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The quantum regression theorem is one of the central results in open quantum systems and is extensively
used for computing multi-point correlation functions. Traditionally it is derived for two-time correlators in the
Markovian limit employing the Schrodinger picture. In this paper we make use of the Heisenberg picture to
derive the quantum regression theorems for multi-time correlation functions, which in the special limit reduce to
the well-known two-time regression theorem. For the multi-time correlation function we find that the regression
theorem takes the same form as it takes for the two-time correlation function with a mild restriction that one of
the times should be greater than all other time variables. Interestingly, the Heisenberg picture also allows us to
derive an analog of regression theorem for out-of-time-ordered correlators. We further extend our study for the
case of non-Markovian dynamics and report the modifications to the standard quantum regression theorem. We
illustrate all of the above results using the paradigmatic dissipative spin-boson model.
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I. INTRODUCTION

Correlation functions are important dynamical quantities
which are often related to experimentally measurable quan-
tities. In the context of an open quantum system [1-5] with
the system of interest following a Markovian dynamics, the
quantum regression theorem (QRT) [1,2,5,6] turns out to be
one of the most useful and practical tools to compute the
correlation functions [2]. The QRT states that the knowl-
edge of time evolution of a single-point function is sufficient
to determine the time evolution of two-point or multi-point
correlation functions. More explicitly, the validity of QRT
requires that there exists a complete set of system operators
Ay, nw=1,2,...such that

d

T Au0) = ;M,M(Am». (1)

Then the QRT for the two- and three-point function reads as
d

T 0WAL+T)) =XA:MM<0(t)Ax(t + 1),

d
—(01OAL( + D)0 (1) =Z; M, (01 (DAL + T)01 (1)),

d A 0,()0 =) Mu,(A 0,()0
77 At +1)0:(1) 3(0)—? (At + 1)01(1)03(1)).

Interestingly, it is easy to generalize the QRT in Eq. (2) for
arbitrary N-point correlation functions of the form

(AL()A(r 4+ T)A3(1) - - - An(2)), 3)

where the position of the operator with the argument ¢ + 7
can be arbitrary. Note that the above QRTs are given for
multi-point correlation functions which are dependent on two
times # and 7. Recently there has been a lot of research activity
to understand systems that follow non-Markovian dynamics
[7-12], and an attempt has been made to show violation of
the regression theorem for such systems [6,8,13—18]. In spite
of its great importance and interest, there has been a lack of
systematic derivation of the regression-type theorem for cases
beyond the two-time correlation function and its extension for
non-Markovian systems. In general, the regression theorem
may not hold for general time configurations such as

(A(1)B(12)C(13)), “4)

or more generally,

(A1(1)A2(12) - - - An(tn)). (&)

Here we would like to understand if there exist QRT type
relations for such a class of correlation functions, including
the out-of-time-ordered correlators (OTOCs),! which are a
special class of correlation functions [19].

In this paper we derive the regression theorem for multi-
time correlators in the Markovian limit using the Heisenberg

(2)  picture [20]. We further extend our analysis for systems fol-
lowing non-Markovian dynamics. The paper is organized as
follows: In Sec. II we first start with deriving the QRT for
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two-point functions and then extend our analysis to three,
four, and further generalize to N-point functions with general
time arrangements. We also point out for what special time
arrangements the QRT may not hold. In Sec. III we derive a re-
gressionlike expression for the OTOC. In Sec. IV we illustrate
all these above findings for a paradigmatic dissipative spin-
boson model. In Sec. V we give a systematic derivation of the
equation similar to the QRT for non-Markovian systems. We
skip most of the lengthy derivations to the Appendix to keep
the discussion in the main text transparent.

II. QRT USING THE HEISENBERG PICTURE

In this section we derive QRT for multi-time correlation
functions. We make extensive use of the Heisenberg picture
formulation for open quantum systems, recently described in
[20], and for completeness we also review this formalism
in Appendix A and further discuss the Markovian limit in
Appendix A 2. Our first aim here is to derive the well-known
forms of QRTs for two-point and special three-point func-
tions, as discussed in the Introduction, using the Heisenberg
picture. We then aim for generalizing the QRT for more
generic N-point correlation functions defined with multi-time
arguments. We also discuss the limitations of the QRT in
the Markovian limit and also generalize our study to non-
Markovian systems.

Let us start by writing the Hamiltonian of the total sys-
tem H = Hs + Hg + AHsg, where Hy is the Hamiltonian of
the system of interest, Hg represents the Hamiltonian for the
reservoir (bath), and Hp is the coupling Hamiltonian between
the system and the reservoir. We keep the parameter A to
keep track of the order of the perturbation with respect to
the system-bath interaction. We also make the standard choice
for the initial condition of the total density operator at t = 0
by considering a product initial state between the system and
the reservoir and write pgg(t = 0) = ps ® pg. The interaction
between the system and the reservoir is turned on at t = 0.
Since in the Heisenberg picture the operators evolve in time, it
is important to define the reduced system operators. The one-
point reduced operator is defined as Os(t) = Trg[O(t)pr],
where the operator O(t) evolves unitarily with respect to the
full Hamiltonian H. The expectation value of the operator O
at time ¢ then can be written as

(O@)) = Trs[Trr[O(1)prlps] = Trs[Os()ps].  (6)
In a similar manner, one can define the arbitrary N-point

reduced operator as

[01(t)02(t2)....0Nn(tN)]s =
Trr[O1(t1)O02(t2)....0n (tn) pr]. @)

This definition of reduced operator has a property that
[01(t1)02(2) - - - On(tn)]s # O15(11)O02s(12) - - - On(ty) as a
result of finite system-bath coupling.

To derive the QRT in the Heisenberg picture, we write an
equation analogous to Eq. (1) in the Heisenberg picture by
assuming that there exists a complete set of reduced system

operators A,s(t) that satisfies? the following relation:

—Aﬂs<z> Z

The above equation implies that the operators form a closed
set between themselves.

wnAns(t). ¥

A. QRT for two-point correlation functions

To keep our discussion simple, we first focus on deriving
the QRT for two-point correlation functions. Following the
definition in (7) for two-point reduced operators, one can write
[20] (please see Appendix A for details of the derivation)

[01(t1)02(t2)]s = O15(t1)O025(t2) + 1[O015(11), O25(22)], (9)

where Ojs(t1), Oas5(f;) are reduced one-point operators and
I10O,5(t1), O25(t2)] is called the irreducible part capturing the
information about coupled system-bath dynamics.’

One can explicitly calculate the quantity I up to the second
order of the system-bath coupling (A?) in both Markovian
and non-Markovian limits. Given the above expression, the
two-point correlation functions can be easily computed by
performing an additional trace over the initial system density
operator, i.e.,

(01(t1)02(12)) = Trs[(O1(t1)02(12))sps(0)].  (10)
To derive the QRT, we set O, = A, O = O, and consider
t, > t;. Now taking derivative with respect to #, in Eq. (9), the
first term of the right-hand side immediately gives a QRT-like
expression,

d
d_tz[OS(tl)A”S(IZ)] = ;MMX[OS(tI)AAS(tZ)], (11)

thanks to Eq. (8). Interestingly, one can now show that
for t, > t; and in the Markovian limit, the irreducible part
I[Os(t1), Aus(f2)] also satisfies a regressionlike expression,
given as [please see Eq. (B1)]

—1I[Os(t1), Aus(t2)]

y =Y Mull0s(t), Ais()].  (12)
%) T

As a result of the above two equations, we receive the QRT
for arbitrary two-point system operators as

d
E[O(fl)Au(fz)]s = ZMM[O(ﬁ AL()]s,  (13)
A

from which we trivially receive the standard QRT in terms of
correlation functions,

d
E <0(tl )Ap.(tZ))

=Y Mu(0)An),  (14)
)

which matches with (2). Furthermore, in the expression of

I[Os(t1), Aus(f2)], it can be shown that [see Eqs. (A16) and

’In one of the examples discussed later, we explicitly construct
operator A,,.
3See Eq. (A16) and Egs. (A25)—(A27) in Appendix A 2 for details.
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(A25)—(A27)] if we swap the position of Og(#1) and A,5(12),
Eq. (12) still is respected, i.e.,

d
S Aus(), 051 = Y- My llAss(), Os(an)l, - (15)
2
)
and as a result we receive another form of QRT as

d
E(z‘\u(lz)O(h)) = ;Mux(Ax(tz)O(tl))- (16)

It is important to note that if we consider the other time
sequence, i.e., if ©, < t1, and take the derivative with respect

J

to t,, what we receive does not obey the standard QRT. This is
what one also receives by working in the Schrodinger picture.
We next discuss the generalization of our analysis for higher-
point and multi-time correlators.

B. QRT for three-point, multi-time correlation functions

Following similar steps as before, we can define the three-
point multi-time reduced operators, which up to the second
order of the system-bath coupling (1> order) is given as [20]

[01(t1)02(12)05(t3)]s = O15(t1)O025(t2)O035(t3) + W1 2 3{015(t1)I[O25(12), O35(13)]1}
+ Wi 23{[015(t1), O25(12)1035(13)} + Wi 2,3{I[O15(t1), O35(13)1025(t2)}, (17)

where the operator W, ;3 ensures that the operator product
is ordered such that O;g comes before 0,5, and O,g comes
before Oss (please see Appendix A 1b for more details). The
three-point multi-time correlation functions can be computed
as

(01(t1)02(t2)03(t3)) =Trg [[01(21)O2(12)O3(t3) 15 05(0)].
(18)

Now once again, to derive the QRT we first set O3 = A,
and assume f; < t3 with i = 1, 2. Taking the derivative of
Eq. (17) with respect to f3, the first term of the right-hand side
gives

d
T [O15(11)O25(12)A 15 (23)]
13

=Y Mul015(t)025(12)Ass5(13)], (19)
A

where we have used Eq. (8). One can then show that [please
see Eq. (B8) of Appendix B 2] for the time sequence t; < #3
with i = 1, 2 and invoking the Markovian limit, the second
term of the right-hand side of Eq. (17) satisfies the equation

d
EW1,2,3{01S(I1 N[025(12), Aps(t3)]}

= ZMMAW1,2,3{OIS(tl M[05(t2), Ars ()]} (20)
"

Interestingly, the third and the fourth term also follow iden-
tical equations such as the above. Finally, summing up all

these contributions, we receive a multi-time QRT-like form
involving the reduced system operators:

d
E [01(t1)02(12)A, (13)]s

=Y Mu[01(1)02(2)A5 (13)]s, 1)
s

(

from which we trivially receive the QRT for the three-point
correlation functions as

dOtOtAt— M, (O1(t1)O2(t2)A; (¢
E( 1(t1)02(22) M(s))—; 1 (01(11)02(12)A%(13)).

(22)

Interestingly, if we swap the position of O,(#;) and A, (#3), one
can obtain a similar QRT. Equation (22) is the regression the-
orem for three-point correlation functions that involve three
different times t1, t,, and 3. The above QRT in (22) reduces to
the following standard result [Eq. (2)] if we swap the position
of O»(t;) and A, (#3) and set | = 1,

d
in (01(11)AL(13)0:(11)) = ZMM (01(11)A(13) 01 (11)).
- A
(23)

Note that the QRT in our case holds irrespective of the position
of A,(t3). However, in Eq. (22), if we take derivative with
respect to ¢1 or #, instead of #3 (maximum time), interestingly,
we do not receive a QRT-like relation.

C. QRT for four-point and general N-point, multi-time
correlation functions

Following almost similar steps as before, one can work out
the regression theorem for multi-time four-point correlation
functions, and in fact, it is possible to generalize this analysis
for N-point functions as well. Here we present the central
results (see Appendix B 3 for more details). For four-point,
multi-time correlation functions we receive a QRT in the
Markovian limit,

d
T (01(t1)02(12)03(13)A . (14))
Iy
=Y M (01(1)02(1)03 ()AL (1)), (24)
A

Let us emphasize that (24) holds as long as t4 > #; with i =
1, 2, 3. Also note that (24) holds irrespective of the position of
A, (t4), as was observed for the QRT for three-point functions.
This entire analysis can be generalized to N-point multi-time
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correlation functions as

d
T (01(t1)02(12)......0On_1 (ty—1)A L (tN))
In

wheret; <tyandi=1,2,..... N — 1. Once again, the opera-
tor A, (tv) can take any place, and if we take derivative with
respect to #; instead of the highest time #y, then we do not
receive the regression-type formula.

III. QRT FOR OUT-OF-TIME-ORDERED CORRELATORS

As an application of the developed formalism, we now ex-
tend our analysis to compute the OTOC, which is an excellent
measure of quantum chaos, many-body localization, informa-
tion scrambling, etc. [21-28]. OTOC has received significant
attention in recent times, with its applicability ranging from
quantum information theory to condensed matter physics to
quantum gravity. Very recently, OTOC has found its applica-
tion in the context of open quantum systems, as the coupling
of the system with a dissipative or dephasing bath naturally
leads to information scrambling [22,29]. Motivated by this,
in this section we derive the QRT-like formula for OTOC
correlators in the Markovian limit. Details of the derivation
are provided in Appendix C. Here we present the main result.
Let us first define the four-point reduced operator of the form

[01(t1)A L (12)03(11)A, (12)]s, (26)

where the system reduced operator A,s(f;) satisfies Eq. (8).
One can then receive the following regressionlike formula for
the OTOC,

d
o (O1(t)DAL(12)O03(t1)A, (1))
15}

= Z M, (01 (1A (02)O05(t1)A, (12))
X
+ ZMW\/ (O01(t1)A,(12)03(11)A (1))
=

+ (Wi234{015t)F[Aus(2), Avs(t2)1035(t1)}),  (27)
|

/
;0

dO(t)—
dr ST

where w, = wo + A is the renormalized frequency of the
qubit due to the coupling with the environment with

00 / A /
A= P/ g(o)|a(@)|"dw
0

wy — '

) (30)

where P refers to the principal value of the integral. Here g(w)
represents the density of states of the bath oscillators, and y =
27 g(wo)|a(wo)|? represents the decay rate.

where we assume that #, > f;. Interestingly, the expression
in Eq. (27) is almost identical to the regression theorem,
except for the last term. As before, W; 5 3 4 ensures the time
ordering of the operators. The explicit form of the operator
F[A,s5(),Ays(2)] is given in Appendix C [Eq. (C5)]. In
Ref. [19], a regressionlike formula for OTOC in the Marko-
vian limit was recently derived using a different approach.
Equations (25) and (27) are the central results of our paper.

IV. EXAMPLE: DISSIPATIVE SPIN-BOSON MODEL

In this section we illustrate the above-derived results for
the paradigmatic dissipative spin-boson model by calculating
various correlation functions in the Heisenberg picture. In
particular, we verify the QRTs for two-, three-, and four-point
correlators. In order to perform these calculations, we first
derive the master equation for the reduced one-point operator
and then proceed to calculate multi-time, multi-point correla-
tion functions. The details of the derivations are provided in
Appendix D.

The Hamiltonian for a dissipative spin-1/2 system, coupled
to a bath consisting of an infinite collection of harmonic oscil-
lators with different normal-mode frequencies, can be written
as

H = Hg + Hg + Hsg

g
= o+ Xk:wkb;bk + Xk:ak(b}:a_ +boy),  (28)

where g is the frequency of the qubit. The bath is char-
acterized by the eigenmode frequency wy referring to the
kth oscillator, with bk(bl) the corresponding annihilation
(creation) operator. The last term in the above Hamiltonian
represents the standard dissipative coupling term between the
spin-1/2 system and the harmonic bath, with ¢4 being the
coupling strength between the kth mode and the qubit. For
simplicity, we always work in the zero-temperature limit (7T =
0). We first derive the master equation correct up to the second
order of the system-bath coupling and further make a secular
approximation [1]. One can show that the reduced one-point
operator obeys the following equation at zero temperature
(T =0):

[0z, Os(D)] + §[26+05(t)6— — 010_05(t) — Os(t)oq0_], (29)

(

Using the above master equation for the operator, it is easy
to show that

Va /
d | oxs -5 —wy 0 Oxs 0252
7 y
Tl =1® =3 0 oys | —v |02 |,
0zs 0 -V 0zs I2><2

3D

where 0,4, and I, are the 2 x 2 null matrix and the identity
matrix, respectively. It is therefore easy to see that for this
model there exist two different sets of closed operators that
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follow Eq. (8). These are given as
A/L = {sz byo}, M;/.k = I:_Oy _Oy]
Y gy
A, ={og, 00}, My, = [ ? y0:|~ (32)
’ @ 737

With this in hand, we are now ready to asses the validity of
QRT results that we derived in the previous section.

A. Two-point correlation function

Let us first verify the regression theorem for a two-point
reduced operator (13) for this model. The spin-boson Hamilto-
nian in Eq. (28) can alternatively be expressed in the following
form:

w +
H = TUZ—FXIC: a)kbkbk

by + b! bl —b
+Zak( £ 5 Koy +i "2 k(—0y)>. (33)
k

By comparing the last term of Eq. (33) with Hsg = Y, S' @ R
we can identify the following system operators:

S'=0, and §? = —o,. (34)

Now, in the interaction picture with respect to Hg, the system
operators are written as S;(t) = ) S. ¢, and one can easily
show that

1 1
Swn =o_, S

—w, = 0+ and

S, =—io_, S, =ioy. (35)

QW

Note that in the above expression w takes two possible val-
ues *+wy. We are interested here to validate the regression

theorem for correlation functions of the type (o, (t])o.(t2))
and (o,(t1)oy(2)) for t, > t;. We therefore now proceed and
J

calculate the corresponding irreducible components follow-
ing Eqgs. (A25) and (A26). By putting O5 = Os5 = 0, in
Eq. (A25) and taking the secular approximation (please see
Appendix A 3), we receive

Llows(t), oxs)]=—11 Y > 0us(t1)SL,0u5(12)S”, B ().
o i,
(36)

Using the above equation, we can easily show that the
Ii[o.s(t), oxs(t2)] term is zero. However, if we put O;g =
0,5 = oys in Eq. (A26) and take the secular approximation,
we receive

bLloys(t1), oxs(t2)] = ytiloyoxs(t)oxs(t2)o-]

|1 0
— iwy(t—11)
- ]/tle 0 |:0 01|7 (37)
Lloxs(t1), oxs(t2)] = ytiloxs(t1)o10_0xs(t2)]
= ytle"%('z“)[g ﬂ (38)
Similarly, we calculate I4[o,s(#1), oys(f2)] but it vanishes, i.e.,

Lloys (1), 04s()] = Ilos (1), 04s(12)] = [8 8} (39)

Using Eq. (A16) we get
— o iop-m |10
I[oys(t1), 0xs(2)] = y11e'° o 1l (40)
By putting O15 = oys, O25 = 0,5 in Egs. (A25), (A26) and

performing the identical steps, we receive

o iwme—my| 10
Ioys(t1), 0ys(02)] = —iyt e o™ ")[0 1]. (4D

With the full irreducible components in hand for the two
different correlators, we now use Eq. (9) to compute the fol-
lowing two-point reduced operators, given as

B [1 — (- rl)] =) 4 Diy gy sinw)(ty — 11) 0 “
(0x(t1)ox(2))s = 0 [] P )] o | (42)
(6.(t1)0: (1) l[l — %(lz — ll)] e~iop(—t) _ 2iyt| cos a)(/)(l‘z —1) 0 43)
ox(l1)oy(l2))s = L,
’ 0 —i[1 = 50 — 1) et

To verify the QRT, let us first set Oy = oy, A, = {0y, 0y}
in Eq. (13). Now, using Eqgs. (42) and (43), we explicitly
calculate the left-hand side and right-hand side of Eq. (13)
by taking the derivative with respect to the maximum time 7,.
We find that they are equal, which verifies Eq. (13). As an
immediate consequence, we conclude that the QRT follows
for two-point correlation functions Eq. (14) for the arbitrary
initial density matrix for the system.

B. Three-point, multi-time correlation function

We next move to verify the QRT for the three-point
reduced operator as given in Eq. (21). We first set O; =
0, =o0,, A, = {o,,0,} in Eq. (21) and assume #; < 1, < t3.
Using Eq. (17), we calculate the following three-point re-
duced operators (please see the details of the calculation in
Appendix D),

022214-5
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0 [1 — syt +15— lz)] elehlintts =)
@ 1)0)0:0))s = | [1= 4y (=11 +1 + 1) | eoberti=s) (44)
+y (1 — 1y)ei 0=t 0
and
0 —i[l Lyt 41— zz)]efw6<ﬂ+f3—fz>
(0x(11)ox(12)0(13))s = ,-[1 —ly(cn+n+ ,3)]efiw¢m+rrrz> : (45)
—iy (fy — )€’ b= 0

(

Now using Egs. (44) and (45), we explicitly calculate the receives

left-hand side and right-hand side of Eq. (21). We find that

they are equal, which verifies Eq. (21). Note that we choose i[ax(t] Yo, (82)o (1) o (12)]s = 2y |:(1) (1)] (46)
a particular order of time, but we can show Eq. (21) holds as dn

long as #; < t3 with i = 1, 2. There are no constraints on the

order of (t1. 1,). It is easy to check that the corresponding right-hand side of

the OTOC also gives the same result. In a similar way, OTOC
. can be checked for
C. Verification of OTOC
We next provide one example to asses the validity of our i [0.(1)0.(12)0.(11)0. (12)]s = —8y |:1 Oi| 47
expression for OTOC. For the spin-boson model, it is easy to i, ~ ) ) : 0 '
compute the following four-point reduced operator and one

J
V. GENERALIZATION OF QRT FOR THE NON-MARKOVIAN CASE

The results for QRT presented in the previous sections can be extended for the non-Markovian case. For simplicity, we here
focus on systems with bosonic bath and linear system-bath interaction, but one can generalize this study for a more generic type
of system-bath interaction as well. We derive a Lindblad-type equation up to order A> for this setup which takes into account
the non-Markovian evolution. We then derive the correction to the QRT for the non-Markovian case by focusing only on the
two-point correlation functions [14]. Extension to higher-point multi-time correlators can be similarly obtained, even for the
non-Markovian case.

A. Lindblad-type non-Markovian equation for one-point reduced operator
Let the Hamiltonian of the composite system be
H = Hg + Hg + Heg = Hg + Zwkbzbk + Z(xk(LbZ + Lby). (48)
k k

Here, the system is coupled with the bath through a generic system operator L. Let us assume that the initial density operator
of the total system can be written as psg(0) = ps ® pr. Now, following the master equation in the Heisenberg picture [please see
Eq. (A10)], one can show that the reduced density operator for the system obeys the following non-Markovian master equation at
zero temperature (7' = 0) and is correct up to the second order of system-bath coupling,

d d - ! -
EOS(t)Zi[Hs,Os(t)]+f0 dr a()[LT(0), 05(1)]14(—T)+/0 dr o ()L (=1)[05(1), LO)], (49)

where L(t) = Up(t )LUOT (t) is the coupled system operator in the interaction picture with Uy(¢) representing the free evolution
due to the Hamiltonian Hy. a(7) denotes the bath correlation function, which is given as

a(m) =Yl Trlbu (0B (—T)pr] = ) _ loue?e ™", (50)
k k

B. Extension of QRT to non-Markovian case

Having obtained the non-Markovian master equation in the Heisenberg picture, we now extend the QRT for the non-
Markovian dynamics. To achieve that let us first assume that there exists a complete set of system operators A, s(f) such that

d

AR =D My () Ass(0). (51)
A
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Note the crucial explicit time dependence in M, (t) for the non-Markovian case, which is typically time independent for the
case of Markovian dynamics. Using the above results, it is easy to generalize QRT for the non-Markovian case, and it is given
by (see Appendix E for derivation)

d
2 LOAL )]s = ;M,mz)[om VA (12)]

- f dr1 alty — 1) Os(t)L (—t)A s ()E(—12)
0

- / dti ats — 1) L (=) 0s(t)E(=1)A s (1)
0

+/ dry a(ty — 1) LT (—=11) 05 (t)A .5 (t)L(—12)
0

+/ dti a(ty — 1) Os(t1)L (=) L(—12)A .5 (1), (52)
0

where we have assumed #, > f; and that the operator A,,s follows Eq. (51). The above equation is the extension of QRT to the
non-Markovian dynamics. In the Markovian limit Eq. (52) correctly reproduces the QRT, as given in Eq. (11). To illustrate, in
the Markovian limit, the system timescale is much larger than the bath characteristic timescale tp, that is #, — t; > 15, and the
bath correlation function «(f, — 71) vanishes beyond 7z in (52). So in the Markovian limit, all the integrals in Eq. (52) vanish,
thus reproducing the standard QRT (11) for the two-point function.

C. Example: Dissipative spin-boson model

To illustrate the above result, we once again focus on the dissipative spin-boson model as defined in Eq. (28). Following the
non-Markovian master equation in Eq. (49), we receive

%05(1‘):1'%[01,05(1‘)]4—)\2/ dra(t)[oy, Os(t)]o_e " +,\2/ dra*(t)o,[0s(t), o_le . (53)
0 0

It is easy to check that in the Markovian limit the above equation reduces to Eq. (29). We now consider Oy = o, in Eq. (53),
which gives us the following solution:

0 (1= 22 fy dey(@)elharei
O-xS(t)z 2 ot i dre! s (54)
(1 —a2 dry(r))e i i dvop(o) 0
where
w(t) = wp + A*Im[R(1)],
y (1) = Re[R(1)],
t
R(t) = f dro(t)e™". (55)
0
Using Eq. (E2), we then calculate all four irreducible terms /;, and using them we find the following two-point reduced operator:
M, ¢ 0 1 0
(@:(t)ox(12)s = [ (1 12) M, tz)} +n(n, N0, m[o 1], (56)

where
t fH
M, 1) = 1—A2/ d[{y(t{)_sz iy @) | N, ),
0 0
Nty ty) = & o' drient)) =i fy? drief@)),

1) n .
Nt 1) = 22 / dvs f dria(ts — 1)), (57)
0 0

If we now take the derivative of Eq. (56) with respect to t,, we do not receive the standard QRT derived in Eq. (13); rather, we
receive the extended QRT derived in Eq. (52). In the Markovian limit, the bath correlation function «(t) decays very fast with
time, and Eq. (56) reduces to Eq. (42). Also in the Markovian limit, the extended QRT reduces to the standard QRT.
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VI. DISCUSSION

While defining the multi-time correlation function, it is
natural to work in the Heisenberg picture. Even though the
multi-time correlation function is of great physical impor-
tance, the Heisenberg picture has not received much attention
in the context of quantum open systems. In this paper we make
use of the recently developed Heisenberg picture technique
[20] to calculate correlation functions in the Markovian limit
and derive the quantum regression theorem. In particular, we
generalize the regression theorem for multi-time correlation
functions with general time arguments. What we observe is
that the form of the regression theorem remains the same
for two or multi-time correlation functions as long as the
following mild restriction on the time arrangements is met,
ti<tywithi=1,2, ... N — 1. We also extend our approach
to compute out-of-time-ordered correlators in the Markovian
limit and find that regression theorem gets a modification from
the known two-time regression theorem. We further extend
our study to the non-Markovian dynamics. However, in this
case the QRT receives a complicated correction term with the
two-point correlation function requiring information about the
four-point function. As a possible future direction, an interest-
ing topic would be to use the Heisenberg picture [20] and go
beyond the standard second-order perturbation scheme. For
example, one can consider exactly solvable systems such as
the spin-boson dephasing model or the well-known Caldeira-
Leggett model and investigate the possibility to sum up the
perturbation series exactly in the Heisenberg picture.
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APPENDIX A: REVIEW OF HEISENBERG
PICTURE DYNAMICS

For completeness, in this Appendix we briefly review the
Heisenberg picture results in [20]. We follow the same no-
tation and convention as is used in [20]. Let us consider the
Hamiltonian of the total system is given by H = Hy + Hg +
A Hsg, where we have introduced an extra parameter A to keep
track of the order of perturbation in terms of system-bath cou-
pling. We assume that the interaction between system and bath
is turned on at + = 0. Before turning on the interaction, the
system and bath were decoupled and their total density matrix
can be written as psg = ps ® pg. In the Heisenberg picture,
the density matrix is time independent. The expectation value
of any operator can be written as

(0(1)) = Trg[Trr[O(t)prlps] = Trs[Os(t)ps],

where the reduced one-point operator is defined as Og(t) =
Trg[O(t)pg]. Similarly, we can define the N-point reduced

(AL)

operator as

[01(t1)02(t2)....0Nn (N )]s
= Trg[O1(t1)O02(12)....0n(In ) PR].

This definition has a property that [O(t)02(t2)]s #
O15(t1)O5(12). However, we can express the reduced N-point
operator in terms of one-point reduced operators using what
are called image operators [20]. The image operator of any
operator O(t) is defined as

Oup(t) = T, Ot)Tp,

(A2)

(A3)

with T, = ), |icr) (i|, where {|i)} is an orthonormal basis of
Hj and {|«)} is an orthonormal basis of Hg. It is easy to see

that
Y LT =1
o

where [ is the identity operator. One can show that the N-point
image operators can be written in terms of one-point image
operators as

[01(t1)O02(t2)....0Nn (N )]agp
= D Otay(1)02,1,(82).--Ony,_ p(tN)-

Y1, VN—-1

(A4)

(AS5)

The N-point reduced operators defined in (A2) can also be
expressed in terms of one-point image operators by inserting
(A4) and using (A5) as follows:*

[01(t1)02(t2)....0On(tN)]s

- ¥

B Y15 YN-1

Olayl (tl )02;/1;/2 (t2)~-~0NVN,]ﬂ(tN)pRﬂa~

(A6)

We next consider a general form of the interaction Hamilto-
nian between system and bath and write

Hgp = Zsi R,

1

(AT)

where S’ is a Hermitian operator acting on the system’s Hilbert
space, and R’ is a Hermitian operator in the bath’s Hilbert
space. The corresponding image operators of Hsg are [using
Eq. (A3)]

Hsgoy = ) SR, (A3)

where R is the o, yth element of R (|a), |y) are the
eigenstates of bath Hamiltonian Hg). We define the interaction
picture operators Hsgy, (1) as

Hsray (1) =Y SU(ERay (1), (A9)

where  Si(t) = Up(1)S'Uj (1) = 3", SLe™, and Rig, (1) =
R;ye”(E“ “EI here Up(t) = e, and E,, E, are the

“We can explicitly express the one-point image operator in terms of
the one-point reduced operator [20].
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eigenvalues of bath Hamiltonian Hg. Then the exact equation (written to all orders in A) that satisfies the reduced one-point

system operator Og(t) is [20]

[ el o0

d
EOS(t):i[Hs,Os(t)HZZ > (=nfammttnp prpmpPrOg(r),

n=1 k=0 ny,ny,..n;=1

where the superoperator D, P!" is defined as

. d
DPIA®) =) Y UG () [Un K (UG 0)]Un (AWK () pisp
r=0 o,B,y

. d
+2 D K T OADUS O~ [UoKy (UG (O]Uo () pspar

r=0 o,B,y

where

K1) = &EE U O, (U (1),

~ 4 In=1 ~ ~

Ri= > / dty.... / dtyHsray, (11)....Hsry, (1)

0 0
VisesVn—1

with

KY5(t) = bap.

1. Correlation function in the Heisenberg picture
a. Expression for two-point reduced operators

We now compute the two-point reduced operator in the Heisenberg picture, which can be written as [20]

[01(t1)02(t2)]s = O15(t1)O2s5(t2) + 1[O15(11), O2s(t2)],

(A10)

(Al1)

(A12)

(A13)

(Al4)

where 1[0;5(t1), O2s(t2)] is the irreducible part.’ This irreducible part can be expressed up to A? order, following Eq. (A6), as

I[O15(t1), O25(12)]

= Y Y (K ) O (i) Ky (1) (—i K () Oas(02) (—im) O K (1)) prpar - (A15)

nh 13 n2 12 o B.y. 0.7
such that n} + I} = 1 and n3 + I2 = 1, so these are the following four possible combinations:
(1) ny =0,1} =landn} =0,17 =1
2) n(l): l,lé =Oandn(2) =O,l§ =1
3) n(l):O,l(} :1andn3: 1,l§:0
4 nl=1,ll =0andn} =1,12 =0.
‘We can then write / as the sum over these four combinations i.e.,
I=L+bL+5+14

One can write down the expressions for each I;. For example, using (A12), (A13),(A15), we obtain

=32 3 3 08,058, [ due ™™ [ drae P TR )R (—rpel
0 0

w,0 i,]
where 7y =t —tjand o =1, — 1.
Similarly, we can show that the other contributions give, s

. . tl . t2 N ~ e
L==2%""% " SI015(t1)0xs(1)S}, f dr e f drye™™ Trg[R (—7))R/ (—12)pr],
0 0

w0 i,]
. Py gl . L) .y ~ ~
L==2""%" 015(t1)S,,0x5(12)S] / dr e / drye ™ Trg[R (—7))R/ (—12)pr],
‘= 0 0
w,0 1]

(A16)

(A17)

3t can’t be expressed simply as the multiplication of two one-point reduced operators, but it’s a function of one-point reduced operator and

it starts from A2 order.
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. . n . 7 .y - -
=32 Y0 Y8108 Oxe) [ dme™ [ dry U TrglR (- r)R el (A18)
0 0

w0 i,j

Note that all these expressions are correct up to order A> and are valid for arbitrary dynamics.

b. Expression for three-point reduced operator

Similarly, we can work out expressions for a three-point reduced operator up to A% order. We receive [20]

[01(t1)02(t2)03(13)]s = O15(t1)025(12)O35(t3) + Wi 2 3{I[O15(11), O25(t2)1035(t3)} + Wi 2 3{015(1)I[O25(12), O3s(13)]}
+ Wi23{I[O15(t1), 035(13)]025(12)}. (A19)

The operator W) » 3 makes sure that the operator product is ordered such that O;s comes before O,g, and O,5 comes before Os.
Let us illustrate this by one example. Considering the last term of the above equation (A19) we get

Wi 015, O3s)10as@)) =22 Y Y (Kyhu(t) 015K (11)0a5(12)

nh 18212 By, v0.7g
2=l 12 [ omd T 2
X T “(Ky(?y(h)) O35(13)K ) 5 (13) PRpas (A20)
such that n(l) + lé = 1land n(z, + lg =1.

¢. Expression for four-point reduced operators

We can now calculate the four-point function as well. The four-point reduced operator (up to A? order) is [20]

[O01(11)02(12)O5(13)O4(t4)]s = O15(11)O25(12) O35 (13) Oas(14) + Wi 2.3 4{1[O15(11), O25(12)1035(23) Oas(14)}
+ Wi23.4{015(t1)I[O25(12), O35(13)]1045(14)} + Wi 2,3 4{I[O15(11), O35(23)]025(2) O4s(14)}
+ Wi23.4{I[045(ts), O35(13)1025(12)O15(11)} + Wi 2.3 4{I[O15(11), Oss(24)1035(13)O25(12)}
+ Wi 2,34{015(t1)1[O25(12), Oss(14)]1035(13)}, (A21)

where functions W and I have the same property as before. For our purposes we need to calculate the explicit form of the function
1. Below we give an explicit example.

2. Results in the Markovian limit

In the Markovian limit [20] the bath correlation function, i.e., Trr[R(t)R(t — 7)pr], is a rapidly decaying function of t. Using
this property we can show that the general equation (A10) reduces to the well-known master equation for the reduced operator
[201,

d o ‘
T 05(0) = iHsOs(1) + (i2)? S Tw)[S] 8),05() - SL05(1)S], ] + He., (A22)

w,0 1]

where J (w) is the Fourier transformation of the bath correlation functions, and Sfa is the Fourier decomposition of Si (t) and is
given as

o0
Ji(w) = / dte T Trg[R(O)R (—1)pr),  Si(t) = ZS(i)ei“”. (A23)
0 w

One can also simplify the expressions for the / in the Markovian limit. Let us first analyze Eq. (A17) in this limit. As
mentioned before, since in the Markovian limit the bath correlation function Trg[R(—1;)R(—1>)px] is a rapidly decaying function
of ©, — 1 only, this implies we can ignore the bath correlation after a characteristic timescale tg, determined by bath dynamics.
Using this fact, it becomes easy to analyze Eq. (A17).

Let us now make an important choice and assume that #, is the maximum time, i.e., #, > ;. One can easily perform the
calculation in the other limit as well. We now proceed and first compute the 1, integration. Significant contribution to the
integral will come within the range |7, — 11| < T, Which gives 1] — 73 < 7, < 13 + ;. Using this fact, we can write Eq. (A17)
as

. X 141 . T1+78 L, - -
I = -2 Z Z Ois(t )Szuozs(tz)si,r/ drie” " / drye™ 2 Trg[RI(—1 )R/ (—12) pr]
T 0 11—
w0 ij
. . h . K . ~. ~
= _)‘ZZZOIS(ﬁ)SZ)Ozs(fz)Sif/ dTle_“M'/ dre™™ O OTrR[RI(O)RI (1) gl (A24)
T 0 —1B
w0 ij
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where in the last line we have used the variable T = 7y — 7, to rewrite the integral. In the Markovian limit, the correlation
function decays very fast beyond g, which implies that the integration limit in the last line of (A24) can be extended to infinity.
This gives

. . h . ; o0 .y ~ ~
=32 ") 015(1)S,05(12)S), / drje” /e / dte " Trg R (O)R' (7)),

w,0 i,] 0 —o°
==Y 015018, 025(1)S) o1 (0, &, 1)BY (@), (A25)
w0 i,

where in the last line we have defined «; and B, for simplicity, and their explicit expression is given below (A27). By following
the identical steps, we can find I, I3, and Iy,

h=3" 3" 8101501)0a51)S), xw, o 11) Y (),

w,0 i,]
L= 015(t)S, 5] 0xs(t2) e, o, 11) B (o),
w,0 i,]
Li==Y"Y SF015(t1)S) Oas(tr) au(w, &', 11) B (o), (A26)
w,0 i,]
where
t] . ’ . 0 . ~- .
(o, ' 1) =2 / due ' @ren glo)) = / dr &7 Trg[R'(0)R’ (t)px]
0 —00
n . , . o0 - . .
(o, o 1) =2 / dre ™ gl = / dre™ T Trg[R' ()R’ (1)px]
0 —00

[] .. ..
(@, 1) = A2 / drie @ gy = B
0

tl . , . .o
ay(w, o', 1) = 1? f dune @t gl(o) = By (). (A27)
0

Using Eqgs. (A25), (A26) we get the explicit form of the irreducible part / [Eq. (A14)] in the Markovian limit.

3. Secular approximation

We can further simplify the expression of «;’s, as defined in Eq. (A27), using the secular approximation. Let us first substitute
51 = A21; and 0 = A%#; in the expression of «; defined in (A27),

n (e} ’
. , _ s (oto)
al(w, o, 1) = A / drje”@teoim — / dsie "2, (A28)
0 0

Now the Riemann-Lebesgue lemma states that if f(¢) is an integrable function in [a, b], then

b
lim / dte™ f(t) = 0. (A29)
X—> 00 a

In the weak-coupling limit, i.e., in the limit . — 0 (keeping s; and o finite), if we compare Eq. (A28) with the Riemann-Lebesgue
lemma (A29), we can conclude that «; is nonzero only when (w + ') =0, i.e., @1(w, @', 1)) = A2t18w,,wr. Similarly, we can
show that ay(w, o', 1) = o (w, &', t;) = AM1184, o and az(w, @', 1) = a3(w, @', t;) = A*1;8,,.,. We use this Markov-secular
approximation to obtain our results for the dissipative spin-boson model, as presented in the main text.

Note that using the same Markovian-secular approximation, the quantum master equation for the one-point reduced operator
Eq. (A22) reduces to

d y . . A
1 0s(t) = iHsOs(1) + (ir)? ; Z] JY(w)[SL, S 0s(t) — S, 05(1)S]] + Hec. (A30)

As mentioned earlier, this master equation is used to derive Eq. (29) for the dissipative spin-boson model in the main text.

APPENDIX B: SOME FURTHER DETAILS ON QRT IN THE MARKOVIAN LIMIT

In this Appendix we discuss some further details on QRT in the Markovian limit and in particular, some useful properties of
the irreducible function I as also discussed in the main text. One of the interesting properties of the function 7 in (A25), (A26) is
to note that its dependence on the maximum time is quite simple. This in turn helps us to obtain the quantum regression theorem.
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1. Irreducible part for two-point function

Let us first set O, = A,, and assume t; < 1, in Eq. (A14). Taking the derivative of Eq. (A14) with respect to #,, the first term
of the right-hand side of Eq. (A14) trivially gives the regression-type form [using Eq. (8)]. Equations (A16), (A25)—(A27) gives
us the explicit form of the second term, i.e., the irreducible part of Eq. (A14). Notice that the ¢, dependency in the irreducible
part I[Os(t;), A,s(t2)] comes from A, 5(#,) only. So if we take the derivative of / with respect to t,, it simply gives

d
d_tzl[OS(tl ), Aus(t)] = ;MuAI[OS(tI ), Ass(t2)]. (BD)

In addition, in the expression of I[Os(t), A,s(f2)] [see Eqs. (A25)—(A27)], it is easy to notice that if we swap the position of
Os(t1) and A,,5(12), Eq. (B1) still holds, i.e.,

d
El[Aus(tz), Os(t)] = ZMH,\I[A,\S(Q), Os(t1)]. (B2)
A

Interestingly, if we consider #, < ¢; and take derivative of Eq. (A14) with respect to ,, then we will not get the regression-type
form. The simple reason behind this in the Heisenberg picture is that in the expression of I, t, dependency comes from both A5
and «;’s defined in (A27). Now taking derivative with respect to , will give rise to complicated terms,’ i.e.,

d
E(O(h )AL (1)) # ;MuA(O(tl )AL (12)). (B3)

2. Irreducible part for three-point function

Now let us first set O3 = A,, and assume #; < t3 with i = 1, 2 in Eq. (A19). Taking the derivative of Eq. (A19) with respect to
13, the first term of the right-hand side gives [using Eq. (8)]

d
%[01501 )025(12)A 15(13)] = ZMMA[OIS(ZI)OZS(tZ)AAS(t3)]- (B4)
3
s
Now the third term of the right-hand side of Eq. (A19) is, using Eq. (A16),
Wi 23{01s(tDI[025(12), Aps(®3)]} = Wi 3{01s(t) Uy + L + I + 1)} (BS)
The first term of the right-hand side of Eq. (B5) in the Markovian limit is given by, using Eq. (A26),
Wi 23{015 (DN [05(02), Aus(t3)]} = =22 Y~ O15(t1)025(02)S4,A s (13)S1, (o, @', 12) B (). (B6)
w,w 1]

If we differentiate Eq. (B6) with respect to t3, we get [using Eq. (8)]

d
d_thI’z’3{OIS(tl Mi[O25(12), Aus(B3)]} = Z MW 23{015(t1)[O25(12), Ars(B3)1}, (B7)
= A

since in the expression of W 5 3{O01s(t1)]1[O2s5(t2), Aus(t3)]}, 3 dependency comes from A, 5(¢3) only. Similarly, we can show
that all the other terms of Eq. (B5) follows the identical equation to (B7). This finally gives

d
EWI,ZS{OIS(Z‘I M[025(12), Aps(t3)]} = ZM/MWIQJ{OISUI M[025(12), Axs(t3)]}. (B8)
Iy

3. Irreducible part for four-point function

Set O4 =A,, t; <ty withi=1,2,3in Eq. (A21), and if we take the derivative of Eq. (A21) with respect to #4 then the first
term of the right-hand side will simply give [using Eq. (8)]

d
an [015(t1)O25(t2)O35(13)A 15 (14)] = Z M ;;[015(t1)025(12)O35(t3)Ass(14)]. (B9)
x

We can straightforwardly conclude that the second term will obey the following equation [using Eq. (8)]:

d
d_mW1’2’3’4{I[OIS(tl ), O25(12)]1035(13)A,15(14)} = ZM;LAW1,2.3,4{1[01501 ), O25(12)]1035(13)Ay5(14)}. (B10)
x

®We shall see that this observation is true for the general multi-time correlation function. In the Schrodinger picture as well, we have seen
that the regression theorem holds only for derivatives with respect to the highest time.
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By giving the exactly similar argument we can show that the third and fourth term of the right-hand side of Eq. (A21) will
follow identical to the above equation. Now using Eq. (B1) we can show that the fifth term of the right-hand side of the same
equation will give

d
d_t4W1,2,3,4{I[A[I.S(t4)’ O035(13)]025(12)015(11)} = Z MW 234{I[A)s(t2), O35(t3)]1025(22)O15(11)}, (B11)
Y

since in the expression of I[A,s(t4), O3s(13)], the t4 dependency comes from A, s(#4) only. By giving a similar argument, we
can show that the last two terms of Eq. (A21) will also follow the identical equation. Then, finally, we arrive at the following
equation [using Eq. (A21)]:

d
E[Ol (t1)02(12)03(13)A,.(14)]s = ZM/M[OI (t1)02(12)03(13)A,.(14)]s- (B12)
4
Y
APPENDIX C: OUT-OF-TIME-ORDERED CORRELATORS (OTOCS)

In this section we calculate the out-of-time-order correlator (OTOC). More specifically, we want to derive a regression-type
theorem for OTOC [19]. Now sett; =13, =14, > t1, O2(t2) = A, (%2), and O4(f) = A, (f2) in Eq. (A21), and then we get

[01(#1)A,(22)03(11)A, (12)]s = O15(t1)A s (12) O35 (t1)As(t2) + Wi 23, 4I[O15(t1), A s (22)]1035(81)A s (1))
+ Wi23.4{01s(tDIALs(f2), O3s(t1)]Avs(t2)} + Wi 23 4{I[O015(t1), O35(t1)1A us(22)As (1)}
+ Wi23.4{I[Avs(t2), O35(t1)]ALs(22)O15(t1)} + Wi 23 4{1[O015(11), Avs(82)]1035(t1)A s(22)}
+ Wi23.4{01s(t)IAs(12), Avs(12)]1035(11)}. (C1)
Differentiate the above equation by #,, and then the first term of the right-hand side gives
ditz[ols(tl A s(82) 035 (1A s (82)] = ;MM[Ols(ll YAs(t2)O035(t1)ALs (82)] + ;Mw[Ols(ﬁ A 5(82) O35 (1A s (2)].

Similarly, the second term of the right-hand side gives

d
—Wi23.4[015(t1), A;s(2)]1035(t1)As(12)} = ZMuAW],2,3,4{I[OlS(t1 ), Aus(12)1035(t1)As(12)}

dty A
+ ZMVA’WI,2,3,4{I[OIS(II)7 Aus(0)]103s(t)As(t2)}. (C2)
~
All the other terms in (C1) also follow the identical equation except for the last term. The last term gives
ditzwl 23.41015@DIA,5(12), Avs(22)]1035(t1)} = Win34 { O15(t )ditz (ITA,5(t2), Ays(22))O3s(t )} . (C3)

Using the expression of /,

d
EI[A/LS(t2)aAVS(t2)] = ;MuAI[AkS(tZ)’AvS(tZ)] + ZMuA/I[Aus(fz),ANS(tz)] + F[A.s(t), Avs(2)], (C4)

I
where

FlAus(t), Avs()] = — 27 Y ) " SHALs(0)S) As(t) €7 B ()

w,0 1]

22 Y ST AL () (0)S, €T B (@) 407 Y As()SL S Avs(ta) e B (o)

w,0 1] w,0 i,j

=12 ) Aus)SLAus(1)SL, e DR Bl(a), (C5)
w,0 1]

and Eq. (C3) becomes

d
d_tZW]’Z’3’4{01S(t1 M[A,;5(t2), Avs(22)]103s(t)} = Z M W1234{01s@)I[As(t2), Avs(12)]1035(t1)}
Py

+ ZMvA’W1,2,3,4{OlS(tl)I[AMS(I2)7A)US(IZ)]03S(II)}
)\(/
+ Wi23.4{015(t)F[ALs(t2), Avs(t2)]03s(t1)}. (Co)
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Finally, adding all the different contributions we receive

d
o [01(t1)AL(12)03(11)A(12)]s = Z M ;. [01(t1)A(12)O03(11)A, (12)]s
1% T

+ ZMW[@U] A, (12)03 (1A (02)]s + Wi 234{015(t1)F [Aus(t2), Avs(82)]O35(t1)}. (CT)

W

We observe that the regression theorem for OTOC takes a different form than discussed in the previous section.

APPENDIX D: EXAMPLE—DISSIPATIVE SPIN HALF SYSTEM

In this Appendix we provide the details of the calculation for the dissipative spin-1/2 system as discussed in the main text.

1. Correlation function in the Heisenberg picture

Here we give out expressions for three- and four-point reduced operators using the Heisenberg picture.

a. Three-point functions

To get the three-point reduced operators we have to calculate all the W terms of Eq. (A19). Once we receive the expression
for the irreducible component 7, it is easy to compute W. Here we give out expressions for various W’s, which are necessary
to compute the three-point correlation (o, (f;)o,(¢2)0,(#3)). In this case to compute the W’s we need I[o,s(¢), o.s(¢')]. This is
already computed in the main text (see Sec. IV A) and is given as

ia)/ 2 1 0
I[oys(t), Ous(t2)] = Y11 0" f1>[0 1i|' (Oh

We then obtain the various W’s as

0 elwo(—ti+i+1s)
Wi o3l oxs(t), oxs(t2)loxs(t3)} = vt i (—1H0—13) 0 , (D2)

0 eiw6(7t1+t2+t3)
Wi slows(t1), oxs(t3)]ows ()} = —yh pih(—t1—413) 0 , (D3)

0 eiw(’J (t—th+183)
Wi 3{ows(t)I o (1), oxs(t3)]} = v pih(—hi—trs) 0 (D4)
As a result, the three-point reduced operator is given as
y 0 eiw6 (t—t+13)

0s(t)s0)ost) = [1= L+ 41| nin) o | (D3)

b. Four-point correlation function

Now we want to verify the regression theorem for four-point function (24) in this example. To do that let us first set O; =
0, =03 =0y,A, = {oy,0,}inEq. (24) and assume t; < t, < 13 < 4. We then compute the following reduced operators, which
turns out to be diagonal. More explicitly, the matrix elements are given as

[0 1)02)00E3)0x(1)Ish = [ 1= 5y (015 — o = 10) | 40T g gy U oy (1 gyl

[0 ()0 (12)0(13)0 (t4)]5 |22 = [1 — vt +n+n+ m)] PlTIHRTOH) oy g AR oy gy gleb (),

and
[ox(t1)0x(12)0% (83)0x (14)]s 112 = [0x(t1)0x(12)0x (t3)0% (4)]s5]21 = O. (D6)
In a similar way we receive
o (1 )Gx(t2)0x(t3)0y(t4)]5|ll = l[l — %V(tl +t3—1 — t4)] eiwb(t1+t3—tz—t4) —iyt eiw(’J(—tl +h—t3+ty) iy (ts — tz)eiw[)(h —t—13+14)
[ox (110 (t2)0x (13)0y(t4) 5122 = _i[l — %V(tl +h46+ t4)] P (—hh—tts) _ iyt plh(—h+h—tt) _ iyt eiw{)(ftHrtzfterm)’
[ox(t1)ox(t2)0x (13 )0y (t4)]s 112 = [0 (t1)0x(t2) 0 (t3)0, (12)]s|21 = 0. (D7)
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Now, taking the derivative of Eq. (D6) with respect to t4, we receive the QRT as
d 1 ,
E[Ux(ﬁ )0y (12)0x(13)05(14)]s = 5V [ox(11)0x(82)0x(13)0x (t4)]s — wplox(t1)ox(12)0x (83)0y (14)]s. (D8)
4
This immediately verifies Eq. (24). Note that we choose here a particular order of time, but note that one can show the validity
of the QRT as long as #; < t4 with i = 1, 2, 3. There are no constraints on the order of (¢, t,, t3).

APPENDIX E: EXTENSION OF QRT FOR TWO-POINT REDUCED OPERATORS FOR NON-MARKOVIAN DYNAMICS

In this Appendix we provide details about the extension of the QRT for two-point reduced operators for systems following
non-Markovian dynamics. The main results for this Appendix are provided in Sec. V of the main text.
Recall that the two-point reduced operator can be written as

[01(t1)02(t2)]s = O15(t1)O25(t2) + I[O15(21), O25(12)], (ED)

where the complete irreducible function I consists of four components, I = I} + I, + I + I;. We once again assume f, as the
maximum time, i.e., ©, > ¢, and then using Eqgs. (A17) and (A18), we obtain the irreducible components for the non-Markovian
dynamics correct up to order A%. We receive

6L[01s(t1), Oxs5(12)] = —)»2/ dflf duala(ta—11)015(t)LT (—=71) 025 (1) L(—12)1L[O15(11), Oa25(12)]
0 0
L[O:s(t1), Oxs(12)] =)»2/ dl’l/ duala(ta—1)LT (—11)015(t1) 025 (1) L(—12) 15[ 015(11), Oas(12)]
0 0
L[015(t1), Ox5(12)] = )»2/ dﬂ/ dt [a(ta—11)015(t1) LT (—11)L(—=12) 025 (12)114[O15(t1), Oas(12)]
0 0

L[O15(t1), O25(12)] = —)»2/ dt / d [a(ty — t)LT (—=11)015(1)L(—12) 025 (12)], (E2)
0 0

where recall that L(¢t) = Uy (¢ )LUOT (1) is the system operator in the interaction picture that is coupled with the bath, and «(7) is
the bath correlation function. Then by differentiating Eq. (E2) with respect to the maximum time #, we receive

d h %) » 5
d—hll=—xz[ fo /0 dridt, a(ty — 1) (O15(t)LT (—11)[iHs, O2s(t2)1L(—12))

- /0 dr a(ty — n)01501)Z*<—n)ozs<tz>i(—rz)]

d 3| 5] . ~
o L= )»2|:/ / dndt a(ts — 1) (LT (—=11)0;5(t1)[iHs, O25(12)1L(—12))
15} o Jo

+ /0 dri a(t — n>ZT(—n)ols(rl)ozs(mi(—rz)]

d hoorh . -
d_t213=A2|: /0 /0 dt1dt a(t — 1)(Os(t)L (—t)E(—2)[iHs, Oxs(12)])

+/ dt a(t, — 11)01s(t )ZT(—Tl)i(—lz)Ozs(fz)]
0

d n %) . 5
d—14=—xz[ f f dride a(t — 1)L (—11)0us(t)E(—ta)liHs, Oxs(t2)])
4] 0o Jo

- / dry a(t, — T1)I:T(—ﬁ)01s(ll)£(—l2)025(f2):|- (E3)
0

Now, as done for the Markovian dynamics, in this case also we assume that there exists a closed set of system operators such
that

d
AR =3 M (OA;5(0). (E4)
A
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Once again, note the crucial time dependence in M, (¢) for the non-Markovian dynamics. By setting the operators O; = O and
0, = A, and by using Eqs. (E3) and (E4), we receive for the first irreducible component I;,

d I - -
Ell[Os(h),Aus(lz)] = ZM;/.A(Q)I] [Os(t1), Aws(2)] — )sz dri a(ty — 11)0s(t)LT (—=11)A s (82)L(—12). (ES)
- 0

Following the similar steps we receive similar equations for I, I3, and I, which finally provides us with the central equation pre-
sented in the main text Eq. (52). We therefore receive an extension of the QRT-like expression for the non-Markovian dynamics,
where the additional correction term depends crucially on the correlation timescale of the bath correlation functions. As argued
in the main text, in the Markovian limit one can show that the additional correction term vanishes and one recovers the standard

QRT.
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