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1.   Current status of quantum 
information processing

A quantum computer is a quantum-information-
processing device that uses the properties of quantum 
mechanics, which allows two states to exist at the 
same time. As a result, a quantum computer can natu-
rally perform parallel processing to do things that are 
impossible with today’s computers. For example, it 
can easily decode any encrypted code currently in 
use, which is one of the reasons the implementation 
of quantum computers is greatly anticipated. Another 
type of quantum information processing is quantum 
cryptography. This type of cryptography uses a prop-
erty of quantum mechanics that makes it impossible 
to measure certain quantities at the same time and is 
secure in principle. Quantum cryptography is expect-
ed to complement the modern cryptography tech-
niques currently in use.

In terms of practical application, devices that 
implement quantum cryptography have been devel-
oped. Although these devices are not currently avail-
able to the public, they can be used in special cases. 
It is only a matter of time before they are introduced 
into the real world. In fact, the governments of China, 
the EU, and the United States are conducting field 
experiments using quantum cryptography.

However, we are still a bit far from the application 
of quantum computers. An article authored by Google 

researchers showed how an implemented quantum 
computer outperforms conventional computers, and 
IBM offers a service to use a quantum computer on 
the cloud. Quantum computers made up of a few tens 
of qubits have been constructed. However, we are not 
yet ready to implement a quantum computer of a 
scale and level of accuracy that could change the 
nature of society. For example, to crack the ciphers 
currently in use on the Internet, we need thousands of 
ideal qubits. If just a little noise is left on the qubits, 
we would need millions of them to crack the ciphers. 
In other words, the scale of current quantum comput-
ers is still an order of magnitude too small to have any 
kind of significant impact on society.

There are currently two problems that need to be 
overcome to increase the scale of quantum comput-
ers. The first problem is the increase in noise. No 
matter how small a quantum system, which is com-
posed of quantum computers and other quantum 
devices, is, it is impossible to completely eliminate 
noise in quantum computers. Moreover, as the scale 
of quantum computers increases, the effect of noise 
becomes greater. This is why we need to find ways to 
avoid the increase in noise as we increase the scale of 
such computers. Quantum error-correcting codes are 
the most promising to overcome this problem. How-
ever, they are in the research phase and not yet ready 
for practical use. The other problem is that the mech-
anisms needed to control large-scale quantum  
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computers are difficult to implement. In a typical 
quantum computer model, the number of control 
mechanisms is proportional to the number of qubits 
that make up the quantum computer. In other words, 
as the number of qubits in a quantum computer 
increases, a vast number of control mechanisms—in 
the millions—is required. This makes device design 
very difficult. Conventional computers have over-
come the same problem with the concept of a bus, but 
a quantum structure for what one might call a quan-
tum bus has not yet been developed for large-scale 
quantum computers.

2.   Indirect quantum control as a means of 
overcoming the problems in developing 

quantum computers

Although various studies have used well-known 
techniques in attempts to overcome the above prob-
lems, it is also important to explore solutions from a 
new perspective. The idea of indirect quantum con-
trol will be just such a new solution.

An indirect quantum protocol is a means of control-
ling a quantum system via direct manipulation of a 
part (system S) of the system. That is, the rest of the 
parts (system E) are controlled indirectly via the 
interaction between them and system S. 

An example of system S is a qubit system that is 
easy to manipulate. It is composed of superconduct-
ing qubits (one such qubit is shown in Fig. 1(a)) and 
has superconducting material arranged in a ring 
shape. A nitrogen-vacancy (NV) center is an example 
of system E composed of one qubit. It is made from a 
lattice defect caused by nitrogen in diamonds 
(Fig. 1(b)). Simply placing a diamond plate contain-
ing NV centers on top of a superconducting qubit 
connects the two quantum systems through their 

interaction. Thus, a structure for indirect quantum 
control can be created. Experiments to implement a 
one-qubit quantum memory system with little noise 
[1] have been carried out using this structure.

This indirect quantum control structure is generally 
effective in overcoming the first problem mentioned 
above, namely the increase in noise. It can be under-
stood as follows. To manipulate a quantum system, it 
is necessary to place physically implemented manip-
ulators in it. However, if such manipulators are con-
nected, they also allow noise pathways to enter the 
system (Fig. 2). If we want to reduce noise ingress, 
we have to sacrifice operability by reducing such 
manipulators. In other words, there is a trade-off 
between ease of operation and noise reduction in the 
quantum system. The current implementation of 
quantum computers relies on the high operability of 
the entire quantum system. This imposes a limitation 
on reducing the noise-intrusion paths. Therefore, if it 
is possible to have complete controllability via limit-
ed operability, we will be able to reduce the noise 
ingress paths and achieve a high level of noise reduc-
tion. 

The ability to control the entire quantum system by 
indirect quantum control is a solution to the second 
problem mentioned above. When a quantum system 
is completely and indirectly controlled, any quantum 
information in system E must merge into system S at 
some point. Such information is manipulated on sys-
tem S at that particular time and returned to system E. 
This is abstractly the function of the quantum bus. In 
other words, the capability of perfect control via 
large-scale indirect quantum control includes the 
function of a large-scale quantum bus.

Fig. 1.   Indirect quantum control. 
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3.   Challenges in implementing quantum 
computers with indirect quantum control

As mentioned above, we can overcome the two 
main problems to constructing large-scale quantum 
computers by using indirect quantum control. Never-
theless, indirect quantum control has not been consid-
ered as a means of large-scale quantum information 
processing. Though it is used for some small-scale 
examples of the quantum memory system mentioned 
above, it has not yet been sufficiently researched. 
This is because even a small difference in the interac-
tion between systems S and E can significantly affect 
the type of control that can be implemented. It is not 
easy even to discuss the ability to process information 
in such a situation. Any quantum device made up of 
quantum computers must be completely controlled. 
However, we have not been able to clearly answer 
even the basic question of which type of indirect 
quantum control could meet this requirement.

The research results presented in our recent paper 
[2] answer this basic question. Given a quantum sys-
tem, the set of controls performed on it can be identi-
fied using a dynamical Lie algebra*1, which is equal 
to a linear space made from a set of skew-Hermitian 
matrices*2. Therefore, to answer the question of 
whether a given quantum system has sufficient con-
trollability, it is sufficient to evaluate its dynamical 
Lie algebra. For example, in the case of typical quan-
tum computers as currently conceived, the corre-
sponding dynamical Lie algebra contains all skew-
Hermitian matrices, which means that the quantum 
system can be completely controlled.

Regarding general quantum systems, however, 
there are many possible dynamical Lie algebras. This 

is why it has been difficult to give answers to even the 
above basic question in indirect quantum control. 
However, our recent study [2] has shown that, when 
operation is done by indirect quantum control, the 
dynamical Lie algebra must possess a Jordan alge-
bra*3. It is well known that a Jordan algebra is much 
less diverse than a dynamical Lie algebra. Using this 
fact, we fully classified the dynamical Lie algebra 
that can be identified in the case of indirect quantum 
control and found that indirect quantum control has 
properties that make it a useful means of implement-
ing quantum information processing.

According to the obtained classification of a 
dynamical Lie algebra, its structure deeply depends 
on the dimension*4 of the quantum system (system S) 
that can be directly manipulated. When the dimen-
sion of system S is three or more, the dynamical Lie 
algebra always contains arbitrary skew-Hermitian 
matrices, which act on the space that can be affected 
by manipulating system S. In other words, if the 
dimension of system S is three or more, a quantum 
system behind system S, which may be a part of system 

Fig. 2.   Noise ingress.
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*1 Dynamical Lie algebra: A set of elements that are closed with re-
spect to the commutator and form a linear space. In other words, 
this is a set that satisfies the condition that AB-BA, xA, and A+B 
are also in this set, where A and B are elements of the set and x is 
a real number.

*2 Skew-Hermitian matrix: A matrix that makes itself negatively 
signed by complex conjugation plus transposition.

*3 Jordan algebra: A set of elements that are closed with respect to 
the anti-commutator and form a linear space. In other words, this 
is a set that satisfies the condition that AB+BA, xA, and A+B are 
also in this set, where A and B are elements of the set and x is a 
real number.

*4 Dimension: The radix in standard information processing. For 
example, a quantum system consisting of three qubits is an eight-
dimensional space.
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E, can be completely controlled. This means that 
indirect quantum control is a universally sufficient 
means of implementing quantum information pro-
cessing.

4.   Summary

By studying indirect quantum control mathemati-
cally, we can see that it is promising as a means of 
achieving quantum information processing. Though 
this will not directly enable us to construct large-scale 
quantum computers with sufficiently low noise 
tomorrow, we theoretically proved that indirect quan-
tum control, which has not been used before, is a 
promising means to overcome serious problems in 
constructing large-scale quantum computers. This is 
a significant step forward in itself. 

By further developing the theories that explain the 
properties of dynamical Lie algebras identified in the 
case of indirect quantum control [2], we will be able 
to evaluate the execution time of control or plan pro-
cedures that implement desired controls. This will 
further significantly contribute to the construction of 
quantum computers.
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