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superposition / coherence quantum correlations (entanglement)

One of the main goals in q. thermodynamics: using q. features in thermodynamic processes 
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a general framework to take into account correlation



Energy is not additive with respect to bare Hamiltonians

a fundamental issue about interacting systems: subsystem Hamiltonian?

interaction
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Note that the uncorrelated state %S⌦%B is not the state of the total system (because in general � 6= 0); rather, we take this state83

as the description of the total system in the correlation picture. In order to keep the dynamics of the state in this picture faithful84

to the Schrödinger equation, we need to devise an appropriate formulation. Figure 1 depicts the correlating transformation and85

the emerging correlation picture, which is explained below.86

Correlation picture dynamics and derivation of a canonical Lindblad-like form for general dynamics.—We aim to apply87

our correlation picture transformation between the correlated and uncorrelated states, %SB and %S ⌦ %B, respectively, to obtain a88

dynamical equation for %S. Our approach can be considered in the spirit of the derivation of the Nakajima–Zwanzing equation5,6.89

However, rather than applying a decorrelating projector to omit system–bath correlations (while implicitly carrying correlations90

into another complementary equation), we employ our correlating transformation within the Schrödinger equation of the total91

system. Hence, we shall explicitly retain contributions to the system dynamics from the correlations in the total system.92

Let us assume that the total Hamiltonian of the system and the bath is given by HSB = HS + HB + HI, where the last term93

denotes the system–bath interaction. We employ the correlating transformation (4) to obtain a counterpart for the Schrödinger94

picture generator Ds [�] = �i[HSB, �] (throughout this paper we have assumed the natural units ~ ⌘ kB ⌘ 1). More precisely,95

we define this operator Dc such that96

Ds [%SB(⌧)] =Dc [%S(⌧) ⌦ %B(⌧)]. (5)

By inserting the correlating transformation (4) in the Schrödinger equation as Ds [%SB(⌧)] = Ds
⇥
E�[%S(⌧)⌦ %B(⌧)]

⇤
we obtain97

the correlation-picture dual generator as98

Dc [�] = �i[HSB, �] �
⇥
HSB, [[H�, �]]

⇤
. (6)

Although the dynamics described by Dc utilizing the correlation picture is fully equivalent to the Schrödinger picture dynamics99

governed by Ds , working in this suitable picture has its advantages. As we show below, working in the correlation picture, in100

addition to leading to an exact ULL, offers more convenient ways to incorporate correlations and to apply related approximations.101

From equation (6) we can readily obtain the dynamics of the subsystem by tracing out over the bath in %̇SB(⌧) = Dc [%S(⌧)⌦102

%B(⌧)]. To show that the subsystem dynamics has a Lindblad-like form, we use the expansions of HI =
Pd

2
S�1

i=1 Si ⌦ Bi and103

H�(⌧) =
Pd

2
S�1

j=0 Sj ⌦ B�

j
(⌧), where {Si}

d
2
S�1

i=1 is the basis of Hermitian operators defined on the system Hilbert space. Here,104

dS is the dimension of the Hilbert space of the system and S0 = . Replacing these expansions into %̇S(⌧) = TrB
⇥
� i[HSB, %S⌦105

%B] �
⇥
HSB, [[H�, %S ⌦ %B]]

⇤⇤
yields106

%̇S = �i
⇥
HS + TrB[Hint %B], %S

⇤
�

P
i 6=0,j

⇥
Si, cijSj%S � c⇤

ij
%SSj

⇤
, (7)

where107

cij(⌧) = hBiB�

j
(⌧)iB (8)

are the elements of the covariance matrix c of the bath operators (with h�iB = Tr[%B(⌧)�]). Here, unlike the standard Lindblad108

equation, these bath operators are obtained not only from the interaction Hamiltonian but also from the correlation generator109

H� defined in equation (3). We rewrite c(⌧) in equation (7) in terms of its Hermitian and anti-Hermitian parts as c(⌧) =110

a(⌧) + ib(⌧), with Hermitian matrices a(⌧) = [aij(⌧)] defined by aij(⌧) = (1/2)
⇥
c(⌧) + c†(⌧)

⇤
ij

and b(⌧) = [bij(⌧)] defined111

by bij(⌧) = (�i/2)
⇥
c(⌧) � c†(⌧)

⇤
ij

, for i, j � 1. This leads to an exact Lindblad-like master equation for the system,112

%̇S = L�[%S]

= �i[HS + �

L , %S] +
X

m

��

m

�
2L�

m
%SL

�†
m

� {L�†
m

L�

m
, %S}), (9)

where {A, B} ⌘ AB + BA denotes the anti-commutator. In this equation, the quasi-rates ��

m
are the eigenvalues of the matrix113

a(⌧). The jump operators are given by L�

m
=

P
j 6=0 VmjSj where {Vmj}j are the elements of the eigenvector corresponding to114

the eigenvalue ��

m
. Furthermore, the Lamb-shift-like Hamiltonian �

L (⌧) = hHIiB + 2
P

i 6=0Im(ci0)Si +
P

i 6=0,j 6=0bij(⌧)SiSj ,115

where bij are the elements of the matrix b(⌧). For more details on the derivation see Methods and Supplementary Information.116

We remark that unlike the well-known Markovian embedding, where a non-Lindblad (non-Markovian) evolution is mapped to117

a Lindblad (Markovian) evolution for a specific larger system (employing an ancillary system)31, we have proven here that the118

Lindblad-like form is indeed universal and a property of any open-system dynamics, without need for any ancilla.119

Since L� depends on the state of the system, equation (9) is formally a nonlinear equation. Indeed, the linearity constraint120

on the full dynamics of quantum systems does not imply a similar restriction on the dynamics of a subsystem. Nevertheless,121

we show in the Supplementary Information that our ULL master equation (9) is linear in two important cases: (i) if there is no122

— a thermodynamic system is an open system, i.e., in interaction with a bath



it came into play when describing dynamics: q̇ = @H
@p
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Back to the origin of “Hamiltonian”:

to define subsystem Hamiltonian

ṗ = �@H
@q
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subsystem dynamics 



A postulate of quantum mechanics: Closed system evolves unitarily 

What about the system alone?
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%SB = %S ⌦ %B + �

S

B

%SB 6= %S ⌦ %B

correlation
TrS [�] = TrB [�] = 0



dynamics of open quantum system (time independent total Hamiltonian):

incoherentcoherent

environment-induced correction

Correlation Picture Approach to Open-Quantum-System Dynamics1
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5Interdisciplinary Centre for Mathematical Modelling and Department of Mathematical Sciences,9
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(Dated: June 24, 2019)11

The recent rise in high-fidelity quantum technological devices has necessitated detailed understanding of open quan-12

tum systems and how their environment influences their performance1,2. However, it has remained unresolved how to13

include explicitly known correlations between a system and its environment in the dynamical evolution. In the standard14

weak-coupling (Born-Markov) regime, the explicit dependence of the dynamics on correlations are neglected3,4. Beyond15

this regime, more general equations have been obtained5–7, yet without explicit dependence on correlations. Here, we16

propose a correlation picture which allows to derive an exact dynamical equation with system–environment correlations17

included. We show that systematic approximations to this equation yield conveniently solvable master equations. Our18

formalism provides a powerful approach to describe open systems and may give new insight in fundamental processes19

such as thermalization.20

The description of the joint evolution of a quantum system and its environment, or bath, through the unitary evolution given21

by the Schrödinger equation is hampered by the large dimensionality of the Hilbert space of the bath. Although there already22

exists a plethora of approximate methods3–9 for obtaining dynamics of an open quantum system by a closed set of equations,23

these approaches in general do not incorporate correlations between the system and its environment (see refs.10,11 for alternative24

exact approaches to take initial correlations into account). Despite previous attempts to prove the existence of universally valid25

time-local Lindblad-like master equations for general dynamics12–15, a microscopic derivation which incorporates correlations26

within the dynamics has been missing. Whether a time-local master equation exists that can generally describe dynamics27

of systems with correlations is still an open question16. Here, we resolve this issue and present a derivation of a universal28

Lindblad-like (ULL) equation which is time-local and valid for any quantum dynamics. The ULL form is derived without29

approximations and it is valid also when the system is initially correlated with the bath. We study the behavior of the ULL30

equation under chosen approximations and are able to derive conveniently solvable master equations which almost accurately31

reproduce the exact dynamics in the corresponding parameter regimes. In particular, in the vicinity of time instants where the32

correlations become negligible, the ULL equation reduces to a Markovian Lindblad-like (MLL) master equation, in which the33

jump rates are positive. We prove that this equation correctly characterizes the universal quadratic short-time behavior of the34

system dynamics17, in contrast to the standard Lindblad equation which gives a purely linear behavior for short times18,19. In35

addition, we demonstrate that our MLL equation, which does not utilize the secular approximation, may in some cases even36

faithfully describe the long-time behavior of the system. This MLL equation thus constitutes a useful framework for studying37

open-quantum-system dynamics beyond the weak-coupling regime.38

At the heart of our derivation of the ULL master equation is the introduction of a correlation picture, through which we39

relate any correlated state of a composite system in the Schrödinger picture to an uncorrelated description of that system. As40

we elaborate in the following, this picture is inherently different from the Heisenberg and interaction pictures. To introduce the41

correlation picture we start with a transformation which relates the description of the system in the correlation picture to its state42

in the Schrödinger picture.43

Correlating transformations.—Any given system-bath state at an arbitrary instant of time %SB(⌧) can be decomposed in terms44

of an uncorrelated part, given by the tensor product of the instantaneous reduced states of the subsystems %S(⌧) = TrB[%SB(⌧)]45

and %B(⌧) = TrS[%SB(⌧)], and the remainder �(⌧) which carries all correlations within the total state,46

%SB(⌧) = %S(⌧) ⌦ %B(⌧) + �(⌧), (1)

where TrS[�] and TrB[�] are null operators on the bath and system Hilbert spaces, respectively. We call �(⌧) the correlation47

operator or simply the correlation in the sequel. It includes all kinds of correlations, whether classical or quantum mechanical.48

The latter, in the form of entanglement, discord, or other more complex types, have a rich and resourceful nature in physics, e.g.,49

in energy fluctuations of thermodynamical systems20 and in quantum information tasks21–23.50

To define our correlation picture, we introduce an operation E� which transforms the uncorrelated state %S(⌧)⌦ %B(⌧) to the51

correlated state %SB(⌧). We refer to the opposite operation relating the correlated state to the uncorrelated one as decorrelating.52

These are interesting operations, which also appear in the context of quantum statistical physics, where they are dubbed the53

d%S(⌧) = �i TrB[HSB, %SB(⌧)] d⌧
.

%̇S(⌧) = �i [H0S(⌧), %S(⌧)]� iTrB[HI,�(⌧)]
<latexit sha1_base64="TAbaad93wghr11NPWQHZBlSOHXw="></latexit>
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H
0
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= HS +TrB[HI%B]

<latexit sha1_base64="dQdRffxWOU1osbAyoCrSDoVB5zs="></latexit>

I

a freedom in definition of subsystem Hamiltonian: H
(e↵)
S
(⌧)
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S
B

H
(e↵)
S
(⌧)
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binding energy: an energy associated to correlation

interaction energy inaccessible through either of subsystems

correlation interaction

non-additive 
non-extensivetot = S(⌧) + B(⌧) + �(⌧)
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TrS[%SH
(e↵)
int
] = TrB[%BH

(e↵)
int
] = 0H

(e↵)
I

<latexit sha1_base64="3BxF20d3qLpxTcZp0YrhutYJo3I="></latexit>

I

using the freedom:

↵S + ↵B = 1
<latexit sha1_base64="j81ZOQFotnxb0M1/FZg5ggCdDLU="></latexit>

H
e↵
S
(⌧) = H0

S
(⌧)� ↵STr[%S(⌧)⌦ %B(⌧)HI]

<latexit sha1_base64="JdAuXkloDteWTThDbSrXZru0MEk="></latexit>

I

H
e↵
B
(⌧) = H0

B
(⌧)� ↵BTr[%S(⌧)⌦ %B(⌧)HI]

<latexit sha1_base64="nKDwFcwsunljJcWw2cdnCF6QEjE="></latexit>

I



work heat

energy change due to change in H energy change due to change in the state

populationenergy levels

1st law of thermodynamics

d (⌧) = Tr[d%(⌧)H(e↵)(⌧)]
<latexit sha1_base64="22n+yM5tJc1rEr3Y3YaXLVjho34="></latexit><latexit sha1_base64="22n+yM5tJc1rEr3Y3YaXLVjho34="></latexit><latexit sha1_base64="22n+yM5tJc1rEr3Y3YaXLVjho34="></latexit>d (⌧) = Tr[%(⌧) dH(e↵)(⌧)]

<latexit sha1_base64="hwDP3LeS7cWfe9RojU80L2YYVSY="></latexit><latexit sha1_base64="hwDP3LeS7cWfe9RojU80L2YYVSY="></latexit><latexit sha1_base64="hwDP3LeS7cWfe9RojU80L2YYVSY="></latexit>

d = d + d
<latexit sha1_base64="WZvRpRA+abQjBgnara/VfLZjo1U="></latexit><latexit sha1_base64="WZvRpRA+abQjBgnara/VfLZjo1U="></latexit><latexit sha1_base64="WZvRpRA+abQjBgnara/VfLZjo1U="></latexit>



—correlation in work/heat exchange:

—manifestation of Newton’s 3rd law (action-reaction) 

—correlations may be a source/storage for heat 

—heat exchange may yield correlations 

energy conservation relation

B

S

d S(⌧) + d B(⌧) = �d �(⌧)
<latexit sha1_base64="yI756tiamrf2bh7slblBrr0ydLY="></latexit><latexit sha1_base64="yI756tiamrf2bh7slblBrr0ydLY="></latexit><latexit sha1_base64="yI756tiamrf2bh7slblBrr0ydLY="></latexit>

d S(⌧) + d B(⌧) = 0
<latexit sha1_base64="YJN7LEkb1vf05ge2rbYORAPh76k="></latexit><latexit sha1_base64="YJN7LEkb1vf05ge2rbYORAPh76k="></latexit><latexit sha1_base64="YJN7LEkb1vf05ge2rbYORAPh76k="></latexit>

d S(⌧) + d B(⌧) = �d �(⌧)
<latexit sha1_base64="4XXhLHUdyV0AvEsfiD6/AYqBmKk="></latexit><latexit sha1_base64="4XXhLHUdyV0AvEsfiD6/AYqBmKk="></latexit><latexit sha1_base64="4XXhLHUdyV0AvEsfiD6/AYqBmKk="></latexit>

�
<latexit sha1_base64="lTKiu9jKx/2lwfnEPj24S+ZTLAM="></latexit><latexit sha1_base64="lTKiu9jKx/2lwfnEPj24S+ZTLAM="></latexit><latexit sha1_base64="lTKiu9jKx/2lwfnEPj24S+ZTLAM="></latexit>

d � = Tr[d�Hint]

[SA, Benatti, Bakhshinezhad, Afsary, Marcantoni, Rezakhani, Sci. Rep. (2016)]



— Markovian environmnet 
— System is driven

%̇SB(⌧) = �i [HSB(⌧), %SB(⌧)] + L[%SB(⌧)]
<latexit sha1_base64="/2P9J8WcrSORFgW4vpxUjFxi3ho="></latexit>

d SB = d S + d B + d �
<latexit sha1_base64="bLb5b/1zJeoG3IPFbAheXQHbJKw="></latexit><latexit sha1_base64="bLb5b/1zJeoG3IPFbAheXQHbJKw="></latexit><latexit sha1_base64="bLb5b/1zJeoG3IPFbAheXQHbJKw="></latexit><latexit sha1_base64="bLb5b/1zJeoG3IPFbAheXQHbJKw="></latexit>

d SB = d S + d B + d �
<latexit sha1_base64="Vx2GAfgiVHeeoaupb4q7N5sLAnU="></latexit><latexit sha1_base64="Vx2GAfgiVHeeoaupb4q7N5sLAnU="></latexit><latexit sha1_base64="Vx2GAfgiVHeeoaupb4q7N5sLAnU="></latexit><latexit sha1_base64="Vx2GAfgiVHeeoaupb4q7N5sLAnU="></latexit>

d SB = Tr[%SB dHSB]
<latexit sha1_base64="pLIYTE8CvOOk/zkylnAuC7OOc60="></latexit><latexit sha1_base64="pLIYTE8CvOOk/zkylnAuC7OOc60="></latexit><latexit sha1_base64="pLIYTE8CvOOk/zkylnAuC7OOc60="></latexit><latexit sha1_base64="pLIYTE8CvOOk/zkylnAuC7OOc60="></latexit>

d � = Tr[� dHint]
<latexit sha1_base64="KbuVuJYKZsqdHC1gXtGvg0NhcYw="></latexit><latexit sha1_base64="KbuVuJYKZsqdHC1gXtGvg0NhcYw="></latexit><latexit sha1_base64="KbuVuJYKZsqdHC1gXtGvg0NhcYw="></latexit><latexit sha1_base64="KbuVuJYKZsqdHC1gXtGvg0NhcYw="></latexit>

d SB = Tr[d%SB HSB]
<latexit sha1_base64="eCoBVNyg3YIFRnotxcw6UQ/l8oM=">AAADOXicbVLLbhMxFHWGVwmvFJZsLFIQQiHKREJlAag8VJUFolWTtlIyijweJ2PVnrHsOxXBGn6JD+A7kGADYofY8gN43AElKVca3TP3cXzutWMluIFe72sjOHf+wsVLa5ebV65eu36jtX7zwOSFpmxIc5Hro5gYJnjGhsBBsC </latexit><latexit sha1_base64="eCoBVNyg3YIFRnotxcw6UQ/l8oM=">AAADOXicbVLLbhMxFHWGVwmvFJZsLFIQQiHKREJlAag8VJUFolWTtlIyijweJ2PVnrHsOxXBGn6JD+A7kGADYofY8gN43AElKVca3TP3cXzutWMluIFe72sjOHf+wsVLa5ebV65eu36jtX7zwOSFpmxIc5Hro5gYJnjGhsBBsC </latexit><latexit sha1_base64="eCoBVNyg3YIFRnotxcw6UQ/l8oM=">AAADOXicbVLLbhMxFHWGVwmvFJZsLFIQQiHKREJlAag8VJUFolWTtlIyijweJ2PVnrHsOxXBGn6JD+A7kGADYofY8gN43AElKVca3TP3cXzutWMluIFe72sjOHf+wsVLa5ebV65eu36jtX7zwOSFpmxIc5Hro5gYJnjGhsBBsC </latexit><latexit sha1_base64="eCoBVNyg3YIFRnotxcw6UQ/l8oM=">AAADOXicbVLLbhMxFHWGVwmvFJZsLFIQQiHKREJlAag8VJUFolWTtlIyijweJ2PVnrHsOxXBGn6JD+A7kGADYofY8gN43AElKVca3TP3cXzutWMluIFe72sjOHf+wsVLa5ebV65eu36jtX7zwOSFpmxIc5Hro5gYJnjGhsBBsC </latexit>

d � = Tr[d� Hint]
<latexit sha1_base64="vXA6dZQloc00ii6U3RdWOl59S40="></latexit><latexit sha1_base64="vXA6dZQloc00ii6U3RdWOl59S40="></latexit><latexit sha1_base64="vXA6dZQloc00ii6U3RdWOl59S40="></latexit><latexit sha1_base64="vXA6dZQloc00ii6U3RdWOl59S40="></latexit>

what if the the total system is open and Hamiltonian is time dependent?

�
<latexit sha1_base64="7gi0GQB6Z63SzGFIZhmBZYBZBIY="></latexit><latexit sha1_base64="7gi0GQB6Z63SzGFIZhmBZYBZBIY="></latexit><latexit sha1_base64="7gi0GQB6Z63SzGFIZhmBZYBZBIY="></latexit>

S BS B1
<latexit sha1_base64="jiXFnoX3I8ChAA0LxS3nMh/A2eo="></latexit><latexit sha1_base64="jiXFnoX3I8ChAA0LxS3nMh/A2eo="></latexit><latexit sha1_base64="jiXFnoX3I8ChAA0LxS3nMh/A2eo="></latexit><latexit sha1_base64="jiXFnoX3I8ChAA0LxS3nMh/A2eo="></latexit>

H
(e↵)
int
(⌧) = HSB �H

(e↵)
S
(⌧)�H(e↵)

B
(⌧)(⌧)

<latexit sha1_base64="M8vBhMztxXgGdPG8cRAJ6WsrRGo="></latexit>



d S = d B = 0
<latexit sha1_base64="ub5riCo7GF5OhLWXiflATi8qC5M="></latexit><latexit sha1_base64="ub5riCo7GF5OhLWXiflATi8qC5M="></latexit><latexit sha1_base64="ub5riCo7GF5OhLWXiflATi8qC5M="></latexit><latexit sha1_base64="ub5riCo7GF5OhLWXiflATi8qC5M="></latexit>

d S = d B = 0
<latexit sha1_base64="AqlKumy+15s1pPmM4W7SWa7UHG8="></latexit><latexit sha1_base64="AqlKumy+15s1pPmM4W7SWa7UHG8="></latexit><latexit sha1_base64="AqlKumy+15s1pPmM4W7SWa7UHG8="></latexit><latexit sha1_base64="AqlKumy+15s1pPmM4W7SWa7UHG8="></latexit>

d SB = d B = 0
<latexit sha1_base64="aiH6KdU9i0Nwm+FPPnNVvc5gL9k="></latexit><latexit sha1_base64="aiH6KdU9i0Nwm+FPPnNVvc5gL9k="></latexit><latexit sha1_base64="aiH6KdU9i0Nwm+FPPnNVvc5gL9k="></latexit><latexit sha1_base64="aiH6KdU9i0Nwm+FPPnNVvc5gL9k="></latexit>

d S = �d �
<latexit sha1_base64="sqE1F0p/s8lTq7VqUhDD53ovtv4="></latexit><latexit sha1_base64="sqE1F0p/s8lTq7VqUhDD53ovtv4="></latexit><latexit sha1_base64="sqE1F0p/s8lTq7VqUhDD53ovtv4="></latexit><latexit sha1_base64="sqE1F0p/s8lTq7VqUhDD53ovtv4="></latexit>

d SB = �d �
<latexit sha1_base64="mIqGD3SITcOpxH/zbuv5NmXx23A="></latexit><latexit sha1_base64="mIqGD3SITcOpxH/zbuv5NmXx23A="></latexit><latexit sha1_base64="mIqGD3SITcOpxH/zbuv5NmXx23A="></latexit><latexit sha1_base64="mIqGD3SITcOpxH/zbuv5NmXx23A="></latexit>

d SB = �d �
<latexit sha1_base64="7sks0uDe0zTp9hCIUrqT6LooLoA="></latexit><latexit sha1_base64="7sks0uDe0zTp9hCIUrqT6LooLoA="></latexit><latexit sha1_base64="7sks0uDe0zTp9hCIUrqT6LooLoA="></latexit><latexit sha1_base64="7sks0uDe0zTp9hCIUrqT6LooLoA="></latexit>

local correlation witness

• if                                            extraction of work from correlation 

• if                                            conversion of external heat to correlation 

• if                                            conversion of system heat to correlation

Perarnau-Llobet et al., PRX(2015)

Lloyd et al. arXiv:1510.05035 

Ankerhold & Pekola, PRB (2014)

what if the the total system is open and Hamiltonian is time dependent?



—entropy in closed combined systems:

closed composite system: constant total entropy

mutual information

total entropy 6=sum of subsystem entropies

a manifestation of 2nd law of thermodynamics:

(⌧) = �Tr[%(⌧) log %(⌧)]
<latexit sha1_base64="eujRbuLt8iOTLiNKCj5Pu7UfG/U="></latexit><latexit sha1_base64="eujRbuLt8iOTLiNKCj5Pu7UfG/U="></latexit><latexit sha1_base64="eujRbuLt8iOTLiNKCj5Pu7UfG/U="></latexit>

d S(⌧) + d B(⌧) = d �(⌧)
<latexit sha1_base64="Jobt8WBTyW8EUQKK3N+pws7sjo4="></latexit><latexit sha1_base64="Jobt8WBTyW8EUQKK3N+pws7sjo4="></latexit><latexit sha1_base64="Jobt8WBTyW8EUQKK3N+pws7sjo4="></latexit>

�(⌧) = S(⌧) + B(⌧)� SB(⌧) > 0
<latexit sha1_base64="jUHmsZmZcOlLCbwmrCkiG+fESrM="></latexit><latexit sha1_base64="jUHmsZmZcOlLCbwmrCkiG+fESrM="></latexit><latexit sha1_base64="jUHmsZmZcOlLCbwmrCkiG+fESrM="></latexit>

�(0) = 0
<latexit sha1_base64="T7OZOdPX81C5NpIekRheXGI82OE="></latexit><latexit sha1_base64="T7OZOdPX81C5NpIekRheXGI82OE="></latexit><latexit sha1_base64="T7OZOdPX81C5NpIekRheXGI82OE="></latexit>

� S(⌧) + � B(⌧) = �(⌧) > 0
<latexit sha1_base64="SWGxY4zHGFB1pJ8ZHIh0MRexFOc="></latexit><latexit sha1_base64="SWGxY4zHGFB1pJ8ZHIh0MRexFOc="></latexit><latexit sha1_base64="SWGxY4zHGFB1pJ8ZHIh0MRexFOc="></latexit>

S B1
<latexit sha1_base64="jiXFnoX3I8ChAA0LxS3nMh/A2eo="></latexit><latexit sha1_base64="jiXFnoX3I8ChAA0LxS3nMh/A2eo="></latexit><latexit sha1_base64="jiXFnoX3I8ChAA0LxS3nMh/A2eo="></latexit><latexit sha1_base64="jiXFnoX3I8ChAA0LxS3nMh/A2eo="></latexit>



pseudo-temperature:

entropy change relation in  
a closed system

—how about “temperature”?

standard thermodynamic definition

T� 6= 0
TS = TB

thermal equilibrium

1/T := (@ /@ )N,V,...
<latexit sha1_base64="TkzONB/7q6C262YhJkbbJ35h06o="></latexit><latexit sha1_base64="TkzONB/7q6C262YhJkbbJ35h06o="></latexit><latexit sha1_base64="TkzONB/7q6C262YhJkbbJ35h06o="></latexit>

1/T (⌧) := d (⌧)/d (⌧)
<latexit sha1_base64="3yBBGWwJQFW2An0o1WT1VQ/Q08U="></latexit><latexit sha1_base64="3yBBGWwJQFW2An0o1WT1VQ/Q08U="></latexit><latexit sha1_base64="3yBBGWwJQFW2An0o1WT1VQ/Q08U="></latexit>

d S/TS + d B/TB = d �/T�
<latexit sha1_base64="CPcwsOF7a0CuDB6FqYv3yK8YTfU="></latexit><latexit sha1_base64="CPcwsOF7a0CuDB6FqYv3yK8YTfU="></latexit><latexit sha1_base64="CPcwsOF7a0CuDB6FqYv3yK8YTfU="></latexit>

d � = 0
<latexit sha1_base64="umdLt4f8BMUHFTzdIeaA8At0FVU="></latexit><latexit sha1_base64="umdLt4f8BMUHFTzdIeaA8At0FVU="></latexit><latexit sha1_base64="umdLt4f8BMUHFTzdIeaA8At0FVU="></latexit>

d S(⌧) + d B(⌧) = d �(⌧)
<latexit sha1_base64="Jobt8WBTyW8EUQKK3N+pws7sjo4="></latexit><latexit sha1_base64="Jobt8WBTyW8EUQKK3N+pws7sjo4="></latexit><latexit sha1_base64="Jobt8WBTyW8EUQKK3N+pws7sjo4="></latexit>

1/T�(⌧) = d �/d �
<latexit sha1_base64="s7oi3VtdVnNkCZCn1o6yUE10V0s="></latexit><latexit sha1_base64="s7oi3VtdVnNkCZCn1o6yUE10V0s="></latexit><latexit sha1_base64="s7oi3VtdVnNkCZCn1o6yUE10V0s="></latexit><latexit sha1_base64="s7oi3VtdVnNkCZCn1o6yUE10V0s="></latexit>

pseudo-temperature for correlation:

(zeroth law of thermodynamics)



—a better way to define temperature:

recall d S = d S/T + d⌃S
<latexit sha1_base64="oWgjucHmJFWsUhyaVfge4kH7QLo="></latexit><latexit sha1_base64="oWgjucHmJFWsUhyaVfge4kH7QLo="></latexit><latexit sha1_base64="oWgjucHmJFWsUhyaVfge4kH7QLo="></latexit><latexit sha1_base64="oWgjucHmJFWsUhyaVfge4kH7QLo="></latexit>

temperature and internal entropy production are unknown

uniquely determine temperature?



—a systematic approach:

a set of relevant physical observables A = {Ai}
d2S�1
i=1<latexit sha1_base64="thRwlsn9DcClLK5nZmUNNcFVISM="></latexit><latexit sha1_base64="thRwlsn9DcClLK5nZmUNNcFVISM="></latexit><latexit sha1_base64="thRwlsn9DcClLK5nZmUNNcFVISM="></latexit>

A1 = (1/h)
⇣
H � Tr[H] /dS)

⌘

<latexit sha1_base64="sLo9kXNItyMOtIGOo45cCO1c+zo="></latexit><latexit sha1_base64="sLo9kXNItyMOtIGOo45cCO1c+zo="></latexit><latexit sha1_base64="sLo9kXNItyMOtIGOo45cCO1c+zo="></latexit>

xi(⌧) = Tr[%(⌧)Ai(⌧)], i 2 {0, 1, . . . , d2S � 1}
<latexit sha1_base64="g9Vb4yRuUi/RFOuINUl3CWGXK0M="></latexit><latexit sha1_base64="g9Vb4yRuUi/RFOuINUl3CWGXK0M="></latexit><latexit sha1_base64="g9Vb4yRuUi/RFOuINUl3CWGXK0M="></latexit>

A0 = /
p
dS

<latexit sha1_base64="mB8eI0ocO9MFH8B9dxoYUGlF4dk="></latexit><latexit sha1_base64="mB8eI0ocO9MFH8B9dxoYUGlF4dk="></latexit><latexit sha1_base64="mB8eI0ocO9MFH8B9dxoYUGlF4dk="></latexit>

coordinates:

%({xi}; ⌧) =
Pd2S�1
i=0

xi(⌧)Ai(⌧)
<latexit sha1_base64="YwTLpghT9mosw1lAHUgxDvybdsk="></latexit><latexit sha1_base64="YwTLpghT9mosw1lAHUgxDvybdsk="></latexit><latexit sha1_base64="YwTLpghT9mosw1lAHUgxDvybdsk="></latexit>

d%({yi}; ⌧) =
P
i>0 dyi Ai

<latexit sha1_base64="l36xGQ4KEmlZ7wui4WQ1MaZXiYA="></latexit><latexit sha1_base64="l36xGQ4KEmlZ7wui4WQ1MaZXiYA="></latexit><latexit sha1_base64="l36xGQ4KEmlZ7wui4WQ1MaZXiYA="></latexit>

. . .
<latexit sha1_base64="skA89pHuiNokGfci8qnOLjcuQAo="></latexit><latexit sha1_base64="skA89pHuiNokGfci8qnOLjcuQAo="></latexit><latexit sha1_base64="skA89pHuiNokGfci8qnOLjcuQAo="></latexit>

(orthonormal and traceless)

normalization factor

system Hamiltonian

h =
q
Tr[A21]

<latexit sha1_base64="HAaez92BB24gbQco22HVu3kDTFM="></latexit><latexit sha1_base64="HAaez92BB24gbQco22HVu3kDTFM="></latexit><latexit sha1_base64="HAaez92BB24gbQco22HVu3kDTFM="></latexit><latexit sha1_base64="HAaez92BB24gbQco22HVu3kDTFM="></latexit>

not exact differentials



Cov(X, Y ) := Tr[XY ]/dS � Tr[X]Tr[Y ]/d2S
<latexit sha1_base64="ZajUFWFNhAMyic8na0XtWtQFF9w="></latexit><latexit sha1_base64="ZajUFWFNhAMyic8na0XtWtQFF9w="></latexit><latexit sha1_base64="ZajUFWFNhAMyic8na0XtWtQFF9w="></latexit>

d ({yi}) = Tr[d%H] = h dy1
<latexit sha1_base64="Jr0ZH9Kein6sORYcIY8H1VQEOoY="></latexit><latexit sha1_base64="Jr0ZH9Kein6sORYcIY8H1VQEOoY="></latexit><latexit sha1_base64="Jr0ZH9Kein6sORYcIY8H1VQEOoY="></latexit>

�2H = Tr[H2]/dS � Tr[H]2/d2S

1
T = �

Cov(H,Hent)
�2H

<latexit sha1_base64="Q19jYpJecS2SZQV2MI/KsRua2MI="></latexit><latexit sha1_base64="Q19jYpJecS2SZQV2MI/KsRua2MI="></latexit><latexit sha1_base64="Q19jYpJecS2SZQV2MI/KsRua2MI="></latexit>

Hent := � log %� logZ
<latexit sha1_base64="EMR8qkGzBhqwlbBWhqJR7Bbjr/M="></latexit><latexit sha1_base64="EMR8qkGzBhqwlbBWhqJR7Bbjr/M="></latexit><latexit sha1_base64="EMR8qkGzBhqwlbBWhqJR7Bbjr/M="></latexit>

where

d ({yi}) = 1
T d �

P
i 6=0,1 Tr[Ai log %] dyi

<latexit sha1_base64="F+WpKMFx5rxBK+DqB3++I7Tea90="></latexit><latexit sha1_base64="F+WpKMFx5rxBK+DqB3++I7Tea90="></latexit><latexit sha1_base64="F+WpKMFx5rxBK+DqB3++I7Tea90="></latexit>

dS({yi}; ⌧) = �
P
i>0 Tr[Ai log %] dyi

<latexit sha1_base64="jjytDagztFD30y2oVAS59e78mV8="></latexit><latexit sha1_base64="jjytDagztFD30y2oVAS59e78mV8="></latexit><latexit sha1_base64="jjytDagztFD30y2oVAS59e78mV8="></latexit><latexit sha1_base64="jjytDagztFD30y2oVAS59e78mV8="></latexit>



—towards thermalization: atom in a thermal bath

lim⌧!1 %
(�)
S
(⌧) = %�

S

Hint = �
P
k
f
⇤
k
�+ ⌦ ak + fk�� ⌦ a

†
k

HS +HB = (1/2)!0�z +
P
k
!ka

†
k
ak

lim⌧!1 TS(⌧) = T

Jaynes-Cummings model

bosonic heat bath T
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A Brief History of the GKLS Equation

Fig. 1: Picture taken in Prof. Ingarden’s office (December 1975). From left
to right: Roman Ingarden, Andrzej Kossakowski, George Sudarshan and
Vittorio Gorini.

quantum systems and notation. It makes full use of our personal interactions
with the four protagonists of this story. Figure 1 shows a 1975 picture taken
in Torun, Poland, in Roman Ingarden’s office.

2. Formulation of the Problem

The evolution of a closed (isolated) quantum system is described by the
Schrödinger equation (here and henceforth, Planck’s constant ! = 1)

iψ̇ = Hψ ←→ ψt = Utψ0 , (1)

where ψ is the wave function, H the Hamiltonian, the dot denotes time
derivative and Ut = e−iHt is a one-parameter group. This translates into the
so-called von Neumann equation for the density matrix ρ

ρ̇ = −i[H, ρ] ←→ ρt = Utρ0U
†
t . (2)

If the quantum system is “open”, namely not isolated, and immersed in an
environment with which it interacts, the above equation is not valid and must
be replaced by the following evolution law

ρ′ = Λρ =
∑

α

KαρK
†
α, (3)
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what is the connection of this equation with the usual known master equations, e.g., GKLS?

.

?



—time homogeneous dynamical semigroup property     (divisibility of the dynamical map)

ES(⌧1 + ⌧2) = ES(⌧2)ES(⌧1)

—no initial correlation

limitations/assumptions of GKLS equation

—Markov approximation

—Rotating wave approximation (RWA)

(⌧S � ⌧B)
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%SB(⌧) = %S(⌧)⌦ %B(0)

(killing the dependence of time evolution of the state on the state at earlier times) 

—Born approximation

(fast oscillating terms are neglected)

microscopic derivation 

derivation of GKLS starting from CPTP maps 

Markovian master equation

%S(⌧) = ES(⌧)[%S(0)] =
P

n An(⌧)%S(0)A†
n(⌧)



beyond Born-Markov and RWA?

Nakajima—Zwanzig projection operator technique  

Inserting (82) in (81) yields

P ρ̃(t) = Pρ(0) +
∫ t

0

dsPV(s)P ρ̃(s) +
∫ t

0

dsPV(s)G(s, 0)Qρ̃(0)

+

∫ t

0

ds

∫ s

0

duPV(s)G(s, u)QV(u)P ρ̃(u). (83)

This is the integrated version of the so-called generalized Nakajima-Zwanzig
equation

d

dt
P ρ̃(t) = PV(t)P ρ̃(t) + PV(t)G(t, 0)Qρ̃(0)

+

∫ t

0

duPV(t)G(t, u)QV(u)P ρ̃(u). (84)

Next, two assumptions are usually made. First one is that PV(t)P = 0,
this means,

PV(t)Pρ = −iTrB[Ṽ (t), ρA ⊗ ρB]⊗ ρB = −i
[
TrB

(
Ṽ (t)ρB

)
, ρA
]
⊗ ρB = 0,

for every ρ and then every ρA, which implies TrB
(
Ṽ (t)ρB

)
= 0. If this is not

fulfilled (which is not the case in the most practical situations), provided that
ρB commutes with HB one can always define a new interaction Hamiltonian
with a shifted origin of the energy for A [10, 34]. The change

V ′ = V − TrB[V ρB]⊗ 1, and H ′
A = HA + TrB[V ρB]⊗ 1, (85)

makes the total Hamiltonian to be the same and

TrB
[
Ṽ ′(t)ρB

]
= TrB

[
ei(H

′
A+HB)tV ′e−i(H′

A+HB)tρB
]

= eiH
′
AtTrB[e

iHBtV e−iHBtρB]e
−iH′

At

− eiH
′
AtTrB[V ρB]e

−iH′
AtTrB[e

iHBtρBe
−iHBt]

= eiH
′
AtTrB[V ρB]e

−iH′
At − eiH

′
AtTrB[V ρB]e

−iH′
At = 0,

as we wished.
The second assumption consists in accepting that initially ρ(0) = ρA(0)⊗

ρB(0), which is the necessary assumption to get a UDM. Of course some
skepticism may arise thinking that if the system B is out of our control, there
is not guaranty that this assumption is fulfilled. Nonetheless the control on
the system A is enough to assure this condition, for that it will be enough to
prepare a pure state in A, for instance by making a projective measurement
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Ṽ ′(t)ρB

]
= TrB

[
ei(H

′
A+HB)tV ′e−i(H′

A+HB)tρB
]

= eiH
′
AtTrB[e

iHBtV e−iHBtρB]e
−iH′

At

− eiH
′
AtTrB[V ρB]e

−iH′
AtTrB[e

iHBtρBe
−iHBt]

= eiH
′
AtTrB[V ρB]e

−iH′
At − eiH

′
AtTrB[V ρB]e

−iH′
At = 0,

as we wished.
The second assumption consists in accepting that initially ρ(0) = ρA(0)⊗

ρB(0), which is the necessary assumption to get a UDM. Of course some
skepticism may arise thinking that if the system B is out of our control, there
is not guaranty that this assumption is fulfilled. Nonetheless the control on
the system A is enough to assure this condition, for that it will be enough to
prepare a pure state in A, for instance by making a projective measurement

54

6.1 Nakajima-Zwanzig equation

Let assume that A is our open system while B plays the role of the environ-
ment; the Hamiltonian of the whole system is given by

H = HA +HB + V, (71)

where HA and HB are the Hamiltonians which govern the local dynamics of
A and B respectively, and V stands for the interaction between both systems.

We will follow the approach initroduced by Nakajima [101] and Zwanzig
[102] using projection operators, which is also explained in [3, 20, 21] among
others. In this method we define in the combined Hilbert space “system plus
environment” H = HA⊗HB, two orthogonal projection operators, P and
Q, P2 = P, Q2 = Q and PQ = QP = 0, given by

Pρ = TrB(ρ)⊗ ρB, (72)

Qρ = (1− P)ρ, (73)

where ρ ∈ H is the whole state of the system and environment and ρB ∈ HB

is a fixed state of the environment. In fact, we choose ρB to be the physical
initial state of the environment. Strictly speaking this is not necessary but
the method becomes much more complicated if one chooses another state.
In addition, we assume that the system B is initially in thermal equilibrium,
this is

ρB = ρth = e−βHB [Tr
(
e−βHB

)
]−1,

where β = 1/T . Note that Pρ give all necessary information about the
reduced system state ρA; so the knowledge of the dynamics of Pρ implies
that one knows the time evolution of the reduced system.

If we start from the von Neumann equation (19) for the whole system

dρ(t)

dt
= −i[HA +HB + V, ρ(t)], (74)

and take projection operators we get

d

dt
Pρ(t) = −iP[HA +HB + V, ρ(t)], (75)

d

dt
Qρ(t) = −iQ[HA +HB + V, ρ(t)]. (76)

As usual in perturbation theory we shall work in interaction picture with
respect to the free Hamiltonians

ρ̃(t) = ei(HA+HB)tρ(t)e−i(HA+HB)t.
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Since

TrB[ρ̃(t)] = TrB
[
ei(HA+HB)tρ(t)e−i(HA+HB)t

]

= eiHAtTrB
[
eiHBtρ(t)e−iHBt

]
eiHAt = eiHAtTrB[ρ(t)]e

iHAt = ρ̃A(t).

the projection operators are preserved under this operation, and equations
(75) and (76) can be written in interaction picture just like

d

dt
P ρ̃(t) = −iP[Ṽ (t), ρ̃(t)], (77)

d

dt
Qρ̃(t) = −iQ[Ṽ (t), ρ̃(t)]. (78)

Let us use the notation V(t)· ≡ −i[Ṽ (t), ·]; then by introducing the iden-
tity 1 = P + Q between V(t) and ρ̃(t) the equations (77) and (78) may be
rewritten as

d

dt
P ρ̃(t) = PV(t)P ρ̃(t) + PV(t)Qρ̃(t), (79)

d

dt
Qρ̃(t) = QV(t)P ρ̃(t) +QV(t)Qρ̃(t). (80)

The formal integration of the first of these equations gives

P ρ̃(t) = Pρ(0) +
∫ t

0

dsPV(s)P ρ̃(s) +
∫ t

0

dsPV(s)Qρ̃(s), (81)

where we have set 0 as the origin of time without losing generality. On the
other hand, the solution of the second equation can be written formally as

Qρ̃(t) = G(t, 0)Qρ̃(0) +
∫ t

0

dsG(t, s)QV(s)P ρ̃(s). (82)

This is nothing but the operational version of variation of parameters formula
for ordinary differential equations (see for example [103, 104]), where the
solution to the homogeneous equation,

d

dt
Qρ̃(t) = QV(t)Qρ̃(t),

is given by the propagator

G(t, s) = T e
∫ t
s
dt′QV(t′).
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Projection operator techniques

Path integral techniques 

Monte Carlo techniques 

etc…



Gorini-Kossakowski-Sudarshan theorem  

Any linear map with Hermiticity and trace preserving properties can be associated to a 
time-local generator as   

d
d⌧ %S(⌧) = �i

⇥
H

e↵
S , %S(⌧)

⇤
+ ⌧�

P
m �m

�
2Lm%SL

†
m � {L†

mLm, %S}
�

LS%S(⌧) = �i[ eHS , %S(⌧)]+

Time-local master equation in the presence of memory effects (without semigroup property)?

— Theorem is just about existence (non-constructive)  

— No clue on how to derive rates and jump operators



dynamical pictures in quantum mechanics

Schrödinger picture Heisenberg picture Dirac picture
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Dirac (interaction) picture: 
state coordinates & measurements evolve
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Note that the uncorrelated state %S⌦%B is not the state of the total system (because in general � 6= 0); rather, we take this state83

as the description of the total system in the correlation picture. In order to keep the dynamics of the state in this picture faithful84

to the Schrödinger equation, we need to devise an appropriate formulation. Figure 1 depicts the correlating transformation and85

the emerging correlation picture, which is explained below.86

Correlation picture dynamics and derivation of a canonical Lindblad-like form for general dynamics.—We aim to apply87

our correlation picture transformation between the correlated and uncorrelated states, %SB and %S ⌦ %B, respectively, to obtain a88

dynamical equation for %S. Our approach can be considered in the spirit of the derivation of the Nakajima–Zwanzing equation5,6.89

However, rather than applying a decorrelating projector to omit system–bath correlations (while implicitly carrying correlations90

into another complementary equation), we employ our correlating transformation within the Schrödinger equation of the total91

system. Hence, we shall explicitly retain contributions to the system dynamics from the correlations in the total system.92

Let us assume that the total Hamiltonian of the system and the bath is given by HSB = HS + HB + HI, where the last term93

denotes the system–bath interaction. We employ the correlating transformation (4) to obtain a counterpart for the Schrödinger94

picture generator Ds [�] = �i[HSB, �] (throughout this paper we have assumed the natural units ~ ⌘ kB ⌘ 1). More precisely,95

we define this operator Dc such that96

Ds [%SB(⌧)] =Dc [%S(⌧) ⌦ %B(⌧)]. (5)

By inserting the correlating transformation (4) in the Schrödinger equation as Ds [%SB(⌧)] = Ds
⇥
E�[%S(⌧)⌦ %B(⌧)]

⇤
we obtain97

the correlation-picture dual generator as98

Dc [�] = �i[HSB, �] �
⇥
HSB, [[H�, �]]

⇤
. (6)

Although the dynamics described by Dc utilizing the correlation picture is fully equivalent to the Schrödinger picture dynamics99

governed by Ds , working in this suitable picture has its advantages. As we show below, working in the correlation picture, in100

addition to leading to an exact ULL, offers more convenient ways to incorporate correlations and to apply related approximations.101

From equation (6) we can readily obtain the dynamics of the subsystem by tracing out over the bath in %̇SB(⌧) = Dc [%S(⌧)⌦102

%B(⌧)]. To show that the subsystem dynamics has a Lindblad-like form, we use the expansions of HI =
Pd

2
S�1

i=1 Si ⌦ Bi and103

H�(⌧) =
Pd

2
S�1

j=0 Sj ⌦ B�

j
(⌧), where {Si}

d
2
S�1

i=1 is the basis of Hermitian operators defined on the system Hilbert space. Here,104

dS is the dimension of the Hilbert space of the system and S0 = . Replacing these expansions into %̇S(⌧) = TrB
⇥
� i[HSB, %S⌦105

%B] �
⇥
HSB, [[H�, %S ⌦ %B]]

⇤⇤
yields106

%̇S = �i
⇥
HS + TrB[Hint %B], %S

⇤
�

P
i 6=0,j

⇥
Si, cijSj%S � c⇤

ij
%SSj

⇤
, (7)

where107

cij(⌧) = hBiB�

j
(⌧)iB (8)

are the elements of the covariance matrix c of the bath operators (with h�iB = Tr[%B(⌧)�]). Here, unlike the standard Lindblad108

equation, these bath operators are obtained not only from the interaction Hamiltonian but also from the correlation generator109

H� defined in equation (3). We rewrite c(⌧) in equation (7) in terms of its Hermitian and anti-Hermitian parts as c(⌧) =110

a(⌧) + ib(⌧), with Hermitian matrices a(⌧) = [aij(⌧)] defined by aij(⌧) = (1/2)
⇥
c(⌧) + c†(⌧)

⇤
ij

and b(⌧) = [bij(⌧)] defined111

by bij(⌧) = (�i/2)
⇥
c(⌧) � c†(⌧)

⇤
ij

, for i, j � 1. This leads to an exact Lindblad-like master equation for the system,112

%̇S = L�[%S]

= �i[HS + �

L , %S] +
X

m

��

m

�
2L�

m
%SL

�†
m

� {L�†
m

L�

m
, %S}), (9)

where {A, B} ⌘ AB + BA denotes the anti-commutator. In this equation, the quasi-rates ��

m
are the eigenvalues of the matrix113

a(⌧). The jump operators are given by L�

m
=

P
j 6=0 VmjSj where {Vmj}j are the elements of the eigenvector corresponding to114

the eigenvalue ��

m
. Furthermore, the Lamb-shift-like Hamiltonian �

L (⌧) = hHIiB + 2
P

i 6=0Im(ci0)Si +
P

i 6=0,j 6=0bij(⌧)SiSj ,115

where bij are the elements of the matrix b(⌧). For more details on the derivation see Methods and Supplementary Information.116

We remark that unlike the well-known Markovian embedding, where a non-Lindblad (non-Markovian) evolution is mapped to117

a Lindblad (Markovian) evolution for a specific larger system (employing an ancillary system)31, we have proven here that the118

Lindblad-like form is indeed universal and a property of any open-system dynamics, without need for any ancilla.119

Since L� depends on the state of the system, equation (9) is formally a nonlinear equation. Indeed, the linearity constraint120

on the full dynamics of quantum systems does not imply a similar restriction on the dynamics of a subsystem. Nevertheless,121

we show in the Supplementary Information that our ULL master equation (9) is linear in two important cases: (i) if there is no122
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FIG. 1. Description of the correlation picture. At any time ⌧ (or ⌧ 0) a correlating transformation E� transforms an uncorrelated state %S⌦%B

to a correlated state %SB = %S ⌦ %B + �, at the same instant of time, due to an abstract correlation-dependent generator given by H�. Using
this transformation we obtain the temporal evolution of the uncorrelated system with a universal Lindblad-like generator L� [see equation (7)]
constructed from HSB, the generator of the total system dynamics in the Schrödinger picture.

the literature23, and it is known that a universal decorrelating machine would violate linearity of quantum mechanics24. Our54

correlating transformation, indeed, is not universal, i.e., E� depends on the states. To gain insight on how to find E�, consider,55

e.g., a given entangling25 gate described by the unitary transformation U� = e�isH� , with a relatively small parameter s. This56

results in a weakly correlated state %SB = %S ⌦ %B + s�. We refer to the dimensionless operator H� as the correlation generator.57

In the limit s ! 0 we obtain U�%S ⌦ %BU †
�
= %S ⌦ %B � is[H�, %S ⌦ %B] +O(s2); and thus � obeys the equation58

� = �i[H�, %S ⌦ %B]. (2)

Rather than regarding the correlation � as a function of the input product state %S ⌦ %B, we seek to find the generator H�59

satisfying equation (2) with given %S ⌦ %B and �. Although for any given pair of quantum states %1 and %2, it is possible to find60

a quantum map or channel E such that E [%1] = %226, such a map does not necessarily have a unitary representation, and hence61

equation (2) does not generally have a Hermitian solution for H�. We thus relax the above Hermiticity constraint on H� and62

since the left side of equation (2) is Hermitian, to ensure Hermiticity of the right side, with a non-Hermitian H�, we introduce a63

generalized commutator [[A,B]] = AB �B†A†27 and replace equation (2) with64

� = �i[[H�, %S ⌦ %B]]. (3)

Fortunately, this equation has always a solution for H� under the condition that P0(⌧)�(⌧)P0(⌧) = 0, where P0(⌧) is the65

projector onto the null-space of %S(⌧)⌦ %B(⌧)28. In the Methods section, we prove that this condition is always satisfied and we66

provide the solution for H�. Using equation (3) we define our correlating transformation E� as67

%SB = E�[%S ⌦ %B] := %S ⌦ %B � i[[H�, %S ⌦ %B]]. (4)

Note that the uncorrelated state %S ⌦ %B is not necessarily the real description of the total system (because in general � 6= 0);68

rather, we take this state as the description of the total system in the correlation picture. In order to keep the dynamics of the69

state in this picture faithful to the Schrödinger equation, we need to devise an appropriate formulation. Figure 1 depicts a sketch70

of the correlating transformation and the emerging correlation picture, which is explained below.71

Correlation picture dynamics and derivation of a canonical Lindblad-like form for general dynamics.—We aim to apply72

our correlation picture transformation between the correlated and uncorrelated states, %SB and %S ⌦ %B, respectively, to obtain a73

dynamical equation for %S. Our approach can be considered in the spirit of the derivation of the Nakajima–Zwanzing equation5,6.74

But rather than applying a decorrelating projector to omit system–bath correlations, by employing our correlating transformation75

within the Schrödinger equation of the total system, we shall explicitly retain contributions to the system dynamics from the76

correlations in the total system.77

Let us assume that the total Hamiltonian of the system and the bath is given by HSB = HS +HB +HI, where the last term78

denotes the system–bath interaction. We employ the correlating transformation (4) to obtain a counterpart for the Schrödinger79

picture generator Ds [�] = �i[HSB, �] (throughout this paper we have assumed the natural units ~ ⌘ kB ⌘ 1). More precisely,80

we define this operator Dc such that81

Ds [%SB(⌧)] =Dc [%S(⌧)⌦ %B(⌧)]. (5)
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FIG. 1. Description of the correlation picture. At any time ⌧ (or ⌧ 0) a correlating transformation E� transforms an uncorrelated state %S⌦%B

to a correlated state %SB = %S ⌦ %B + �, at the same instant of time, due to an abstract correlation-dependent generator given by H�. Using
this transformation we obtain the temporal evolution of the uncorrelated system with a universal Lindblad-like generator L� [see equation (7)]
constructed from HSB, the generator of the total system dynamics in the Schrödinger picture.

the literature23, and it is known that a universal decorrelating machine would violate linearity of quantum mechanics24. Our54

correlating transformation, indeed, is not universal, i.e., E� depends on the states. To gain insight on how to find E�, consider,55

e.g., a given entangling25 gate described by the unitary transformation U� = e�isH� , with a relatively small parameter s. This56

results in a weakly correlated state %SB = %S ⌦ %B + s�. We refer to the dimensionless operator H� as the correlation generator.57

In the limit s ! 0 we obtain U�%S ⌦ %BU †
�
= %S ⌦ %B � is[H�, %S ⌦ %B] +O(s2); and thus � obeys the equation58

� = �i[H�, %S ⌦ %B]. (2)

Rather than regarding the correlation � as a function of the input product state %S ⌦ %B, we seek to find the generator H�59

satisfying equation (2) with given %S ⌦ %B and �. Although for any given pair of quantum states %1 and %2, it is possible to find60

a quantum map or channel E such that E [%1] = %226, such a map does not necessarily have a unitary representation, and hence61

equation (2) does not generally have a Hermitian solution for H�. We thus relax the above Hermiticity constraint on H� and62

since the left side of equation (2) is Hermitian, to ensure Hermiticity of the right side, with a non-Hermitian H�, we introduce a63

generalized commutator [[A,B]] = AB �B†A†27 and replace equation (2) with64

� = �i[[H�, %S ⌦ %B]]. (3)

Fortunately, this equation has always a solution for H� under the condition that P0(⌧)�(⌧)P0(⌧) = 0, where P0(⌧) is the65

projector onto the null-space of %S(⌧)⌦ %B(⌧)28. In the Methods section, we prove that this condition is always satisfied and we66

provide the solution for H�. Using equation (3) we define our correlating transformation E� as67

%SB = E�[%S ⌦ %B] := %S ⌦ %B � i[[H�, %S ⌦ %B]]. (4)

Note that the uncorrelated state %S ⌦ %B is not necessarily the real description of the total system (because in general � 6= 0);68

rather, we take this state as the description of the total system in the correlation picture. In order to keep the dynamics of the69

state in this picture faithful to the Schrödinger equation, we need to devise an appropriate formulation. Figure 1 depicts a sketch70

of the correlating transformation and the emerging correlation picture, which is explained below.71

Correlation picture dynamics and derivation of a canonical Lindblad-like form for general dynamics.—We aim to apply72

our correlation picture transformation between the correlated and uncorrelated states, %SB and %S ⌦ %B, respectively, to obtain a73

dynamical equation for %S. Our approach can be considered in the spirit of the derivation of the Nakajima–Zwanzing equation5,6.74

But rather than applying a decorrelating projector to omit system–bath correlations, by employing our correlating transformation75

within the Schrödinger equation of the total system, we shall explicitly retain contributions to the system dynamics from the76

correlations in the total system.77

Let us assume that the total Hamiltonian of the system and the bath is given by HSB = HS +HB +HI, where the last term78

denotes the system–bath interaction. We employ the correlating transformation (4) to obtain a counterpart for the Schrödinger79

picture generator Ds [�] = �i[HSB, �] (throughout this paper we have assumed the natural units ~ ⌘ kB ⌘ 1). More precisely,80

we define this operator Dc such that81

Ds [%SB(⌧)] =Dc [%S(⌧)⌦ %B(⌧)]. (5)
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FIG. 1. Description of the correlation picture. At any time ⌧ (or ⌧ 0) a correlating transformation E� transforms an uncorrelated state %S⌦%B

to a correlated state %SB = %S ⌦ %B + �, at the same instant of time, due to an abstract correlation-dependent generator given by H�. Using
this transformation we obtain the temporal evolution of the uncorrelated system with a universal Lindblad-like generator L� [see equation (7)]
constructed from HSB, the generator of the total system dynamics in the Schrödinger picture.

the literature23, and it is known that a universal decorrelating machine would violate linearity of quantum mechanics24. Our54

correlating transformation, indeed, is not universal, i.e., E� depends on the states. To gain insight on how to find E�, consider,55

e.g., a given entangling25 gate described by the unitary transformation U� = e�isH� , with a relatively small parameter s. This56

results in a weakly correlated state %SB = %S ⌦ %B + s�. We refer to the dimensionless operator H� as the correlation generator.57

In the limit s ! 0 we obtain U�%S ⌦ %BU †
�
= %S ⌦ %B � is[H�, %S ⌦ %B] +O(s2); and thus � obeys the equation58

� = �i[H�, %S ⌦ %B]. (2)

Rather than regarding the correlation � as a function of the input product state %S ⌦ %B, we seek to find the generator H�59

satisfying equation (2) with given %S ⌦ %B and �. Although for any given pair of quantum states %1 and %2, it is possible to find60

a quantum map or channel E such that E [%1] = %226, such a map does not necessarily have a unitary representation, and hence61

equation (2) does not generally have a Hermitian solution for H�. We thus relax the above Hermiticity constraint on H� and62

since the left side of equation (2) is Hermitian, to ensure Hermiticity of the right side, with a non-Hermitian H�, we introduce a63

generalized commutator [[A,B]] = AB �B†A†27 and replace equation (2) with64

� = �i[[H�, %S ⌦ %B]]. (3)

Fortunately, this equation has always a solution for H� under the condition that P0(⌧)�(⌧)P0(⌧) = 0, where P0(⌧) is the65

projector onto the null-space of %S(⌧)⌦ %B(⌧)28. In the Methods section, we prove that this condition is always satisfied and we66

provide the solution for H�. Using equation (3) we define our correlating transformation E� as67

%SB = E�[%S ⌦ %B] := %S ⌦ %B � i[[H�, %S ⌦ %B]]. (4)

Note that the uncorrelated state %S ⌦ %B is not necessarily the real description of the total system (because in general � 6= 0);68

rather, we take this state as the description of the total system in the correlation picture. In order to keep the dynamics of the69

state in this picture faithful to the Schrödinger equation, we need to devise an appropriate formulation. Figure 1 depicts a sketch70

of the correlating transformation and the emerging correlation picture, which is explained below.71

Correlation picture dynamics and derivation of a canonical Lindblad-like form for general dynamics.—We aim to apply72

our correlation picture transformation between the correlated and uncorrelated states, %SB and %S ⌦ %B, respectively, to obtain a73

dynamical equation for %S. Our approach can be considered in the spirit of the derivation of the Nakajima–Zwanzing equation5,6.74

But rather than applying a decorrelating projector to omit system–bath correlations, by employing our correlating transformation75

within the Schrödinger equation of the total system, we shall explicitly retain contributions to the system dynamics from the76

correlations in the total system.77

Let us assume that the total Hamiltonian of the system and the bath is given by HSB = HS +HB +HI, where the last term78

denotes the system–bath interaction. We employ the correlating transformation (4) to obtain a counterpart for the Schrödinger79

picture generator Ds [�] = �i[HSB, �] (throughout this paper we have assumed the natural units ~ ⌘ kB ⌘ 1). More precisely,80

we define this operator Dc such that81

Ds [%SB(⌧)] =Dc [%S(⌧)⌦ %B(⌧)]. (5)
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FIG. 1. Description of the correlation picture. At any time ⌧ (or ⌧ 0) a correlating transformation E� transforms an uncorrelated state %S⌦%B

to a correlated state %SB = %S ⌦ %B + �, at the same instant of time, due to an abstract correlation-dependent generator given by H�. Using
this transformation we obtain the temporal evolution of the uncorrelated system with a universal Lindblad-like generator L� [see equation (7)]
constructed from HSB, the generator of the total system dynamics in the Schrödinger picture.

the literature23, and it is known that a universal decorrelating machine would violate linearity of quantum mechanics24. Our54

correlating transformation, indeed, is not universal, i.e., E� depends on the states. To gain insight on how to find E�, consider,55

e.g., a given entangling25 gate described by the unitary transformation U� = e�isH� , with a relatively small parameter s. This56

results in a weakly correlated state %SB = %S ⌦ %B + s�. We refer to the dimensionless operator H� as the correlation generator.57

In the limit s ! 0 we obtain U�%S ⌦ %BU †
�
= %S ⌦ %B � is[H�, %S ⌦ %B] +O(s2); and thus � obeys the equation58

� = �i[H�, %S ⌦ %B]. (2)

Rather than regarding the correlation � as a function of the input product state %S ⌦ %B, we seek to find the generator H�59

satisfying equation (2) with given %S ⌦ %B and �. Although for any given pair of quantum states %1 and %2, it is possible to find60

a quantum map or channel E such that E [%1] = %226, such a map does not necessarily have a unitary representation, and hence61

equation (2) does not generally have a Hermitian solution for H�. We thus relax the above Hermiticity constraint on H� and62

since the left side of equation (2) is Hermitian, to ensure Hermiticity of the right side, with a non-Hermitian H�, we introduce a63

generalized commutator [[A,B]] = AB �B†A†27 and replace equation (2) with64

� = �i[[H�, %S ⌦ %B]]. (3)

Fortunately, this equation has always a solution for H� under the condition that P0(⌧)�(⌧)P0(⌧) = 0, where P0(⌧) is the65

projector onto the null-space of %S(⌧)⌦ %B(⌧)28. In the Methods section, we prove that this condition is always satisfied and we66

provide the solution for H�. Using equation (3) we define our correlating transformation E� as67

%SB = E�[%S ⌦ %B] := %S ⌦ %B � i[[H�, %S ⌦ %B]]. (4)

Note that the uncorrelated state %S ⌦ %B is not necessarily the real description of the total system (because in general � 6= 0);68

rather, we take this state as the description of the total system in the correlation picture. In order to keep the dynamics of the69

state in this picture faithful to the Schrödinger equation, we need to devise an appropriate formulation. Figure 1 depicts a sketch70

of the correlating transformation and the emerging correlation picture, which is explained below.71

Correlation picture dynamics and derivation of a canonical Lindblad-like form for general dynamics.—We aim to apply72

our correlation picture transformation between the correlated and uncorrelated states, %SB and %S ⌦ %B, respectively, to obtain a73

dynamical equation for %S. Our approach can be considered in the spirit of the derivation of the Nakajima–Zwanzing equation5,6.74

But rather than applying a decorrelating projector to omit system–bath correlations, by employing our correlating transformation75

within the Schrödinger equation of the total system, we shall explicitly retain contributions to the system dynamics from the76

correlations in the total system.77

Let us assume that the total Hamiltonian of the system and the bath is given by HSB = HS +HB +HI, where the last term78

denotes the system–bath interaction. We employ the correlating transformation (4) to obtain a counterpart for the Schrödinger79

picture generator Ds [�] = �i[HSB, �] (throughout this paper we have assumed the natural units ~ ⌘ kB ⌘ 1). More precisely,80

we define this operator Dc such that81

Ds [%SB(⌧)] =Dc [%S(⌧)⌦ %B(⌧)]. (5)
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where [[A,B]] = AB �B†A† [4] and ⌧� is a scalar factor chosen such that ⌧�H� is dimensionless and ⌧�kH�k ⇠ k�k [vague].
We call ⌧�(⌧) the correlation time-scale. The reason for such naming is that adding %S(⌧)⌦ %B(⌧) to both hand sides of Eq. (4)
gives
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This means that at any instant of time there is always a similarity transformation mapping the instantaneous product state of the
system and environment to the (generally correlated) state of the total system at the same time. The virtual time needed for such
transformation is ⌧�(⌧).

The condition for Eq. (4) to have a solution for H�(⌧) is that P0(⌧)�(⌧)P0(⌧) = 0, where P0(⌧) is the projector onto the
null-spaces of %S(⌧) ⌦ %B(⌧). It has been proved in Appendix A that this condition is always satisfied. Replacing Eq. (4) into
Eq. (3), using the expansion of H� as
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Defining the Hermitian matrices

a(⌧) :=
�
c(⌧) + c†(⌧)

�
/2, (9)

b(⌧) :=
�
c(⌧)� c†(⌧)

�
/2i (10)

and replacing this into Eq. (7) lead to

d

d⌧
%S(⌧) = �i

h
HS +TrB [Hint %B(⌧)] + ⌧�

X

ij

bij(⌧)SiSj , %S(⌧), %S(⌧)
i
+ ⌧�

X

ij

aij(⌧)
⇣
2Sj%SSi � {SiSj , %S}

⌘
. (11)

If a is a positive-definite matrix (for all ⌧ ), the dynamical equation will reduce to a Markovian master equation.

A. Rewriting the Lindblad-like dynamical equation explicitly in terms of the correlation matrix
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FIG. 1. Description of the correlation picture. At any time ⌧ (or ⌧ 0) a correlating transformation E� transforms an uncorrelated state %S⌦%B

to a correlated state %SB = %S ⌦ %B + �, at the same instant of time, due to an abstract correlation-dependent generator given by H�. Using
this transformation we obtain the temporal evolution of the uncorrelated system with a universal Lindblad-like generator L� [see equation (7)]
constructed from HSB, the generator of the total system dynamics in the Schrödinger picture.

the literature23, and it is known that a universal decorrelating machine would violate linearity of quantum mechanics24. Our54

correlating transformation, indeed, is not universal, i.e., E� depends on the states. To gain insight on how to find E�, consider,55

e.g., a given entangling25 gate described by the unitary transformation U� = e�isH� , with a relatively small parameter s. This56

results in a weakly correlated state %SB = %S ⌦ %B + s�. We refer to the dimensionless operator H� as the correlation generator.57

In the limit s ! 0 we obtain U�%S ⌦ %BU †
�
= %S ⌦ %B � is[H�, %S ⌦ %B] +O(s2); and thus � obeys the equation58

� = �i[H�, %S ⌦ %B]. (2)

Rather than regarding the correlation � as a function of the input product state %S ⌦ %B, we seek to find the generator H�59

satisfying equation (2) with given %S ⌦ %B and �. Although for any given pair of quantum states %1 and %2, it is possible to find60

a quantum map or channel E such that E [%1] = %226, such a map does not necessarily have a unitary representation, and hence61

equation (2) does not generally have a Hermitian solution for H�. We thus relax the above Hermiticity constraint on H� and62

since the left side of equation (2) is Hermitian, to ensure Hermiticity of the right side, with a non-Hermitian H�, we introduce a63

generalized commutator [[A,B]] = AB �B†A†27 and replace equation (2) with64

� = �i[[H�, %S ⌦ %B]]. (3)

Fortunately, this equation has always a solution for H� under the condition that P0(⌧)�(⌧)P0(⌧) = 0, where P0(⌧) is the65

projector onto the null-space of %S(⌧)⌦ %B(⌧)28. In the Methods section, we prove that this condition is always satisfied and we66

provide the solution for H�. Using equation (3) we define our correlating transformation E� as67

%SB = E�[%S ⌦ %B] := %S ⌦ %B � i[[H�, %S ⌦ %B]]. (4)

Note that the uncorrelated state %S ⌦ %B is not necessarily the real description of the total system (because in general � 6= 0);68

rather, we take this state as the description of the total system in the correlation picture. In order to keep the dynamics of the69

state in this picture faithful to the Schrödinger equation, we need to devise an appropriate formulation. Figure 1 depicts a sketch70

of the correlating transformation and the emerging correlation picture, which is explained below.71

Correlation picture dynamics and derivation of a canonical Lindblad-like form for general dynamics.—We aim to apply72

our correlation picture transformation between the correlated and uncorrelated states, %SB and %S ⌦ %B, respectively, to obtain a73

dynamical equation for %S. Our approach can be considered in the spirit of the derivation of the Nakajima–Zwanzing equation5,6.74

But rather than applying a decorrelating projector to omit system–bath correlations, by employing our correlating transformation75

within the Schrödinger equation of the total system, we shall explicitly retain contributions to the system dynamics from the76

correlations in the total system.77

Let us assume that the total Hamiltonian of the system and the bath is given by HSB = HS +HB +HI, where the last term78

denotes the system–bath interaction. We employ the correlating transformation (4) to obtain a counterpart for the Schrödinger79

picture generator Ds [�] = �i[HSB, �] (throughout this paper we have assumed the natural units ~ ⌘ kB ⌘ 1). More precisely,80

we define this operator Dc such that81

Ds [%SB(⌧)] =Dc [%S(⌧)⌦ %B(⌧)]. (5)
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FIG. 1. Description of the correlation picture. At any time ⌧ (or ⌧ 0) a correlating transformation E� transforms an uncorrelated state %S⌦%B

to a correlated state %SB = %S ⌦ %B + �, at the same instant of time, due to an abstract correlation-dependent generator given by H�. Using
this transformation we obtain the temporal evolution of the uncorrelated system with a universal Lindblad-like generator L� [see equation (7)]
constructed from HSB, the generator of the total system dynamics in the Schrödinger picture.

the literature23, and it is known that a universal decorrelating machine would violate linearity of quantum mechanics24. Our54

correlating transformation, indeed, is not universal, i.e., E� depends on the states. To gain insight on how to find E�, consider,55

e.g., a given entangling25 gate described by the unitary transformation U� = e�isH� , with a relatively small parameter s. This56

results in a weakly correlated state %SB = %S ⌦ %B + s�. We refer to the dimensionless operator H� as the correlation generator.57

In the limit s ! 0 we obtain U�%S ⌦ %BU †
�
= %S ⌦ %B � is[H�, %S ⌦ %B] +O(s2); and thus � obeys the equation58

� = �i[H�, %S ⌦ %B]. (2)

Rather than regarding the correlation � as a function of the input product state %S ⌦ %B, we seek to find the generator H�59

satisfying equation (2) with given %S ⌦ %B and �. Although for any given pair of quantum states %1 and %2, it is possible to find60

a quantum map or channel E such that E [%1] = %226, such a map does not necessarily have a unitary representation, and hence61

equation (2) does not generally have a Hermitian solution for H�. We thus relax the above Hermiticity constraint on H� and62

since the left side of equation (2) is Hermitian, to ensure Hermiticity of the right side, with a non-Hermitian H�, we introduce a63

generalized commutator [[A,B]] = AB �B†A†27 and replace equation (2) with64

� = �i[[H�, %S ⌦ %B]]. (3)

Fortunately, this equation has always a solution for H� under the condition that P0(⌧)�(⌧)P0(⌧) = 0, where P0(⌧) is the65

projector onto the null-space of %S(⌧)⌦ %B(⌧)28. In the Methods section, we prove that this condition is always satisfied and we66

provide the solution for H�. Using equation (3) we define our correlating transformation E� as67

%SB = E�[%S ⌦ %B] := %S ⌦ %B � i[[H�, %S ⌦ %B]]. (4)

Note that the uncorrelated state %S ⌦ %B is not necessarily the real description of the total system (because in general � 6= 0);68

rather, we take this state as the description of the total system in the correlation picture. In order to keep the dynamics of the69

state in this picture faithful to the Schrödinger equation, we need to devise an appropriate formulation. Figure 1 depicts a sketch70

of the correlating transformation and the emerging correlation picture, which is explained below.71

Correlation picture dynamics and derivation of a canonical Lindblad-like form for general dynamics.—We aim to apply72

our correlation picture transformation between the correlated and uncorrelated states, %SB and %S ⌦ %B, respectively, to obtain a73

dynamical equation for %S. Our approach can be considered in the spirit of the derivation of the Nakajima–Zwanzing equation5,6.74

But rather than applying a decorrelating projector to omit system–bath correlations, by employing our correlating transformation75

within the Schrödinger equation of the total system, we shall explicitly retain contributions to the system dynamics from the76

correlations in the total system.77

Let us assume that the total Hamiltonian of the system and the bath is given by HSB = HS +HB +HI, where the last term78

denotes the system–bath interaction. We employ the correlating transformation (4) to obtain a counterpart for the Schrödinger79

picture generator Ds [�] = �i[HSB, �] (throughout this paper we have assumed the natural units ~ ⌘ kB ⌘ 1). More precisely,80

we define this operator Dc such that81

Ds [%SB(⌧)] =Dc [%S(⌧)⌦ %B(⌧)]. (5)
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FIG. 1. Description of the correlation picture. At any time ⌧ (or ⌧ 0) a correlating transformation E� transforms an uncorrelated state %S⌦%B

to a correlated state %SB = %S ⌦ %B + �, at the same instant of time, due to an abstract correlation-dependent generator given by H�. Using
this transformation we obtain the temporal evolution of the uncorrelated system with a universal Lindblad-like generator L� [see equation (7)]
constructed from HSB, the generator of the total system dynamics in the Schrödinger picture.

the literature23, and it is known that a universal decorrelating machine would violate linearity of quantum mechanics24. Our54

correlating transformation, indeed, is not universal, i.e., E� depends on the states. To gain insight on how to find E�, consider,55

e.g., a given entangling25 gate described by the unitary transformation U� = e�isH� , with a relatively small parameter s. This56

results in a weakly correlated state %SB = %S ⌦ %B + s�. We refer to the dimensionless operator H� as the correlation generator.57

In the limit s ! 0 we obtain U�%S ⌦ %BU †
�
= %S ⌦ %B � is[H�, %S ⌦ %B] +O(s2); and thus � obeys the equation58

� = �i[H�, %S ⌦ %B]. (2)

Rather than regarding the correlation � as a function of the input product state %S ⌦ %B, we seek to find the generator H�59

satisfying equation (2) with given %S ⌦ %B and �. Although for any given pair of quantum states %1 and %2, it is possible to find60

a quantum map or channel E such that E [%1] = %226, such a map does not necessarily have a unitary representation, and hence61

equation (2) does not generally have a Hermitian solution for H�. We thus relax the above Hermiticity constraint on H� and62

since the left side of equation (2) is Hermitian, to ensure Hermiticity of the right side, with a non-Hermitian H�, we introduce a63

generalized commutator [[A,B]] = AB �B†A†27 and replace equation (2) with64

� = �i[[H�, %S ⌦ %B]]. (3)

Fortunately, this equation has always a solution for H� under the condition that P0(⌧)�(⌧)P0(⌧) = 0, where P0(⌧) is the65

projector onto the null-space of %S(⌧)⌦ %B(⌧)28. In the Methods section, we prove that this condition is always satisfied and we66

provide the solution for H�. Using equation (3) we define our correlating transformation E� as67

%SB = E�[%S ⌦ %B] := %S ⌦ %B � i[[H�, %S ⌦ %B]]. (4)

Note that the uncorrelated state %S ⌦ %B is not necessarily the real description of the total system (because in general � 6= 0);68

rather, we take this state as the description of the total system in the correlation picture. In order to keep the dynamics of the69

state in this picture faithful to the Schrödinger equation, we need to devise an appropriate formulation. Figure 1 depicts a sketch70

of the correlating transformation and the emerging correlation picture, which is explained below.71

Correlation picture dynamics and derivation of a canonical Lindblad-like form for general dynamics.—We aim to apply72

our correlation picture transformation between the correlated and uncorrelated states, %SB and %S ⌦ %B, respectively, to obtain a73

dynamical equation for %S. Our approach can be considered in the spirit of the derivation of the Nakajima–Zwanzing equation5,6.74

But rather than applying a decorrelating projector to omit system–bath correlations, by employing our correlating transformation75

within the Schrödinger equation of the total system, we shall explicitly retain contributions to the system dynamics from the76

correlations in the total system.77

Let us assume that the total Hamiltonian of the system and the bath is given by HSB = HS +HB +HI, where the last term78

denotes the system–bath interaction. We employ the correlating transformation (4) to obtain a counterpart for the Schrödinger79

picture generator Ds [�] = �i[HSB, �] (throughout this paper we have assumed the natural units ~ ⌘ kB ⌘ 1). More precisely,80

we define this operator Dc such that81

Ds [%SB(⌧)] =Dc [%S(⌧)⌦ %B(⌧)]. (5)
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FIG. 1. Description of the correlation picture. At any time ⌧ (or ⌧ 0) a correlating transformation E� transforms an uncorrelated state %S⌦%B

to a correlated state %SB = %S ⌦ %B + �, at the same instant of time, due to an abstract correlation-dependent generator given by H�. Using
this transformation we obtain the temporal evolution of the uncorrelated system with a universal Lindblad-like generator L� [see equation (7)]
constructed from HSB, the generator of the total system dynamics in the Schrödinger picture.

the literature23, and it is known that a universal decorrelating machine would violate linearity of quantum mechanics24. Our54

correlating transformation, indeed, is not universal, i.e., E� depends on the states. To gain insight on how to find E�, consider,55

e.g., a given entangling25 gate described by the unitary transformation U� = e�isH� , with a relatively small parameter s. This56

results in a weakly correlated state %SB = %S ⌦ %B + s�. We refer to the dimensionless operator H� as the correlation generator.57

In the limit s ! 0 we obtain U�%S ⌦ %BU †
�
= %S ⌦ %B � is[H�, %S ⌦ %B] +O(s2); and thus � obeys the equation58

� = �i[H�, %S ⌦ %B]. (2)

Rather than regarding the correlation � as a function of the input product state %S ⌦ %B, we seek to find the generator H�59

satisfying equation (2) with given %S ⌦ %B and �. Although for any given pair of quantum states %1 and %2, it is possible to find60

a quantum map or channel E such that E [%1] = %226, such a map does not necessarily have a unitary representation, and hence61

equation (2) does not generally have a Hermitian solution for H�. We thus relax the above Hermiticity constraint on H� and62

since the left side of equation (2) is Hermitian, to ensure Hermiticity of the right side, with a non-Hermitian H�, we introduce a63

generalized commutator [[A,B]] = AB �B†A†27 and replace equation (2) with64

� = �i[[H�, %S ⌦ %B]]. (3)

Fortunately, this equation has always a solution for H� under the condition that P0(⌧)�(⌧)P0(⌧) = 0, where P0(⌧) is the65

projector onto the null-space of %S(⌧)⌦ %B(⌧)28. In the Methods section, we prove that this condition is always satisfied and we66

provide the solution for H�. Using equation (3) we define our correlating transformation E� as67

%SB = E�[%S ⌦ %B] := %S ⌦ %B � i[[H�, %S ⌦ %B]]. (4)

Note that the uncorrelated state %S ⌦ %B is not necessarily the real description of the total system (because in general � 6= 0);68

rather, we take this state as the description of the total system in the correlation picture. In order to keep the dynamics of the69

state in this picture faithful to the Schrödinger equation, we need to devise an appropriate formulation. Figure 1 depicts a sketch70

of the correlating transformation and the emerging correlation picture, which is explained below.71

Correlation picture dynamics and derivation of a canonical Lindblad-like form for general dynamics.—We aim to apply72

our correlation picture transformation between the correlated and uncorrelated states, %SB and %S ⌦ %B, respectively, to obtain a73

dynamical equation for %S. Our approach can be considered in the spirit of the derivation of the Nakajima–Zwanzing equation5,6.74

But rather than applying a decorrelating projector to omit system–bath correlations, by employing our correlating transformation75

within the Schrödinger equation of the total system, we shall explicitly retain contributions to the system dynamics from the76

correlations in the total system.77

Let us assume that the total Hamiltonian of the system and the bath is given by HSB = HS +HB +HI, where the last term78

denotes the system–bath interaction. We employ the correlating transformation (4) to obtain a counterpart for the Schrödinger79

picture generator Ds [�] = �i[HSB, �] (throughout this paper we have assumed the natural units ~ ⌘ kB ⌘ 1). More precisely,80

we define this operator Dc such that81

Ds [%SB(⌧)] =Dc [%S(⌧)⌦ %B(⌧)]. (5)
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FIG. 1. Description of the correlation picture. At any time ⌧ (or ⌧ 0) a correlating transformation E� transforms an uncorrelated state %S⌦%B

to a correlated state %SB = %S ⌦ %B + �, at the same instant of time, due to an abstract correlation-dependent generator given by H�. Using
this transformation we obtain the temporal evolution of the uncorrelated system with a universal Lindblad-like generator L� [see equation (7)]
constructed from HSB, the generator of the total system dynamics in the Schrödinger picture.

the literature23, and it is known that a universal decorrelating machine would violate linearity of quantum mechanics24. Our54

correlating transformation, indeed, is not universal, i.e., E� depends on the states. To gain insight on how to find E�, consider,55

e.g., a given entangling25 gate described by the unitary transformation U� = e�isH� , with a relatively small parameter s. This56

results in a weakly correlated state %SB = %S ⌦ %B + s�. We refer to the dimensionless operator H� as the correlation generator.57

In the limit s ! 0 we obtain U�%S ⌦ %BU †
�
= %S ⌦ %B � is[H�, %S ⌦ %B] +O(s2); and thus � obeys the equation58

� = �i[H�, %S ⌦ %B]. (2)

Rather than regarding the correlation � as a function of the input product state %S ⌦ %B, we seek to find the generator H�59

satisfying equation (2) with given %S ⌦ %B and �. Although for any given pair of quantum states %1 and %2, it is possible to find60

a quantum map or channel E such that E [%1] = %226, such a map does not necessarily have a unitary representation, and hence61

equation (2) does not generally have a Hermitian solution for H�. We thus relax the above Hermiticity constraint on H� and62

since the left side of equation (2) is Hermitian, to ensure Hermiticity of the right side, with a non-Hermitian H�, we introduce a63

generalized commutator [[A,B]] = AB �B†A†27 and replace equation (2) with64

� = �i[[H�, %S ⌦ %B]]. (3)

Fortunately, this equation has always a solution for H� under the condition that P0(⌧)�(⌧)P0(⌧) = 0, where P0(⌧) is the65

projector onto the null-space of %S(⌧)⌦ %B(⌧)28. In the Methods section, we prove that this condition is always satisfied and we66

provide the solution for H�. Using equation (3) we define our correlating transformation E� as67

%SB = E�[%S ⌦ %B] := %S ⌦ %B � i[[H�, %S ⌦ %B]]. (4)

Note that the uncorrelated state %S ⌦ %B is not necessarily the real description of the total system (because in general � 6= 0);68

rather, we take this state as the description of the total system in the correlation picture. In order to keep the dynamics of the69

state in this picture faithful to the Schrödinger equation, we need to devise an appropriate formulation. Figure 1 depicts a sketch70

of the correlating transformation and the emerging correlation picture, which is explained below.71

Correlation picture dynamics and derivation of a canonical Lindblad-like form for general dynamics.—We aim to apply72

our correlation picture transformation between the correlated and uncorrelated states, %SB and %S ⌦ %B, respectively, to obtain a73

dynamical equation for %S. Our approach can be considered in the spirit of the derivation of the Nakajima–Zwanzing equation5,6.74

But rather than applying a decorrelating projector to omit system–bath correlations, by employing our correlating transformation75

within the Schrödinger equation of the total system, we shall explicitly retain contributions to the system dynamics from the76

correlations in the total system.77

Let us assume that the total Hamiltonian of the system and the bath is given by HSB = HS +HB +HI, where the last term78

denotes the system–bath interaction. We employ the correlating transformation (4) to obtain a counterpart for the Schrödinger79

picture generator Ds [�] = �i[HSB, �] (throughout this paper we have assumed the natural units ~ ⌘ kB ⌘ 1). More precisely,80

we define this operator Dc such that81

Ds [%SB(⌧)] =Dc [%S(⌧)⌦ %B(⌧)]. (5)
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FIG. 1. Description of the correlation picture. At any time ⌧ (or ⌧ 0) a correlating transformation E� transforms an uncorrelated state %S⌦%B

to a correlated state %SB = %S ⌦ %B + �, at the same instant of time, due to an abstract correlation-dependent generator given by H�. Using
this transformation we obtain the temporal evolution of the uncorrelated system with a universal Lindblad-like generator L� [see equation (7)]
constructed from HSB, the generator of the total system dynamics in the Schrödinger picture.

the literature23, and it is known that a universal decorrelating machine would violate linearity of quantum mechanics24. Our54

correlating transformation, indeed, is not universal, i.e., E� depends on the states. To gain insight on how to find E�, consider,55

e.g., a given entangling25 gate described by the unitary transformation U� = e�isH� , with a relatively small parameter s. This56

results in a weakly correlated state %SB = %S ⌦ %B + s�. We refer to the dimensionless operator H� as the correlation generator.57

In the limit s ! 0 we obtain U�%S ⌦ %BU †
�
= %S ⌦ %B � is[H�, %S ⌦ %B] +O(s2); and thus � obeys the equation58

� = �i[H�, %S ⌦ %B]. (2)

Rather than regarding the correlation � as a function of the input product state %S ⌦ %B, we seek to find the generator H�59

satisfying equation (2) with given %S ⌦ %B and �. Although for any given pair of quantum states %1 and %2, it is possible to find60

a quantum map or channel E such that E [%1] = %226, such a map does not necessarily have a unitary representation, and hence61

equation (2) does not generally have a Hermitian solution for H�. We thus relax the above Hermiticity constraint on H� and62

since the left side of equation (2) is Hermitian, to ensure Hermiticity of the right side, with a non-Hermitian H�, we introduce a63

generalized commutator [[A,B]] = AB �B†A†27 and replace equation (2) with64

� = �i[[H�, %S ⌦ %B]]. (3)

Fortunately, this equation has always a solution for H� under the condition that P0(⌧)�(⌧)P0(⌧) = 0, where P0(⌧) is the65

projector onto the null-space of %S(⌧)⌦ %B(⌧)28. In the Methods section, we prove that this condition is always satisfied and we66

provide the solution for H�. Using equation (3) we define our correlating transformation E� as67

%SB = E�[%S ⌦ %B] := %S ⌦ %B � i[[H�, %S ⌦ %B]]. (4)

Note that the uncorrelated state %S ⌦ %B is not necessarily the real description of the total system (because in general � 6= 0);68

rather, we take this state as the description of the total system in the correlation picture. In order to keep the dynamics of the69

state in this picture faithful to the Schrödinger equation, we need to devise an appropriate formulation. Figure 1 depicts a sketch70

of the correlating transformation and the emerging correlation picture, which is explained below.71

Correlation picture dynamics and derivation of a canonical Lindblad-like form for general dynamics.—We aim to apply72

our correlation picture transformation between the correlated and uncorrelated states, %SB and %S ⌦ %B, respectively, to obtain a73

dynamical equation for %S. Our approach can be considered in the spirit of the derivation of the Nakajima–Zwanzing equation5,6.74

But rather than applying a decorrelating projector to omit system–bath correlations, by employing our correlating transformation75

within the Schrödinger equation of the total system, we shall explicitly retain contributions to the system dynamics from the76

correlations in the total system.77

Let us assume that the total Hamiltonian of the system and the bath is given by HSB = HS +HB +HI, where the last term78

denotes the system–bath interaction. We employ the correlating transformation (4) to obtain a counterpart for the Schrödinger79

picture generator Ds [�] = �i[HSB, �] (throughout this paper we have assumed the natural units ~ ⌘ kB ⌘ 1). More precisely,80

we define this operator Dc such that81

Ds [%SB(⌧)] =Dc [%S(⌧)⌦ %B(⌧)]. (5)
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FIG. 1. Description of the correlation picture. At any time ⌧ (or ⌧ 0) a correlating transformation E� transforms an uncorrelated state %S⌦%B

to a correlated state %SB = %S ⌦ %B + �, at the same instant of time, due to an abstract correlation-dependent generator given by H�. Using
this transformation we obtain the temporal evolution of the uncorrelated system with a universal Lindblad-like generator L� [see equation (7)]
constructed from HSB, the generator of the total system dynamics in the Schrödinger picture.

the literature23, and it is known that a universal decorrelating machine would violate linearity of quantum mechanics24. Our54

correlating transformation, indeed, is not universal, i.e., E� depends on the states. To gain insight on how to find E�, consider,55

e.g., a given entangling25 gate described by the unitary transformation U� = e�isH� , with a relatively small parameter s. This56

results in a weakly correlated state %SB = %S ⌦ %B + s�. We refer to the dimensionless operator H� as the correlation generator.57

In the limit s ! 0 we obtain U�%S ⌦ %BU †
�
= %S ⌦ %B � is[H�, %S ⌦ %B] +O(s2); and thus � obeys the equation58

� = �i[H�, %S ⌦ %B]. (2)

Rather than regarding the correlation � as a function of the input product state %S ⌦ %B, we seek to find the generator H�59

satisfying equation (2) with given %S ⌦ %B and �. Although for any given pair of quantum states %1 and %2, it is possible to find60

a quantum map or channel E such that E [%1] = %226, such a map does not necessarily have a unitary representation, and hence61

equation (2) does not generally have a Hermitian solution for H�. We thus relax the above Hermiticity constraint on H� and62

since the left side of equation (2) is Hermitian, to ensure Hermiticity of the right side, with a non-Hermitian H�, we introduce a63

generalized commutator [[A,B]] = AB �B†A†27 and replace equation (2) with64

� = �i[[H�, %S ⌦ %B]]. (3)

Fortunately, this equation has always a solution for H� under the condition that P0(⌧)�(⌧)P0(⌧) = 0, where P0(⌧) is the65

projector onto the null-space of %S(⌧)⌦ %B(⌧)28. In the Methods section, we prove that this condition is always satisfied and we66

provide the solution for H�. Using equation (3) we define our correlating transformation E� as67

%SB = E�[%S ⌦ %B] := %S ⌦ %B � i[[H�, %S ⌦ %B]]. (4)

Note that the uncorrelated state %S ⌦ %B is not necessarily the real description of the total system (because in general � 6= 0);68

rather, we take this state as the description of the total system in the correlation picture. In order to keep the dynamics of the69

state in this picture faithful to the Schrödinger equation, we need to devise an appropriate formulation. Figure 1 depicts a sketch70

of the correlating transformation and the emerging correlation picture, which is explained below.71

Correlation picture dynamics and derivation of a canonical Lindblad-like form for general dynamics.—We aim to apply72

our correlation picture transformation between the correlated and uncorrelated states, %SB and %S ⌦ %B, respectively, to obtain a73

dynamical equation for %S. Our approach can be considered in the spirit of the derivation of the Nakajima–Zwanzing equation5,6.74

But rather than applying a decorrelating projector to omit system–bath correlations, by employing our correlating transformation75

within the Schrödinger equation of the total system, we shall explicitly retain contributions to the system dynamics from the76

correlations in the total system.77

Let us assume that the total Hamiltonian of the system and the bath is given by HSB = HS +HB +HI, where the last term78

denotes the system–bath interaction. We employ the correlating transformation (4) to obtain a counterpart for the Schrödinger79

picture generator Ds [�] = �i[HSB, �] (throughout this paper we have assumed the natural units ~ ⌘ kB ⌘ 1). More precisely,80

we define this operator Dc such that81

Ds [%SB(⌧)] =Dc [%S(⌧)⌦ %B(⌧)]. (5)
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FIG. 1. Description of the correlation picture. At any time ⌧ (or ⌧ 0) a correlating transformation E� transforms an uncorrelated state %S⌦%B

to a correlated state %SB = %S ⌦ %B + �, at the same instant of time, due to an abstract correlation-dependent generator given by H�. Using
this transformation we obtain the temporal evolution of the uncorrelated system with a universal Lindblad-like generator L� [see equation (7)]
constructed from HSB, the generator of the total system dynamics in the Schrödinger picture.

the literature23, and it is known that a universal decorrelating machine would violate linearity of quantum mechanics24. Our54

correlating transformation, indeed, is not universal, i.e., E� depends on the states. To gain insight on how to find E�, consider,55

e.g., a given entangling25 gate described by the unitary transformation U� = e�isH� , with a relatively small parameter s. This56

results in a weakly correlated state %SB = %S ⌦ %B + s�. We refer to the dimensionless operator H� as the correlation generator.57

In the limit s ! 0 we obtain U�%S ⌦ %BU †
�
= %S ⌦ %B � is[H�, %S ⌦ %B] +O(s2); and thus � obeys the equation58

� = �i[H�, %S ⌦ %B]. (2)

Rather than regarding the correlation � as a function of the input product state %S ⌦ %B, we seek to find the generator H�59

satisfying equation (2) with given %S ⌦ %B and �. Although for any given pair of quantum states %1 and %2, it is possible to find60

a quantum map or channel E such that E [%1] = %226, such a map does not necessarily have a unitary representation, and hence61

equation (2) does not generally have a Hermitian solution for H�. We thus relax the above Hermiticity constraint on H� and62

since the left side of equation (2) is Hermitian, to ensure Hermiticity of the right side, with a non-Hermitian H�, we introduce a63

generalized commutator [[A,B]] = AB �B†A†27 and replace equation (2) with64

� = �i[[H�, %S ⌦ %B]]. (3)

Fortunately, this equation has always a solution for H� under the condition that P0(⌧)�(⌧)P0(⌧) = 0, where P0(⌧) is the65

projector onto the null-space of %S(⌧)⌦ %B(⌧)28. In the Methods section, we prove that this condition is always satisfied and we66

provide the solution for H�. Using equation (3) we define our correlating transformation E� as67

%SB = E�[%S ⌦ %B] := %S ⌦ %B � i[[H�, %S ⌦ %B]]. (4)

Note that the uncorrelated state %S ⌦ %B is not necessarily the real description of the total system (because in general � 6= 0);68

rather, we take this state as the description of the total system in the correlation picture. In order to keep the dynamics of the69

state in this picture faithful to the Schrödinger equation, we need to devise an appropriate formulation. Figure 1 depicts a sketch70

of the correlating transformation and the emerging correlation picture, which is explained below.71

Correlation picture dynamics and derivation of a canonical Lindblad-like form for general dynamics.—We aim to apply72

our correlation picture transformation between the correlated and uncorrelated states, %SB and %S ⌦ %B, respectively, to obtain a73

dynamical equation for %S. Our approach can be considered in the spirit of the derivation of the Nakajima–Zwanzing equation5,6.74

But rather than applying a decorrelating projector to omit system–bath correlations, by employing our correlating transformation75

within the Schrödinger equation of the total system, we shall explicitly retain contributions to the system dynamics from the76

correlations in the total system.77

Let us assume that the total Hamiltonian of the system and the bath is given by HSB = HS +HB +HI, where the last term78

denotes the system–bath interaction. We employ the correlating transformation (4) to obtain a counterpart for the Schrödinger79

picture generator Ds [�] = �i[HSB, �] (throughout this paper we have assumed the natural units ~ ⌘ kB ⌘ 1). More precisely,80

we define this operator Dc such that81

Ds [%SB(⌧)] =Dc [%S(⌧)⌦ %B(⌧)]. (5)
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FIG. 1. Description of the correlation picture. At any time ⌧ (or ⌧ 0) a correlating transformation E� transforms an uncorrelated state %S⌦%B

to a correlated state %SB = %S ⌦ %B + �, at the same instant of time, due to an abstract correlation-dependent generator given by H�. Using
this transformation we obtain the temporal evolution of the uncorrelated system with a universal Lindblad-like generator L� [see equation (7)]
constructed from HSB, the generator of the total system dynamics in the Schrödinger picture.

the literature23, and it is known that a universal decorrelating machine would violate linearity of quantum mechanics24. Our54

correlating transformation, indeed, is not universal, i.e., E� depends on the states. To gain insight on how to find E�, consider,55

e.g., a given entangling25 gate described by the unitary transformation U� = e�isH� , with a relatively small parameter s. This56

results in a weakly correlated state %SB = %S ⌦ %B + s�. We refer to the dimensionless operator H� as the correlation generator.57

In the limit s ! 0 we obtain U�%S ⌦ %BU †
�
= %S ⌦ %B � is[H�, %S ⌦ %B] +O(s2); and thus � obeys the equation58

� = �i[H�, %S ⌦ %B]. (2)

Rather than regarding the correlation � as a function of the input product state %S ⌦ %B, we seek to find the generator H�59

satisfying equation (2) with given %S ⌦ %B and �. Although for any given pair of quantum states %1 and %2, it is possible to find60

a quantum map or channel E such that E [%1] = %226, such a map does not necessarily have a unitary representation, and hence61

equation (2) does not generally have a Hermitian solution for H�. We thus relax the above Hermiticity constraint on H� and62

since the left side of equation (2) is Hermitian, to ensure Hermiticity of the right side, with a non-Hermitian H�, we introduce a63

generalized commutator [[A,B]] = AB �B†A†27 and replace equation (2) with64

� = �i[[H�, %S ⌦ %B]]. (3)

Fortunately, this equation has always a solution for H� under the condition that P0(⌧)�(⌧)P0(⌧) = 0, where P0(⌧) is the65

projector onto the null-space of %S(⌧)⌦ %B(⌧)28. In the Methods section, we prove that this condition is always satisfied and we66

provide the solution for H�. Using equation (3) we define our correlating transformation E� as67

%SB = E�[%S ⌦ %B] := %S ⌦ %B � i[[H�, %S ⌦ %B]]. (4)

Note that the uncorrelated state %S ⌦ %B is not necessarily the real description of the total system (because in general � 6= 0);68

rather, we take this state as the description of the total system in the correlation picture. In order to keep the dynamics of the69

state in this picture faithful to the Schrödinger equation, we need to devise an appropriate formulation. Figure 1 depicts a sketch70

of the correlating transformation and the emerging correlation picture, which is explained below.71

Correlation picture dynamics and derivation of a canonical Lindblad-like form for general dynamics.—We aim to apply72

our correlation picture transformation between the correlated and uncorrelated states, %SB and %S ⌦ %B, respectively, to obtain a73

dynamical equation for %S. Our approach can be considered in the spirit of the derivation of the Nakajima–Zwanzing equation5,6.74

But rather than applying a decorrelating projector to omit system–bath correlations, by employing our correlating transformation75

within the Schrödinger equation of the total system, we shall explicitly retain contributions to the system dynamics from the76

correlations in the total system.77

Let us assume that the total Hamiltonian of the system and the bath is given by HSB = HS +HB +HI, where the last term78

denotes the system–bath interaction. We employ the correlating transformation (4) to obtain a counterpart for the Schrödinger79

picture generator Ds [�] = �i[HSB, �] (throughout this paper we have assumed the natural units ~ ⌘ kB ⌘ 1). More precisely,80

we define this operator Dc such that81

Ds [%SB(⌧)] =Dc [%S(⌧)⌦ %B(⌧)]. (5)
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FIG. 1. Description of the correlation picture. At any time ⌧ (or ⌧ 0) a correlating transformation E� transforms an uncorrelated state %S⌦%B

to a correlated state %SB = %S ⌦ %B + �, at the same instant of time, due to an abstract correlation-dependent generator given by H�. Using
this transformation we obtain the temporal evolution of the uncorrelated system with a universal Lindblad-like generator L� [see equation (7)]
constructed from HSB, the generator of the total system dynamics in the Schrödinger picture.

the literature23, and it is known that a universal decorrelating machine would violate linearity of quantum mechanics24. Our54

correlating transformation, indeed, is not universal, i.e., E� depends on the states. To gain insight on how to find E�, consider,55

e.g., a given entangling25 gate described by the unitary transformation U� = e�isH� , with a relatively small parameter s. This56

results in a weakly correlated state %SB = %S ⌦ %B + s�. We refer to the dimensionless operator H� as the correlation generator.57

In the limit s ! 0 we obtain U�%S ⌦ %BU †
�
= %S ⌦ %B � is[H�, %S ⌦ %B] +O(s2); and thus � obeys the equation58

� = �i[H�, %S ⌦ %B]. (2)

Rather than regarding the correlation � as a function of the input product state %S ⌦ %B, we seek to find the generator H�59

satisfying equation (2) with given %S ⌦ %B and �. Although for any given pair of quantum states %1 and %2, it is possible to find60

a quantum map or channel E such that E [%1] = %226, such a map does not necessarily have a unitary representation, and hence61

equation (2) does not generally have a Hermitian solution for H�. We thus relax the above Hermiticity constraint on H� and62

since the left side of equation (2) is Hermitian, to ensure Hermiticity of the right side, with a non-Hermitian H�, we introduce a63

generalized commutator [[A,B]] = AB �B†A†27 and replace equation (2) with64

� = �i[[H�, %S ⌦ %B]]. (3)

Fortunately, this equation has always a solution for H� under the condition that P0(⌧)�(⌧)P0(⌧) = 0, where P0(⌧) is the65

projector onto the null-space of %S(⌧)⌦ %B(⌧)28. In the Methods section, we prove that this condition is always satisfied and we66

provide the solution for H�. Using equation (3) we define our correlating transformation E� as67

%SB = E�[%S ⌦ %B] := %S ⌦ %B � i[[H�, %S ⌦ %B]]. (4)

Note that the uncorrelated state %S ⌦ %B is not necessarily the real description of the total system (because in general � 6= 0);68

rather, we take this state as the description of the total system in the correlation picture. In order to keep the dynamics of the69

state in this picture faithful to the Schrödinger equation, we need to devise an appropriate formulation. Figure 1 depicts a sketch70

of the correlating transformation and the emerging correlation picture, which is explained below.71

Correlation picture dynamics and derivation of a canonical Lindblad-like form for general dynamics.—We aim to apply72

our correlation picture transformation between the correlated and uncorrelated states, %SB and %S ⌦ %B, respectively, to obtain a73

dynamical equation for %S. Our approach can be considered in the spirit of the derivation of the Nakajima–Zwanzing equation5,6.74

But rather than applying a decorrelating projector to omit system–bath correlations, by employing our correlating transformation75

within the Schrödinger equation of the total system, we shall explicitly retain contributions to the system dynamics from the76

correlations in the total system.77

Let us assume that the total Hamiltonian of the system and the bath is given by HSB = HS +HB +HI, where the last term78

denotes the system–bath interaction. We employ the correlating transformation (4) to obtain a counterpart for the Schrödinger79

picture generator Ds [�] = �i[HSB, �] (throughout this paper we have assumed the natural units ~ ⌘ kB ⌘ 1). More precisely,80

we define this operator Dc such that81

Ds [%SB(⌧)] =Dc [%S(⌧)⌦ %B(⌧)]. (5)
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FIG. 1. Description of the correlation picture. At any time ⌧ (or ⌧ 0) a correlating transformation E� transforms an uncorrelated state %S⌦%B

to a correlated state %SB = %S ⌦ %B + �, at the same instant of time, due to an abstract correlation-dependent generator given by H�. Using
this transformation we obtain the temporal evolution of the uncorrelated system with a universal Lindblad-like generator L� [see equation (7)]
constructed from HSB, the generator of the total system dynamics in the Schrödinger picture.

the literature23, and it is known that a universal decorrelating machine would violate linearity of quantum mechanics24. Our54

correlating transformation, indeed, is not universal, i.e., E� depends on the states. To gain insight on how to find E�, consider,55

e.g., a given entangling25 gate described by the unitary transformation U� = e�isH� , with a relatively small parameter s. This56

results in a weakly correlated state %SB = %S ⌦ %B + s�. We refer to the dimensionless operator H� as the correlation generator.57

In the limit s ! 0 we obtain U�%S ⌦ %BU †
�
= %S ⌦ %B � is[H�, %S ⌦ %B] +O(s2); and thus � obeys the equation58

� = �i[H�, %S ⌦ %B]. (2)

Rather than regarding the correlation � as a function of the input product state %S ⌦ %B, we seek to find the generator H�59

satisfying equation (2) with given %S ⌦ %B and �. Although for any given pair of quantum states %1 and %2, it is possible to find60

a quantum map or channel E such that E [%1] = %226, such a map does not necessarily have a unitary representation, and hence61

equation (2) does not generally have a Hermitian solution for H�. We thus relax the above Hermiticity constraint on H� and62

since the left side of equation (2) is Hermitian, to ensure Hermiticity of the right side, with a non-Hermitian H�, we introduce a63

generalized commutator [[A,B]] = AB �B†A†27 and replace equation (2) with64

� = �i[[H�, %S ⌦ %B]]. (3)

Fortunately, this equation has always a solution for H� under the condition that P0(⌧)�(⌧)P0(⌧) = 0, where P0(⌧) is the65

projector onto the null-space of %S(⌧)⌦ %B(⌧)28. In the Methods section, we prove that this condition is always satisfied and we66

provide the solution for H�. Using equation (3) we define our correlating transformation E� as67

%SB = E�[%S ⌦ %B] := %S ⌦ %B � i[[H�, %S ⌦ %B]]. (4)

Note that the uncorrelated state %S ⌦ %B is not necessarily the real description of the total system (because in general � 6= 0);68

rather, we take this state as the description of the total system in the correlation picture. In order to keep the dynamics of the69

state in this picture faithful to the Schrödinger equation, we need to devise an appropriate formulation. Figure 1 depicts a sketch70

of the correlating transformation and the emerging correlation picture, which is explained below.71

Correlation picture dynamics and derivation of a canonical Lindblad-like form for general dynamics.—We aim to apply72

our correlation picture transformation between the correlated and uncorrelated states, %SB and %S ⌦ %B, respectively, to obtain a73

dynamical equation for %S. Our approach can be considered in the spirit of the derivation of the Nakajima–Zwanzing equation5,6.74

But rather than applying a decorrelating projector to omit system–bath correlations, by employing our correlating transformation75

within the Schrödinger equation of the total system, we shall explicitly retain contributions to the system dynamics from the76

correlations in the total system.77

Let us assume that the total Hamiltonian of the system and the bath is given by HSB = HS +HB +HI, where the last term78

denotes the system–bath interaction. We employ the correlating transformation (4) to obtain a counterpart for the Schrödinger79

picture generator Ds [�] = �i[HSB, �] (throughout this paper we have assumed the natural units ~ ⌘ kB ⌘ 1). More precisely,80

we define this operator Dc such that81

Ds [%SB(⌧)] =Dc [%S(⌧)⌦ %B(⌧)]. (5)

equivalent form for the unitary transformation
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FIG. 1. Description of the correlation picture. At any time ⌧ (or ⌧ 0) a correlating transformation E� transforms an uncorrelated state %S⌦%B

to a correlated state %SB = %S ⌦ %B + �, at the same instant of time, due to an abstract correlation-dependent generator given by H�. Using
this transformation we obtain the temporal evolution of the uncorrelated system with a universal Lindblad-like generator L� [see equation (7)]
constructed from HSB, the generator of the total system dynamics in the Schrödinger picture.

the literature23, and it is known that a universal decorrelating machine would violate linearity of quantum mechanics24. Our54

correlating transformation, indeed, is not universal, i.e., E� depends on the states. To gain insight on how to find E�, consider,55

e.g., a given entangling25 gate described by the unitary transformation U� = e�isH� , with a relatively small parameter s. This56

results in a weakly correlated state %SB = %S ⌦ %B + s�. We refer to the dimensionless operator H� as the correlation generator.57

In the limit s ! 0 we obtain U�%S ⌦ %BU †
�
= %S ⌦ %B � is[H�, %S ⌦ %B] +O(s2); and thus � obeys the equation58

� = �i[H�, %S ⌦ %B]. (2)

Rather than regarding the correlation � as a function of the input product state %S ⌦ %B, we seek to find the generator H�59

satisfying equation (2) with given %S ⌦ %B and �. Although for any given pair of quantum states %1 and %2, it is possible to find60

a quantum map or channel E such that E [%1] = %226, such a map does not necessarily have a unitary representation, and hence61

equation (2) does not generally have a Hermitian solution for H�. We thus relax the above Hermiticity constraint on H� and62

since the left side of equation (2) is Hermitian, to ensure Hermiticity of the right side, with a non-Hermitian H�, we introduce a63

generalized commutator [[A,B]] = AB �B†A†27 and replace equation (2) with64

� = �i[[H�, %S ⌦ %B]]. (3)

Fortunately, this equation has always a solution for H� under the condition that P0(⌧)�(⌧)P0(⌧) = 0, where P0(⌧) is the65

projector onto the null-space of %S(⌧)⌦ %B(⌧)28. In the Methods section, we prove that this condition is always satisfied and we66

provide the solution for H�. Using equation (3) we define our correlating transformation E� as67

%SB = E�[%S ⌦ %B] := %S ⌦ %B � i[[H�, %S ⌦ %B]]. (4)

Note that the uncorrelated state %S ⌦ %B is not necessarily the real description of the total system (because in general � 6= 0);68

rather, we take this state as the description of the total system in the correlation picture. In order to keep the dynamics of the69

state in this picture faithful to the Schrödinger equation, we need to devise an appropriate formulation. Figure 1 depicts a sketch70

of the correlating transformation and the emerging correlation picture, which is explained below.71

Correlation picture dynamics and derivation of a canonical Lindblad-like form for general dynamics.—We aim to apply72

our correlation picture transformation between the correlated and uncorrelated states, %SB and %S ⌦ %B, respectively, to obtain a73

dynamical equation for %S. Our approach can be considered in the spirit of the derivation of the Nakajima–Zwanzing equation5,6.74

But rather than applying a decorrelating projector to omit system–bath correlations, by employing our correlating transformation75

within the Schrödinger equation of the total system, we shall explicitly retain contributions to the system dynamics from the76

correlations in the total system.77

Let us assume that the total Hamiltonian of the system and the bath is given by HSB = HS +HB +HI, where the last term78

denotes the system–bath interaction. We employ the correlating transformation (4) to obtain a counterpart for the Schrödinger79

picture generator Ds [�] = �i[HSB, �] (throughout this paper we have assumed the natural units ~ ⌘ kB ⌘ 1). More precisely,80

we define this operator Dc such that81

Ds [%SB(⌧)] =Dc [%S(⌧)⌦ %B(⌧)]. (5)
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FIG. 1. Description of the correlation picture. At any time ⌧ (or ⌧ 0) a correlating transformation E� transforms an uncorrelated state %S⌦%B

to a correlated state %SB = %S ⌦ %B + �, at the same instant of time, due to an abstract correlation-dependent generator given by H�. Using
this transformation we obtain the temporal evolution of the uncorrelated system with a universal Lindblad-like generator L� [see equation (7)]
constructed from HSB, the generator of the total system dynamics in the Schrödinger picture.

the literature23, and it is known that a universal decorrelating machine would violate linearity of quantum mechanics24. Our54

correlating transformation, indeed, is not universal, i.e., E� depends on the states. To gain insight on how to find E�, consider,55

e.g., a given entangling25 gate described by the unitary transformation U� = e�isH� , with a relatively small parameter s. This56

results in a weakly correlated state %SB = %S ⌦ %B + s�. We refer to the dimensionless operator H� as the correlation generator.57

In the limit s ! 0 we obtain U�%S ⌦ %BU †
�
= %S ⌦ %B � is[H�, %S ⌦ %B] +O(s2); and thus � obeys the equation58

� = �i[H�, %S ⌦ %B]. (2)

Rather than regarding the correlation � as a function of the input product state %S ⌦ %B, we seek to find the generator H�59

satisfying equation (2) with given %S ⌦ %B and �. Although for any given pair of quantum states %1 and %2, it is possible to find60

a quantum map or channel E such that E [%1] = %226, such a map does not necessarily have a unitary representation, and hence61

equation (2) does not generally have a Hermitian solution for H�. We thus relax the above Hermiticity constraint on H� and62

since the left side of equation (2) is Hermitian, to ensure Hermiticity of the right side, with a non-Hermitian H�, we introduce a63

generalized commutator [[A,B]] = AB �B†A†27 and replace equation (2) with64

� = �i[[H�, %S ⌦ %B]]. (3)

Fortunately, this equation has always a solution for H� under the condition that P0(⌧)�(⌧)P0(⌧) = 0, where P0(⌧) is the65

projector onto the null-space of %S(⌧)⌦ %B(⌧)28. In the Methods section, we prove that this condition is always satisfied and we66

provide the solution for H�. Using equation (3) we define our correlating transformation E� as67

%SB = E�[%S ⌦ %B] := %S ⌦ %B � i[[H�, %S ⌦ %B]]. (4)

Note that the uncorrelated state %S ⌦ %B is not necessarily the real description of the total system (because in general � 6= 0);68

rather, we take this state as the description of the total system in the correlation picture. In order to keep the dynamics of the69

state in this picture faithful to the Schrödinger equation, we need to devise an appropriate formulation. Figure 1 depicts a sketch70

of the correlating transformation and the emerging correlation picture, which is explained below.71

Correlation picture dynamics and derivation of a canonical Lindblad-like form for general dynamics.—We aim to apply72

our correlation picture transformation between the correlated and uncorrelated states, %SB and %S ⌦ %B, respectively, to obtain a73

dynamical equation for %S. Our approach can be considered in the spirit of the derivation of the Nakajima–Zwanzing equation5,6.74

But rather than applying a decorrelating projector to omit system–bath correlations, by employing our correlating transformation75

within the Schrödinger equation of the total system, we shall explicitly retain contributions to the system dynamics from the76

correlations in the total system.77

Let us assume that the total Hamiltonian of the system and the bath is given by HSB = HS +HB +HI, where the last term78

denotes the system–bath interaction. We employ the correlating transformation (4) to obtain a counterpart for the Schrödinger79

picture generator Ds [�] = �i[HSB, �] (throughout this paper we have assumed the natural units ~ ⌘ kB ⌘ 1). More precisely,80

we define this operator Dc such that81

Ds [%SB(⌧)] =Dc [%S(⌧)⌦ %B(⌧)]. (5)
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FIG. 1. Description of the correlation picture. At any time ⌧ (or ⌧ 0) a correlating transformation E� transforms an uncorrelated state %S⌦%B

to a correlated state %SB = %S ⌦ %B + �, at the same instant of time, due to an abstract correlation-dependent generator given by H�. Using
this transformation we obtain the temporal evolution of the uncorrelated system with a universal Lindblad-like generator L� [see equation (7)]
constructed from HSB, the generator of the total system dynamics in the Schrödinger picture.

the literature23, and it is known that a universal decorrelating machine would violate linearity of quantum mechanics24. Our54

correlating transformation, indeed, is not universal, i.e., E� depends on the states. To gain insight on how to find E�, consider,55

e.g., a given entangling25 gate described by the unitary transformation U� = e�isH� , with a relatively small parameter s. This56

results in a weakly correlated state %SB = %S ⌦ %B + s�. We refer to the dimensionless operator H� as the correlation generator.57

In the limit s ! 0 we obtain U�%S ⌦ %BU †
�
= %S ⌦ %B � is[H�, %S ⌦ %B] +O(s2); and thus � obeys the equation58

� = �i[H�, %S ⌦ %B]. (2)

Rather than regarding the correlation � as a function of the input product state %S ⌦ %B, we seek to find the generator H�59

satisfying equation (2) with given %S ⌦ %B and �. Although for any given pair of quantum states %1 and %2, it is possible to find60

a quantum map or channel E such that E [%1] = %226, such a map does not necessarily have a unitary representation, and hence61

equation (2) does not generally have a Hermitian solution for H�. We thus relax the above Hermiticity constraint on H� and62

since the left side of equation (2) is Hermitian, to ensure Hermiticity of the right side, with a non-Hermitian H�, we introduce a63

generalized commutator [[A,B]] = AB �B†A†27 and replace equation (2) with64

� = �i[[H�, %S ⌦ %B]]. (3)

Fortunately, this equation has always a solution for H� under the condition that P0(⌧)�(⌧)P0(⌧) = 0, where P0(⌧) is the65

projector onto the null-space of %S(⌧)⌦ %B(⌧)28. In the Methods section, we prove that this condition is always satisfied and we66

provide the solution for H�. Using equation (3) we define our correlating transformation E� as67

%SB = E�[%S ⌦ %B] := %S ⌦ %B � i[[H�, %S ⌦ %B]]. (4)

Note that the uncorrelated state %S ⌦ %B is not necessarily the real description of the total system (because in general � 6= 0);68

rather, we take this state as the description of the total system in the correlation picture. In order to keep the dynamics of the69

state in this picture faithful to the Schrödinger equation, we need to devise an appropriate formulation. Figure 1 depicts a sketch70

of the correlating transformation and the emerging correlation picture, which is explained below.71

Correlation picture dynamics and derivation of a canonical Lindblad-like form for general dynamics.—We aim to apply72

our correlation picture transformation between the correlated and uncorrelated states, %SB and %S ⌦ %B, respectively, to obtain a73

dynamical equation for %S. Our approach can be considered in the spirit of the derivation of the Nakajima–Zwanzing equation5,6.74

But rather than applying a decorrelating projector to omit system–bath correlations, by employing our correlating transformation75

within the Schrödinger equation of the total system, we shall explicitly retain contributions to the system dynamics from the76

correlations in the total system.77

Let us assume that the total Hamiltonian of the system and the bath is given by HSB = HS +HB +HI, where the last term78

denotes the system–bath interaction. We employ the correlating transformation (4) to obtain a counterpart for the Schrödinger79

picture generator Ds [�] = �i[HSB, �] (throughout this paper we have assumed the natural units ~ ⌘ kB ⌘ 1). More precisely,80

we define this operator Dc such that81

Ds [%SB(⌧)] =Dc [%S(⌧)⌦ %B(⌧)]. (5)
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FIG. 1. Description of the correlation picture. At any time ⌧ (or ⌧ 0) a correlating transformation E� transforms an uncorrelated state %S⌦%B

to a correlated state %SB = %S ⌦ %B + �, at the same instant of time, due to an abstract correlation-dependent generator given by H�. Using
this transformation we obtain the temporal evolution of the uncorrelated system with a universal Lindblad-like generator L� [see equation (7)]
constructed from HSB, the generator of the total system dynamics in the Schrödinger picture.

the literature23, and it is known that a universal decorrelating machine would violate linearity of quantum mechanics24. Our54

correlating transformation, indeed, is not universal, i.e., E� depends on the states. To gain insight on how to find E�, consider,55

e.g., a given entangling25 gate described by the unitary transformation U� = e�isH� , with a relatively small parameter s. This56

results in a weakly correlated state %SB = %S ⌦ %B + s�. We refer to the dimensionless operator H� as the correlation generator.57

In the limit s ! 0 we obtain U�%S ⌦ %BU †
�
= %S ⌦ %B � is[H�, %S ⌦ %B] +O(s2); and thus � obeys the equation58

� = �i[H�, %S ⌦ %B]. (2)

Rather than regarding the correlation � as a function of the input product state %S ⌦ %B, we seek to find the generator H�59

satisfying equation (2) with given %S ⌦ %B and �. Although for any given pair of quantum states %1 and %2, it is possible to find60

a quantum map or channel E such that E [%1] = %226, such a map does not necessarily have a unitary representation, and hence61

equation (2) does not generally have a Hermitian solution for H�. We thus relax the above Hermiticity constraint on H� and62

since the left side of equation (2) is Hermitian, to ensure Hermiticity of the right side, with a non-Hermitian H�, we introduce a63

generalized commutator [[A,B]] = AB �B†A†27 and replace equation (2) with64

� = �i[[H�, %S ⌦ %B]]. (3)

Fortunately, this equation has always a solution for H� under the condition that P0(⌧)�(⌧)P0(⌧) = 0, where P0(⌧) is the65

projector onto the null-space of %S(⌧)⌦ %B(⌧)28. In the Methods section, we prove that this condition is always satisfied and we66

provide the solution for H�. Using equation (3) we define our correlating transformation E� as67

%SB = E�[%S ⌦ %B] := %S ⌦ %B � i[[H�, %S ⌦ %B]]. (4)

Note that the uncorrelated state %S ⌦ %B is not necessarily the real description of the total system (because in general � 6= 0);68

rather, we take this state as the description of the total system in the correlation picture. In order to keep the dynamics of the69

state in this picture faithful to the Schrödinger equation, we need to devise an appropriate formulation. Figure 1 depicts a sketch70

of the correlating transformation and the emerging correlation picture, which is explained below.71

Correlation picture dynamics and derivation of a canonical Lindblad-like form for general dynamics.—We aim to apply72

our correlation picture transformation between the correlated and uncorrelated states, %SB and %S ⌦ %B, respectively, to obtain a73

dynamical equation for %S. Our approach can be considered in the spirit of the derivation of the Nakajima–Zwanzing equation5,6.74

But rather than applying a decorrelating projector to omit system–bath correlations, by employing our correlating transformation75

within the Schrödinger equation of the total system, we shall explicitly retain contributions to the system dynamics from the76

correlations in the total system.77

Let us assume that the total Hamiltonian of the system and the bath is given by HSB = HS +HB +HI, where the last term78

denotes the system–bath interaction. We employ the correlating transformation (4) to obtain a counterpart for the Schrödinger79

picture generator Ds [�] = �i[HSB, �] (throughout this paper we have assumed the natural units ~ ⌘ kB ⌘ 1). More precisely,80

we define this operator Dc such that81

Ds [%SB(⌧)] =Dc [%S(⌧)⌦ %B(⌧)]. (5)
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FIG. 1. Description of the correlation picture. At any time ⌧ (or ⌧ 0) a correlating transformation E� transforms an uncorrelated state %S⌦%B

to a correlated state %SB = %S ⌦ %B + �, at the same instant of time, due to an abstract correlation-dependent generator given by H�. Using
this transformation we obtain the temporal evolution of the uncorrelated system with a universal Lindblad-like generator L� [see equation (7)]
constructed from HSB, the generator of the total system dynamics in the Schrödinger picture.

the literature23, and it is known that a universal decorrelating machine would violate linearity of quantum mechanics24. Our54

correlating transformation, indeed, is not universal, i.e., E� depends on the states. To gain insight on how to find E�, consider,55

e.g., a given entangling25 gate described by the unitary transformation U� = e�isH� , with a relatively small parameter s. This56

results in a weakly correlated state %SB = %S ⌦ %B + s�. We refer to the dimensionless operator H� as the correlation generator.57

In the limit s ! 0 we obtain U�%S ⌦ %BU †
�
= %S ⌦ %B � is[H�, %S ⌦ %B] +O(s2); and thus � obeys the equation58

� = �i[H�, %S ⌦ %B]. (2)

Rather than regarding the correlation � as a function of the input product state %S ⌦ %B, we seek to find the generator H�59

satisfying equation (2) with given %S ⌦ %B and �. Although for any given pair of quantum states %1 and %2, it is possible to find60

a quantum map or channel E such that E [%1] = %226, such a map does not necessarily have a unitary representation, and hence61

equation (2) does not generally have a Hermitian solution for H�. We thus relax the above Hermiticity constraint on H� and62

since the left side of equation (2) is Hermitian, to ensure Hermiticity of the right side, with a non-Hermitian H�, we introduce a63

generalized commutator [[A,B]] = AB �B†A†27 and replace equation (2) with64

� = �i[[H�, %S ⌦ %B]]. (3)

Fortunately, this equation has always a solution for H� under the condition that P0(⌧)�(⌧)P0(⌧) = 0, where P0(⌧) is the65

projector onto the null-space of %S(⌧)⌦ %B(⌧)28. In the Methods section, we prove that this condition is always satisfied and we66

provide the solution for H�. Using equation (3) we define our correlating transformation E� as67

%SB = E�[%S ⌦ %B] := %S ⌦ %B � i[[H�, %S ⌦ %B]]. (4)

Note that the uncorrelated state %S ⌦ %B is not necessarily the real description of the total system (because in general � 6= 0);68

rather, we take this state as the description of the total system in the correlation picture. In order to keep the dynamics of the69

state in this picture faithful to the Schrödinger equation, we need to devise an appropriate formulation. Figure 1 depicts a sketch70

of the correlating transformation and the emerging correlation picture, which is explained below.71

Correlation picture dynamics and derivation of a canonical Lindblad-like form for general dynamics.—We aim to apply72

our correlation picture transformation between the correlated and uncorrelated states, %SB and %S ⌦ %B, respectively, to obtain a73

dynamical equation for %S. Our approach can be considered in the spirit of the derivation of the Nakajima–Zwanzing equation5,6.74

But rather than applying a decorrelating projector to omit system–bath correlations, by employing our correlating transformation75

within the Schrödinger equation of the total system, we shall explicitly retain contributions to the system dynamics from the76

correlations in the total system.77

Let us assume that the total Hamiltonian of the system and the bath is given by HSB = HS +HB +HI, where the last term78

denotes the system–bath interaction. We employ the correlating transformation (4) to obtain a counterpart for the Schrödinger79

picture generator Ds [�] = �i[HSB, �] (throughout this paper we have assumed the natural units ~ ⌘ kB ⌘ 1). More precisely,80

we define this operator Dc such that81

Ds [%SB(⌧)] =Dc [%S(⌧)⌦ %B(⌧)]. (5)
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FIG. 1. Description of the correlation picture. At any time ⌧ (or ⌧ 0) a correlating transformation E� transforms an uncorrelated state %S⌦%B

to a correlated state %SB = %S ⌦ %B + �, at the same instant of time, due to an abstract correlation-dependent generator given by H�. Using
this transformation we obtain the temporal evolution of the uncorrelated system with a universal Lindblad-like generator L� [see equation (7)]
constructed from HSB, the generator of the total system dynamics in the Schrödinger picture.

the literature23, and it is known that a universal decorrelating machine would violate linearity of quantum mechanics24. Our54

correlating transformation, indeed, is not universal, i.e., E� depends on the states. To gain insight on how to find E�, consider,55

e.g., a given entangling25 gate described by the unitary transformation U� = e�isH� , with a relatively small parameter s. This56

results in a weakly correlated state %SB = %S ⌦ %B + s�. We refer to the dimensionless operator H� as the correlation generator.57

In the limit s ! 0 we obtain U�%S ⌦ %BU †
�
= %S ⌦ %B � is[H�, %S ⌦ %B] +O(s2); and thus � obeys the equation58

� = �i[H�, %S ⌦ %B]. (2)

Rather than regarding the correlation � as a function of the input product state %S ⌦ %B, we seek to find the generator H�59

satisfying equation (2) with given %S ⌦ %B and �. Although for any given pair of quantum states %1 and %2, it is possible to find60

a quantum map or channel E such that E [%1] = %226, such a map does not necessarily have a unitary representation, and hence61

equation (2) does not generally have a Hermitian solution for H�. We thus relax the above Hermiticity constraint on H� and62

since the left side of equation (2) is Hermitian, to ensure Hermiticity of the right side, with a non-Hermitian H�, we introduce a63

generalized commutator [[A,B]] = AB �B†A†27 and replace equation (2) with64

� = �i[[H�, %S ⌦ %B]]. (3)

Fortunately, this equation has always a solution for H� under the condition that P0(⌧)�(⌧)P0(⌧) = 0, where P0(⌧) is the65

projector onto the null-space of %S(⌧)⌦ %B(⌧)28. In the Methods section, we prove that this condition is always satisfied and we66

provide the solution for H�. Using equation (3) we define our correlating transformation E� as67

%SB = E�[%S ⌦ %B] := %S ⌦ %B � i[[H�, %S ⌦ %B]]. (4)

Note that the uncorrelated state %S ⌦ %B is not necessarily the real description of the total system (because in general � 6= 0);68

rather, we take this state as the description of the total system in the correlation picture. In order to keep the dynamics of the69

state in this picture faithful to the Schrödinger equation, we need to devise an appropriate formulation. Figure 1 depicts a sketch70

of the correlating transformation and the emerging correlation picture, which is explained below.71

Correlation picture dynamics and derivation of a canonical Lindblad-like form for general dynamics.—We aim to apply72

our correlation picture transformation between the correlated and uncorrelated states, %SB and %S ⌦ %B, respectively, to obtain a73

dynamical equation for %S. Our approach can be considered in the spirit of the derivation of the Nakajima–Zwanzing equation5,6.74

But rather than applying a decorrelating projector to omit system–bath correlations, by employing our correlating transformation75

within the Schrödinger equation of the total system, we shall explicitly retain contributions to the system dynamics from the76

correlations in the total system.77

Let us assume that the total Hamiltonian of the system and the bath is given by HSB = HS +HB +HI, where the last term78

denotes the system–bath interaction. We employ the correlating transformation (4) to obtain a counterpart for the Schrödinger79

picture generator Ds [�] = �i[HSB, �] (throughout this paper we have assumed the natural units ~ ⌘ kB ⌘ 1). More precisely,80

we define this operator Dc such that81

Ds [%SB(⌧)] =Dc [%S(⌧)⌦ %B(⌧)]. (5)
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FIG. 1. Description of the correlation picture. At any time ⌧ (or ⌧ 0) a correlating transformation E� transforms an uncorrelated state %S⌦%B

to a correlated state %SB = %S ⌦ %B + �, at the same instant of time, due to an abstract correlation-dependent generator given by H�. Using
this transformation we obtain the temporal evolution of the uncorrelated system with a universal Lindblad-like generator L� [see equation (7)]
constructed from HSB, the generator of the total system dynamics in the Schrödinger picture.

the literature23, and it is known that a universal decorrelating machine would violate linearity of quantum mechanics24. Our54

correlating transformation, indeed, is not universal, i.e., E� depends on the states. To gain insight on how to find E�, consider,55

e.g., a given entangling25 gate described by the unitary transformation U� = e�isH� , with a relatively small parameter s. This56

results in a weakly correlated state %SB = %S ⌦ %B + s�. We refer to the dimensionless operator H� as the correlation generator.57

In the limit s ! 0 we obtain U�%S ⌦ %BU †
�
= %S ⌦ %B � is[H�, %S ⌦ %B] +O(s2); and thus � obeys the equation58

� = �i[H�, %S ⌦ %B]. (2)

Rather than regarding the correlation � as a function of the input product state %S ⌦ %B, we seek to find the generator H�59

satisfying equation (2) with given %S ⌦ %B and �. Although for any given pair of quantum states %1 and %2, it is possible to find60

a quantum map or channel E such that E [%1] = %226, such a map does not necessarily have a unitary representation, and hence61

equation (2) does not generally have a Hermitian solution for H�. We thus relax the above Hermiticity constraint on H� and62

since the left side of equation (2) is Hermitian, to ensure Hermiticity of the right side, with a non-Hermitian H�, we introduce a63

generalized commutator [[A,B]] = AB �B†A†27 and replace equation (2) with64

� = �i[[H�, %S ⌦ %B]]. (3)

Fortunately, this equation has always a solution for H� under the condition that P0(⌧)�(⌧)P0(⌧) = 0, where P0(⌧) is the65

projector onto the null-space of %S(⌧)⌦ %B(⌧)28. In the Methods section, we prove that this condition is always satisfied and we66

provide the solution for H�. Using equation (3) we define our correlating transformation E� as67

%SB = E�[%S ⌦ %B] := %S ⌦ %B � i[[H�, %S ⌦ %B]]. (4)

Note that the uncorrelated state %S ⌦ %B is not necessarily the real description of the total system (because in general � 6= 0);68

rather, we take this state as the description of the total system in the correlation picture. In order to keep the dynamics of the69

state in this picture faithful to the Schrödinger equation, we need to devise an appropriate formulation. Figure 1 depicts a sketch70

of the correlating transformation and the emerging correlation picture, which is explained below.71

Correlation picture dynamics and derivation of a canonical Lindblad-like form for general dynamics.—We aim to apply72

our correlation picture transformation between the correlated and uncorrelated states, %SB and %S ⌦ %B, respectively, to obtain a73

dynamical equation for %S. Our approach can be considered in the spirit of the derivation of the Nakajima–Zwanzing equation5,6.74

But rather than applying a decorrelating projector to omit system–bath correlations, by employing our correlating transformation75

within the Schrödinger equation of the total system, we shall explicitly retain contributions to the system dynamics from the76

correlations in the total system.77

Let us assume that the total Hamiltonian of the system and the bath is given by HSB = HS +HB +HI, where the last term78

denotes the system–bath interaction. We employ the correlating transformation (4) to obtain a counterpart for the Schrödinger79

picture generator Ds [�] = �i[HSB, �] (throughout this paper we have assumed the natural units ~ ⌘ kB ⌘ 1). More precisely,80

we define this operator Dc such that81

Ds [%SB(⌧)] =Dc [%S(⌧)⌦ %B(⌧)]. (5)
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FIG. 1. Description of the correlation picture. At any time ⌧ (or ⌧ 0) a correlating transformation E� transforms an uncorrelated state %S⌦%B

to a correlated state %SB = %S ⌦ %B + �, at the same instant of time, due to an abstract correlation-dependent generator given by H�. Using
this transformation we obtain the temporal evolution of the uncorrelated system with a universal Lindblad-like generator L� [see equation (7)]
constructed from HSB, the generator of the total system dynamics in the Schrödinger picture.

the literature23, and it is known that a universal decorrelating machine would violate linearity of quantum mechanics24. Our54

correlating transformation, indeed, is not universal, i.e., E� depends on the states. To gain insight on how to find E�, consider,55

e.g., a given entangling25 gate described by the unitary transformation U� = e�isH� , with a relatively small parameter s. This56

results in a weakly correlated state %SB = %S ⌦ %B + s�. We refer to the dimensionless operator H� as the correlation generator.57

In the limit s ! 0 we obtain U�%S ⌦ %BU †
�
= %S ⌦ %B � is[H�, %S ⌦ %B] +O(s2); and thus � obeys the equation58

� = �i[H�, %S ⌦ %B]. (2)

Rather than regarding the correlation � as a function of the input product state %S ⌦ %B, we seek to find the generator H�59

satisfying equation (2) with given %S ⌦ %B and �. Although for any given pair of quantum states %1 and %2, it is possible to find60

a quantum map or channel E such that E [%1] = %226, such a map does not necessarily have a unitary representation, and hence61

equation (2) does not generally have a Hermitian solution for H�. We thus relax the above Hermiticity constraint on H� and62

since the left side of equation (2) is Hermitian, to ensure Hermiticity of the right side, with a non-Hermitian H�, we introduce a63

generalized commutator [[A,B]] = AB �B†A†27 and replace equation (2) with64

� = �i[[H�, %S ⌦ %B]]. (3)

Fortunately, this equation has always a solution for H� under the condition that P0(⌧)�(⌧)P0(⌧) = 0, where P0(⌧) is the65

projector onto the null-space of %S(⌧)⌦ %B(⌧)28. In the Methods section, we prove that this condition is always satisfied and we66

provide the solution for H�. Using equation (3) we define our correlating transformation E� as67

%SB = E�[%S ⌦ %B] := %S ⌦ %B � i[[H�, %S ⌦ %B]]. (4)

Note that the uncorrelated state %S ⌦ %B is not necessarily the real description of the total system (because in general � 6= 0);68

rather, we take this state as the description of the total system in the correlation picture. In order to keep the dynamics of the69

state in this picture faithful to the Schrödinger equation, we need to devise an appropriate formulation. Figure 1 depicts a sketch70

of the correlating transformation and the emerging correlation picture, which is explained below.71

Correlation picture dynamics and derivation of a canonical Lindblad-like form for general dynamics.—We aim to apply72

our correlation picture transformation between the correlated and uncorrelated states, %SB and %S ⌦ %B, respectively, to obtain a73

dynamical equation for %S. Our approach can be considered in the spirit of the derivation of the Nakajima–Zwanzing equation5,6.74

But rather than applying a decorrelating projector to omit system–bath correlations, by employing our correlating transformation75

within the Schrödinger equation of the total system, we shall explicitly retain contributions to the system dynamics from the76

correlations in the total system.77

Let us assume that the total Hamiltonian of the system and the bath is given by HSB = HS +HB +HI, where the last term78

denotes the system–bath interaction. We employ the correlating transformation (4) to obtain a counterpart for the Schrödinger79

picture generator Ds [�] = �i[HSB, �] (throughout this paper we have assumed the natural units ~ ⌘ kB ⌘ 1). More precisely,80

we define this operator Dc such that81

Ds [%SB(⌧)] =Dc [%S(⌧)⌦ %B(⌧)]. (5)

?
where

non-Hermitian

—correlating transformation: general case
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[2] S. Alipour, A. Mani and A. T. Rezakhani, Phys. Rev. A 85,052108 (2012).
[3] S. Luo, S. Fu, and H. Song, Phys. Rev. A 86, 044101 (2012).
[4] M. Mohseni and A. T. Rezakhani, Phys. Rev. A 80, 010101(R) (2009).
[5] H.-P. Breuer and F. Petruccione, The Theory of Open Quantum Systems (Oxford University Press, New York, 2002).
[6] N. W. Ashcroft and N. D. Mermin, Solid State Physics (Holt, Rinehart and Winston, New York, 1976).
[7] S. Alipour, F. Benatti, F. Bakhshinezhad, M. Afsary, S. Marcantoni, and A. T. Rezakhani, Sci. Rep. 6, 35568 (2016).
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Appendix A: Solution of H� in terms of �

Equation (4) can be written as
�
%S(⌧)⌦ %B(⌧)

��
i⌧�h

†
�
(⌧)

�
+

�
i⌧�h

†
�
(⌧)

�†�
%S(⌧)⌦ %B(⌧)

�
= �(⌧), (A1)

which has the general form A†X+X†A = B, where we take X = i⌧�h†
�
(⌧), B = �(⌧), and A = %S(⌧)⌦%B(⌧). From Ref. [8]

and denoting the instantaneous projection operator onto the null-space of %S(⌧) ⌦ %B(⌧) by P0(⌧), if P0(⌧)�(⌧)P0(⌧) = 0,
then the solution to this equation reads as

� i⌧�(⌧)H�(⌧) =
1

2

⇣
11 + P0(⌧)

⌘
�(⌧) %�1

S
(⌧)⌦ %�1

B
(⌧) + Y (⌧)P0(⌧) + %S(⌧)⌦ %B(⌧)Z(⌧)

⇣
11 � P0(⌧)

⌘
, (A2)

in which %�1
S

(⌧) and %�1
B

(⌧) are the pseudo-inverses of %S(⌧) and %B(⌧), Y (⌧) is an arbitrary operator, and Z(⌧) is an operator
satisfying %S(⌧)⌦%B(⌧)

�
Z(⌧)+Z†(⌧)

�
%S(⌧)⌦%B(⌧) = 0. In the following, we prove that the condition P0(⌧)�(⌧)P0(⌧) = 0

is always satisfied.
Since %SB(⌧) = %S(⌧) ⌦ %B(⌧) + �(⌧) and by definition P0(⌧)%S(⌧) ⌦ %B(⌧)P0(⌧) = 0, to prove P0(⌧)�(⌧)P0(⌧) = 0

we can equivalently prove that P0(⌧)%SB(⌧)P0(⌧) = 0. To this end we write %SB in terms of its spectral decomposition

%SB =
P

i
�i|�iih�i|, and using the Schmidt decomposition for each eigenstate |�ii =

P
j

q
�(i)
j

|e(i)
j
i
S
|f (i)

j
i
B

one obtains

%SB =
X

ijl

�i

q
�(i)
j
�(i)
l

|e(i)
j
i
S
he(i)

l
|⌦ |f (i)

j
i
B
hf (i)

l
| (A3)

from which the partial states of the system and environment are obtained as

%S =
X

ij

�i�
(i)
j

|e(i)
j
i
S
he(i)

j
| , (A4)

%B =
X

kl

�k�
(k)
l

|f (k)
l

i
B
hf (k)

l
| . (A5)

Then %S ⌦ %B =
P

ijkl
�i�k�

(i)
j
�(k)
l

|e(i)
j
i
S
he(i)

j
|⌦ |f (k)

l
i
B
hf (k)

l
|. From Tr[P0(⌧)%S(⌧)⌦ %B(⌧)] = 0 one concludes that

X

ijkl

�i�k�
(i)
j
�(k)
l

he(i)
j
, f (k)

l
|P0 |e(i)j

, f (k)
l

i = 0. (A6)

pseudo inverse
2

where [[A,B]] = AB �B†A† [4] and ⌧� is a scalar factor chosen such that ⌧�H� is dimensionless and ⌧�kH�k ⇠ k�k [vague].
We call ⌧�(⌧) the correlation time-scale. The reason for such naming is that adding %S(⌧)⌦ %B(⌧) to both hand sides of Eq. (4)
gives

%SB(⌧) = %S(⌧)⌦ %B(⌧)� i⌧�[[H�(⌧), %S(⌧)⌦ %B(⌧)]] ⇡ e�i⌧�(⌧)H�(⌧)%S(⌧)⌦ %B(⌧)e
i⌧�(⌧)H

†
�(⌧) +O(⌧2

�
). (5)

This means that at any instant of time there is always a similarity transformation mapping the instantaneous product state of the
system and environment to the (generally correlated) state of the total system at the same time. The virtual time needed for such
transformation is ⌧�(⌧).

The condition for Eq. (4) to have a solution for H�(⌧) is that P0(⌧)�(⌧)P0(⌧) = 0, where P0(⌧) is the projector onto the
null-spaces of %S(⌧) ⌦ %B(⌧). It has been proved in Appendix A that this condition is always satisfied. Replacing Eq. (4) into
Eq. (3), using the expansion of H� as

H�(⌧) =
X

j

Sj ⌦ B�

j
(⌧), (6)

leads to

d

d⌧
%S(⌧) = �i

h
HS +TrB [Hint %B(⌧)], %S(⌧)

i
� ⌧�

X

i

h
Si,TrB

⇥ �
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⇤i
,
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HS +TrB [Hint %B(⌧)], %S(⌧)

i
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Si,Sj%S TrB

⇥
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⇤
� %SSj TrB

⇥
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j

†Bi

⇤i
,
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i
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X

ij

h
Si, cijSj%S � c⇤

ij
%SSj

i
,
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h
HS +TrB [Hint %B(⌧)], %S(⌧)

i
+ ⌧�

X

ij

cij(Sj%SSi � SiSj%S) + ⌧�
X

ij

c⇤
ij
(Si%SSj � %SSjSi), (7)

where

cij(⌧) = Tr[%B(⌧)BiB�

j
(⌧)]. (8)

Defining the Hermitian matrices

a(⌧) :=
�
c(⌧) + c†(⌧)

�
/2, (9)

b(⌧) :=
�
c(⌧)� c†(⌧)

�
/2i (10)

and replacing this into Eq. (7) lead to

d

d⌧
%S(⌧) = �i

h
HS +TrB [Hint %B(⌧)] + ⌧�

X

ij
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i
+ ⌧�

X

ij

aij(⌧)
⇣
2Sj%SSi � {SiSj , %S}

⌘
. (11)

If a is a positive-definite matrix (for all ⌧ ), the dynamical equation will reduce to a Markovian master equation.

A. Rewriting the Lindblad-like dynamical equation explicitly in terms of the correlation matrix

Since bij = (cij � c⇤
ji
)/2i = Tr

⇥
%B(t)

�
BiB�

j
(t)�B�†

i
(t)Bj

�⇤
/2i, it can be seen that the Lamb-shift like term (second term

in the commutator of Eq. (11)) can be obtained in terms of the � matrix as
X

ij

bijSiSj =
X

ij

1

2i
Tr

⇥
%B(t)

�
BiB�

j
(t)� B�†

i
(t)Bj

�⇤
SiSj

=
1

2i
TrB

⇥
%B(t)

�X

i

SiBi

X

j

SjB�

j
(t)�

X

i

SiB�†
i

(t)
X

j

SjBj

�⇤

=
1

2i
TrB

⇥
%B(t)

�
HintH�(t)�H†

�
Hint

�⇤

=
1

2i
TrB

⇥
%B(t)[[Hint, H�(t)]]

⇤
. (12)

projector onto the null-space of 
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where [[A,B]] = AB �B†A† [4] and ⌧� is a scalar factor chosen such that ⌧�H� is dimensionless and ⌧�kH�k ⇠ k�k [vague].
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This means that at any instant of time there is always a similarity transformation mapping the instantaneous product state of the
system and environment to the (generally correlated) state of the total system at the same time. The virtual time needed for such
transformation is ⌧�(⌧).

The condition for Eq. (4) to have a solution for H�(⌧) is that P0(⌧)�(⌧)P0(⌧) = 0, where P0(⌧) is the projector onto the
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where
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b(⌧) :=
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If a is a positive-definite matrix (for all ⌧ ), the dynamical equation will reduce to a Markovian master equation.

A. Rewriting the Lindblad-like dynamical equation explicitly in terms of the correlation matrix

Since bij = (cij � c⇤
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Here we derive a Lindblad-like dynamical equation for a general quantum system without assuming any
approximation. We explicitly show the dependence of the rates and jump operators on the correlation between
the system and its environment. As a special case, we derive a Markovian equation by assuming that the
accumulated correlation between the system and the environment is periodically reset to zero. In comparison to
the the standard Markovian equation in the Lindblad form, our Markovian equation relies on less assumptions.
We also remark on some thermodynamical implications of our Markovianity condition.

I. INTRODUCTION

A realistic quantum system is unavoidably in interaction with its environment. Here, we focus on how quantum correlations
between a system and its environment dictate the dynamical behavior of the system [1, 2]. Although there is a vast literature
studying the role of different kinds of system-environment correlations in the dynamics of an open system [3], it is not yet clear
how it is possible to formulate a dynamical equation in which correlations can be explicitly incorporated in the generator of
the dynamics. For example, it is sometimes misunderstood that since a quantum system with a Markovian dynamics is “mem-
oryless,” hence this system is uncorrelated with the environment [? ]. Within the standard picture of a Markovian dynamical
equation, the Lindblad equation, it seems rather difficult (if not impossible) to keep track of how system-environment corre-
lations may affect the underlying dynamics. This implies that this well-accepted formalism may be insufficient to encompass
more general dynamical evolutions. In this paper, we lay grounds for derivation of a more general Lindblad-like dynamical
equation in which system-environment correlations are explicit and can be kept track of. Interestingly, this equation is general
and applicable for both Markovian and non-Markovian cases.

II. DERIVATION OF A LINDBLAD-LIKE EQUATION: GENERAL FORM FOR THE CORRELATION MATRIX

Here we discuss whether/how it is possible to derive a Lindblad-like dynamical equation for the evolution of the system state
as a reduced density matrix of the closed system-environment state. We assume that the system and the environment form a
closed quantum system with total Hamiltonian Htot = HS +HB +Hint. Suppose that

Hint =

d
2
SX

i=1

Si ⌦ Bi, (1)

where the operators {Si}
d
2
S�1

i=1 are some given Hermitian traceless operators acting on HS , which (with S0 = 11/
p
dS ) constitute

an orthonormal operator basis for the space of linear operators on HS , in the sense that Tr[SiSj ] = �ij . We assume dS =
dim(HS) and B0 = 0. Defining the correlation operator as [? ]

�(⌧) := %SB(⌧)� %S(⌧)⌦ %B(⌧), (2)

replacing %SB(⌧) in the Schrödinger equation, and tracing out over B, one obtains
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h
HS +TrB [Hint%B(⌧)], %S(⌧)

i
� i

X

i

h
Si,TrB [�(⌧)Bi]

i
. (3)

Note that we have assumed throughout this manuscript ~ ⌘ 1. All Latin indices here (and hereafter unless specified explicitly
otherwise) run from 0 to d2

S
� 1.

It is shown that there is always a matrix H�(⌧) (not necessarily Hermitian for an arbitrary dynamics) such that at any instant
of time �(⌧) can be written in terms of %S(⌧)⌦ %B(⌧) as follows (see Appendix A):

�(⌧) = �i⌧�[[H�(⌧), %S(⌧)⌦ %B(⌧)]], (4)
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Derivation of the universal Lindblad-Like equation (ULL)

3

Note that the uncorrelated state %S⌦%B is not the state of the total system (because in general � 6= 0); rather, we take this state83

as the description of the total system in the correlation picture. In order to keep the dynamics of the state in this picture faithful84

to the Schrödinger equation, we need to devise an appropriate formulation. Figure 1 depicts the correlating transformation and85

the emerging correlation picture, which is explained below.86

Correlation picture dynamics and derivation of a canonical Lindblad-like form for general dynamics.—We aim to apply87

our correlation picture transformation between the correlated and uncorrelated states, %SB and %S ⌦ %B, respectively, to obtain a88

dynamical equation for %S. Our approach can be considered in the spirit of the derivation of the Nakajima–Zwanzing equation5,6.89

However, rather than applying a decorrelating projector to omit system–bath correlations (while implicitly carrying correlations90

into another complementary equation), we employ our correlating transformation within the Schrödinger equation of the total91

system. Hence, we shall explicitly retain contributions to the system dynamics from the correlations in the total system.92

Let us assume that the total Hamiltonian of the system and the bath is given by HSB = HS + HB + HI, where the last term93

denotes the system–bath interaction. We employ the correlating transformation (4) to obtain a counterpart for the Schrödinger94

picture generator Ds [�] = �i[HSB, �] (throughout this paper we have assumed the natural units ~ ⌘ kB ⌘ 1). More precisely,95

we define this operator Dc such that96
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Although the dynamics described by Dc utilizing the correlation picture is fully equivalent to the Schrödinger picture dynamics99

governed by Ds , working in this suitable picture has its advantages. As we show below, working in the correlation picture, in100

addition to leading to an exact ULL, offers more convenient ways to incorporate correlations and to apply related approximations.101
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where109
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are the elements of the covariance matrix c of the bath operators (with h�iB = Tr[%B(⌧)�]). Here, unlike the standard Lindblad110

equation, these bath operators are obtained not only from the interaction Hamiltonian but also from the correlation generator111
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where {A, B} ⌘ AB + BA denotes the anti-commutator. In this equation, the quasi-rates ��
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where bij are the elements of the matrix b(⌧). For more details on the derivation see Methods and Supplementary Information.118

We remark that unlike the well-known Markovian embedding, where a non-Lindblad (non-Markovian) evolution is mapped to119

a Lindblad (Markovian) evolution for a specific larger system (employing an ancillary system)31, we have proven here that the120

Lindblad-like form is indeed universal and a property of any open-system dynamics, without need for any ancilla.121

Since L� depends on the state of the system, equation (9) is formally a nonlinear equation. Indeed, the linearity constraint122

on the full dynamics of quantum systems does not imply a similar restriction on the dynamics of a subsystem. Nevertheless,123

3

Note that the uncorrelated state %S⌦%B is not the state of the total system (because in general � 6= 0); rather, we take this state83

as the description of the total system in the correlation picture. In order to keep the dynamics of the state in this picture faithful84
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FIG. 1. Description of the correlation picture. At any time ⌧ (or ⌧ 0) a correlating transformation E� transforms an uncorrelated state %S⌦%B

to a correlated state %SB = %S ⌦ %B + �, at the same instant of time, due to an abstract correlation-dependent generator given by H�. Using
this transformation we obtain the temporal evolution of the uncorrelated system with a universal Lindblad-like generator L� [see equation (7)]
constructed from HSB, the generator of the total system dynamics in the Schrödinger picture.

the literature23, and it is known that a universal decorrelating machine would violate linearity of quantum mechanics24. Our54

correlating transformation, indeed, is not universal, i.e., E� depends on the states. To gain insight on how to find E�, consider,55

e.g., a given entangling25 gate described by the unitary transformation U� = e�isH� , with a relatively small parameter s. This56

results in a weakly correlated state %SB = %S ⌦ %B + s�. We refer to the dimensionless operator H� as the correlation generator.57

In the limit s ! 0 we obtain U�%S ⌦ %BU †
�
= %S ⌦ %B � is[H�, %S ⌦ %B] +O(s2); and thus � obeys the equation58

� = �i[H�, %S ⌦ %B]. (2)

Rather than regarding the correlation � as a function of the input product state %S ⌦ %B, we seek to find the generator H�59

satisfying equation (2) with given %S ⌦ %B and �. Although for any given pair of quantum states %1 and %2, it is possible to find60

a quantum map or channel E such that E [%1] = %226, such a map does not necessarily have a unitary representation, and hence61

equation (2) does not generally have a Hermitian solution for H�. We thus relax the above Hermiticity constraint on H� and62

since the left side of equation (2) is Hermitian, to ensure Hermiticity of the right side, with a non-Hermitian H�, we introduce a63

generalized commutator [[A,B]] = AB �B†A†27 and replace equation (2) with64

� = �i[[H�, %S ⌦ %B]]. (3)

Fortunately, this equation has always a solution for H� under the condition that P0(⌧)�(⌧)P0(⌧) = 0, where P0(⌧) is the65

projector onto the null-space of %S(⌧)⌦ %B(⌧)28. In the Methods section, we prove that this condition is always satisfied and we66

provide the solution for H�. Using equation (3) we define our correlating transformation E� as67

%SB = E�[%S ⌦ %B] := %S ⌦ %B � i[[H�, %S ⌦ %B]]. (4)

Note that the uncorrelated state %S ⌦ %B is not necessarily the real description of the total system (because in general � 6= 0);68

rather, we take this state as the description of the total system in the correlation picture. In order to keep the dynamics of the69

state in this picture faithful to the Schrödinger equation, we need to devise an appropriate formulation. Figure 1 depicts a sketch70

of the correlating transformation and the emerging correlation picture, which is explained below.71

Correlation picture dynamics and derivation of a canonical Lindblad-like form for general dynamics.—We aim to apply72

our correlation picture transformation between the correlated and uncorrelated states, %SB and %S ⌦ %B, respectively, to obtain a73

dynamical equation for %S. Our approach can be considered in the spirit of the derivation of the Nakajima–Zwanzing equation5,6.74

But rather than applying a decorrelating projector to omit system–bath correlations, by employing our correlating transformation75

within the Schrödinger equation of the total system, we shall explicitly retain contributions to the system dynamics from the76

correlations in the total system.77

Let us assume that the total Hamiltonian of the system and the bath is given by HSB = HS +HB +HI, where the last term78

denotes the system–bath interaction. We employ the correlating transformation (4) to obtain a counterpart for the Schrödinger79

picture generator Ds [�] = �i[HSB, �] (throughout this paper we have assumed the natural units ~ ⌘ kB ⌘ 1). More precisely,80

we define this operator Dc such that81

Ds [%SB(⌧)] =Dc [%S(⌧)⌦ %B(⌧)]. (5)
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Here we derive a Lindblad-like dynamical equation for a general quantum system without assuming any
approximation. We explicitly show the dependence of the rates and jump operators on the correlation between
the system and its environment. As a special case, we derive a Markovian equation by assuming that the
accumulated correlation between the system and the environment is periodically reset to zero. In comparison to
the the standard Markovian equation in the Lindblad form, our Markovian equation relies on less assumptions.
We also remark on some thermodynamical implications of our Markovianity condition.

I. INTRODUCTION

A realistic quantum system is unavoidably in interaction with its environment. Here, we focus on how quantum correlations
between a system and its environment dictate the dynamical behavior of the system [1, 2]. Although there is a vast literature
studying the role of different kinds of system-environment correlations in the dynamics of an open system [3], it is not yet clear
how it is possible to formulate a dynamical equation in which correlations can be explicitly incorporated in the generator of
the dynamics. For example, it is sometimes misunderstood that since a quantum system with a Markovian dynamics is “mem-
oryless,” hence this system is uncorrelated with the environment [? ]. Within the standard picture of a Markovian dynamical
equation, the Lindblad equation, it seems rather difficult (if not impossible) to keep track of how system-environment corre-
lations may affect the underlying dynamics. This implies that this well-accepted formalism may be insufficient to encompass
more general dynamical evolutions. In this paper, we lay grounds for derivation of a more general Lindblad-like dynamical
equation in which system-environment correlations are explicit and can be kept track of. Interestingly, this equation is general
and applicable for both Markovian and non-Markovian cases.

II. DERIVATION OF A LINDBLAD-LIKE EQUATION: GENERAL FORM FOR THE CORRELATION MATRIX

Here we discuss whether/how it is possible to derive a Lindblad-like dynamical equation for the evolution of the system state
as a reduced density matrix of the closed system-environment state. We assume that the system and the environment form a
closed quantum system with total Hamiltonian Htot = HS +HB +Hint. Suppose that

Hint =

d
2
SX

i=1

Si ⌦ Bi, (1)

where the operators {Si}
d
2
S�1

i=1 are some given Hermitian traceless operators acting on HS , which (with S0 = 11/
p
dS ) constitute

an orthonormal operator basis for the space of linear operators on HS , in the sense that Tr[SiSj ] = �ij . We assume dS =
dim(HS) and B0 = 0. Defining the correlation operator as [? ]

�(⌧) := %SB(⌧)� %S(⌧)⌦ %B(⌧), (2)

replacing %SB(⌧) in the Schrödinger equation, and tracing out over B, one obtains

d

d⌧
%S(⌧) = �i

h
HS +TrB [Hint%B(⌧)], %S(⌧)

i
� i

X

i

h
Si,TrB [�(⌧)Bi]

i
. (3)

Note that we have assumed throughout this manuscript ~ ⌘ 1. All Latin indices here (and hereafter unless specified explicitly
otherwise) run from 0 to d2

S
� 1.

It is shown that there is always a matrix H�(⌧) (not necessarily Hermitian for an arbitrary dynamics) such that at any instant
of time �(⌧) can be written in terms of %S(⌧)⌦ %B(⌧) as follows (see Appendix A):

�(⌧) = �i⌧�[[H�(⌧), %S(⌧)⌦ %B(⌧)]], (4)

operator basis of the system
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Note that the uncorrelated state %S⌦%B is not the state of the total system (because in general � 6= 0); rather, we take this state83

as the description of the total system in the correlation picture. In order to keep the dynamics of the state in this picture faithful84

to the Schrödinger equation, we need to devise an appropriate formulation. Figure 1 depicts the correlating transformation and85

the emerging correlation picture, which is explained below.86

Correlation picture dynamics and derivation of a canonical Lindblad-like form for general dynamics.—We aim to apply87

our correlation picture transformation between the correlated and uncorrelated states, %SB and %S ⌦ %B, respectively, to obtain a88

dynamical equation for %S. Our approach can be considered in the spirit of the derivation of the Nakajima–Zwanzing equation5,6.89

However, rather than applying a decorrelating projector to omit system–bath correlations (while implicitly carrying correlations90

into another complementary equation), we employ our correlating transformation within the Schrödinger equation of the total91

system. Hence, we shall explicitly retain contributions to the system dynamics from the correlations in the total system.92

Let us assume that the total Hamiltonian of the system and the bath is given by HSB = HS + HB + HI, where the last term93

denotes the system–bath interaction. We employ the correlating transformation (4) to obtain a counterpart for the Schrödinger94

picture generator Ds [�] = �i[HSB, �] (throughout this paper we have assumed the natural units ~ ⌘ kB ⌘ 1). More precisely,95

we define this operator Dc such that96

Ds [%SB(⌧)] =Dc [%S(⌧) ⌦ %B(⌧)]. (5)

By inserting the correlating transformation (4) in the Schrödinger equation as Ds [%SB(⌧)] = Ds
⇥
E�[%S(⌧)⌦ %B(⌧)]

⇤
we obtain97

the correlation-picture dual generator as98
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. (6)

Although the dynamics described by Dc utilizing the correlation picture is fully equivalent to the Schrödinger picture dynamics99

governed by Ds , working in this suitable picture has its advantages. As we show below, working in the correlation picture, in100

addition to leading to an exact ULL, offers more convenient ways to incorporate correlations and to apply related approximations.101

From equation (6) we can readily obtain the dynamics of the subsystem by tracing out over the bath in %̇SB(⌧) = Dc [%S(⌧)⌦102
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If a is a positive-definite matrix (for all ⌧ ), the dynamical equation will reduce to a Markovian master equation.
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Note that the uncorrelated state %S⌦%B is not the state of the total system (because in general � 6= 0); rather, we take this state83

as the description of the total system in the correlation picture. In order to keep the dynamics of the state in this picture faithful84

to the Schrödinger equation, we need to devise an appropriate formulation. Figure 1 depicts the correlating transformation and85

the emerging correlation picture, which is explained below.86

Correlation picture dynamics and derivation of a canonical Lindblad-like form for general dynamics.—We aim to apply87

our correlation picture transformation between the correlated and uncorrelated states, %SB and %S ⌦ %B, respectively, to obtain a88

dynamical equation for %S. Our approach can be considered in the spirit of the derivation of the Nakajima–Zwanzing equation5,6.89

However, rather than applying a decorrelating projector to omit system–bath correlations (while implicitly carrying correlations90

into another complementary equation), we employ our correlating transformation within the Schrödinger equation of the total91

system. Hence, we shall explicitly retain contributions to the system dynamics from the correlations in the total system.92

Let us assume that the total Hamiltonian of the system and the bath is given by HSB = HS + HB + HI, where the last term93

denotes the system–bath interaction. We employ the correlating transformation (4) to obtain a counterpart for the Schrödinger94

picture generator Ds [�] = �i[HSB, �] (throughout this paper we have assumed the natural units ~ ⌘ kB ⌘ 1). More precisely,95

we define this operator Dc such that96
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Although the dynamics described by Dc utilizing the correlation picture is fully equivalent to the Schrödinger picture dynamics99

governed by Ds , working in this suitable picture has its advantages. As we show below, working in the correlation picture, in100

addition to leading to an exact ULL, offers more convenient ways to incorporate correlations and to apply related approximations.101

From equation (6) we can readily obtain the dynamics of the subsystem by tracing out over the bath in %̇SB(⌧) = Dc [%S(⌧)⌦102
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are the elements of the covariance matrix c of the bath operators (with h�iB = Tr[%B(⌧)�]). Here, unlike the standard Lindblad108
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where {A, B} ⌘ AB + BA denotes the anti-commutator. In this equation, the quasi-rates ��

m
are the eigenvalues of the matrix113

a(⌧). The jump operators are given by L�
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where bij are the elements of the matrix b(⌧). For more details on the derivation see Methods and Supplementary Information.116

We remark that unlike the well-known Markovian embedding, where a non-Lindblad (non-Markovian) evolution is mapped to117

a Lindblad (Markovian) evolution for a specific larger system (employing an ancillary system)31, we have proven here that the118

Lindblad-like form is indeed universal and a property of any open-system dynamics, without need for any ancilla.119

Since L� depends on the state of the system, equation (9) is formally a nonlinear equation. Indeed, the linearity constraint120

on the full dynamics of quantum systems does not imply a similar restriction on the dynamics of a subsystem. Nevertheless,121

we show in the Supplementary Information that our ULL master equation (9) is linear in two important cases: (i) if there is no122
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obtained from the diagonalization of the Hermitian and anti-Hermitian parts of a covariance matrix c of the bath operators.90
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Since L� depends on the state of the system, equation (7) is formally a nonlinear equation. Indeed, the linearity constraint100

on the full dynamics of quantum systems does not imply a similar restriction on the dynamics of a subsystem. Nevertheless,101

we show in the Supplementary Information that our ULL master equation (7) is linear in two important cases: (i) if there is no102

initial correlation, i.e., �(0) = 0, where we show �(⌧) can be explicitly expressed in terms of the system-bath product state,103

and (ii) if the domain of L� is restricted to a set of states {%(i)S } forming a convex decomposition of the state of the system, i.e.,104

%S =
P

i
pi%

(i)
S , but here the initial total state may be correlated.105

To illustrate universality of the dynamical equation (7), even in the presence of initial system–bath correlations, we begin with106

a proof-of-principle example, the well-known exactly solvable Jaynes–Cummings model29, and show that the dynamics of the107

two-level system is given by the ULL equation even though it is correlated with the cavity mode.108

Jaynes–Cummings model.—Consider a two-level atom interacting with a single-mode cavity under the Jaynes–Cummings109

Hamiltonian. The atom Hamiltonian is HS = (!0/2)�z , where �± = (�x ± i�y)/2 and �x, �y , and �z are the x, y, and110

z Pauli operators, the cavity Hamiltonian is HB = !a†a, where a† (a) is the creation (annihilation) operator of the cavity111

mode, and HI = �(�+ ⌦ a + �� ⌦ a†) describes the atom–cavity interaction. For simplicity, we assume that !0 = ! and112

that the initial state of the total atom–cavity system is in a correlated state | (0)i = r1|e, 0i + r2|g, 1i, where both r1 and113
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the Supplementary Information. We emphasize that this equation is in the ULL form and is valid even when there are initial116
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Derivation of a Markovian equation.—Based on our general dynamical equation where system–bath correlations are fully118

incorporated, we can obtain simpler expressions for the case where the correlations are small. This approach is valid, e.g., in119

the vicinity of time instants at which the correlations vanish or become negligible. In such cases, we can simplify our ULL120

master equation into a Markovian Lindblad-like (MLL) master equation in which jump rates are positive—as expected from a121

Markovian dynamics8. Below, we show that this equation correctly characterizes the universal quadratic short-time behavior of122

the system dynamics; whereas the standard Lindblad master equation in general fails to capture this16,17. We assume that at ⌧0 the123

correlation vanishes. Without loss of generality we take ⌧0 = 0, thus �(0) = 0. We allow the correlations to slightly accumulate124

in the subsequent time steps due to the dynamics. To the first order in the time argument ⌧ , we find that the correlation satisfies125
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To go one step further, we expand H� in terms of the same basis319
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Here aij and bij for i, j � 1 are the elements of the Hermitian matrices defined below equation (8). Elements of the bath covariance matrix323

c for i, j 2 {0, · · · , d2S � 1} are given in equation (8). The only remaining step to obtain the final form of equation (9) is to diagonalize324

a = [aij ]i 6=0,j 6=0, such that V aV † = �, where � is a diagonal matrix with diagonal elements ��
m as the eigenvalues of a.325
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⇥
E�[%S(⌧)⌦ %B(⌧)]

⇤
we obtain82

the correlation-picture dual generator as83

Dc [�] = �i[HSB, �]�
⇥
HSB, [[H�, �]]

⇤
. (6)

Although the dynamics described by Dc utilizing the correlation picture is fully equivalent to the Schrödinger picture dynamics84

governed by Ds , working in this suitable picture has its advantages. As we show below, working in the correlation picture, in85

addition to leading to an exact ULL, offers more convenient ways to incorporate correlations and to apply related approximations.86

From equation (6) we can readily obtain the dynamics of the subsystem by tracing out over the bath in %̇SB(⌧) = Dc [%S(⌧)⌦87

%B(⌧)]. This leads to an exact Lindblad-like master equation for the system,88

%̇S = L�[%S] =

� i[HS +
�

L , %S] +
X

m

��
m

�
2L�

m
%SL

�†
m

� {L�†
m
L�

m
, %S}). (7)

The Lamb-shift-like Hamiltonian �

L , the quasi-rates ��
m

which are not necessarily positive, and the jump operators L�

m
are89

obtained from the diagonalization of the Hermitian and anti-Hermitian parts of a covariance matrix c of the bath operators.90

Here, unlike in the standard Lindblad equation, these bath operators are obtained not only from the interaction Hamiltonian but91

also from the correlation generator H� defined in equation (3), yielding the covariance matrix c as92

cij(⌧) = hBiB�

j
(⌧)iB, (8)

where h�iB = Tr[%B(⌧)�], and Bi and B�

j
arise from the general expansion of HI =

Pd
2
S�1

i=1 Si⌦Bi and H�(⌧) =
Pd

2
S�1

j=0 Sj ⌦93

B�

j
(⌧) on the basis of orthonormal traceless Hermitian operators {Si}

d
2
S�1

i=1 of the system. Here, dS is the dimension of94

the Hilbert space of the system, S0 = /
p
dS, and Tr[SiSj ] = �ij . The quasi-rates ��

m
are the eigenvalues of the matrix95

a(⌧) = [aij(⌧)] defined by aij(⌧) = (1/2)
⇥
c(⌧) + c†(⌧)

⇤
ij

, where i, j � 1. The jump operators are given by L�

m
=96 P

j 6=0 VmjSj where {Vmj}j are the elements of the eigenvector corresponding to the eigenvalue ��
m

. Furthermore, �

L (⌧) =97

hHIiB + (2/
p
dS)

P
i 6=0Im(ci0)Si +

P
i 6=0,j 6=0bij(⌧)SiSj , where bij are the elements of the matrix b(⌧) := [bij(⌧)] defined as98

bij(⌧) = (�i/2)
⇥
c(⌧)� c†(⌧)

⇤
ij

for i, j � 1.99

Since L� depends on the state of the system, equation (7) is formally a nonlinear equation. Indeed, the linearity constraint100

on the full dynamics of quantum systems does not imply a similar restriction on the dynamics of a subsystem. Nevertheless,101

we show in the Supplementary Information that our ULL master equation (7) is linear in two important cases: (i) if there is no102

initial correlation, i.e., �(0) = 0, where we show �(⌧) can be explicitly expressed in terms of the system-bath product state,103

and (ii) if the domain of L� is restricted to a set of states {%(i)S } forming a convex decomposition of the state of the system, i.e.,104

%S =
P

i
pi%

(i)
S , but here the initial total state may be correlated.105
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How to get a Markovian reduction?

Expanding around a zero-correlation point up to the first order�(⌧)
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Taking derivative of Eq. (2) at ⌧0 leads to

d

ds
�(s)|s=⌧0 =

d

ds
%SB(s)|s=⌧0 �

d

ds
%S(s)|s=⌧0 ⌦ %B(⌧0)� %S(⌧0)⌦

d

ds
%B(s)|s=⌧0 . (20)

If we choose ⌧0 such that �(⌧0) = 0, it can be written from Eq. (3) that

d

ds
%S(s)|s=⌧0 = �i[H(e↵)

S
(⌧0), %S(⌧0)], (21)

d

ds
%B(s)|s=⌧0 = �i[H(e↵)

B
(⌧0), %B(⌧0)]. (22)

Replacing these into Eq. (19) reads

�(⌧0 + �⌧) = �i�⌧ [Htot �H(e↵)
S

(⌧0)�H(e↵)
B

(⌧0), %S(⌧0)⌦ %B(⌧0)] +O(�⌧2)

= �i�⌧ [H(e↵)
int (⌧0), %S(⌧0)⌦ %B(⌧0)] +O(�⌧2) (23)

in which

H(e↵)
int (⌧) = Htot �H(e↵)

S
(⌧)�H(e↵)

B
(⌧),

=
X

i

(Si � hSiiS)⌦ (Bi � hBiiB). (24)

Equation (23) up to the second order is equivalent to

�(⌧0 + �⌧) = �i�⌧ [H(e↵)
int (⌧0 + �⌧), %S(⌧0 + �⌧)⌦ %B(⌧0 + �⌧)] +O(�⌧2). (25)

Comparing this equation with Eq. (4) one can conclude that

H�(⌧0 + ⌧) = (�⌧/⌧�)H
(e↵)
int (⌧0 + ⌧). (26)

Comparing with Eq. (6) one concludes that B�

j
= (�⌧/⌧�)(Bj � hBjiB). Thus from Eq. (8) one obtains

cij = (�⌧/⌧�)(hBiBjiB � hBiiBhBjiB) ⌘ (�⌧/⌧�)Cov(Bi,Bj), (27)

which is a positive matrix, hence, a is positive and b = 0. The Markovian master equation is obtained as

d

d⌧
%S(⌧) = �i

h
HS +TrB [Hint %B(⌧)], %S

i
+ �⌧

X

ij

cij(⌧)
⇣
2Sj%SSi � {SiSj , %S}

⌘
. (28)

Remark 3 If [[Hint, H�]] = 0, it is obtained from Eq. (4) that Tr[�(⌧)Hint] = 0, which has a thermodynamical implication.

This means that, in this case, the total internal energy of the composite system becomes additive, and that the amount of heat

transferred from/to the system to/from the bath is equivalent to the heat transferred from/to the bath to/from the system [7].

A. Expansion of � up to the second order in time

Expanding � up to second order in time and neglecting the second order terms in interaction in that expansion (see details in
Appendix B), one obtains H� as

H�(⌧) =
�⌧

⌧�
H(e↵)

int (⌧)� i
�⌧2

2⌧�

⇣
� [He↵

int(⌧), HS +HB ] + h[Hint, HB ]iB + h[Hint, HS ]iS
⌘
+O(�⌧3) (29)

Replacing this H� into Eq. (16) one obtains the dynamical equation of system up to the order O(H3
int).

a positive;cij / Cov(Bi,Bj)

(no need to Born-Markov and RWA)
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IV. RETRIEVING A MARKOVIAN MASTER EQUATION AROUND A ZERO-CORRELATION POINT

Derivation of a Markovian dynamical equation.—Using the definition of �(⌧) from equation (1) of the main text, presuming
�(⌧0) = 0 we can obtain

%̇SB(⌧)|⌧=⌧0 = �i[HSB, %SB(⌧0)]

= �i[HSB, %S(⌧0)⌦ %B(⌧0) + �(⌧0)]

= �i[HSB, %S(⌧0)⌦ %B(⌧0)], (16)

from which, since [[H�(⌧0), %S(⌧0)⌦ %B(⌧0)]] = i�(⌧0) = 0 we have

%̇S(⌧)|⌧=⌧0 = �i[HS +TrB[HI%B(0)], %S(⌧0)], (17)

and similarly for the bath

%̇B(⌧)|⌧=⌧0 = �i[HB +TrS[HI%S(0)], %B(⌧0)]. (18)

Using the above equations in �̇(⌧) = %̇SB(⌧) � %̇S(⌧) ⌦ %B(⌧) � %S(⌧) ⌦ %̇B(⌧) and Taylor expanding �(⌧) around ⌧0 as
�(⌧0 + ⌧) = �(⌧0) + ⌧ �̇(⌧0) +O(⌧2) we obtain

�(⌧0 + ⌧) = �i⌧
⇥ eHI(⌧0 + ⌧), %S(⌧0 + ⌧)⌦ %B(⌧0 + ⌧)

⇤
+O(⌧2), (19)

in which (for an arbitrary s)

eHI(s) =
P

i 6=0Si ⌦ (Bi � hBiiB)�
P

i 6=0hSi iSBi . (20)

Comparing this equation with equation (3) of the main text we conclude that

H�(⌧0 + ⌧) = ⌧H(e↵)
I (⌧0 + ⌧). (21)

Thus from equation (30) of the main text we conclude that for j 6= 0, B
�

j
= ⌧(Bj � hBjiB). Hence, from equation (8) of the

main text we obtain for (i, j) 6= (0, 0) that

cij(⌧) = ⌧(hBiBjiB � hBiiBhBjiB)
=: ⌧ CovB(Bi,Bj), (22)

which is a positive matrix. Hence, a is positive and b = 0. For j = 0 we obtain B
�

0
= �⌧

P
i 6=0

p
dShSiiSBi, which yields

ci0(⌧) =
X

j 6=0

�⌧
p

dShSjiShBiBjiB, i 6= 0, (23)

and the dynamical equation is obtained as
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i
+

X

i 6=0,j 6=0
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2Sj%S(⌧)Si � {SiSj , %S(⌧)}

⌘
+O(⌧2). (24)

The above equation depends on the instantaneous state of the bath, which makes it intractable as a system dynamical equation.
To write it as an equation which depends only on the state of the system, we note that equation (24) is valid up to the second order
in time around zero-correlation points. Thus we can expand %B(⌧) around ⌧0 using equation (18), and keep only relevant terms.
Replacing %B(⌧0 + ⌧) = %B(⌧0) � i⌧ [H(e↵)

B (⌧0), %B(⌧0)] + O(⌧2) and %S(⌧0 + ⌧) = %S(⌧0) � i⌧ [H(e↵)
S (⌧0), %S(⌧0)] + O(⌧2)

into equation (22) yields

cij(⌧) = ⌧ CovB0(Bi,Bj) = ⌧(Tr[BiBj%B(⌧0)]� Tr[Bi%B(⌧0)] Tr[Bj%B(⌧0)]) +O(⌧2);

ci0(⌧) =
X

j 6=0

�⌧
p
dShSjiS0hBiBjiB0 ; i 6= 0, (25)

where subscripts S0 and B0 mean that the averages are taken with respect to the states of the system and bath at ⌧ = ⌧0.
Replacing these into equation (31) of the main text leads to the following Markovian dynamical equation:
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IV. RETRIEVING A MARKOVIAN MASTER EQUATION AROUND A ZERO-CORRELATION POINT

Derivation of a Markovian dynamical equation.—Using the definition of �(⌧) from equation (1) of the main text, presuming
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The above equation depends on the instantaneous state of the bath, which makes it intractable as a system dynamical equation.
To write it as an equation which depends only on the state of the system, we note that equation (24) is valid up to the second order
in time around zero-correlation points. Thus we can expand %B(⌧) around ⌧0 using equation (18), and keep only relevant terms.
Replacing %B(⌧0 + ⌧) = %B(⌧0) � i⌧ [H(e↵)

B (⌧0), %B(⌧0)] + O(⌧2) and %S(⌧0 + ⌧) = %S(⌧0) � i⌧ [H(e↵)
S (⌧0), %S(⌧0)] + O(⌧2)

into equation (22) yields

cij(⌧) = ⌧ CovB0(Bi,Bj) = ⌧(Tr[BiBj%B(⌧0)]� Tr[Bi%B(⌧0)] Tr[Bj%B(⌧0)]) +O(⌧2);

ci0(⌧) =
X

j 6=0

�⌧
p
dShSjiS0hBiBjiB0 ; i 6= 0, (25)

where subscripts S0 and B0 mean that the averages are taken with respect to the states of the system and bath at ⌧ = ⌧0.
Replacing these into equation (31) of the main text leads to the following Markovian dynamical equation:
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in which (for an arbitrary s)

eHI(s) =
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Comparing this equation with equation (3) of the main text we conclude that
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Thus from equation (30) of the main text we conclude that for j 6= 0, B
�

j
= ⌧(Bj � hBjiB). Hence, from equation (8) of the
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The above equation depends on the instantaneous state of the bath, which makes it intractable as a system dynamical equation.
To write it as an equation which depends only on the state of the system, we note that equation (24) is valid up to the second order
in time around zero-correlation points. Thus we can expand %B(⌧) around ⌧0 using equation (18), and keep only relevant terms.
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where subscripts S0 and B0 mean that the averages are taken with respect to the states of the system and bath at ⌧ = ⌧0.
Replacing these into equation (31) of the main text leads to the following Markovian dynamical equation:
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and similarly for the bath
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Using the above equations in �̇(⌧) = %̇SB(⌧) � %̇S(⌧) ⌦ %B(⌧) � %S(⌧) ⌦ %̇B(⌧) and Taylor expanding �(⌧) around ⌧0 as
�(⌧0 + ⌧) = �(⌧0) + ⌧ �̇(⌧0) +O(⌧2) we obtain

�(⌧0 + ⌧) = �i⌧
⇥ eHI(⌧0 + ⌧), %S(⌧0 + ⌧)⌦ %B(⌧0 + ⌧)

⇤
+O(⌧2), (19)

in which (for an arbitrary s)

eHI(s) =
P

i 6=0Si ⌦ (Bi � hBiiB)�
P

i 6=0hSi iSBi . (20)

Comparing this equation with equation (3) of the main text we conclude that

H�(⌧0 + ⌧) = ⌧H(e↵)
I (⌧0 + ⌧). (21)

Thus from equation (30) of the main text we conclude that for j 6= 0, B
�

j
= ⌧(Bj � hBjiB). Hence, from equation (8) of the

main text we obtain for (i, j) 6= (0, 0) that

cij(⌧) = ⌧(hBiBjiB � hBiiBhBjiB)
=: ⌧ CovB(Bi,Bj), (22)

which is a positive matrix. Hence, a is positive and b = 0. For j = 0 we obtain B
�
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P
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⌘
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The above equation depends on the instantaneous state of the bath, which makes it intractable as a system dynamical equation.
To write it as an equation which depends only on the state of the system, we note that equation (24) is valid up to the second order
in time around zero-correlation points. Thus we can expand %B(⌧) around ⌧0 using equation (18), and keep only relevant terms.
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where subscripts S0 and B0 mean that the averages are taken with respect to the states of the system and bath at ⌧ = ⌧0.
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V. UNIVERSAL SHORT-TIME BEHAVIOR OF THE LINDBLAD-LIKE DYNAMICS IN THE MARKOVIAN REGIME

Short time behavior of the system density matrix around ⌧0 is obtained by integration of equation (26), which yields
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and
Z

⌧

0
s%S(s) ds = %S(0)

⌧2

2
+O(⌧3). (29)

Inserting equations (28) and (29) into equation (27), the short-time dynamics of the system is obtained up to third order in time
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where eHS = HS + hHIiB0 and [�] =
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i 6=0,j 6=0 Cov(Bi,Bj)B0(2Sj � Si � {SiSj , �}). When the system-bath initial state
is prepared in a product state (which is usually the case), i.e., when �(0) = 0, the short time behavior of the dynamics, either
Markovian or non-Markovian, will be given with the above equation. From this equation it is immediate that if the state of the
system at ⌧0 commutes with eHS(0), the system dynamics will be proportional to ⌧2. Otherwise the linear term in ⌧ can dominate
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Using the definition of Cov(Bi,Bj)B0 as given in the line below equation (11) of the main text and the expansion of HI from
equation (28) of the main text, after doing some simple algebra, the above equation can be rewritten as
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⇥
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⇤
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VI. AN ATOM IN A BOSONIC BATH

Redfield equation.—Following the standard steps for derivation of the Redfield equation1 we obtain for the dynamics of atom
in the second example

%̇S =� i[HS, %S] +
1

2

⇣
[S(�!0) + S(!0)](�+%S�+ + ��%S��) + 2S(�!0)�+%S�� + S(�!0){%S,���+}

+ 2S(!0)��%S�+ + S(!0){%S,�+��}
⌘
, (33)

�
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where [[A,B]] = AB �B†A† [4] and ⌧� is a scalar factor chosen such that ⌧�H� is dimensionless and ⌧�kH�k ⇠ k�k [vague].
We call ⌧�(⌧) the correlation time-scale. The reason for such naming is that adding %S(⌧)⌦ %B(⌧) to both hand sides of Eq. (4)
gives

%SB(⌧) = %S(⌧)⌦ %B(⌧)� i⌧�[[H�(⌧), %S(⌧)⌦ %B(⌧)]] ⇡ e�i⌧�(⌧)H�(⌧)%S(⌧)⌦ %B(⌧)e
i⌧�(⌧)H

†
�(⌧) +O(⌧2

�
). (5)

This means that at any instant of time there is always a similarity transformation mapping the instantaneous product state of the
system and environment to the (generally correlated) state of the total system at the same time. The virtual time needed for such
transformation is ⌧�(⌧).

The condition for Eq. (4) to have a solution for H�(⌧) is that P0(⌧)�(⌧)P0(⌧) = 0, where P0(⌧) is the projector onto the
null-spaces of %S(⌧) ⌦ %B(⌧). It has been proved in Appendix A that this condition is always satisfied. Replacing Eq. (4) into
Eq. (3), using the expansion of H� as
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(⌧), (6)

leads to
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,
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c⇤
ij
(Si%SSj � %SSjSi), (7)

where

cij(⌧) = Tr[%B(⌧)BiB�

j
(⌧)]. (8)

Defining the Hermitian matrices

a(⌧) :=
�
c(⌧) + c†(⌧)

�
/2, (9)

b(⌧) :=
�
c(⌧)� c†(⌧)

�
/2i (10)

and replacing this into Eq. (7) lead to
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h
HS +TrB [Hint %B(⌧)] + ⌧�
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+ ⌧�

X

ij

aij(⌧)
⇣
2Sj%SSi � {SiSj , %S}

⌘
. (11)

If a is a positive-definite matrix (for all ⌧ ), the dynamical equation will reduce to a Markovian master equation.

A. Rewriting the Lindblad-like dynamical equation explicitly in terms of the correlation matrix

Since bij = (cij � c⇤
ji
)/2i = Tr

⇥
%B(t)

�
BiB�

j
(t)�B�†

i
(t)Bj

�⇤
/2i, it can be seen that the Lamb-shift like term (second term

in the commutator of Eq. (11)) can be obtained in terms of the � matrix as
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⇥
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⇥
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⇥
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. (12)
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298

Methods299

Solution of H� in terms of �. Equation (3) can be rewritten as300

%
†
S(⌧)⌦ %

†
B(⌧)

�
iH

†
�(⌧)

�
+

�
iH

†
�(⌧)

�†
%S(⌧)⌦ %B(⌧) = �(⌧), (20)

which has the general form A
†
X + X

†
A = B, where we take A = %S(⌧) ⌦ %B(⌧), X = iH

†
�(⌧), and B = �(⌧). We also show the301

instantaneous projection operator onto the null-space of %S(⌧)⌦%B(⌧) by P0(⌧). From the result of ref.30, if P0(⌧)�(⌧)P0(⌧) = 0, then there302

is a solution for this equation given by303

�iH�(⌧) =
1
2

�
+ P0(⌧)

�
�(⌧)%�1

S (⌧)⌦ %
�1
B (⌧), (21)

where %
�1
S (⌧) and %

�1
B (⌧) are the pseudo-inverses38 of %S(⌧) and %B(⌧). We remark that the solution is not unique, and may include further304

terms, %S(⌧) ⌦ %B(⌧)Z(⌧)
⇣

� P0(⌧)
⌘
+ Y (⌧)P0(⌧), where Y (⌧) is an arbitrary operator, and Z(⌧) is an operator satisfying %S(⌧) ⌦305

%B(⌧)
�
Z(⌧) + Z

†(⌧)
�
%S(⌧)⌦ %B(⌧) = 0. For our purposes we take Y (⌧) and Z(⌧) equal to zero with no impact on the state %SB.306

To show that equation (3) always has a solution, we need to ensure that the condition P0(⌧)�(⌧)P0(⌧) = 0 is always satisfied or equiv-307

alently, P0(⌧)%SB(⌧)P0(⌧) = 0, since by definition P0(⌧)%S(⌧) ⌦ %B(⌧)P0(⌧) = 0. To this end we write %SB in terms of its spectral308

decomposition %SB =
P

i ⇠i|⇠iih⇠i|, and use the Schmidt decomposition21 for each eigenstate |⇠ii =
P

j

q
�
(i)
j |e(i)j i

S
|f (i)

j i
B

, to reach309

%SB =
X

ijl

⇠i

q
�
(i)
j �

(i)
l |e(i)j i

S
he(i)l |⌦ |f (i)

j i
B
hf (i)

l | . (22)

From Tr[P0(⌧)%S(⌧)⌦ %B(⌧)] = 0 one concludes that310

X

ijkl

⇠i⇠k�
(i)
j �

(k)
l he(i)j , f

(k)
l |P0 |e(i)j , f

(k)
l i = 0. (23)

Since ⇠i and �
(i)
j are positive numbers and P0 is a positive–semidefinite matrix, for equation (23) to hold it is needed that P0(⌧) |e(i)j , f

(k)
l i

SB
=311

0. Hence, it is seen that applying P0(⌧) on equation (22) leads to P0(⌧)%SB(⌧)P0(⌧) = 0, which accordingly gives P0(⌧)�(⌧)P0(⌧) = 0 .312

Derivation of the Lindblad-like generator for the open system dynamics. By tracing out over the bath from both sides of the dynamical313

equation in the correlation picture, we reach314

%̇S(⌧) =TrB[Dc [%S(⌧)⌦ %B(⌧)]]

=� iTrB[HSB, %S(⌧)⌦ %B(⌧)]� TrB[HSB, [[H�, %S(⌧)⌦ %B(⌧)]]]. (24)

Replacing HSB = HS +HB +HI and the following identities:315

TrB[HS, [[H�, %S ⌦ %B]]] = i[HS,TrB[�]] = 0,

TrB[HB, [[H�, %S ⌦ %B]]] ⌘ 0, (25)

into equation (24) yields316

%̇S =� iTrB[ eHS, %S]� TrB[HI, [[H�, %S ⌦ %B]]], (26)

where eHS = HS +TrB[HI %B(⌧)]. Expanding HI in terms of a Hermitian operator basis {Si}
d2S�1
i=1 (with S0 = ) as317

HI =
Pd2S�1

i=1 Si ⌦ Bi, (27)

and replacing that into equation (26) yields318

%̇S(⌧) =� i
⇥ eHS, %S(⌧)

⇤
�

Pd2S�1
i=1

⇥
Si,TrB (Bi[[H�, %S ⌦ %B]])

⇤
. (28)
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Summary

• defined the Hamiltonian of the subsystems by looking at the dynamics of open quantum systems 
through two different approaches: 

• in the first approach correlation considered as an independent entity to which a well-defined 
energy is associated (we completely separated correlations in description of subsystems) 

• In the second approach, Lindblad form of the dynamics considered as the reference frame, 
where the operator in its coherent part considered as the subsystem Hamiltonian  

• Lindblad form is a canonical form for general open-system dynamics 
  
• Correlation plays an important role (as important as interaction) in both the coherent and the 

dissipative part of the dynamics
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