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Abstract
Decoherence has been observed to be one of the main limitations to build a
practical quantum computer. This is because the qubits that conform it rapidly
lose the entanglement and correlations existent among them due to interactions
with the environment. In this work, the relaxation time of a Transmon qubit
interacting with an environment is predicted by using the steepest-entropy-
ascent quantum thermodynamics framework and the Lindblad master equation.
For the study it is considered that the environment behaves as a thermal bath
composed of a collection of harmonic oscillators. Results show that the qubit
processes from a non-equilibrium state to a state of stable equilibrium, exchan-
ging energy with the thermal bath during the process. In addition, the prediction
of the relaxation time of the qubit is in agreement with experimental results
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obtained from the literature. The decoherence time is also accurately predicted
by the models.

Keywords: steepest-entropy-ascent, Lindblad master equation,
transmon qubit, relaxation time

1. Introduction

Quantum computing has been growing in recent years, largely driven by the performance
of superconducting qubits. These qubits offer key advantages such as high reproducibility,
controllability, and scalability, making them a promising platform for large-scale quantum
computation [1-3]. However, their inevitable interaction with the surrounding environment
induces quantum decoherence, leading to the gradual loss of quantum information [4—6]. This
decoherence process poses a significant challenge to maintaining the integrity of quantum
states, thereby affecting the performance and reliability of quantum computations [7-9].
Quantum decoherence is typically studied using open quantum system models based on the
Born—Markov approximation, which assumes that the system of interest is weakly coupled to
and interacts with an environment or thermal bath. Accordlng to Gemmer et al [10] if the
Hamiltonian of a composite system can be written as H= HS + HE + H1 where HS, HE, and
H, correspond to the system, environment, and interaction Hamiltonians, respectively, then
weak coupling is characterized by the condition that the interaction energy is much smaller

than the typical energies of the subsystems 1/ (H?) < (Hs), (Hg). This allows the total density

matrix to be approximated as a product state, p(¢) = ps ® pg, enabling a separation between
system and environment via partial trace. This assumption is known as the Born approxim-
ation. A further implication of weak coupling is the Markov approximation, which neglects
system-environment correlations, assuming that the evolution of the system does not depend
on the specific state of the environment. Together, these assumptions lead to the Born—Markov
quantum master equations used to describe open quantum systems. The most widely used mas-
ter equation to predict the state evolution of the system is the Gorini—Kossakowski—Sudarshan—
Lindblad or Lindblad equation [11-13], which provides a general framework for Markovian
dynamics. However, it is not valid for strongly coupled systems, as it fundamentally relies on
the Born—Markov assumptions [12].

These master equations are linear extensions of the Schrodinger equation that include oper-
ators describing dissipation and decoherence. They have shown good agreement with experi-
mental data [14—-16] and have even served as the foundational model for explaining relaxation
processes in qubits [17]. Due to their accuracy in describing the relaxation dynamics of single
qubits, these models have been extended to more complex two-level systems [16, 18-20].

An alternative approach to studying quantum decoherence is based on the steepest-entropy-
ascent (SEA) principle, which considers decoherence as a result of internal irreversibilities
occurring during the state evolution of a single or composite system along a path of max-
imum entropy production toward a state of stable equilibrium [21-25]. This framework, known
as SEA quantum thermodynamics (SEAQT), has been effectively employed to describe non-
equilibrium phenomena at various levels of description [26—32]. Within an open quantum sys-
tem, the SEAQT framework considers that environmental interactions can induce a relaxation
process through heat transfer between the system and its surroundings. This heat exchange
occurs at a constant environmental temperature, driving the quantum system toward a thermal
equilibrium state via spontaneous emission, that is, through a relaxation process [33]. In the
absence of environmental interactions, the system undergoes decoherence without dissipation.
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In this framework, the coupling between the system and its environment is not limited to
weak interactions. In fact, when a composite system is considered, it has been argued that there
is no physical reason to expect two identical subsystems, ps = pj, to evolve in the same way
if each is initially correlated differently with another system B, such that pp # pg. In other
words, this equation of motion does not assume Markovian dynamics [25].

Nevertheless, decoherence is not the only phenomenon that can be described by the dynam-
ics of both the Lindblad and SEAQT frameworks; the loss of quantum correlations can also be
effectively predicted. In this context, quantum discord serves as a measure of quantum correla-
tions that evolve as the system interacts with its environment, regardless of whether the dynam-
ics are governed by Markovian or non-Markovian approaches [34-36]. Notably, quantum dis-
cord does not vanish even when the system reaches a stable equilibrium state, indicating that it
extends beyond entanglement by capturing a broader spectrum of quantum correlations [37].
This is achieved by comparing classical and quantum information encoded within a bipartite
system, i.e. a system composed of two interacting subsystems. For this reason, it is crucial to
employ a model capable of describing the evolution of such a composite system, which, in this
case, consists of a qubit and its surrounding environment.

In this work, the relaxation time and state evolution of a transmon qubit induced by inter-
actions with an environment are studied using both the SEA and open-system approaches.
This phenomenon was previously investigated experimentally by Wang et al [38]. The qubit
is initially prepared in a mixed state close to the excited state and relaxes toward the ground
state. The environment is modeled as a collection of non-interacting harmonic oscillators. The
study of this particular system provides insights into the mechanisms of decoherence and, con-
sequently, offers strategies for preserving entanglement and quantum correlations in quantum
computers for longer periods.

The remainder of the paper is organized as follows: section 2 provides a description of the
model; section 3 presents the results and discusses the findings; and finally, section 4 concludes
the paper.

2. Mathematical model

2.1 SEAQT framework

In the SEAQT framework, the state evolution of a quantum system, p, is governed by two
components: a symplectic (unitary) term and a dissipative (non-unitary) term. The unitary,
or von Neumann, term captures the reversible (linear) dynamics of state evolution, while the
dissipative term accounts for the irreversible (nonlinear) dynamics and ensures that the system
evolves in the direction of maximum entropy generation.

The SEAQT equation of motion for an isolated quantum system, i.e. one without work,
heat, or mass interactions is given by [39]

o _ i
dt  h

1

D

[ﬁl,ﬁ] —_Db (1

where H is the Hamiltonian operator, p is the density operator, £ is the reduced Planck constant,

Tp is the internal relaxation time considered as a positive constant or a positive functional of
the density operator, and D is the dissipative operator, given by

h=1 [\[,sm (\/515)*] @)
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where D is given as

3)

where (F , C) for any operators F and G on H is given as

A A A o~ 1 PN
(F, G) - (G,F) - 5Tr(|ﬁ| {F,G}) @)
and {F \ G} = FG + GF, is the anticommutator operator. Equation (3) can also be written in
terms of the difference operator AF = F — (F)I, where (F) = Tr(pF), such as

—V/pAS 0 VpPAH
el
o | ES) ) E) 0 )~ ) (5)
(H?) — (H)?
where § is the entropy operator,
S=—kgBlnp (6)

and B is obtained from / by substituting with unity its nonzero eigenvalues,
B=B, [Bp|=0, Bp=p %

Equation (5) can also be expressed in terms of the covariance, (AAAB) = Cov(A, B), as
follows

D =—/pAS+ B\/pAH ®)
where
(AHAS)
B=-"——"r )
((AH)?)

and if the free energy operator f = H— 05 is also introduced; thus, equation (3) is expressed
as

D = B\/pAf (10)
where 6 = 1/ is the thermodynamic temperature, indicating that the dissipative dynamics are

driven by fluctuations in the free energy.
Thus, equation (1) can be written as

dp i [~ Ié; .
B _ a2 L) "
i~k { Pl =2\ P (11

Notice that 1 {Af,p} = 1{f,p} — p(f). Thus, the SEAQT dynamics can be interpreted as
the evolution of the density matrix due to a symplectic term, compatible with Schrodinger
dynamics, and a dissipative term arising from fluctuations in the free energy. This equation of
motion is, in fact, trace-preserving and positive definite at all times, as demonstrated in [27].

4
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At a stable equilibrium state, the symplectic term vanishes, implying that the density matrix
becomes a function of the Hamiltonian. Consequently, the anticommutator of the free energy
also vanishes, and the density matrix takes the form
Befi1j
Dog = ————— 12
Peq B (12)
Thus, at a stable equilibrium state, the density matrix corresponds to the Gibbs state, and 3
represents the equilibrium inverse temperature.

2.2. Open quantum system model

An alternative approach to the one described above to predict the state evolution of a system
interacting with its environment is the quantum open-system model. One of the most used
master equation is the Lindblad equation, which is given as [40]

] 5 o 1)

where, H is the Hamiltonian operator, p is the reduced density operator of the system, -; are
the spontaneous decay rates or damping rates, and ﬁj are the Lindblad operators which model
the weak interactions of the system with the thermal reservoir. Here I:j pLt is the usual jump
term, and {LJ-TI:J-, p} is the non-event term which keeps the trace of p positive definite at all
times.

2.3. Projective measurements

To determine the relaxation time 7} of a qubit, it is studied the process by which the qubit
transitions from its excited state |1) to its ground state |0). This process, known as thermal
relaxation, thermalization, or amplitude damping, is a fundamental decoherence mechanism
that affects the coherence and, consequently, the performance of quantum systems.

The state of the qubit at any time 7 is described by its density matrix (). To compute the
probability of the qubit being in a particular state, projective measurements associated with
the corresponding observable

0= AP (14)

is employed, where )\; are the eigenvalues corresponding to the measurable outcomes, and P;
are the projection operators onto the eigenstates, satisfying the conditions

PPy = 0;P;, > Pi=I,  Pl=P (15)

i

_ For the qubit states, the projectors onto the ground and excited states are Py =10)(0| and
Py =|1)(1|, respectively. The probabilities of finding the qubit in these states at time ¢ are
given by

Priq) () = Tr [p(t) 130} . Pryy (1) =Tr [f) (1) Pl} (16)

5
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In the absence of external perturbations other than thermal relaxation, the excited-state
probability Prj;y(¢) decays exponentially over time due to interactions with the environment,
such as

PI"1> (l‘) :Pr‘1> (0) e /T (17)
thus, assuming the qubit is initially in the excited state, Pr|1)(0) = 1. Thus, the relaxation time

T is the characteristic time at which the probability Pr|1)(¢) has decreased to 1/e of its initial
value, as given by
1
Pr\l)(Tl):; (18)

This exponential decay illustrates how the probability of finding the qubit in the excited
state decreases over time due to thermal relaxation. These probabilities are measured through
various experiments and plotted as a function of time, forming a curve that is fitted using
exponential regression techniques to extract the decay behavior. This process is exemplified
by the decay curve obtained in the work by Wang et al [38].

2.4. Quantum discord

Quantum discord is a measure of quantum correlations within a quantum system, capturing
not only entanglement but also other types of non-classical correlations [37]. In mixed states,
the von Neumann entropy includes contributions from both classical and quantum correla-
tions, with classical correlations often dominating. To quantify these correlations, classical
mutual information, based on a set of projective measurements, is considered as a measure of
classicality, defined as

J(S: A)fpay =S(8)-S(S|{P}) (19)

where S(S) = —Tr(psInps) is the von Neumann entropy of subsystem S, and S (S |{PJA})

is the conditional entropy of S given a set of projective measurements {P;“} on subsystem .A.
The conditional entropy is obtained as

S(SI{P*}) ZPJ psy) (20)

where p; = Tr (PA 0 A) is the probability of obtaining outcome j upon measurement, and ps;

is the post-measurement state of S
pA DA
P pP;

Dj

psj = ey

where the projectors P]A are rank-one operators representing perfect measurements on .A.
The quantum mutual information is given as

[(S: A)=5(S)+S(A) - 5(S,A) 22)

where S(A) = —Tr(p.alnp4) is the entropy of A, and S(S,.A) = —Tr(plIn p) is the entropy
of the combined system.

In classical information theory, J(S : \A) and I(S : A) are equivalent, but they differ in the
quantum realm due to quantum correlations beyond classical correlations. The quantum dis-
cord §(S: A)

(S A)=IS:A)—-J(S:A (23)

6
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quantifies this difference. By substituting the expressions for / and J, the quantum discord
becomes

5(S:A)=S(A)—5(S,A)+5(S|{P}) (24)

which is always non-negative and captures the quantum correlations not accounted for by
classical mutual information.

To study the dynamics of quantum discord within the SEAQT framework, the rate of change
of the relevant entropies is considered. Thus, the rate of change of the total entropy S (S, .A) is
obtained such as [41]

ds(S,A) 8

Ta A >

wheAre,A 8= AlA /(kp Z") Ais the inverse temperature, 7p is a dissipative time constant, and
(AFAS) = (fS) — (f)(S) denotes the covariance between the non-equilibrium free energy oper-
ator f = H — S and the entropy operator S of the combined system.
Next, the evolution of the entropy S(.A) of the thermal bath is considered. The reduced
density matrix of A evolves according to
dpa I { N i Aol B ;o
Pa_ g 5] - v [fg] - £ {Afapa) 2
ar p [Hapa] =3 Trs |Hnp| = 5 A PA (26)
where, H A i§ the Hamiltpnian of t}}e thelArmal ba}h, ﬁim is the interaction Hamiltonian between
S and A, Afa =fa — (fa), with f4 = H4 — S 4. The rate of change of the entropy S(.A) is
then given as

dS(A) B s Ag
Q@ = o, (aASa) 27)

The rate of change of the quantum discord is given as

dé(S:A) :dI(S:.A) _dJ(S:A)

2
dr dr dr (28)
Substituting the expressions for the rates of change, it is obtained
do(S:A) 8 Ana A a d A
—————= = — ((AfAS) — (Af4AS - —S P; 2
T = o (A% — (8aas.) - 55 (81{FY) (29)

To simplify the time derivative of the conditional entropy S (S | {P]A}) , note that for time-
independent rank-one projectors 13;4, the rate of change of S (S | {PJA}) becomes

q d A dp/ d
GSEHr ) =1 ijjS (si) | =2 (Tr (cf;lnp) T (pjlnpj>> G

J

where p/ = f’g ﬁf’g. Notice that, since ﬁ'f‘ are time-independent and the measurement process
is instantaneous, the change in the conditional entropy due to the measurement is negligible
over the timescale of the evolution of the system. Additionally, if the thermal bath is not sig-
nificantly affected by the dissipative dynamics (i.e. 7p > 1), the conditional entropy remains
approximately constant, thus

d
TRGIGIET @D
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Therefore, the rate of change of the quantum discord simplifies to

dé(S: A Axon A

DA _ D ((afa8) - (a1485.) (32)
t ™D

Since the covariance terms (AfAS) and (Af4AS 4) are positive due to the properties of the

operators involved, it follows that

dé(S:A)

dr

This indicates that quantum discord decreases over time under SEAQT dynamics, reflect-
ing the tendency of the system to lose quantum correlations due to dissipative processes. The
reduction in discord is associated with the irreversibility inherent in the evolution of the sys-
tem toward a partially canonical metastable state. Within the SEAQT framework, the rate of
change of quantum discord is governed by the entropy generation of both the system and the
thermal bath. The projective measurements related to the conditional entropy are linked to
the irreversibility of the system, highlighting the thermodynamic nature of quantum correla-
tions. Additionally, the set of projector operators employed corresponds to the eigenstates of
the density matrix operator, such that |¢) € rank p. Therefore, the projectors must coincide
with B.

<0 (33)

2.5. Case of study

As a case study, a total system C is considered, composed of two subsystems denoted as A and
B, representing the qubit and the environment, respectively. The environment is modeled as a
thermal bath composed of harmonic oscillators. The initial density operator 5(0), representing
the initial state of the total system, is given by

p(0) = pa(0)® pg(0) +¢ (34

where p4 = Trg p and pg = Try p denote the reduced density operators of the qubit and the bath,
respectively. The qubit is defined on a Hilbert space H,4 = span{|0),|1)}. The environment
is modeled as a collection of harmonic oscillators, each truncated to its two lowest energy
levels, effectively reducing each oscillator to a two-level system. The total Hilbert space of the
environment is then given by the tensor product Hp = Hose, @ Hose, @+ * @ Hosc;» With each
Hose; = span{|0), |1)}. As a result, the dimension of the environmental state space and the
size of the corresponding density matrix pp scale exponentially as 2V, where N is the number
of coupled oscillators. To avoid excessive computational burden, the number of oscillators is
kept small, while still allowing the model to capture essential features of system-environment
interactions, such as transitions between ground and excited states within the environment.

The operator é accounts for correlations that may exist between the subsystems at initial
time. This assumption implies that the system may have interacted with the environment prior
to t =0, and that such interaction was later turned off, or that the system was not fully isolated
at the time of its preparation [25]. The operator f vanishes when the system and the envir-
onment are initially uncorrelated. In the presence of correlations, é is a Hermitian random
operator with zero diagonal elements. This constraint ensures that é contributes only to the
off-diagonal structure of 5(0), thereby encoding inter-subsystem correlations without affect-
ing the normalization condition Tr(p) = 1 or the hermicity of p.

The Hamiltonian operator on ‘H representing the total energy of the composite system is
given as

I:IZI:IA®iB+iA®I:IB+Him (35)
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Table 1. Initial conditions for the numerical simulation.

Parameter Value

wA —1/2

Wi 1

8i —1

D 0.198

3 E=£,6=0(107)

where for a qubit coupled to a collection of harmonic oscillators [4],

A X VO A

Hy=Swibe,  Hp= Xi:w,- (b} b; + 21) (36)
and

= 6.0 (sib] +81bi) (37)

where wy is the oscillation frequency of the qubit, &, is the z— component of the Pauli operat-
ors, w; is the oscillation frequency of each harmonic oscillator, i, that conform the thermal bath,
gi is the coupling factor, and b' and b are the creation and annihilation operators, respectively.

The model was solved numerically using custom functions in MATLAB®, employing the
ode45 subroutine. This method is based on an explicit fourth-order Runge-Kutta scheme with
a variable internal time step to enhance computational efficiency. The convergence criterion
is based on the estimated local error at each step, which must remain below a weighted com-
bination of the absolute and relative tolerances. By default, the solver uses a relative tolerance
of 1073 and an absolute tolerance of 10~°, unless otherwise specified [42]. The ode45 sub-
routine is used to solve equation (11), which governs the time evolution of the density operator
of the composite system. A post-processing analysis was carried out using custom functions to
evaluate system observables at each time step. The parameter values used in the present model
are listed in table 1.

The correlation operator é in equation (34) is assumed to be very small. Using small values
reflects the assumption that the qubit and the environment are nearly uncorrelated, which is
typical in scenarios where the system is prepared independently of its environment.

For the initial conditions, it is assumed that the qubit is in a mixed state very close to the
excited state |1), while each oscillator in the environment is in a mixed state very close to
the ground state |0). A mixed state must satisfy the conditions p # p* and Tr(p?) < 1. In the
Pauli basis, the density matrix is expressed as p = l(i + Gy +vyGy +v,6;), so the initial

conditions must satisfy /v + v2 +v2 &~ 1, which ensures that the state is mixed but nearly

pure. This assumption reflects a physical scenario in which the qubit is initially in a higher
energy state and the environment is in a lower energy state, enabling energy transfer from the
qubit to the thermal bath, and leading to its relaxation.

To study the relaxation time 7’| of the qubit interacting with the environment, it is initially
assumed that the thermal bath consists of a single harmonic oscillator. Subsequently, the bath
is progressively expanded by adding one harmonic oscillator at a time until a total of six oscil-
lators is reached.

The relaxation times predicted by the SEAQT and Lindblad models are compared with
the experimental results reported by Wang et al where a relaxation time of 77 = 0.503 ms was

9
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1 ‘1 SEAQT prediction
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Figure 1. SEAQT prediction of 7| and a comparison with experimental results
reported by Wang et al [38]. Each dashed line represents a thermal bath com-
posed with a different number of harmonic oscillators, i.e. ny, = 1-dark blue,
npo = 2-orange, npo = 3-yellow, nn, = 4-purple, np, = 5-green, and np, = 6-light
blue. Reproduced from [38]. CC BY 4.0.

measured for a transmon qubit fabricated using tantalum thin films [38]. While transmons con-
structed from aluminum and niobium are the most widely used, due to their stable supercon-
ducting properties and well-established fabrication techniques, the exploration of alternative
materials offering improved performance remains an active area of research. It is important to
note that the material used to fabricate the qubit does not fundamentally alter the qualitative
shape of the relaxation curve, which typically exhibits exponential decay [43—47]. Instead, the
material primarily affects the characteristic relaxation time 7';. This observation allows both
the SEAQT and Lindblad models to be adapted to match the behavior of different types of
qubits, thereby demonstrating their general applicability in the study of relaxation phenomena
in superconducting quantum systems.

3. Results and discussion

3.1. SEAQT formulation

Figure 1 shows a comparison between the predicted relaxation time 7' of the qubit and the
experimental data reported by Wang et al [38]. It is observed that when the thermal bath is
modeled as a collection of six oscillators, the model accurately reproduces the experimental
results, yielding a relaxation time of 7; = 0.503ms. This close agreement with the experi-
mental data indicates that the model effectively captures the relaxation dynamics of the qubit.

Figure 2 depicts the expectation value of the energy for the qubit, the thermal bath, and the
composite system. As the qubit interacts with the environment, it undergoes a transition from
a higher to a lower energy level. The energy released by the qubit is transferred to the thermal
bath, resulting in a gradual increase in its energy over time. The figure also shows that the total
energy of the composite system remains constant, as expected for an isolated system.

Figure 3 shows the expectation value of the entropy for the qubit, the thermal bath, and the
composite system. It can be observed that the entropy increases over time in all three cases.
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Figure 2. Evolution of the expectation value of the energy for: (a) the qubit, (b) the
thermal bath, and (c) the composite system. Each color line represents a thermal bath

composed with a different number of harmonic oscillators.

Figure 4 shows the state evolution of the qubit in the form of a Bloch vector. Several scen-
arios are shown corresponding to a different number of harmonic oscillators for the thermal
bath. It is observed that the slowest relaxation occurs when the qubit is interacting with one
harmonic oscillator, while the fastest relaxation is observed when the qubit interacts with six
harmonic oscillators. Decoherence is observed as the decay of the x and y components of the
polarization vector. This decay represents the loss of phase coherence in the state of the qubit
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—npo = 1|
Npo = 2
Nho = 3|
Nho = 4

—np, = 5|1
npo = 6

— e =1
Nho = 2
Nhe = 3| ]
Npo = 4H
Nho = 5[
Ny =6

1.5 2

—np = 1| |

— o =21
Nho = 3| |
Nho =4
Nho = 5/
Nho = 6

1 1.5 2
t (ms)

Figure 3. Evolution of the expectation value of the entropy for: (a) the qubit, (b) the
thermal bath, and (c) the composite system. Each color line represents a thermal bath
composed with a different number of harmonic oscillators.

due to interactions with the environment. In addition, the z component transitions from its ini-
tial value towards its equilibrium value, reflecting the energy relaxation of the qubit from the
excited state |1) to the ground state |0). The relaxation of the z component corresponds to the
T process, while the decay of the x and y components correspond to the T, process.

Figure 5 illustrates the qubit dynamics on the Bloch sphere. The qubit is initially prepared
in a mixed state near the |1) state, represented by a green point located close to the south pole

12



J. Phys. A: Math. Theor. 58 (2025) 365301 L E Rocha-Soto et al

o
o
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(3]

0 0.5 1 1.5 2 2.5

Figure 4. Qubit time evolution of the Bloch vector for the SEAQT formulation.

{0}

05+

A TR i 'i1)' = _{,/"} i

Figure 5. Qubit evolution in the Bloch sphere. The initial condition was chosen with

Ve =1/0.992 —vZ v, =0, v, = —0.9, where \/vi +v} +v = 1.

of the sphere. The final state is indicated by a red point close to the |0) state. As the dynamics
induce decoherence, the trajectory evolves inward toward the center of the sphere, reflecting
the generation of entropy and the loss of coherence. The system eventually reaches a stable
state aligned along the z-axis, where entropy production is maximized and coherence is fully
lost.

Figure 6 shows the time evolution of the quantum discord between the qubit and the envir-
onment. It is observed that the quantum discord does not decay to zero, even after the qubit
has reached its equilibrium state. This non-zero discord arises from the ongoing interactions
between the qubit and the thermal bath, indicating that they continue to share quantum inform-
ation and maintain subtle correlations induced by their interaction.
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Figure 6. Time evolution of the quantum discord. Each color line represents a thermal
bath composed with a different number of harmonic oscillators.

! .\ Regression Wang et al. | |
3 ® Data Wang et al.
% — = Lindblad prediction
0.8 14
‘e
\
Py \
SN0 ey,
o »
~ 04 N, T,=0.503ms
% S
°
[ 3
L o~e
0.2 e,
s o
e o g .~...‘ ._._._ -
0
0 0.5 1 1.5 2

Figure 7. Lindblad prediction of 7| and a comparison with the experimental results
reported by Wang et al [38]. Reproduced from [38]. CC BY 4.0.

3.2. Lindblad formulation

The results obtained using the SEAQT framework are compared with those obtained from the
Lindblad equation. Figure 7 presents a comparison of the relaxation times 7'; obtained with the
Lindblad equation, along with experimental data reported by Wang et al [38]. It is observed
that the Lindblad equation also provides an accurate prediction of the experimental results.
However, data on the state evolution of the thermal bath is not available in this approach, as
the Lindblad equation models only the reduced density matrix of the qubit.

Figure 8 shows the time evolution of the qubit obtained with the Lindblad formulation. It
is observed that the qubit undergoes a transition from a higher energy state to a lower energy
state, a behavior also reflected in the evolution of the Bloch vector. Additionally, the entropy
of the qubit initially increases, reaching a peak, and then gradually decreases. Compared to
the SEAQT model, decoherence occurs more slowly in the Lindblad model.
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Figure 8. Qubit’s time evolution obtained with the Lindblad formulation of: (a) expect-
ation value of the energy, (b) expectation value of the entropy, and (c) Bloch vector.

4. Conclusions

In this work, the relaxation time of a transmon qubit was studied using two frameworks, i.e. the
Lindblad and SEAQT approaches. The predicted results were compared with experimental
data reported in the literature. Both frameworks accurately reproduce the experimental relax-
ation time of 7 = 0.503 ms. In the SEAQT approach, this result is achieved when the envir-
onment (or thermal bath) is modeled as a collection of six harmonic oscillators. A smaller
number of oscillators coupled to the system leads to longer coherence times, indicating that
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the system is more effectively isolated from its environment. Furthermore, the initial value of
the correlation operator é influences the dynamics of the system, emphasizing that pre-existing
correlations with the environment can significantly impact the qubit’s relaxation behavior.

Quantum discord is also calculated for the phenomenon under study, providing a broader
perspective on quantum correlations beyond traditional entanglement. Even as the qubit
reaches a stable equilibrium state, the quantum discord does not vanish completely. This
indicates that correlations between the qubit and the thermal bath continue to emerge and
dissipate due to the interaction term, although these correlations do not necessarily manifest
as entanglement.

In contrast, the Lindblad model does not account for interactions that may have occurred
prior to the start of the simulation, as it relies on the Markov approximation, which assumes
that such correlations are negligible. Moreover, the model does not require detailed knowledge
of the environment’s structure, but rather of its overall effect on the system. Therefore, if this
effect is accurately captured by the chosen jump operators, the only remaining adjustable para-
meter needed to reproduce the observed dynamics is the decay rate ;. Since the environment
is not explicitly modeled in this framework, it is not possible to compute quantum discord, as
its evaluation requires knowledge of the entropy of both the system and its environment.

The ability to model both relaxation and decoherence may lead to the development of
more efficient error-correction protocols, thereby enhancing the stability and performance of
quantum computers.

Future extensions of this work include expanding the model to incorporate additional har-
monic oscillators, as well as multiple qubits, enabling the analysis of their performance as a
multiprocessor unit. In addition, the implementation of error-correction protocols can be con-
sidered to enhance the robustness and accuracy of the system.
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