16 2 The Reduced Density Matrix

2.2 Quantum operations and the Kraus-Stinespring theorem

In the previous chapter we showed that the density matrix of a closed quantum system evolves according to
the von Neumann-Liouville equation , which underlies a unitary evolution. From the previous examples
it should be clear that the same is not true in general for the reduced density matrix of an open quantum
system. Indeed, consider two systems 4 and B, initially in two factorized and pure states: pap = p4 ® pg, with
p“i‘ = pa and pg = pp. They interact with each other and after some time become entangled. While the reduced
density matrix pt4) of subsystem A initially is a pure state (since p(A) = j 4, see Example , at later times

it becomes a statistical mixture ((pA(A))2 # pA) | see Example . A unitary evolution cannot transform pure
states into statistical mixtures, therefore the dynamics governing the evolution of the reduced density matrix
must be of a different kind. The Kraus-Stinespring theorem, which is stated below, gives a first characterization
of an open quantum dynamics. Before going through the theorem, with the following example we present an
argument which quickly reproduces the final result.

Example 2.3
Consider two interacting quantum systems A and B, whose initial state is factorised. Let p4 be the initial
state of system A and pp the initial state of B, with spectral decomposition.:

pe = pn|d5) (5]

The combined state evolves with the unitary quantum dynamics U, and after some fized time t the two
system become entangled. The reduced density matrix of system A at time t is:

ﬁ(A) (t) = Tr(B) [Ut(ﬁA ® pB) Aj] )
= 0 (S5 T, |65) pa (82
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where we have defined the operators Ev,, = \/bn <¢ﬁ| U, |¢S>, which act on B(H4), and are called Kraus
operators. Since the dynamics U, is unitary, it follows that:

S BBl = 1.

The results above present the general form of the map of an open quantum system, as summarized by the
Kraus-Stinespring theorem.

Consider an open quantum system, whose associated Hilbert space H has dimensionality N. Let p describe
its state at a given initial time, and let p’ be the state after some fixed time. Let 7 : B(H) — B(H) be the map
connecting these two states. The first observation is that the map 7 must be linear. The reason for this rests
in the physical meaning of the density matrix as presented in Sec. and in the motto “ignorance propagates
linearly”, which is valid both in a classical as well as quantum situation. If a system is in state [¢1) with
probability p; and in state |¢)2) with probability ps, and if [¢)1) evolves into [¢)]) and |¢)2) into [¢}), then the
system will end up in state |¢]) with probability p; and in state |¢)5) with probability ps. In terms of statistical
operators, a pure state 1) (1| is mapped into T [|t)x) (¢x|]. Then, for a statistical mixture we have:

p=> o) Wkl = §' =TI =D peTllww) (Wil], (2.13)
k k
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which shows that the map 7T is linear. Let us fix an orthonormal basis { |¢;) }l 1 of H. The linearity of the map
T implies that we can express the matrix elements of p’ as a linear combination of the matrix elements of p:

N
p;j = Z Tir,jsprs (2.14)
r,s=1
where pj; = (#4|@'|¢;) and prs = (ér]p|os). Since there are N? complex matrix elements pj;, there are N*

complex constants T}, ;5. The output state ' must be Hermitian: (p')7 = 5. Then, since also the input state p
is Hermitian, and being it generic, Eq. (2.14]) implies that

TJ*S ir = nTajS‘ (215)
We now group the pair of indices (js) in a single index m running from 1 to N2. Similarly, we group the pair
(ir) in a single index n. The coefficients Tir,js can be arranged to form a N? x N? square matrix' T with matrix
elements T,,, = T} js. Then, Eq. - ) tells that T is Hermitian and therefore it has N? real eigenvalues A\
and N? complex eigenvectors e®, which are orthonormal: e* - €® = §¢5. Resorting to the inverse map between
the pair (js) and m, the eigenvectors e® identify square N x N matrix £ via the relation Ef; = e®,,. The
orthonormality condition translates into:

Tr [EQEBT} = §ob, (2.16)
The spectral decomposition of T tells that:
N2 N2
Ton = »_Aener* — Tipjs= Y ANELE, (2.17)
a=1 a=1

using which, Eq. (2.14) can be rewritten as follows:

N2
phy = ZA“ Z BLESprs — P =Y AE*HE. (2.18)
r,s=1 a=1
We expect the map 7T to preserve the trace of the density matrix: Tr [p'] = Tr [p] = 1. According to Eq. ( -,
this implies:
N? N?
Tr | AEPET) —pl =Tr [ [ Y (A\ETE)-1|p] =0, (2.19)
a=1 a=1

S ONETEY =1 (2.20)

Ezxzample 2.4
Let H be a two dimensional Hilbert space. Let us consider the following map:

P11 P12 / P22 P12
L. o= — P 5
Pig <P21 P22> - (le ,011)

1 Here and in the rest of the section, we denote N2 x N? square matrices and vectors of length N2 with bold letters;
non-bold letters denote N X N square matrices and vectors of length N.
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which exchanges the two diagonal elements. Then, with reference to Eq. (2.14)), the only non-vanishing co-
efficients Tir js are: Th1,20 = Th2,12 = To1,21 = Too 11 = 1. Accordingly, the 4-dimensional square Hermitian
matrix T has matriz elements:

0001
0100
Ton = 0010]”
1000
and its eigenvalues are: XV = X®) = —\B) = X(4) = 1. The corresponding eigenvectors are:

0 0 -1 1
L T B R Il IPC R O BV
moo2lr T oeli ™ V2l o™ 210
0 0 1 1

The associated 2-dimensional matrices E< are:

1 /01 1 (0 —i 1 /10 1 /10
%= 75(00) 7= 0 0) = 0 %) = 5 01)

o ~ 1 A 0 af . o o ~4 4 o
i.e. B* = —=6%, with &* (i = 1,2,3) the three Pauli matrices and 6* = 1. Then, according to Eq. (2.18)),
the map can be written as:

pl==<[6'pe! +6%p6% —6°p6 +pl. (2.21)

2
It is easy to check that Eq. (2.20) is satisfied.

>

The last requirement to check is that 5’ in Eq. (2.14) is positive definite. Unfortunately, there is no charac-
terization of positive maps, apart from the definition. A stronger definition which is considered is the Complete
Positivity (CP). Let us consider an ancilla Hilbert space H, and the map:

T :B(H,) ® B(H) — B(H,) ® B(H),

¥ R (2.22)
p = ({deT)p,

where id is the identity map id : p — p. The map T is completely positive if and only if the map T is positive,
i.e. for any v € H, ® H one has:

N2
@l 19) = (lid e THFm) = 3. A (l(d @ E*)p(d © E%)1[w) > 0 (2.23)

Now, we decompose both [7) and 5 with respect to the orthonormal bases { [¢2) }ivil and { |¢p,) }7Nn:1 of H,
and H respectively:

N, N N, N
B =D vum 60 [6m), and B = > CuCroy |91) |d1) (B07] (D] - (2.24)
n=1m=1 LU=1k,k'=1

Then, in these terms we obtain
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N2 N, N
2t
<U‘p |’U> = E Y E E 'U:ﬂn’vnmclkcz’l’E%/kE%Z/én’lénl’7
a=1 m,m/_l n,n/_l
LT kE T (2.25)

v
- az_:l AY Ty [CDTEQ] Tr [E“TDCT] :

where we define the operators é’ and pA as having for matrix elements the coefficients C; and v, respectively.
We choose C and D such that £ = DCT/y/N. This is possible since they descend from p and |v) via Eq. (2.24),
which are both generic; they only need satisfy the constraint:

(@) =1="Tr [D[)T} and Tr[p] =1="Tr [éé*} . (2.26)

Two possible options are: Ct = E57 D= i/\/ﬁ or T = i/\/ﬁ, D= E'B, and in both cases the constraints in
Eq. (2.26]) are satisfied. Coming back to Eq. (2.25)), we have:

N2
@lp' o) = N3 A (5°%)" = N

a=1

Therefore, the condition of having a CP map implies that the eigenvalues A* must be non-negative. Returning
to Eq. (2.18) and (2.20), we can redefine VA*E* — E* and summarize the results in the following theorem

Theorem 2.2 (Kraus-Stinespring). Any linear completely positive map

T :B(H) — B(H) (2.27)
admits the following decomposition:
N2
Tp=>_ EwpE], (2.28)
k=1
where o R
S BB =1 (2.29)
k

Equation ([2.28)) gives a nice physical interpretation to the effect of the environment on the system, once it is
re-written in the following way:

N? Aot
~ Eka ot
Tlpl = E . pr = Tr[ERpE]]. (2.30)
o TEpE]) ’

The coefficients py can be interpreted as probabilities since they are non-negative and sum to 1.

2.3 Quantum operations on qubits

We present some of the most common types of quantum maps acting of a single qubit, which are of relevance
for quantum information processing.

Bit flip. As the name suggests, under this map the state of the qubit is flipped (|0) — |1) and |1) — |0)) with
a given probability p, otherwise it is left unchanged. In mathematical terms:
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ﬁ)f[ﬁ] = (1 - p)ﬁ + PGP0, (231)

According to Eq. (2.28), the Kraus operators are: Ey= 1= p 1 and Ey = \/D Gz. An easy calculation shows
that the Bloch vector r changes as follows:

Ty — Ty,
ry — (1—2p)ry, (2.32)
r, = (1—2p)r,.

The effect is summarized in Fig. [2.1

P X710
Fig. 2.1: Graphical representation of the bit flip channel. (Left) Components of the Bloch radius (continuous
lines) with respect to the value of p. The initial values (dashed lines) are reported for comparison. (Right) Bloch

representation of the state before (black arrow) and after (red arrow) the application of the map for p = 1. The
initial state corresponds to ro = (4,1, 6)/v53.

Phase flip. In this case the phase of the qubit is flipped (namely, [0) — |0) and |1) — — |1)) with probability
p, otherwise it is left unchanged:

Totlp] = (1 = p)p+p6:p6.. (2.33)

The corresponding Kraus operators are: Ey=yI= p1and Ey = /D 6. The Bloch vector r changes as follows:

Te — (1 - QP)T‘M
ry = (1=2p)ry, (2.34)

T, — T
The effect is summarized in Fig. |2.2
Bit-Phase flip. This is the combination of the previous two maps, and it is described as follows:
Toplp] = (1 —p)p +p6ypoy. (2.35)

The Kraus operators are: By =1= p 1 and Ey = \/P 6y. The Bloch vector r changes as follows:
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P O K
Fig. 2.2: Graphical representation of the phase flip channel. (Left) Components of the Bloch radius (continuous
lines) with respect to the value of p. The initial values (dashed lines) are reported for comparison. (Right) Bloch

representation of the state before (black arrow) and after (red arrow) the application of the map for p = 1. The
initial state corresponds to ro = (4,1, 6)/v/53.

re — (1—2p)rs,
Ty — Ty, (2.36)
r, — (1—=2p)r,.

The effect is summarized in Fig.

_1 I S R B rZ
'8.0 0.2 0.4 0.6 0.8 1.0
p

Fig. 2.3: Graphical representation of the bit-phase flip channel. (Left) Components of the Bloch radius (contin-
uous lines) with respect to the value of p. The initial values (dashed lines) are reported for comparison. (Right)
Bloch representation of the state before (black arrow) and after (red arrow) the application of the map for
p = 1. The initial state corresponds to ro = (4, 1,6)//53.

Depolarizing channel. In this map, the state p of the system is depolarized with probability p, i.e. it is
replaced by the completely mixed state 1/2. With probability (1 —p) the state is left unchanged. Then, we have
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o1
Taclp] = (L =p)p+p3- (2.37)
Using the relation
Lt Guple 0yt + 0296 (2.3
2 4
we can rewrite Eq. (2.37)) as follows:
R I WP O r
77:10/) =(1- zp P + i (Uwpaw + OypPOy + Uzpaz)v (239)

showing that the Kraus operators are: By = /1 — 3p/a 1, Ey = /p/4 6y, FEsy = V/p/4 6, and Ey = \/p/4d 6.
Often it is convenient to parametrize the depolarizing channel as follows:
q

'Tdc)é = (1 - Q) p+ (690/3&1 + 5'yﬁ6'y + 6zﬁ&z)a (2'40)

w

where ¢ = 3p/4. Thus, Eq. (2.40) provides an alternative way of interpreting the depolarizing channel: with
probability (1—q) the state is left unchanged, and the operations 6; (i = z,y, z) are applied each with probability
q/3. The effect is summarized in Fig. [2.4

80 02 04 06 08 10 :
P 1.0

Fig. 2.4: Graphical representation of the depolarising channel. (Left) Components of the Bloch radius (continuous
lines) with respect to the value of p. The initial values (dashed lines) are reported for comparison. (Right) Bloch
representation of the state before (black arrow) and after (red arrow) the application of the map for p = 1. The
initial state corresponds to ro = (4,1,6)/v/53.

Ezxercise 2.1

Verify the relation in Eq. (2.38).

Amplitude damping channel. This channel describes the situation where the state |1) decays to |0) with
some probability v due to dissipative effects, while |0) remains unchanged. This is formally achieved by the

operation:

Taalp] = E1pE] + EapE], (2.41)

with the Kraus operators £y = |0) (0] + /T —~[1) (1] and By = /7 10) (1], whose matrix representation on the
computational basis is:
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fo (é \/10_77) By = (8 \?) (2.42)

An easy calculation shows that these operators can be written in terms of the Pauli matrices as follows:

R 1 N A 1
By = {(1+\/1—7)1+(1— \/1—y)&z}, and By = 5\/7(0, +i6,). (2.43)
The effect on the Bloch vector is:

Ty — L=~ 7y,
Ty — /1 =71y, (2.44)
r: = v+ {1 =7)rs,

The effect is summarized in Fig. [2.5] The repeated application of this channel causes a progressive decay of

-0.5¢ -
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Fig. 2.5: Graphical representation of the amplitude damping channel. (Left) Components of the Bloch radius
(continuous lines) with respect to the value of . The initial values (dashed lines) are reported for comparison.
(Right) Bloch representation of the state before (black arrow) and after (red arrow) the application of the map
for v = 1. The initial state corresponds to ro = (4,1,6)/v/53.

the state |1), and eventually only the state |0) survives. In the language of statistical mechanics, this effect is
produced by an environment at 0 temperature, to which the qubit thermalizes.

Generalised amplitude damping channel. This channel describes the effect of an environment at finite
temperature, which causes the state |1) to decay to |0), but also the state |0) to be excited to |1), with a
different probability depending on the temperature. Therefore, to the Kraus operators Fy and Es describing
the decay process of the amplitude damping channel, we add the operators F5 = |1) (1] + /T —~0) (0] and
Ey= V7 1) (0] describing the inverse process. The two are blended together

Teald] = p(E1pE] + E2pE) + (1 — p)(EspES + EupE}), (2.45)

with a different probability to break the symmetry between them. The effect is summarized in Fig. [2.6
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Fig. 2.6: Graphical representation of the generalised amplitude damping channel. (Left) Components of the
Bloch radius (continuous lines) with respect to the value of . The initial values (dashed lines) are reported for
comparison. (Right) Bloch representation of the state before (black arrow) and after (red arrow) the application
of the map for v = 1 and p = 0.3. The initial state corresponds to ro = (4,1, 6)//53.
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