Quantum Information and Computation, Vol. 23, No. 11&12 (2023) 09370948
© Rinton Press

MANY-BODY QUANTUM STATE CONTROL
IN THE PRESENCE OF ENVIRONMENTAL NOISE

ZARA YU
Massachusetts Institute of Technology
Cambridge, MA 02139, USA

Department of Physics and Center for Quantum Science and Engineering, Stevens Institute of Technology
Hoboken, NJ 07030, USA

DA-WEI LUO
Department of Physics and Center for Quantum Science and Engineering, Stevens Institute of Technology
Hoboken, NJ 07030, USA

Received June 7, 2023
Revised September 5, 2023

We consider the quantum state control of a multi-state system which evolves an initial
state into a target state. We explicitly demonstrate the control method in an interesting
case involving the transfer and rotation of a Schrodinger cat state through a coupled
harmonic oscillator chain at a predetermined time T". We use the gradient-based Krotov’s
method to design the time-dependent parameters of the coupled chain to find an optimal
control shape that will evolve the system into a target state. We show that the prescribed
quantum state control can be achieved with high fidelity, and the robustness of the control
against generic environment noises is explored. Our findings will be of interest for the
optimal control of a many-body open quantum system in the presence of environmental
noise.

Keywords: Quantum control

1 Introduction

Quantum state control is crucial for quantum information processing and transmitting quan-
tum information through a quantum network. In this paper, we study how to control the
time evolution of a many-body quantum system by designing time-dependent physical param-
eters that describe the system’s internal geometry or configuration. An interesting classical
analogy is that a falling cat can re-orient itself so that it lands on its feet and maximally
reduces damage to its body [1-4]. The controllability of this classical phenomenon correlates
with the fact that a cat is not a rigid body [5], but can change the shape of its body and the
relative orientations of its body parts, allowing it to rotate without violation of the laws of
angular momentum conservation. In the quantum domain, the issue of autonomous control
can become more complicated as a quantum deformable body is not a well-studied platform
that can easily exhibit quantum control features. To illustrate our methodology, we consider
a quantum system which consists of a chain of coupled harmonic oscillators, which we will
use to show the transfer and re-orientation of quantum cat states through varying couplings
and frequencies for a given control runtime.
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Fig. 1. Schematic of the model with a chain of three harmonic oscillators. The control is im-
plemented to transfer a cat state from the first oscillator to the last one in the chain at a given
time T', where the transferred state may be rotated by a pre-determined angle. For simplicity, we
initially assume that the rest of the oscillators are in the vacuum states.

The goal of the optimal control for the system considered in this paper is to implement a
combination of simultaneous quantum state transfer and cat-state rotation at a predetermined
time 7. The harmonic oscillator model has been studied extensively [6-12]. One of the
advantages of the coupled harmonic oscillator model is that it is simple, yet able to exhibit
many complex and interesting features of quantum control processes. We will use a gradient-
based search method known as Krotov’s method to program the control strategies [13-16]. Our
purpose is to find the optimal control geometry to realize the required state control. Krotov’s
method is a very versatile and effective control algorithm [13-17], applied to many quantum
control problems, including quantum gate preparation [18] and quantum state transfer in
a spin chain [19]. One major issue in quantum control problems is the robustness of the
control strategy against detrimental noises. To address this issue, we study the robustness of
the quantum control strategy in the presence of a colored noisy environment [20] by using a
stochastic Schrédinger equation [21, 22].

This paper is organized as follows: in Section 2, we first introduce the quantum model
under consideration as well as the control strategy. We then present the resultant control
dynamics in a generic open system setting and discuss the results on some specific cases in
Section 3. We give a conclusion in Section 4.

2 The model and optimal control

We consider a quantum system consisting of N coupled harmonic oscillators in an open-
ended chain, coupled by position-position operators at neighboring sites. The model may be

J
where j = 1...N. Dropping the trivial overall constant terms, which only induce overall

phase factors, as well as the counter-rotating terms a;a;41 and a;r-a;f 11, the Hamiltonian may

represented by a set of bosonic annihilation and creation operators a; (aT-) =/%(qg=* %pj),
J
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be written as (setting i = 1)
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where the explicitly time-dependent @;(t) and k;(t) would serve as our quantum control
parameters, and h,) ; denotes the oscillator (coupling) Hamiltonian for site j. It should
be noted that the model may be implemented in many interesting physical systems, such
as an array of coupled optical cavities [23]. The coupled time-dependent harmonic oscillator
model [24] also appears in various interesting physical systems, such as a cavity with a moving
mirror [25], quantum circuit systems [26], and charged particles in time-varying magnetic
fields [27].

We will consider the control of a class of quantum states generally referred to as Schrédinger
cat states, representing a set of macroscopically distinct superposition states. To be more spe-
cific, a cat state here consists of a superposition of two Gaussian wave packets in the opposite
direction, with interference patterns in between. It has been found that Schrodinger cat states
have various applications in quantum technologies, such as coherent state-based quantum in-
formation processing and fundamental physics (eg, see [28-30]). Recently, long-lived cat
states have been shown to be realizable in atomic ensembles [31], and a dissipative cat state
generation via nonequilibrium pump fields has also been reported [32, 33]. An alternative
approach has also been reported using shortcuts to adiabaticity [34]. It should be noted that
Schrodinger cat states may be generated in quantum optical systems [35] or Bose-Einstein
condensates [36].

In order to realize the optimal control of a quantum state at a predetermined time T,
we will consider the transfer and orientation of the quantum cat states, which is given by
[e(a)) = N, (la) +| — ), where |a) is the coherent state represented by the complex
number « and N, is the normalization factor. The rotation of the cat state is represented
by the phase angle 6 of the coherent state parameter, o = |ale?. The control goal here is
to transfer the cat state through the chain of oscillators to a target state. As an example,
the target state can be a transferred cat state with a predetermined rotation angle 67. More
precisely, the initial and target state of the quantum cat system are given by

[1(0)) = [the(a))1 @ [0)2 ® ... @ 0) N (2)
[U(T)) = 10)1 ® ... ®[0)n-1 @ [thc(ae)) N, (3)

respectively. The crucial question is how to program the quantum system to achieve the
required final state within the given time 7. The control functions (k;(t),w;(t)) that can
be used to achieve this goal may be found by a quantum optimal control method. To find
the optimal control field, a gradient-based method known as Krotov’s method [13-16] is used
here. Krotov’s method has the advantage of being able to monotonically approach the control
goal with each iteration, and there is no need for a line search [17, 37]. Krotov’s control has
been applied to open systems [37], the generation of quantum gates [18, 38] and quantum
state transfers [19].
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Krotov’s method starts with a trial solution of the control functions and iteratively opti-
mizes the control functions’ shape to minimize a functional J to be explicitly defined below.
The resulting control function of the current iteration is then used as the trial function for
the next iteration. At the i-th iteration, the total Hamiltonian is of the form

HO@) = Ho+ Y el () H,, (4)
l

where Hy is the time-independent uncontrolled part of the Hamiltonian, H, is the time-
independent Hamiltonian describing the controlling strategy, and el(z)(t) is the corresponding

time-dependent control function. Krotov’s method would minimize the functional J,
0 e
7 [sed?@n] = )+ 3 [ atte . 5)
1

where s = {|p(?(t)} is the set of wave functions at the i-th iteration, and {el(i)(t)} is the set of
control functions. The function Jr is the main part of the functional (5) and for our purpose,
Jr is taken to be the infidelity of the evolved state and the target state,

Jr(s) = 1= [{¢71e (D)), (6)

where |¢f) is the target final state. The function g tracks the running cost of the control
fields, and is usually taken in the form of
g (D)) = 25 (A (1), @
Si(t)
where A\,; > 0 is an inverse step-size, Ael(i) (t) = el(i)(t) - el(ifl)(t) is the difference of the
control function between the current and last iteration, and S;(¢) € [0, 1] is an update shape
function.

In the most general case, the functional J above can include an additional functional h
that depends on the state’s dynamics in each iteration. However, for our case, h(s) may
be omitted here. With this search method, one starts with a trial solution and in the i-th
iteration, the [-th control field is updated according to

¥ (t)>] ; (8)

A (1) = 50 1y, Kx(“)(t)
)\a,l
where H(9(t) is the total Hamiltonian of the i-th iteration and |x(~(t)) is back-propagated
using the Hamiltonian under the previous iteration’s control fields with an appropriate bound-
ary condition |x"1(T)) oc [¢y), i.e. the target state.
Krotov’s method is shown to be monotonically convergent in the continuous time limit.

AH) (1)

de” (1)

In practice, when the control is discretized, a proper step size and other parameters need to
be chosen. This algorithm [17, 39, 40] can be a robust method to find the control shapes to
drive a quantum system towards a target state.

As an illustrative example, here we consider a chain of N = 3 harmonic oscillators (see
Fig. 1) and the control functions have a constant part as well as a time-dependent part,
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Fig. 2. Optimal control shapes for transferring the quantum cat state while rotating it by 90
degrees as a function of time. Panel (a). The final control shapes for all control fields. Panel
(b). The iteration history of the coupling strength k1 (¢) as an example, where we started with an
initial guess (blue solid lines) as the 1st iteration, and reached the final shape (red solid line) at
the 19th iteration with a goal of 10~7 for the functional J. The dashed lines are from iteration 2
through 18.

@;(t) = wjo + w;(t) and k;(t) = kjo + k;j(t). Therefore, rewriting the system Hamiltonian
into the form of Eq. (4), we have 5 control parameters in total,

N N-1
Ho =) wjohoj+ Y kjohu;;
j=1 j=1

H; = hoy, El(t) = wl(t) forl=1,2,3;
H4 = hk,h 64(t) = kl(t), and H5 = hkyg, €5(t) = kQ(t) (9)

3 Results and discussions

We first start with an interesting case where the transferred state will be rotated by 90 degrees.
For Hy, we take w;o = 1 and k; o = 0.3, and we set the target time to be T' = 5. The cat
state’s parameter is chosen to be a = 1. The control shapes for the system is shown in Fig. 2
(a). It can be seen from Fig. 2 (b) that the control function’s shape quickly converges to the
final shape after only 2 iterations. For the case where we minimize the functional (5) to be
107, the final shape in Fig. 2 is reached after 19 iterations. The above analysis shows that a
control strategy may be used to realize quantum state transfer and control. A more generic
transfer case with an arbitrary rotation can be treated in a similar fashion, but the iteration
times may vary for different target states.

In reality, all quantum systems are inevitably coupled to their environment, making them
susceptible to environmental noise and decoherence. Therefore, it is interesting to see if a
useful control strategy is still available in an open system context. To this end, we take the
optimal control field derived above using an ideal closed system evolving unitarily, and study
the robustness of the controlled dynamics under the influence of a generic non-Markovian
environment. To consistently add noise to the system of interest, we consider a standard model
of open system dynamics where a quantum system is embedded in a bosonic environment with
total Hamiltonian

Hyo(t) = Ho(t) + Y wrblbr + Y (gkLbL + h.c.) . (10)
k k

Here, H;(t) represents the controlled system Hamiltonian (1), by is the annihilation operator
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Fig. 3. The state evolution of the quantum system is plotted. Snapshots of the Wigner function
for the quantum states at various times for the three oscillators (osc. 1, 2, 3 on each row), where
the system is embedded in a noisy environment.

of the k-th bath mode, @y is its frequency, L is the system operator that describes how the
system couples to the bath (environment), and gj is the coupling strength. The system’s
reduced dynamics can then be obtained by tracing out the environmental degrees of freedom
on the combined system which evolves under Eq. (10). While the dynamics of the open system
may be described by a Markov approximation under specific conditions such as weak coupling
and unstructured bath [20], a non-Markovian treatment is generally necessary to account for
more intricate memory effects. The non-Markovian dynamics may be solved by a generic
quantum-trajectory approach known as the quantum state diffusion (QSD) approach [21, 22],
where the bath modes are projected onto coherent states, introducing an effective noise such
that each trajectory can be determined by a stochastic Schrodinger equation. The solutions
to the stochastic Schrédinger equation are termed quantum trajectories. The reduced density
operator for the open system may then be recovered by an ensemble average of the quantum
trajectories. When the system-bath coupling is not in the strong coupling regime, a leading-
order master equation may be derived in the form of

d

Zpa(t) = =i [Ho(1), pu(0)] + [ L, ps (O (1)| = [L1, 00 (0)p, (1)) (11)

The QSD approach introduces a functional derivative operator O, with respect to the bath
state’s projection. This operator may be approximated by its leading noise-free order O(®) (t)
in the weak non-Markovian case, which is in turn determined by

0O (t) = /t dsa(t, s)00(t, s), (12)
0
8,00 (¢, 5) = [—iHs(t) — 1100 1), 00 (¢, )], (13)

where a(t, s) = > |gm|? exp[—i@y, (t — s)] is the bath correlation function. Here, we consider
a type of noise known as the Ornstein-Uhlenbeck noise [21, 41, 42]. This type of noise corre-
sponds to a Lorentzian spectrum of the bath, and gives an exponentially-decaying correlation
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Fig. 4. Dynamics of the fidelity between the evolved state and the target state, where the trans-
ferred state is engineered to be rotated by 90 degrees.

function «a(t,s) = yexp (—y|t — s|) /2. The ~ parameter of the correlation function dictates
the environmental memory or correlation time [22] 7 = v~!. In the limit of v — oo, the
memory function becomes a ¢ function and we get the well-known white noise case such that
the dynamics would be memory-less (Markov), whereas for a finite , we have a colored noise.

With this generic open system dynamics treatment, we now take the control functions
obtained from the closed system dynamics and proceed to study how robust the control
strategy can be when the open system effects are taken into account. Here, we take the
system-bath coupling to be L = A Z?Zl q;, with the coupling strength A = 0.1. In addition,
the memory parameter of the correlation function « is chosen to be v = 1.8. The effect of
the environment can be simulated by solving the effective Schrédinger equation. This set of
parameters is consistent with the weak coupling and weak non-Markovian assumption used
here for a noise-free O operator.

Using the optimal control functions obtained from Krotov’s method in the context of a
non-Markovian open system, we calculate the dynamics of the Wigner functions for each
oscillator in the system. Snapshots of the Wigner function during the evolution are shown
in Fig. 3, where one can easily visualize how the oscillators’ states evolve to the target state
in the presence of a dissipative quantum bath. This shows that the control employed here
can be quite robust to this type of dissipation. To study the open system effects in detail,
we calculate the dynamics of the fidelity of the quantum state against the target state. The
fidelity between two (potentially mixed) quantum states p and o is given by

F= [tr\/mr (14)

and takes a real value between 0 and 1 such that F' = 0 when the two states are orthogonal
and F' = 1 when the two states are identical, up to a global phase. The infidelity is given by
0p =1 — F. We plot the fidelity as a function of time in Fig. 4. It can be seen that the open
system’s fidelity is quite close to the ideal closed system case. As a comparison, the infidelity
of the closed system is 67 ~ 1.3 x 10~7 at the final time ty = 5, while for the open system,
we have dr ~ 0.043.

This control strategy also allows us to choose other angles for the rotation of the transferred
cat state. As an example, we show the results for rotating the transferred state at cavity 3
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Fig. 5. Panel (a). Control function shapes for rotating the transferred cat state by 45 degrees as a
function of time. Panel (b). The dynamics of the fidelity between the evolved state and the target
state as a function of time for rotating the transferred state by 45 degrees, under both closed
system (blue solid line) and open system dynamics (red dashed line).

by 45 degrees. The final control shapes are shown in Fig. 5a, and the dynamics of the fidelity
between the evolved state and the target state is shown in Fig. 5b. In this case, we have the
infidelity 6p ~ 9.2 x 10~8 for the closed system case and r ~ 0.042 for the colored noise
case.

In order to quantitatively study how the open system parameters affect the robustness of
Krotov’s method, we plot the fidelity at the final time between the evolved state and the target
state, as a function of the system-bath coupling strength A and the bath memory parameter
~ in Fig. 6. As is expected, the fidelity would decay faster with larger system-bath coupling
strength. It is also interesting to note that in the region where the non-Markovian memory
effect is stronger (smaller «), the fidelity would drop slower when we increase the coupling
strengths. It is demonstrated that the control is typically more robust in a non-Markovian
regime. Note that for the particular memory function under consideration, smaller memory
parameter «y also lowers the effective system-bath coupling.

4 Conclusion

Quantum control is a critical issue that real-world quantum technologies must address. In this
paper, we have considered the optimal control of a quantum cavity array involving transfers
of a Schrodinger cat state through a linear harmonic oscillator chain and arbitrary rotations.
We have shown that the quantum mechanical system can realize an effective autonomous
control of its states by making internal time-dependent changes. Here, the control functions
are represented by the time-dependent couplings and the oscillators’ frequencies. We have
demonstrated that Krotov’s method may attain the optimal quantum control shapes for the
system parameters. For real physical systems, the control functions cannot take arbitrary
values - that is, they can neither be too large nor change too fast. For many physically
interesting cases, the control functions can typically be realized within physically allowable
values, because the control functions obtained by Krotov’s algorithm are sensibly dependent
on the initial guess, which can be chosen through trials such that the resulting control functions
are well behaved. We note that for the model under consideration, in addition to the rotated
cat states studied here, well-behaved control functions also exist for many other interesting
states such as entangled states |a)|a) + | — )| — @) and NOON states [NO) + |[ON) (up to a
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Fig. 6. Fidelity between the target state (rotation by 45 degrees at the final site) and the final
evolved state under open system dynamics, as a function of the system-bath coupling A and bath
memory parameter y. The red line shows the boundary for fidelity F' = 0.9.

normalized factor).

To show the robustness of the quantum control of the quantum cat system, we have
considered a more realistic situation where the quantum cat system is coupled to a generic
noisy environment. In these more practical cases, we have shown that it is possible to achieve
the final controlled target with high fidelity within the predetermined time. We have shown
that the quantum control strategy adopted in this paper can be robust against environmental
noises. It should be noted that here, we derived the controls in an ideal closed system
setting and studied its robustness against open system effects. While it is possible to extend
Krotov’s method to vectorized Markov master equations [17], deriving a consistent control in
a full non-Markovian context would be a more challenging task since the dissipative terms
would have an intricate dependence on the time-dependent control Hamiltonians. It would be
interesting to implement our control method in a full non-Markovian setup or study how to
use it consistently with other decoherence eliminating controls, such as dynamical decoupling
pulses [43] or leakage elimination operators [44]. It might also be of interest to compare
the performances of our control method with alternative optimal control algorithms, such
as [45-48].

We believe that the control method studied here is of interest for many quantum informa-
tion processing tasks where continuous quantum state transfer and control are needed [28].
For example, it has been demonstrated that cat states can be used to deterministically encode
quantum information [49], and offer a novel paradigm for universal quantum computation [50].
An optical implementation for universal quantum logic gates and quantum metrology appli-
cations using superpositions of cat states has also been proposed [51]. Recently, coupled
cavity arrays have been realized on various platforms [52], such as photonic-bandgap meta-
material [53]. The real time control of the harmonic oscillators may be realized with ion
traps [54] or with circuit QED platforms [55, 56]. It would also be of interest to test this
protocol on quantum computers, such as superconducting quantum computers [57] or even
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with the IBM Q using a continuous variable approach [58]. The model may also be of interest
for implementations of quantum entanglement generation in an array of optical cavities or a
continuous-variable quantum network.
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