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TRACKING CONTROL OF QUANTUM
VON NEUMANN ENTROPY

YYIFAN XING

Abstract- This paper provides the accurate tracking control of the von-Neumann entropy of quantum
systems. The closed form of the accurate time derivative of the entropy is presented. Based on this, controller
design method for time-dependent decay rate is provided, which can directly drive the entropy to track a desired
trajectory. Simulations are done on two-level quantum system.

Indexterms-Quantum control, Von Neumann entropy, Quantum information.

INTRODUCTION

Von Neumann entropy is very important in measure of entanglement, quantum systempurification, quantum
cooling and information flow control. In the 2012 “Quantum Characterization, Verification and Validation
Workshop” in Bethesda, a group of scientists discussed about some typical questions like how to build a quantum
device. The consensus at this workshop is that our common goal should be to somehow master a quantum
system’s entropy, thereby enabling smooth sailing towards our final destination of full-scale quantum computers.

A recent paper on twenty open problems in quantum control [1] mentioned that the difference between the
maximum and minimum eigenvalues of the interaction Hamiltonian bounds the rate at which we can extract
information from the system, which in turn bounds the rate at which we can extract entropy and reduce the effects
of noise. However, it is not clear whether there is a way to compare the eigenvalue bound for unitary interactions
to the damping rate of an irreversible coupling. Here the von Neumann entropy control is essential because the
difference between the maximum and minimum eigenvalues is directly correlated to the entropy.

In quantum cooling [2-5], both preparing quantum systems in pure states and ground-state cooling require
that all the entropy is extracted from the system. Pure states are not necessarily cooler than mixed states, for
example, pure states with an equal superposition of all eigenstates correspond to infinite-temperature states. To
achieve cooling, in general, we need to prepare states that have low entropy.

There have been many studies about how to calculate the time evolution of von Neumann entropy [6-11]. The
accurate evolution of entropy should be unique, while how to calculate the accurate solution is still unsolved.
This paper provides the accurate tracking control of von Neumann entropy, which can drive the entropy to track a
pre-specified trajectory.

This paper is organized as follows. Section 2 gives the problem formulation and the closed form of the
accurate time derivative of von Neumann entropy. Section 3 provides the controller design method for time-

dependent decay rate. Concluding remarks are given in the Conclusion Section.

PROBLEM FORMULATION
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In the frame of open quantum system, it’s important to study how to drive the von-Neumann entropy from
the system to the environment. The von-Neumann entropy of a quantum system can be defined as
S® =-Trs[p® O p* @), (1)
where pS (t) is the reduced state of the system. Since p® (t) is always diagonalizable, there exists unitary
transformationU (t) which leads to
Ut U =AW, 2
where A(t) is the diagonalized matrix whose diagonal elements are the eigenvalues of pS (t). From (2) we can

get
PS M) =UmADUTQ). 3
Substituting (3) into (1) yields
S(t) =-TrsfU AU ®) In[U AU T O]}
=-TrsfU AU U OIn AQUT (1)}

=-Trs[A(t)InA(t)] = —Zn: 2;j(®)In2;(t), 4)
j=1

where ; (t) are eigenvalues of pS (t), and n is the dimension of the system. Here for simplicity we only

consider finite dimensional quantum system. In order to control the entropy, we need to find the relationship
between the controller and the time derivative of the entropy. The accurate derivative can be calculated using the

sensitivity of eigenvalue. The first order derivative of the entropy can be calculated as

S(t) =—§n:[1+ In ; ()]14; (1) . (5)
j=1

Assuming the right eigenvector of p° (t) with respect to A j(®) isx; (t) , we can get

% 0%;(t) = 2,0 (1). (6)
Here the eigenvectors are assumed to be normalized, which means
xT(t)x; (t) =1. @
Since pS (t) is Hermitian, the left eigenvector of pS () with respect to 4; (t) should be the same as the right
eigenvector, which means
X} ()% (1) = 2;OX] ). ®)
From (6) and (7) we can get
25 1) =X} (04 )%} ) =x] (1) 0° ©)x; 1)- ©)
From (9) the derivative of 4;(t) can be calculated as
A1 =] ®° ©x; 1) +x] 00" Ox; 1) -
+x(1)p° )X 1)
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Substituting (6), (7) and (8) into (10) yields
A0 = X0 4;0%; 0 + X[ (055 ©x; @)
+2; )X} )% (1)
=X} (1)5° ®)x; (1)
+2; O 0 x; (0 + X (0%, (0]
= X055 %0+ 4 O T 0% 0]

=X} (0)5° (% (1). (12)

Substituting (11) into (5) we can get
S(t)=->[1+In A; Ix (1) p° (V)%; (1) .
j=1

This is the closed form of the accurate time derivative of von Neumann entropy. We can use this to

accurately calculate the derivative of entropy at any time. Although it needs to calculate all the eigenvalues and

eigenvectors  of pS(t) , it can be done by computer easily. What’s more, for quantum

system ¢ = —i[Hyop, p5 Twith Hy = HE @16+ IS®HE+ H, ., the derivative of entropy can similarly be
written as

Sy T SE So1€ SoHE :
S(t)= IZj[1+ In2; (1 ) [Hin (t), 277 (O)]X; (). Here H® ®1° and 1° ®H* can not lead to any change in

the entropy.

Our control goal is to drive the entropy to track a desired trajectory, for example, to decrease to zero along a
straight line. We can control the entropy by controlling the time derivative of the entropy. In Section 3 we
provide the controller design method based on time-dependent decay rate. If the decay rate can change with time

and can be used as the controller in the future, we can use it to drive the entropy easily.

I1l. CONTROLLER DESIGN METHOD FOR TIME-DEPENDENT DECAY RATE

Since for closed quantum systems, the entropy can not be changed, we consider the following master

equation for open quantum systems
p=-i[H,p]+L(p), (12)

where £(p) is the Lindblad generator. From (12) we can get the derivative of entropy

. n

S(t)= —Z[1+ In /1j (t)]ijr (t)ﬁ(p)xj ®. 13)

j=1
Here [H, p] can not directly change the entropy, but the external fields contained in H can change £(p) ,thus

change the entropy. The non-Markovian master equation with time-dependent decay rate is

p=-ilH.pl+ 37, (t)(vjpvj*—g{v,-*vj,p}j,
J (14)
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where the decay rate y i (t) can be time-dependent, and can be negative for non-Markovian quantum systems

[12]. When y(t) is negative, it means the information flow goes from the environment to the system, thus the
entropy of the system will decrease, and the system can be purified. If the decay rate can be used as the controller
in the future, the entropy control problem can be simplified. So in this section we use the decay rate as the
controller, and choose H = H + Hyu(t) = H, which means the external field u(t) is always set as zero. Since
the control problem with one decay rate is more difficult than those with multiple decay rates, we only consider

the equation with one rate
p=-i[H,p]l+ 7(t)[VpV _E{V \% ,p}j .(15)

From (12), (13) and (15) we can get

S(t) = —i[u In 2; (01X} (@) (1) x
1= (16)

1
(vaT —Ew*v,p}jx,- ().
It is clear that

XTIV TV px; (1) = x| (£) oV TV, (1)

17
=2; X5 OV IV (1).
Substituting (17) into (16) leads to
S(t) =y Y [1+1In 4; 1)Ix] (t) x
j=1 (18)
[4; VTV =V oV TIx; (0).
Define
a(t) 2 i[u In 2; (t)1X] (t) x
j=1
[4;(0OVTV =V oV T Ix; (1),
and we can get
S(t)=y(t)a(t). (20)
So the controller can be calculated as
_S®
y(t)= ()
S(t) (21)

i[1+ In 2; (1%} ©14; VTV -V oV 1% (1)
j=1

This is the desired controller which can accurately drive the entropy to track a pre-specified trajectory S(t) .

Here we use open loop control since the entropy is difficult to measure. We can substitute (21) into (15) to solve

the evolution of the system, based on which the evolutions of both the entropy and the controller can be
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calculated. This controller can only take effect when 4; (t) # 0 because the definition of In0O doesn’t exist.

What’s more, when «(t) =0, there will be singularity since there is division-by-zero problem in the controller.
We can use the gradient method to solve the singularity problem. If we consider the minimization of the tracking

error
minJ =[S(t) -y Oa®]*, (22)
the controller can be calculated from
. aJ :
y(t) ==k ——==2K[S(t) - y(t)a(t)]x(t) , (23)
oy(t)
where k > 0. This method can only avoid the division-by-zero problem at certain time, while cannot always

guarantee minimization.

We can do simulation on 2-level quantum systems. When H, =V = o, , the evolution of the system is

[,1511 ® (t)}
P () P (t) | (22)
_ { 0 =2i+yM)]por (t)} .

2[i - y(t)]p2(t) 0
We can assume
P12 (t) =a(t) +ib(t) , (25)
where a(t),b(t) € R . Substituting (25) into (24) leads to

{a(t) =2b(t) — 2y (t)a(t)

. (26)
b(t) = —2a(t) — 2y ()b(t).

For initial state

{/311(0) Mz(o)}:{(w 0-3} @
p2(0) pyp(0)| |03 05]

the state evolution at time t is

{ 05  a(t)+ ib(t)}

a(t)—ib(t) 05

{,011(0 Qz(t)}
Pa(t)  pr(t)

(28)
Usually it is easier to make the entropy increase, while it is difficult to make it decrease. Here we

choose S(t) =—1, which means the entropy is desired to decrease along a straight line with decreasing scope —1.

Substituting (28) into (21) we can get the controller
r(t)=
-1
4 (t)—-0.5 a(t)+ib(t)
X
a(t) —ib(t) 4 (t)-05|"

> (29)
jzﬂ[u In 2; (1)1x} ) (t)

Substituting (29) into (26) we can get the evolution of the system
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a(t) =2b(t) —

25(t)a(t)
2 ot [2;(t)-05 a(t)+ib(t)__
jZ::l[l+In/lj(t)]xj(t)_a(t)_ib(t) ij(t)_ols_xj(t) )
b(t) = —2a(t) -

2S(t)b(t)
2 R [2;(t)-0.5 a(t)+ib(t) ] ’
J_2:1[1+|an-(t)]xj(t)_a(t)_ib(t) ij(t)_olS_xj(t)

where a(0)=0.3, b(0)=0. The simulation of (30) can be done in MATLAB using discretized
approximation, and the evolutions of both the entropy and the controller are shown in Fig. 1 and Fig. 2
respectively. Here the sampling period is chosen as T =0.0001, and the eigenvalues and eigenvectors can be
directly simulated by the eig function in MATLAB.

From Fig. 1 we can see that the entropy can decrease to zero along a straight line. Such accurate tracking

method can also be used to drive the entropy to track any pre-specified trajectory.

035}

03r

025}

02r

0 0.1 02 03 04 05
time

Figure 1: Time evolution of von Neumann entropy for system (24) with initial state (27) under controller (29).
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Figure 2: Time evolution of the entropy controller (29) for system (24) with initial state (27).

IV. CONCLUSION

This paper proposes a new quantum control method which accurately controls the von Neumann entropy of

quantum systems. Simulation example evidenced the effectiveness of the method. Our methods provide a

universal tool for entropy control, which can also contribute to classical information theory. The extension of the

controller to other types of entropy deserves our future research. The applications of the entropy controllers in

negative entropy [13,14] and information flow [15-18] are also of keen interests and currently being pursued.

REFERENCES

1. K. Jacobs, arXiv:1304.0819.

2. X.-T.Wang, S. Vinjanampathy, F.W. Strauch, and K. Jacobs, Phys. Rev. Lett. 110, 157207 (2013).

3. J.-S. Xu, M.-H. Yung, X.-Y. Xu, S. Boixo, Z.-W. Zhou, C.-F. Li, A. Aspuru-Guzik, and G.-C. Guo, Nat.
Photonics 8, 113 (2014).

4. S.E. Sklarz and D.J. Tannor, Phys. Rev. A 69, 053408 (2004).
D.J. Tannor and A. Bartana, J. Phys. Chem. A 103, 10359 (1999).

6. C.A. Rodriguez-Rosario, G. Kimura, H. Imai, and A. Aspuru-Guzik, Phys. Rev. Lett. 106, 050403
(2011).

7. R. Uzdin, E. Lutz, and R. Kosloff, arXiv:1408.1227.

8. A. Hutter and S. Wehner, Phys. Rev. Lett. 108, 070501 (2012).

9. X.-Y. Chen, Chin. Phys. B 19, 040308 (2010).

10. J.R. Garzon and R.M. Guticrrcz, arXiv:0806.3786.

11. J.C. Retamal and L. Vergara, J. Math. Phys. 43, 866 (2002).

12. B. Bylicka, D. Chruscinski, and S. Maniscalco, arXiv:1301.2585.

13. L. del Rio, J. Aberg, R. Renner, O. Dahlsten, and V. Vedral, Nature (London) 474, 61 (2011).

14. N.J. Cert and C. Adami, Phys. Rev. Lett. 79, 5194 (1997).

15. P. Haikka, S. McEndoo, G. DeChiara, G. M. Palma, and S. Maniscalco, Phys. Rev. A 84, 031602(R)

(2011).

DOI: 10.37200/1JPR/V2414/PR201061
Received: 22 Oct 2019 | Revised: 13 Sep 2019 | Accepted: 15 Jan 2020

886



International Journal of Psychosocial Rehabilitation, Vol. 24, Issue 04, 2020
ISSN: 1475-7192

16.
17.
18.
19.

20.

21.

Z.-D. Hu and J.-B. Xu, J. Phys. A 46, 155303 (2013).

S. Abdel-Khalek, Opt. Quant. Electron 46, 1055 (2014).

X.-M. Lu, X.-G. Wang, and C.-P. Sun, Phys. Rev. A 82, 042103 (2010).

D. YUVARAJ, ROJINRAJU, N.ARAVINDASWIN, KRISHNAN.K, RSTENI REYAS. "DESIGN OF
LCU FOR REVERSE AIR BAG HOUSE IN CEMENT INDUSTRY." International Journal of
Communication and Computer Technologies 7 (2019), 30-32. doi:10.31838/ijccts/07.SP01.07

Wang, Y., Ke, W., Wan, P. A method of ultrasonic image recognition for thyroid papillary carcinoma
based on deep convolution neural network (2018) NeuroQuantology, 16 (5), pp. 757-768.

Sorli, A., Dobnikar, U., Patro, S.K., Mageshwaran, M., Fiscaletti, D. Euclidean-planck metrics of space,

particle physics and cosmology (2018) NeuroQuantology, 16 (4), pp. 18-25.

DOI: 10.37200/1JPR/V2414/PR201061
Received: 22 Oct 2019 | Revised: 13 Sep 2019 | Accepted: 15 Jan 2020

887


http://dx.doi.org/10.31838/ijccts/07.SP01.07

