﬁpSB(t)7 (1)

where £ = Lg + L + Ly is the Liouville superopera-
tor defined by Lge = —i[Hg, ] and Liyte = —i[Hipt, o]
describes the effect of unitary time-evolution according
to the system Hamiltonian Hg and interaction Hamil-
tonian Hiy, respectively (we set & = 1). In the stan-
dard approach [48], Lp is defined as —i[Hp,e], where
Hp is the bath Hamiltonian. We could instead consider
a non-unitary time-evolution modeled by the Gorini-
Kossakowski-Sudarshan-Lindblad (GKSL) master equa-
tion Lpe = —i[Hpg, o] + D[e] [A9-51]. Here, D is the dis-
sipator that causes B to approach the Glbbs state pi' =
exp(—BHg)/Trlexp(—BHg)] in the long-time limit, i.e.,
Lppy = 0. For example, See Eq. (@ In the ﬁrst ap-
proach, the size of the bath is typically assumed to be
sufficiently large to avoid recurrence and describe dissi-
pation of the system. In the second approach, the system
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interacts with a few bath modes denoted by B, and the
rest of the bath modes are modeled explicitly to induce
dissipation via the dissipator.

Nakagima-Zwanzig projection operator method.— In
what follows, we obtain the equation of motion for
the reduced density operator of the system, pg(t) =
Trg[pss(t)]. To proceed, we introduce the projection op-
erator to the bath Gibbs state, P = pp!'Trg [52, [53]. We
also introduce the orthogonal complement, Q@ = 1 — P.
The conventional projection operator method considers
the case of D = 0; however, it can be directly generalized
to a case of D # 0 as follows.

We assume that the initial state is given by a prod-
uct state and the bath is initially in the Gibbs state,
pse(0) = ps(0) ® pi'.  Additionally, we assume that
Trg[Hintpy'] = 0, which can be always satisfied by modi-
fying the Hamiltonian appropriately. The time-evolution
equation for the reduced density operator pg(t) is ob-
tained as follows:

t
ups(t) = Lsps()+ [ du'Ton [ £se 2" QLun i st
0
(2)

The interaction Hamiltonian can be written as Hi,, =
> S¥ ® B*, where S* and B* are the system and bath
operators, respectively. Additionally, we use the left-
right superoperator notation A p := Ap and A_p =
pA, and write the Liouville superoperator as Ly, =
lei’k(—i)leBlk. We then move to the interaction

picture defined by pL(t) = e stpg(t) and S(
e~ EstSeLst for system operators, and expand Eq. (2) to
infinite orders of coupling [48] to obtain
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The mathematical structures of Eqs. and serve
as a starting point to analyze and classify the influence
of non-Gaussian baths on the system. What should be
noted here is that the effect of general baths on the re-
duced dynamics of the system is fully captured by the
n-point bath correlation functions, as shown in Eq. .
Consequently, the systems of two different system-bath
models with the same n-point bath correlation functions
exhibit equivalent reduced dynamics, although their bath
properties £ and B¥ may differ.

Random telegraph noise bath model.— We construct an

t,,) defines the n-point bath correlation function with ¢; >

;tn) = Trp |:Blkll€£B(t1—t2)QBl]z2e£B(t2—t3)QBlk; .
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explicit non-Gaussian bath model. In doing so, we view
the bath as a quantum noise source and use the properties
of random telegraph noise and Poisson white noise, which
are renowned examples of non-Gaussian noise. Random
telegraph noise takes two values that randomly switch
from one to another based on the jump rates [64]. As dis-
cussed in Ref. [55], the random telegraph noise converges
to Poisson white noise defined by £(t) = Z?(t) bid(t —t;)
in the appropriate limit. The probability of having n
random time points t; is given by the Poisson distribu-



tion (yt)™e~"*/n!, the noise strength b; may take random
values at each time point following the distribution p(b),
and +y is the average noise rate. Poisson white noise con-
verges to Gaussian white noise in the limit where the
noise intensity is weak b — 0 and noise occurs continu-
ously v — oo at constant vb?.

Modeling the bath as a classical noise source that fluc-
tuates the system Hamiltonian parameters (e.g., the sys-
tem frequency) has been investigated [39H46]. On the
other hand, we describe dissipation associated with the
random telegraph noise by assuming that B is modeled
by a dissipative two-qubit system

+ 3 (rﬂ)

i=1,2

Lye = —i[Hz, ] | +T;D,-[¢]), (5)

where Hg = 3._, ,(w;/2)0? is the bath Hamiltonian, T'F
are the jump rates, and D4le] is the dissipator written
s [51]
t_ Lyogr

Dale] =Ae A _i{A A, e} (6)
We assume the detailed balance condition T'; /T = efwi,
which is a sufficient condition for Lgpg' = 0 to hold. We
choose S~ = L, ST = L, and B* = \oT o, where ) is
the coupling strength and L is a general (non-Hermitian)

system operator. Therefore, the interaction Hamiltonian
reads Hine = Y, S*B* = N(Lo{ oy + Loy 0F).

Multiple jump effects.— We first give intuitions on how
the bath affects the system in the case of I} =Ty > I'}f
because this parameter regime is relevant in the Poisson
white noise limit. Because I'] is large, B mostly remains
in the ground state |g1, g2), and the first spin gets excited
based on the rate I‘f. The time-duration 7 for B to
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where all odd-point correlation functions vanish. In the
supplemental material [56], we give an explicit expression
for each term appearing in Eq. .

Poisson white noise limit and the master equation.—
Poisson white noise limit is obtained by considering I'; =
I'; — oo and A — oo while fixing the effective coupling
strength © = A/T7. Consequently, the 2n-point bath
correlation functions take the following form:

Xf,l? s (2p)* Hzn LO(ty —ti1) if lankay = +
S ) AN | iy Lot —tig)  if lankon = —
(11)

where [ and k satisfy the condition of koj_1 = —ko;
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stay in the excited states |gi1,es) or |er,g2) follows the
probability p(7) o« e ' 7
multiple jumps

, and the system experiences
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(8)
before B returns to the ground state. In the above equa-
tions, a dimensionless parameter, a = A7, is introduced.

We can interpret that T'[ is the average rate of the
Poisson noise and its noise strength is given by a, which
varies according to the distribution p(a) oc e~ ('t /M of
the time-duration when the bath is excited. The effect
of Poisson noise on the system is indicated by the jump
operators L} and N,.

Similarly, when the second spin gets excited according
to the rate 1"2+7 the system experiences multiple jumps
L, and

2n

(LYL)".
(9)

The above expressions indicate that infinite orders of the
system-bath coupling strength and all n-point bath cor-
relation functions should be considered.

n-point bath correlation function.— We now calculate
the n-point bath correlation functions. We introduce the
notation pfj = |g1,e2)(g1,e2| and pg = le1, g2)(e1, g2l
The 2n-point correlation functions can be decomposed
into a product form

o0
My = (g1, eale™""in gy, e5) Z

tag ~tay1) QpErtt R Typ [ Ban 1 efn(tan 1 tan) plon o]

lon—1 B

(10)

(

(1 S 7 S n) and lgj+1k2j+1 = —lgjk‘zj (1 S ] S n — 1);

. Ik .
otherwise, sy, vanishes.

Substituting Eq. into Eq. yields the following
master equation as the Poisson white noise limit of the
bath,

s = ~ilHs,ps] + [ dap(a) [T (Dr.lps] + Daslos)
T (D [ps] + D, los)) . (12)

where T'f and T'j are the noise rates; a is the noise
strength that varies according to the probability p(a) =
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FIG. 1. Plot of the ground state probability as a func-

tion of time for the collective system-bath coupling model.
The black dotted curve is obtained from the Poisson noise
master equation, Eq. (12). Dashed gray line is calculated
by using the Gibbs state with inverse temperature (3, i.e.,
ped = e PHs /Tr[e PHs]. The solid curves are obtained by
directly solving Eq. for different values of I'y =I'; and
A = pI'y. The figure shows that as I'] increases, the con-
dition T'] < T, ) is better satisfied and converges to the
result calculated by Eq. . The initial state is given by the
ground state, and the parameters are N = 6, = 2.0,8 =
1,w=w —we=1,TF =1.

ple=e/m; i is the effective coupling strength; and
L!,N,, M, are the jump operators defined by Eqgs. (7)),
, and @, respectively. For details, see Section Multi-
ple jump effects for their physical intuitions.

For a Hermitian system coupling operator, i.e., L =
LT = X, the obtained master equation reads Oyps =
—i[Hg,ps] + (Tf + T3) [ dap(a)(sinaXpssinaX +
cos aX ps cosaX — pg), which is consistent with the clas-
sical noise master equation [44].

The Gaussian noise limit considers the noise occurring
continuously but weakly, i.e., I} — oo and u — 0, by
fixing ,u2Fj'. In this limit, Eq. reads

Orps = —ilHs, ps)+24°TF D [ps] + 24°T Dt [ps], (13)

which is consistent with the conventional weak-coupling
GKSL master equation [51].

Note that the Markov approximation requires that the
bath correlation time 7 is much smaller than the system
relaxation time 7y [5I]. For the Gaussian noise master
equation , we have 75 = 1/T'] < 7r = 1/ because
u < 1. For the Poisson noise master equation , TR 18
given by the time-scale in which the Poisson noise occurs.
Therefore, the condition 75 = 1/T] < 7r = 1/I} is
valid although A and I'] is generically of the same order.

Ezxample: collective system-bath coupling.— Suppose
that the system is given by N two-level systems with
the Hamiltonian Hg = (w/2) ), 07. When the system
collectively couples with the bath such that the system
coupling operator is L = ), o, , its effective decay rate
is enhanced by a factor IV, which is termed as super-
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FIG. 2. Plot of the effective decay rate T /T3 [Eq. }, as
a function of u? N, where N is the number of two-level systems
and p is the effective coupling strength. The red curve is
obtained using the Poisson noise master equation , which
converges to the rate Teg = ' /2 = O(1) in large N, where
I'J is the average rate of the Poisson noise. Gaussian noise
limit corresponds to p < 1 and agrees with the O(N) scaling
of the effective decay rate for the conventional Gaussian noise
master equation analysis, plotted as the black dashed
line.

radiance [47]. However, the Poisson noise master equa-
tion has a different scaling for the effective decay rate.

We first calculate the time-evolution of the system,
which is plotted in Fig.[I[] This figure demonstrates that
the Poisson noise master equation is valid when
It < I'[,I5, A while fixing u = A/T']. By setting
W = wy — wy, the rates satisfy Ty /T = e’ and the
detailed balance condition is satisfied. See Fig. [1] [57].

Next, we assume I‘f = 0 for simplicity and discuss
the spontaneous decay to the ground state. The ef-
fective decay rate e, or the transition rate, from the
first excited Dicke state [47] |Dn1) = (le,g, -+ ,9) +
all permutations)/v/N to the ground state [0) =
lg, -+, g) reads

') 2F+ 2N
Tup =T / da p(@)] (0| Lal Dy 1) = 22PN 1y
0

C 14+4u2N°

In the Gaussian noise limit p < 1, the effective decay rate
is given by 2T'J 42N, which reproduces the conventional
O(N) enhancement of the decay rate. On the other hand,
when N or p become sufficiently large, i.e., u?N > 1, the
effective decay rate converges to I'y /2, and the scaling is
O(1) for the Poisson noise. These distinct scaling behav-
iors are plotted in Fig.[2] and their physical origins can be
understood from the bath noise properties. The system
decay time-scale cannot surpass the average rate I'y of
Poisson noise. On the other hand, Gaussian noise occurs
continuously, and its noise strength depends quadrati-
cally on the enhanced system-bath coupling (= y?N).
Conclusions.— We have derived a Markovian quan-
tum master equation in which the non-Gaussian bath ex-
hibits Poisson noise properties. We showed that the sys-



tem experiences multiple nonlinear jumps in terms of the
system-bath interaction Hamiltonian, whereas the jump
operators are linear in the conventional weak-coupling
master equation. For the application, we considered a
collective coupling between the bath and N two-level sys-
tems. We revealed that the effective decay rate saturates
as O(1) for the Poisson noise master equation, whereas
it scales as O(N) for the conventional case. This result
demonstrates that the difference in the bath statistics
drastically alters the dissipative properties of quantum
systems.

Our results not only develop a non-Gaussian bath the-
ory in the white noise regime, but also provide an essen-
tial step towards establishing a general theory of open
quantum dynamics under the influence of generic baths
beyond Gaussian properties. Further elucidation and
characterization of the dissipation and decoherence in-
duced by non-Gaussian baths are crucial to develop a
formalism that can describe the effect of two-level de-
fect baths on the system in solid-state quantum de-
vices [I8H21], to design dissipative quantum state engi-
neering [10}26], and to comprehend the transport proper-
ties in high-performance photovoltaic and optoelectronic
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devices. Understanding the role of non-Gaussian bath
statistics is anticipated to lead to remarkable progress
in such multidisciplinary research fields that span from
quantum science to materials science.

As one of the challenging but important future direc-
tions, we point out that developing a method to calcu-
late n-point bath correlation functions for various bath
models allows one to study the influence of non-Gaussian
baths to the system based on Eq. . Moreover, it
is also challenging but worth further investigation to
develop a numerical technique to efficiently calculate
Eq. by extending the techniques developed for Gaus-
sian baths, for example, the pseudomode method [58-61],
reaction-coordinate mapping method [62H64], and meso-
scopic leads approach combined with tensor-network
techniques [65].
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Appendix A: Notations

The time-evolution equation of the bath B is given by

Oips = LBpB = Z L5

and

Lh = ~i[Hf, o] + T Dy [o] + 17D, [o],

7j=1,2

(A2)

where H}é = (w;/2)0? is the Hamiltonian of the j-th spin and Fji are the jump rates. To simplify the notation, we
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introduce y; = F; +I';. The equilibrium steady-state is given by

ceq

PB = PB

where
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In what follows, we calculate the 2n-point bath correlation functions of the bath coupling super-operator Blk:

X%rik(tlv T

where BTe = (\of oy )e and BXe = e(\ofo7).

tn) = Tr |:Blklle£B(t17t2)QBlk;zeLB(ib*tg) . eEB(tn_lftn) QBlkj:Lp%q ’

(A5)



Appendix B: 2n-point bath correlation functions

When calculating the 2n-point bath correlation functions, we utilize the following relations:

J o~ W
el:Bta,j&- — e ’y_,t/26 iwjt +
J J
J _ [PV P00 —
6£Bt0'» = e 'yjt/2€zwjto_'
J J
J oy
eEBtUj =e Wtaj—
Lot . eq,j J =tz
ebile) el = A+ Lo
J
. rt
Lt o eq,] J =t =z
e™sg)gl; = pp'’ — -e Vog.

Vi

1. Two-point bath correlation functions

We first note that Tr[Bfpgy'] = 0, and therefore Tr[B)" ' QB p}yl] = Tr[B}"e“' B} pyy']. Using Eq. (B1), the

two-point bath correlation functions can be calculated and they are given by

NDTTS

T\I'[BfeﬁBtBip%q} — W@i(wl_wz)te_%(’h-i—’b)t,
C )\QFTF; ) 1
Tr[BlJre BtB:p%q} — We—z(wl—w)te—g(—yl-i-yz)t)
P A A
Tr[B; e“P BT p] = #ez(w1—wz)te—%('yl+72)t,
r /\21_‘1_1_‘3_ ) 1
TI‘[Bl-i_e BtB;p%q] — We—z(wl—wz)te—§('yl+'yz)t-

Other combinations vanish, i.e., Tr[Blklle'CBtBlk;p%q] =0 if ky = k.

2. Two-point bath correlation function-like quantities

(B2)

The two-point bath correlation function-like quantities starting from the initial state pg = |e1, g2){(e1, g2| are defined

as
Tr[B, ¢! BLe " Qpy] = Q; (P74 TF)(I + Tfe %) — T Ty |eflerentem bt
Te[Bf e BZef* Qpy] = 7?; (P74 TF)(Tg + Tfe %) = Ty |emilnwnltem bt
Tr[Bl‘eLBtBjeﬁsstE] _ W [(1 eI (1 — e — 1} ei(wlfwg)tefé(ylﬁﬂm)t’
Tx[B; e ' By e Qpy] = Af; (1= o)1 = ) — 1] eriloremtemdnina,

Other combinations vanish, i.e., Tr[Blkl1 e[:BtBlkz2 e£85Qpr] = 0if ky = ko.

(B3)

Similarly, two-point correlation function-like quantities starting from the initial state pg = |g1,e2){g1, e2| are defined



as:
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Y172
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Other combinations vanish, i.e., Tr[Blkl1 6£BtBlk;e£Bst§] =0if k; = ko.

3. Decomposition of the 2n-point bath correlation function into a product form

We now focus on the following properties:

pgTr[BﬁleEBtBizp%q] if lhiky = —,

Bkl Lyt Bkz eq
I (& Q lo pB pgTr[Blkll eLBtBlk;p]%q] lf llkl — _|_

- k k st
Bk‘1e£BtQBkze£BSQp:t _ pBTr[Bl]glleﬁBtBl]czzeLBngB] if lhky = ) (B5)
l l2 B png"[BllleﬁBtBl;eLBSQPE] if Ik, = +.
The above relations allows us to decompose the 2n-point bath correlation functions into a product form
. n—1
K1, ta0) = [ DB oot —to0 oot g lgribainy

j=1

X Tr[ B2 efe(tan-a=tan) gl poa, (B6)

Note that odd-point bath correlation functions vanish because Tlr[Bl]Z2 eﬁBSQpE] =0.

4. Poisson white noise limit

We next consider the Poisson white noise by taking the limit I'7 =I'; — co and A — oo while fixing \/T] = p.
We use the delta function formula ae=®* — 25(t) for a — oco.
The two-point correlation function reads

202TT6 o O(tan—1 — ton) if lopkan =1
Tr[BZZ’nn:ll eEB(tzn—1—t2n)Blkzz:peq] s /1'2 }i- kon—1,—kan ( 2n—1 2 ) 1 2n k2 B (B7)
2:“ FZ 5k2n,1,—k2n5(t2n—1 - th) if lanQn =1
Similarly, we have
Tr[Bsz":lleﬁB(tzj—ﬁtzj)Bl’ZJ‘ eLn(tzi—tajt1) QplBQj“kZ”l} (BS)
— 6k2j—17_k32j 6l2jk2j7_l2j+1k2j+14M26(t2j_1 - tQj)(S(fQj - t2j+1)' (BQ)
Combining the above equations give the Poisson white noise limit of the 2n-point bath correlation functions:
e 2n—1 .
Xﬁ’;(tl o ton) = %FT(QM)Q ' ngl . 6(tj —tj+1) if lonkan = +, (B10)
mA TP T 6ty — tiga)  if lankon = —.

with the constraint kzifl = —in (1 S 1 S n) and l2j+1k2j+1 = —lgjkgj (1 S] S n — 1)



By using Eq. , the master equation reads

j 2n—j
oo 2n ] A — PR
Qips(t) = —ilHs, ps]+ T3 > > p(=1)*"3,C; - LLTLpg LILLY - -
n=1 j=0
, j 2n—j
TN (=175, Cy - LYLLT ps LLTL - - (B11)
n=1 j=0
Further transforming the above expression into the GKSL form gives
Dups = LP0 e — ilHs po] + / dap(a) [T (DL, lps] + Das,[ps]) + TF (D [ps] + D, lps])] (B12)
0

presented in the main text.

Appendix C: Simulating non-Gaussian baths by combining random telegraph noise baths

Based on the equivalence of the reduced dynamics of the system with the same bath correlation functions, the
analytical expression of the bath correlation functions (B2), (B3)), (B4)) and may be utilized to model various
non-Gaussian baths. To this end, we decompose the bath correlation functions of a given non-Gaussian bath into a

finite sum of exponentially decaying terms in time as Xé,’i = Zn]\le f(m)(l_: E oty ,tan ), where
M on1
f(m)(l,kﬁh"' Jton) = Z ™ H eV (ti—tis1) (C1)
m=1 Jj=1

Here, a(™ and I/j(-m) are some parameters. Then, we fit each exponential terms with Eq. . It should be noted
that fitting not only the two-time bath correlation functions, but also higher-order terms, requires huge complexity.
Moreover, the flexibility of designing the functional form of the bath correlation functions by using the random
telegraph noise bath model is quite limited. To overcome these difficulties, we address the the techniques developed
for Gaussian baths, especially the pseudomode method [68H61], which extends the bath parameters into complex-
valued quantities, allowing more flexibility to describe a wide range of Gaussian baths. Extending the pseudomode
methods to non-Gaussian baths by using (complex parameter-valued) damped few-spin systems is left for future work.

Appendix D: Comparison between the exact system-bath dynamics and the Poisson noise master equation

In this section, we give additional information about how the time-evolution of the system described by the exact
system-bath dynamics

Orpsp(t) = —i[Hs + Hin, psp] + Y Lhpss, (D1)

7j=1,2

converges to that described by the Poisson noise master equation , where Hin, = AN(Loy oy + LToy 0f) and E{B is
defined in Eq. (A2). We consider the collective system-bath coupling model

Hs = (w/2) Y of (D2)

and

L=> o, (D3)

%



(Jx)

00 25 50 7.5 10.0 00 25 50 7.5 10.0
time t time t

FIG. 3. Numerical calculation of the system-bath dynamics and the Poisson noise master equation for the collective
system-bath coupling model. (a) Plot of the ground state probability (0|ps|0) as a function of time. (b) Plot of the expectation
value of J, = >, of as a function of time. The initial state is given by (|0) +|Dn,1))/v2. The black dotted curve is obtained
from the Poisson noise master equation , and the solid curves are obtained by directly solving Eq. for different values
of I7 =T and A = ul';. The figure shows that as T'] increases, the Markovian condition Ty < I'j is better satisfied and
converges to the results calculated by using Eq. . The parameters are N = 5,4 = 0.7,T7 =0,T5 = 1,w = 1, w1 = 3,ws = 2.

discussed in the main text. We assume that the initial state of the system is given by a superposition between the
ground and the first excited state:

L
V2

In Fig. 3, we plot the ground state probability and the expectation value of J, = . oF as a function of time. The
figure shows that as I'] increases, the Markovian condition I'y < I'] is better satisfied and converges to the results

calculated by using Eq. .

[¥s5(0)) = —=(10) + [Dn.1))- (D4)

Appendix E: Nakajima-Zwanzig projection operator method including the source field

So far, we have shown that the reduced density matrix of the system pg(¢) follows Eq. (12)) in the Poisson white
noise limit of the bath. However, it is not obvious whether multi-time correlation functions of some system operators
can be calculated with Eq. in the same limit. To address this issue, we slightly generalize the Nakajima-Zwanzig
projection operator method presented in the main text by including the source field of a system operator Ag, which
allows calculating the multi-time correlation functions of Ag. We therefore modify the Liouville superoperator Lg as

L4(t)e = —i[Hg, o] —iJ(t)Age, (E1)
where J(t) is the counting field. We then consider the following time-evolution equation

Oexdp(t) = L7 (t)xdp(1), (E2)

where £7(t) = £g(t) + Lp + Lins. Note that Lice = —i[Hint, o] and Lpe = —i[Hp, e] + D[e]. Also note that taking
J = 0 reproduces the Liouville superoperator used in the main text, i.e., £/=°(t) = L.

From Eq. (E2), we obtain the following formula for the multi-time correlation functions (7 > ¢y > to > -+ > t,, > 0):
5“

(As(t1)As(t2) - - As(ty)) = " 5J(t1)8J (t2) -+ 61 (tn

) ’I‘I‘SB[XéB (T)] ’J:O ’ <E3)
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where

(As(t1)As(t2) - - - As(tn)) = Trep[Ageft7t2) Agelta=ta) Ag ... AgeLtn-17t) AgeLtn pg (0) @ pid]. (E4)

1. Nakajima-Zwanzig method

In what follows, we discuss how the time-evolution equation for pg(t) presented in the main text is modified by
including the time-dependent counting field. First, Eq. (2) in the main text is modified as

t
O (t) = LA () + / duTeg| Lo Telt WO @RQL, pea]\ T (1) (E5)
0

where xd (t) = Trp[xdp(t)] and T is the time-ordering operator. We then use the following identity
t
Tels 4wQL” (2)Q _ el du(LE (@)+Ln) + / dU1Tef”tl dw(ﬁg(zHcB)Qﬁim oTel:" de1QL7(21)Q (E6)

By expanding Eq. (E5|) with the help of Eq. (E6|), we obtain

o i t v1 Un—2
X (t) = Eg(t)xg(t)—i—Z/ dv/ dvl/ d’Ug"'/ dv,_1

xTrB[,CmtTef“l dll(ﬁs(Il)‘f‘LB)Qﬁ QT@I dwa(LE (z2)+LB)
QL QT (L3 (et L)y p2d1yd (1) (E7)
We then introduce a short-hand notation

A], = Teli dw£5 @) (ES)

and write Te/u 4o(£8 (@)+Lp) — AiveLB(t_”) , since £ (t) and L£p commute with each other. Using the above notations,
we have

n+1

Up 1
815)(%(15) = ‘CS -I-Z/ du1 / dunZH +1 u17u27... ,'LLn,O)
0 Ik J=1
k J k J kn AJ kn
XSlllAt,t7u1+uZS 2At w1 +us,t—uytusz S At UL+ Uy, t— uls n++11 Xs (t - ’LL1) (Eg)

where we change the variables as uy =t — v,us = v1 —v,uz3 = vy — v, -.
From Eq. (E9)), we find that for equivalent bath models such that the n-point bath correlation functions are the
same, they give the same multi-time correlation functions for the system operators (E3)).

2. Poisson white noise limit

We now substitute Eq. into Eq. and obtain
Dix (8) = LT (1) — i () Asx3 (1), (E10)

where £F01%%°" is defined in Eq. and we use the relation At{ =1L
We conclude that, in the Poisson white noise limit, the multi-time correlation functions defined in Eq. (E3|) can be
calculated by solving the modified Poisson noise master equation (E10).
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