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Abstract Modeling open quantum systems is a difficult task for many experiments.
A standard method for modeling open system evolution uses an environment that is
initially uncorrelated with the system in question, evolves the two unitarily, and then
traces over the bath degrees of freedom to find an effective evolution of the system.
This model can be insufficient for physical systems that have initial correlations.
Specifically, there are evolutions pg = trg(psg) — ps = trg(UpsgU ™) which can-
not be modeled as pg = trg(psg) = ps =trg(Ups @ peUT). An example of this is
PSE = | ] +) <<D + ’ and Ugr = CNOT with control on the environment. Unfortunately,
there is no known method of modeling an open quantum system which is completely
general. We first present some restrictions on the availability of completely positive
(CP) maps via the standard prescription. We then discuss some implications a more
general treatment would have for quantum control methods. In particular, we pro-
vide a theorem that restricts the reversibility of a map that is not completely positive
(NCP). Let @ be NCP and & be the corresponding CP map given by taking the
absolute value of the coefficients in @. The theorem shows that the CP reversibility
conditions for @ do not provide reversibility conditions for @ unless @ is positive
on the domain of the code space.

Keywords Quantum error correction + Quantum control + Open quantum systems

1 Introduction

Precise modeling and control of quantum systems will be required for quantum tech-
nologies. This includes quantum computers, quantum cryptography, and quantum
simulation of quantum systems. Unfortunately, even though great progress has been
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made in this area, there are still questions concerning the types of possible evolutions
and how to describe them. In the case that the system and environment have no prior
correlations, there is a standard prescription for describing the evolution. Let the
system (environment) state be pg (pg). Supposing that the two evolve under a joint
unitary transformation Ugg, then a map can be defined by

@ (ps) = trg(Useps ® peUdy). (1

This map is not only positive (It maps all positive operators to positive operators.),
it is also completely positive (The extended map I,, ® @ (p) is positive for all n and
any positive input p.). This also provides a way to model a quantum system.

However, not all evolutions of a quantum system are able to be described this
way. In particular, the assumption of an initial product state may not be satisfied. In
this case, some discussions have arisen in the literature about what one should do if
the standard assumption of an initially uncorrelated state no longer applies [1-13].
This is very relevant given that such examples are not difficult to find [14].

In general, the evolution of a system can be defined by a dynamical map, A, where
we first vectorize the system density matrix [15]. The vectorization is done by writing
all the elements as a column vector. For a single qubit state, this is given by

L00

vee(p) = | 7. )
P10
P11

The transformation is then done on this vectorized form and is given by
p' = Ap. 3)

Using the restrictions for a valid density matrix, it being Hermitian, positive semi-
definite and having trace one, the restrictions on the A matrix are given by

Ars,r’s’ = (ASI‘,S/F’)*v (4)
Z x;kstrs,r’s’yr’y:/ >0, (5)
rsr's’
and
Z Arr,r’s’ = 6}“’3’7 (6)
-

respectively.
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These conditions can be translated to an equivalent B matrix by just relabeling.
Let

Brr’,ss’ = Arx,r’x’- (7)

Then, the conditions are hermiticity

B,y sy = (BSS/,H”)*7 (3)
positivity
Z Z:’kr'BVr/,SS’Zss’ > 0’ (9)
rsr's’
and trace preserving
Z Brr/,rs/ = (Sr’s’- (10)
B

Since B is Hermitian, it has an eigenvector/eigenvalue decomposition

Br’r,s’sprs = Z V(‘Y)Cﬁrprs (Cg’s)*’
a

where the C are the eigenvectors and y the eigenvalues.
One may also write this as

®(p)=Bp =) naAupA] <= > Aup Al Vg = 1) : (11
o o

where A, = /]y[C% so that 5, = £1.Itis known that the map is completely positive
(CP) if and only if all n, = 1.

This form is often called the “Operator-Sum representation”, or “Kraus decom-
position” and is often used to describe open-system quantum dynamics.

2 Freedom in the Operator-Sum Representation

It is important to realize that the operator-sum decomposition, Eq. (11), is not unique
and this non-uniqueness can be useful for finding different operator bases. This
freedom is often called the “unitary freedom” [16].

Unitary Theorem: The form of a completely positive Hermiticity-preserving map,
D(p) =), Ax ,oAZ, defined by operators {A, } is not unique, but the operators { F}
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give the same map, if and only if there is a unitary matrix with elements uqg such
that Fﬁ = Za MﬁaAa, vB.
This theorem can be used to prove the error-correcting code conditions below.
The more general map, the map that may be not completely positive (NCP), has
a freedom in it as well. This is called the “pseudo-unitary freedom” [17].

Pseudo-Unitary Theorem: The form of a Hermiticity-preserving map,

D(p) = Z UaAaPAZ,,

defined by {A,} and {n,} is not unique, but the operators {Fg} give the same map,
if and only if there is a pseudo-unitary matrix with elements u,g such that F, =
> g Uap Apg, VYa. The signature of the matrix (uqg) € U(p, ¢q) is determined by the
number of input and output elements in the sets {A,} and {Fg}.

Note that a unitary matrix, V, is defined by the equation VI Vi = I, whereas a
pseudounitary matrix, U, is defined by the equation UnUT = . In general, there are
many choices for n. However, in our case, n = diag(1,1,...,1,—-1,—1,...,—1)
where there are p ones and ¢ minus ones.

3 Modeling Open Quantum Systems

The standard prescription, Eq. (1), is used to justify completely positive maps, and
often suffices for modeling quantum systems. However, it is clear that it is not the
most general possible evolution. Many people, including the recent work of Pechukas,
which spurred much discussion [1], have pointed out that a more general evolution
may be derived from a potentially correlated system and environment:

@ (ps) = trg(UsepseUgp). (12)

Finding examples which do not obey the assumption of an uncorrelated system
and environment is not difficult. Consider the following two qubit example. Suppose
that initial and final states of the system are known to be, respectively,

,0s=(1/2)<(1)(1))

(10
Ps=\o00)"

Further assume that it is known that they evolve according to a system-environment
coupling

and
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—i 0 0 —i
0 —-i—i 0
—i 0 0 i
0—-ii O

Use = (1/3/2)

Then it is easy to show that there is no state pg such that Eq. (1) is satisfied. This
example can be shown to be robust to initial condition variations, as well as variations
in the unitary transformation. This makes it experimentally verifiable.

Furthermore, finding such examples is not difficult. Consider a transformation
from

ps = Trep(pse)

to
Ps = Trp(Usg pseUdp).

We say this is U-generated by Ugg. The set of local unitary transformations will be
denoted LU, the set of unitaries that are equivalent via local unitaries to the swap
unitary will be denoted as SWAP, and the set of unitary transformations that are
equivalent via local unitaries to a controlled unitary will be denoted Uc,. Then we
have the following theorem [14].

Theorem: Suppose that the system and environment consist of two qubits. Every U-
generated physical transformation pg — p§g can be U-generated by a product state
iff U belongs to LU U SWAP. If U belongs to U¢;, the transformation can be U-
generated by a quantum-classical state. On the other hand, if U does not belong to LU
USWAPU U¢,, then there exist physical transformations that cannot be U -generated
by any initial separable state.

Therefore, there are plenty of examples where the standard prescription fails.
This is our motivation for studying evolutions that do not necessarily correspond to
a completely positive map.

4 Reversing a Quantum Operation Corresponding
to a Completely Positive Map

The reversibility of a quantum operation depends on the operation elements satisfying
certain conditions. These conditions are known as the quantum error correcting code
conditions. There are several ways to state these conditions, one is to consider a map
of the form of Eq. (11) when the map is completely positive with operation elements
A, and some logical (encoded states) |i.), |j.) [18]

(iL|ALAgljL) = masdi;.
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This has an intuitive interpretation as a “disjointness condition.” It states that one
state |i;) acted on by one operator A, cannot have any overlap with another state
|jr) acted on by another error Ag.

One can show that this condition is equivalent to the following condition [19]

PALAgP = cop P,

where P is a projector onto the code space and c is a Hermitian matrix.

5 Reversing a Quantum Operation that Is Not
a Completely Positive Map

We first show that it is possible to reverse a map that is NCP.

Example 1 Let the NCP map be the three qubit map

®(p) = cop + 1y XipXi — ¢21010) (010] p [010) (010], 13)

2

where X; is the Pauli matrix o, acting on qubiti and ¢c) +3¢c; =l and 0 < ¢ < 1.
Thus, @ is a trace decreasing map. Suppose we know that @ has occurred. Then, the
projector onto the code space is

P =000) (000 4 [111) (111] (14)
and the recovery map is

R(p) = PpP+Y_ PX;pX;P. (15)

L

It is easy to check that any state Pp P in the code space is recovered.

CP and NCP maps are closely related and in the paper by Shabani and Lidar [20],
they state:

Corollary 1 Consider a Hermitian noise map
N
Pu(p) =) niAipAf
i=1
and associate to it a CP map

N
Bep(p) =) InilAipAl.
i=1
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Then any quantum error correcting code and corresponding CP recovery map for
Dcp(p) are also a quantum error correcting code and CP recovery map for @y (p).

Their corollary gives a result which is proportional to the original density operator
on average. However, the standard procedure for a quantum error correction, which
reverses a quantum operation, proceeds in two steps. The first is to measure an error
syndrome which identifies the error. The second step is the recovery operation. Since
the first projects out one of the terms in the sum, the terms in the sum should all be
positive if they are independent. Otherwise, they can give a negative result for the
measurement, which corresponds to a negative probability for the result to occur. We
deem this nonphysical.

Theorem 1 Suppose, using the pseudo-unitary (PU) degree of freedom, that
PFF;P =d;;P

and

@(p) = Pi1(p) — P2(p),

where F; = u;jAj, {u;;} € PU, @,(PpP) # 0, and {d;;} is diagonal. Then @ (Pp P)
is not positive, i.e., the code space is not in the domain of the error map.

Sketch of Proof: Let our input density matrix be Pp P, i.e., in the code space. The
proof relies on the orthogonality of the rotated code space. The code space projector
P, when acted on by the individual operators F; are rotated to a set of orthogonal
projectors due to the error correcting condition. From the polar decomposition, we

have
FiP = Un| PF} F,P = \/dyU;P (16)

This is actually a rotation on P. Thus, we can define

P = U PU/ (17)
and when i # j we get

P;P; =0. (18)

This means that we can pick out individual terms in the map.

Any NCP map can be written as the difference of two completely maps because
we can group the negative terms and factor out the minus sign. Since the map
D(p) = D1(p) — DP2(p) and D,(PpP) # 0, we can get a measurement result P;
which corresponds to an outcome P;U; pU f P; by measuring the output density matrix
in the { P} basis. For P;U; ,oU; P; € @,(PpP), this measurement probability is neg-
ative because the probability is given by
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tr(— |di;| P,U; pU; P) = — |di| . (19)

Since valid density matrices are positive semi-definite, the code space is not in the
domain of @ (p).

6 Discussion/Conclusions

The general problem of reversing the open-system evolution of a quantum system
is an important open problem. Here we have provided a restriction on the ability to
perform such an operation. In particular, we have shown that it is possible to arrive at
a nonphysical result when attempting to use the same recovery operation for a map
that is not completely positive as for the corresponding positive one. Furthermore,
our theorem shows that there is a general restriction on the type of encoding that one
may hope to use for reversing the quantum operations.

The general problem of how to reverse a quantum operation is still unsolved.
However, we hope to present results elsewhere that can, in particular instances,
enable the reversibility. Since the control of quantum systems is required for reliable
quantum devices, we hope the results presented here, and in our future work, will
help with the development of strategies for quantum control.
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