CS 766/QIC 820 Theory of Quantum Information (Fall 2011)

Lecture 4: Purifications and fidelity

Throughout this lecture we will be discussing pairs of registers of the form (X,Y), and the
relationships among the states of X, Y, and (X, Y).

The situation generalizes to collections of three or more registers, provided we are interested
in bipartitions. For instance, if we have a collection of registers (Xj,...,X;), and we wish to
consider the state of a subset of these registers in relation to the state of the whole, we can
effectively group the registers into two disjoint collections and relabel them as X and Y to apply
the conclusions to be drawn. Other, multipartite relationships can become more complicated,
such as relationships between states of (X1, X2), (X2, X3), and (X1, X2, X3), but this is not the topic
of this lecture.

4.1 Reductions, extensions, and purifications

Suppose that a pair of registers (X,Y) has the state p € D(X ® Y). The states of X and Y
individually are then given by

X =Try(p) and  p' =Trx(p).

You could regard this as a definition, but these are the only choices that are consistent with the in-
terpretation that disregarding Y should have no influence on the outcomes of any measurements
performed on X alone, and likewise for X and Y reversed. The states p* and p" are sometimes
called the reduced states of X and Y, or the reductions of p to X and Y.

We may also go in the other direction. If a state ¢ € D (X') of X is given, we may consider the
possible states p € D (X ® ) that are consistent with ¢ on X, meaning that o = Try(p). Unless
Y is a trivial register with just a single classical state, there are always multiple choices for p that
are consistent with o. Any such state p is said to be an extension of ¢. For instance, p = 0 ® ¢, for
any density operator ¢ € D ()), is always an extension of ¢, because

Try(c®¢) =@ Tr() =0.

If o is pure, this is the only possible form for an extension. This is a mathematically simple
statement, but it is nevertheless important at an intuitive level: it says that a register in a pure
state cannot be correlated with any other registers.
A special type of extension is one in which the state of (X,Y) is pure: if p = uu* € D(X ® V)
is a pure state for which
Try(uu*) =0,

it is said that p is a purification of 0. One also often refers to the vector u, as opposed to the
operator uu*, as being a purification of o.

The notions of reductions, extensions, and purifications are easily extended to arbitrary posi-
tive semidefinite operators, as opposed to just density operators. For instance, if P € Pos (X) is



a positive semidefinite operator and u € X ® ) is a vector for which
P = Try(uu®),

it is said that u (or uu*) is a purification of P.
For example suppose X = C* and J = CZ, for some arbitrary (finite and nonempty) set X.
The vector
U=y e, ®e

ack
satisfies the equality
]l/'\g = Try(uu*),

and so u is a purification of 1 y.

4.2 Existence and properties of purifications

A study of the properties of purifications is greatly simplified by the following observation. The
vec mapping defined in Lecture 2 is a one-to-one and onto linear correspondence between X @ )
and L (), X'); and for any choice of u € X ® Y and A € L (), X) satisfying u = vec(A) it holds
that

Try(uu*) = Try(vec(A) vec(A)*) = AA™.
Therefore, for every choice of complex Euclidean spaces X and ), and for any given operator
P € Pos (X), the following two properties are equivalent:

1. There exists a purification u € X ® ) of P.
2. There exists an operator A € L (Y, X') such that P = AA*.

The following theorem, whose proof is based on this observation, establishes necessary and
sufficient conditions for the existence of a purification of a given operator.

Theorem 4.1. Let X and Y be complex Euclidean spaces, and let P € Pos (X') be a positive semidefinite
operator. There exists a purification u € X ® ) of P if and only if dim()) > rank(P).

Proof. As discussed above, the existence of a purification u € X ® ) of P is equivalent to the
existence of an operator A € L (), X') satisfying P = AA*. Under the assumption that such an
operator A exists, it is clear that

rank(P) = rank(AA*) = rank(A) < dim())

as claimed.

Conversely, under the assumption that dim()) > rank(P), there must exist operator B €
L (Y, X) for which BB* = Iliy,(p) (the projection onto the image of P). To obtain such an operator
B, let r = rank(P), use the spectral theorem to write

and let

for any choice of an orthonormal set {y1,...,y,} C ). Now, for A = V/PB it holds that AA* = P
as required. O



Corollary 4.2. Let X and Y be complex Euclidean spaces such that dim()) > dim(X). For every
choice of P € Pos (X), there exists a purification u € X ® Y of P.

Having established a simple condition under which purifications exist, the next step is to
prove the following important relationship among all purifications of a given operator within a
given space.

Theorem 4.3 (Unitary equivalence of purifications). Let X and ) be complex Euclidean spaces, and
suppose that vectors u,v € X ® Y satisfy

Try(uu®) = Try(vo*).
There exists a unitary operator U € U () such that v = (1y @ U)u.

Proof. Let P € Pos (X) satisfy Try(uu*) = P = Try(vo*), and let A,B € L (), X) be the unique
operators satisfying u = vec(A) and v = vec(B). It therefore holds that AA* = P = BB*. Letting
r = rank(P), it follows that rank(A) = r = rank(B).

Now, let {x1,...,x,} C X be any orthonormal collection of eigenvectors of P with corre-
sponding eigenvalues A1 (P), ..., A,(P). By the singular value theorem, it is possible to write

A= Z \/)\j(P)x]-y]’-* and B = Z \//\]'(P)X]‘Z;<
j=1 '

j=1

for some choice of orthonormal sets {y1,...,y,} and {z1,...,2}.
Finally, let V € U () be any unitary operator satisfying Vz; = y; for every j = 1,...,r. It
follows that AV = B, and by taking U = V" one has

(ly @U)u = (1y @ V') vec(A) = vec(AV) = vec(B) = v
as required. O

Theorem [4.3| will have significant value throughout the course, as a tool for proving a variety
of results. It is also important at an intuitive level that the following example aims to illustrate.

Example 4.4. Suppose X and Y are distinct registers, and that Alice holds X and Bob holds Y in
separate locations. Assume moreover that the pair (X,Y) is in a pure state uu*.

Now imagine that Bob wishes to transform the state of (X,Y) so that it is in a different pure
state vv*. Assuming that Bob is able to do this without any interaction with Alice, it must hold
that

Try (uu™) = Try(vo*). 4.1)

This equation expresses the assumption that Bob does not touch X.

Theorem [4.3]implies that not only is a necessary condition for Bob to transform uu* into
vv*, but in fact it is sufficient. In particular, there must exist a unitary operator U € U (Y) for
which v = (1y ® U)u, and Bob can implement the transformation from uu* into vv* by applying
the unitary operation described by U to his register Y.

4.3 The fidelity function

There are different ways that one may quantify the similarity or difference between density
operators. One way that relates closely to the notion of purifications is the fidelity between states.
It is used extensively in the theory of quantum information.



4.3.1 Definition of the fidelity function

Given positive semidefinite operators P, Q € Pos (X'), we define the fidelity between P and Q as

o) = Vel
Equivalently,

F(P,Q) = Tr\/VPQVP.

Similar to purifications, it is common to see the fidelity defined only for density operators as
opposed to arbitrary positive semidefinite operators. It is, however, useful to extend the definition
to all positive semidefinite operators as we have done, and it incurs little or no additional effort.

4.3.2 Basic properties of the fidelity

There are many interesting properties of the fidelity function. Let us begin with a few simple
ones. First, the fidelity is symmetric: F(P, Q) = F(Q, P) for all P, Q € Pos (X). This is clear from
the definition, given that ||A|; = ||A*||; for all operators A.

Next, suppose that u € X is a vector and Q € Pos (X) is a positive semidefinite operator. It
follows from the observation that v/uu* = “- whenever u # 0 that

[[u]

F(uu*, Q) = v/u*Qu.

In particular, F (uu*,vv*) = | (u,v)| for any choice of vectors u,v € X.

One nice property of the fidelity that we will utilize several times is that it is multiplicative
with respect to tensor products. This fact is stated in the following proposition (which can be
easily extended from tensor products of two operators to any finite number of operators by
induction).

Proposition 4.5. Let P;,Q; € Pos (&X7) and P>, Q, € Pos (X») be positive semidefinite operators. It
holds that

F(P1 ® Py, Q1 ® Q2) = F(P1, Q1) F(P2, Q2).
Proof. We have
F(Py® P, Q1 ®Q2) = H\/P1®Pz\/Q1®Q2H1 = H (\/171@ \/P»2> (\/@@ /@) Hl
= H\/PT\/@@) VEJ@Hl = H \/Fl\/@H1 H\/E@Hl = F(P, Q1) F(P,, Q2)

as claimed. 0

4.3.3 Uhlmann’s theorem

Next we will prove a fundamentally important theorem about the fidelity, known as Uhlmann’s
theorem, which relates the fidelity to the notion of purifications.

Theorem 4.6 (Uhlmann’s theorem). Let X' and ) be complex Euclidean spaces, let P, Q € Pos (X') be
positive semidefinite operators, both having rank at most dim()), and let u € X ® Y be any purification
of P. It holds that

F(P,Q) = max{|(u,v)]| : v € X ®), Try(vv*) = Q}.



Proof. Given that the rank of both P and Q is at most dim()’), there must exist operators A, B €
L (X,Y) for which A*A = Ijypy and B*B = Ijy ). The equations

Try (Vec <\/I3A*> vec (\/EA*)*) = VPA*AVP =P
Try (Vec (@B*) vec (\/QB*>*) = /0B*By/Q=0Q
follow, demonstrating that

vec (\FPA*) and vec (@B*)

are purifications of P and Q, respectively. By Theorem it follows that every choice of a
purification u € X ® ) of P must take the form

u=(1ly®U)vec (\/TJA*) = vec (\/ﬁA*UT) ,
for some unitary operator U € U ()), and likewise every purification v € X ® ) of Q must take

the form
v= 1y ®V)vec (@B*) = vec (@B*VT>

for some unitary operator V € U (Y).
The maximization in the statement of the theorem is therefore equivalent to

max) ) <Vec (\FPA*UT) ,vec (\/QB*VT)>

veu(y

7

which may alternately be written as

max ‘<UTV,A\/?\/QB*>’ (4.2)

Veu(y)

for some choice of U € U (Y). As V € U ()) ranges over all unitary operators, so too does U'V,
and therefore the quantity represented by equation (4.2) is given by

HA\/ﬁ\/@B*

g
Finally, given that A*A and B*B are projection operators, A and B must both have spectral
norm at most 1. It therefore holds that

Vvl = [avpvaws], < aveyas

= |vPval,

so that

javpva|, - |veval, -

The equality in the statement of the theorem therefore holds. O

Various properties of the fidelity follow from Uhlmann’s theorem. For example, it is clear
from the theorem that 0 < F(p,§) < 1 for density operators p and . Moreover F(p,§) = 1 if and
only if p = ¢. It is also evident (from the definition) that F(p, &) = 0 if and only if \/0\/¢ = 0,
which is equivalent to p¢ = 0 (i.e., to p and ¢ having orthogonal images).

Another property of the fidelity that follows from Uhlmann’s theorem is as follows.



Proposition 4.7. Let P, ..., P, Q1,...,Qx € Pos (X') be positive semidefinite operators. It holds that

k k k

F <ZP1'IZQ1'> > ) F(P,Qi).
i=1 =1 i=1

Proof. Let ) be a complex Euclidean space having dimension at least that of X, and choose

vectors Uy, ..., U, v1,...,0 € X ® Y satisfying Try (u;u) = P;, Try (v;v]) = Q;, and (u;,v;) =

F(P;, Q;) for each i = 1,...,k. Such vectors exist by Uhlmann’s theorem. Let Z = CF and define

U1 X®Y®Z as

k k
u=) ui®e and V=) v;®e.
' i-1

We have ) )
Trygz (uu*) = ZPi and Trygz (v0*) = Z Q;.
i=1 i=1
Thus, again using Uhlmann’s theorem, we have
k k k
FIY P,) Qi > (uw0)=) F(P,Q)
i=1 =1 i=1
as required. O

It follows from this proposition is that the fidelity function is concave in the first argument:

F(Ap1 + (1 —=A)p2,8) > AF(p1,8) + (1 = A)F(p2,¢)

for all p1,02,¢ € D(X) and A € [0,1], and by symmetry it is concave in the second argument as
well. In fact, the fidelity is jointly concave:

F(Ap1 + (1 = A)p2,A81 + (1 —A)G2) > AF(p1,81) + (1 — A) F(p2,82).

for all p1,02,81,8» € D(X) and A € [0,1].

4.3.4 Alberti’s theorem

A different characterization of the fidelity function is given by Alberti’s theorem, which is as
follows.

Theorem 4.8 (Alberti). Let X' be a complex Euclidean space and let P, Q € Pos (X') be positive semidef-
inite operators. It holds that

(F(P,Q))* = relf (RP) (R, Q).

When we study semidefinite programming later in the course, we will see that this theorem
is in fact closely related to Uhlmann’s theorem through semidefinite programming duality. For
now we will make due with a different proof. It is more complicated, but it has the value that

it illustrates some useful tricks from matrix analysis. To prove the theorem, it is helpful to start
tirst with the special case that P = Q, which is represented by the following lemma.



Lemma 4.9. Let P € Pos (X). It holds that

o6 (R P) (R P) = (Te(P))"

Proof. 1t is clear that

W06 (R P) (R P) < (TH(P)),

given that R = 1 is positive definite. To establish the reverse inequality, it suffices to prove that
(R,P) (R™1, P) > (Tr(P))?

for any choice of R € Pd (&X'). This will follow from the simple observation that, for any choice
of positive real numbers a and B, we have a? + B> > 2aB and therefore af~! + pa~! > 2. With
this fact in mind, consider a spectral decomposition

n
R = ZAiuiu;k.
i=1
We have
(R,P) (R = ) )\/\ (uf Pu;) (uj Puy)
1<1]<n
= Y (iPup+ ) (MA AT (g Puy) (uf Puj)
1<i<n 1<i<j<n
> Y (uiPu)*+2 Y (ufPu;)(ufPuy)
1<i<n 1<i<j<n
= (Tx(P))?
as required. O

Proof of Theorem We will first prove the theorem for P and Q positive definite. Let us define

S € Pd(X) tobe
~1/4

5= (vravp) " VPRVP (VPQVP)
Notice that as R ranges over all positive definite operators, so too does S. We have
1/2
<S, (ﬁQ\fp) > = (R, D),
1/2
<sl, (VPQVP) > — (R, Q).

Therefore, by Lemma 4.9 we have

gt (e 0t g (5 (7)) (57 (Fan) )

RePd(X) SePd(

_ <TMW)Z
= (F(P,Q))>.



To prove the general case, let us first note that, for any choice of R € Pd (X') and &€ > 0, we have
(R,P) (R}, Q) < (R,P+ell) (R, Q+el).

Thus,
inf (R, P) (R, Q) < (F(P +el, 1))?
gt (RP) (R, Q) < (B(P+el,Q +el)
forall e > 0. As
lim F(P +¢€l,Q+¢l) = F(P,Q)
e—0t

we have )
. -1
W (RP)(RT,Q) < (F(P,Q)).

On the other hand, for any choice of R € Pd (X') we have
(R,P+el) (R™',Q+ell) > (F(P+el,Q+e¢l))* > (F(P,Q))

for all ¢ > 0, and therefore )
(R,P)(R™1,Q) > (E(P,Q))".
As this holds for all R € Pd (X') we have

. -1 2
Reg}l{/\’) (R,P)(R™,Q) > (F(P,Q))",

which completes the proof. ]

4.4 The Fuchs-van de Graaf inequalities

We will now state and prove the Fuchs—van de Graaf inequalities, which establish a close relation-
ship between the trace norm of the difference between two density operators and their fidelity.
The inequalities are as stated in the following theorem.

Theorem 4.10 (Fuchs—van de Graaf). Let X" be a complex Euclidean space and assume that p,& € D (X))
are density operators on X. It holds that

1 1
1=l =l <Fp,&) <1 lo 2l

To prove this theorem we first need the following lemma relating the trace norm and Frobe-
nius norm. Once we have it in hand, the theorem will be easy to prove.

Lemma 4.11. Let X be a complex Euclidean space and let P,Q € Pos (X') be positive semidefinite
operators on X. It holds that

IP-Ql, 2| vP-va|,
Proof. Let

\/13— \/@ = i)\iuiu;‘
i=1



be a spectral decomposition of v/P — /Q. Given that v/P — 1/Q is Hermitian, it follows that
Y InP = | VP VR
i=1

Now, define

n
U =)_sign(A;)uuj
i=1

where
. 1 ifA>0
sign(A) = { ~1 ifA<0

for every real number A. It follows that
n
u(VP-vQ) = (VP vQ)u =Y Iifuui = [VP-/Q|.
i=1

Using the operator identity

A2 B2 %((A—B)(A+B)+ (A+B)(A—B)),

along with the fact that U is unitary, we have
IP—Qlly > Te (P~ Q)U)|
~ |37 (VP VWP VOU) + 3T (VP + VOVE - V)|
=T (VP - V| (VP+VQ)).
Now, by the triangle inequality (for real numbers), we have that
ui (VP+V/Q) ui > )u;fﬁui — ut/Qu;

foreveryi=1,...,n. Thus

T (VP - Q| (VP+VQ)) :z”;wu; (VP+vQ)ui > éwz |ve-vaf

i=

= | Al

as required. O

Proof of Theorem The operators p and ¢ have unit trace, and therefore

|ve- \/EHE =Tr (Vo - \/E>2 =2-2Tr (p/2) > 2-2F(p,8).

The first inequality therefore follows from Lemma

To prove the second inequality, let J be a complex Euclidean space with dim(Y) = dim(X’),
and let u,v € X ® Y satisfy Try(uu*) = p, Try(vo*) = ¢, and F(p,¢) = |(u,v)|. Such vectors
exist as a consequence of Uhlmann’s theorem. By the monotonicity of the trace norm we have

lo=¢lly < fluw® —vo[ly = 2¢/1 = [{u,0) > = 24/1 = F(p, )?,



and therefore

Fp,&) < /1- ;10— &I

as required. O
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