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1 Overview

In the previous lecture, we introduced the trace distance and discussed some of its mathematical
properties. We also showed how it has an operational interpretation in the context of quantum
hypothesis tesing.

In this lecture, we continue developing the trace distance in more detail and we eventually turn to
the fidelity. We begin by recalling the following lemma:

Lemma 1. The normalized trace distance % ||p — o||, between quantum states p,o € D(H) is equal
to the largest probability difference that two states p and o could give to the same measurement
outcome A:

1
5l =l = max Tr{A(p—0)}. (1)

The above mazimization is with respect to all positive semi-definite operators A € L(H) that have
their eigenvalues bounded from above by one.

1.1 Trace Distance Lemmas

We present several useful corollaries of Lemma [I] and their corresponding proofs. These corollaries
include the triangle inequality, measurement on approximate states, and monotonicity of trace
distance. Each of these corollaries finds application in many proofs in quantum Shannon theory.

Lemma 2 (Triangle Inequality). The trace distance obeys a triangle inequality. For any three
quantum states p, o, T € D(H), the following inequality holds:

lo=oly <llp=7ly + 7=l (2)

Proof. Pick II as the maximizing operator for ||p — o||; (according to Lemma 1)) so that

lp = olly =2 Te{Il(p - 0)} 3)
=2-Tr{Ill(p—7)}+2-Tr{II (7 — o)} (4)
<lp=7li+lr=al. ()

The last inequality follows because the operator II maximizing ||p — o||; in general is not the same
operator that maximizes both ||p — 7||; and ||7 — o;. O



Corollary 3 (Measurement on Approximately Close States). Suppose we have two quantum states
p,0 € D(H) and an operator I1 € L(H) such that 0 <II < I. Then

T {Tlp} > T {Tlo} —  [lo— o), (6)
> T {Tlo} ~ |jp — o], 7)

Proof. Consider the following arguments:

Sl = ol = max {(Tr{A (7 — )1} ®)
> Tr{Il (0 — p)} (9)
= Tr{Ilo} — Tr {TIp} . (10)

The first equality follows from Lemma [I} The first inequality follows because A is the maximizing
operator and can only lead to a probability difference greater than that for another operator II
such that 0 <II < I. J

The most common way that we employ Corollary [3]in quantum Shannon theory is in the following
scenario. Suppose that a measurement with operator II succeeds with high probability on a quantum
state o:

Tr{llo} >1—¢, (11)

where ¢ is some small positive number. Suppose further that another quantum state p is e-close in
trace distance to o:
lp—olly <e (12)

Then Corollary [3| gives the intuitive result that the measurement succeeds with high probability on
the state p that is close to o:
Tr{Ilp} > 1 — 2¢, (13)

by plugging and into .

We next turn to the monotonicity of trace distance under the discarding of a system. The inter-
pretation of this corollary is that discarding of a system does not increase distinguishability of two
quantum states. That is, a global measurement on the larger system might be able to distinguish
the two states better than a local measurement on an individual subsystem could. In fact, the
proof of monotonicity follows this intuition exactly, and Figure [I| depicts the intuition behind it.

Corollary 4 (Monotonicity). Let pap,cap € D(Ha®Hp). The trace distance is monotone under
discarding of subsystems:

lpa —oally < llpas —oasll; - (14)
Proof. Consider that
lpa—oally =2-Tr{As(pa —oa)}, (15)
for some positive semi-definite operator Ay < I4. Then
2-Tr{As(pa—04)} =2 -Tr {(Aa®IB) (paB — 0aB)} (16)
<2. Tr{A — 1
<2 max  Tr{Aap(pas —oan)} (17)
= llpaB — oasll; - (18)
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Figure 1: The task in this figure is for Bob to distinguish the state pap from the state o4p with a
binary-valued measurement. Bob could perform an optimal measurement on system A alone if he
does not have access to system B. If he has access to system B as well, then he can perform an
optimal joint measurement on systems A and B. We would expect that he can distinguish the states
more reliably if he performs a joint measurement because there could be more information about
the state available in the other system B. Since the trace distance is a measure of distinguishability,
we would expect it to obey the following inequality: |[pa — oall; < ||paB — oag||; (the states are

less distinguishable if fewer systems are available to be part of the distinguishability test).

The first equality follows because local predictions of the quantum theory should coincide with
its global predictions. The inequality follows because the local operator A4 never gives a higher
probability difference than a maximization over all global operators. The last equality follows from
the characterization of the trace distance in Lemma [ O

Exercise 5 (Monotonicity of Trace Distance). Let p,o € D(Ha) and N : L(Ha) — L(Hp) be a
quantum channel. Show that the trace distance is monotone under the action of the channel N :

IV (p) =N (o), < llp =l (19)

(Hint: Use the result of C’omllary and the fact that the trace distance is invariant with respect to
isometries.)

The result of the previous exercise deserves an interpretation. It states that a quantum channel N
makes two quantum states p and o less distinguishable from each other. That is, a noisy channel
tends to “blur” two states to make them appear as if they are more similar to each other than they
are before the quantum channel acts.

Exercise 6. Prove that a measurement achieves the trace distance, in the following sense:
lp—oally = I{%%sz [Tr{Azp} — Tr{Az0}], (20)
R

where p,o € D(H) and the optimization is with respect to all POVMs {A,}. Hint: Use the result
of Ezercise[3] to show the following bound for any choice of POVM:

lp—oll;, = Z [Tr{Azp} — Tr{Azo}|. (21)

Next, use the developments in the proof of Lemma (1| to construct an optimal measurement that
saturates this bound. (Further hint: Consider the measurement {I1p,11g}.)



2 Fidelity

2.1 Pure-State Fidelity

An alternate measure of the closeness of two quantum states is the fidelity. We introduce its most
simple form first. Suppose that we input a particular pure state |¢)) to a quantum information-
processing protocol. Ideally, we may want the protocol to output the same state that is input, but
suppose that it instead outputs a pure state |¢). The pure-state fidelity F' (1, ¢) is a measure of
how close the output state is to the input state.

Definition 7 (Pure-State Fidelity). Let |¢),|¢) € H be pure states. The pure-state fidelity is the
squared overlap of the states 1) and |§):

F(4,9) = [($le)]- (22)

The pure-state fidelity has the operational interpretation as the probability that the output state
|¢) would pass a test for being the same as the input state [1)), conducted by someone who knows
the input state (see Exercise .

The pure-state fidelity is symmetric F'(¢, ¢) = F(¢,1), and it obeys the following bounds:
0< F(y,9) < 1. (23)

It is equal to one if and only if the two states are the same, and it is equal to zero if and only if
the two states are orthogonal to each other. The fidelity measure is not a distance measure in the
strict mathematical sense because it is equal to one when two states are equal, whereas a distance
measure should be equal to zero when two states are equal.

Exercise 8. Suppose that two pure quantum states |¢), |¢p) € H are as follows:
) => Vo)), 0) =Y Va(@)le), (24)

where {|z)} is some orthonormal basis for H. Show that the fidelity F(,®) between these two
states is equivalent to the Bhattacharyya distance between the distributions p(x) and q(x):

F(y,¢) = [Z \/p(:v)Q(x)] : (25)

2.2 Expected Fidelity

Now let us suppose that the output of a given protocol is not a pure state, but it is rather a mixed
state with density operator p. In general, a quantum information-processing protocol could be
noisy and map the pure input state [i)) to a mixed state. We would like a way to compare these
two states.

Definition 9 (Expected Fidelity). The expected fidelity F(1, p) between a pure state |¢) € H and
a mized state p € D(H) is
E(, p) = (lpl). (26)



We now justify the above definition of fidelity. Let us decompose p according to a spectral decom-
position p = > px(x)|¢s)(Ps|. Recall that we can think of this output density operator as arising
from the ensemble {px(x), |¢,)}. We generalize the pure-state fidelity from the previous paragraph
by defining it as the expected pure-state fidelity, where the expectation is with respect to states in
the ensemble:

F(,p) = Ex [|(lox)I?] (27)
= ZPX w‘éx ’ (28)

= pr ) (1] 6z} (Dl (29)

= (] (pr ) ) ( \) ) (30)

= (Ylple). (31)

The compact formula F(1, p) = (¥|p|) is a good way to characterize the fidelity when the input
state is pure and the output state is mixed. We can see that the above fidelity measure is a
generalization of the pure-state fidelity in . It obeys the same bounds:

0 < F(y,p) <1, (32)

being equal to one if and only if the state p is equal to |¢) (1| and equal to zero if and only if the
support of p is orthogonal to |¢)(¢)].

Exercise 10. Given a state o € D(H), we would like to see if it would pass a test for being close to
a pure state |¢) € H. We can measure the POVM {|¢){¢|,I — |p){p|} with result ¢ corresponding
to a “pass” and the result I — ¢ corresponding to a “fail.” Show that the fidelity is then equal to
Pr{ “pass”}.

Exercise 11. Using the result of Corollary[3, show that the following inequality holds for a pure
state |¢) € H and mized states p,o € D(H):

F(¢,p) < F(¢,0) + 5llp—all; (33)

2.3 Uhlmann Fidelity

What is the most general form of the fidelity when both quantum states are mixed? We can borrow
the above idea of the pure-state fidelity that exploits the overlap between two pure states. Suppose
that we would like to determine the fidelity between two mixed states p4 and o4 that represent
different states of some quantum system A. Let [¢”)pa and |¢7)p, denote particular respective
purifications of the mixed states to some reference system R. We can define the Uhlmann fidelity
F(pa,04) between two mixed states p4 and o4 as the maximum overlap between their respective
purifications, where the maximization is with respect to all purifications |¢”) g4 and |¢7) z 4 of the
respective states pa4 and o 4:

F(pa,04) = max Plp? 2, 34
(paroa) =, max (@107l 39



We can express the fidelity as a maximization over unitaries instead (recall the result of Theorem 77
that all purifications are equivalent up to unitaries on the reference system):

2
Fpa,oa) = max |(¢]pa (UR) @ 1) (VR © 14)16%) (35)
2
= max |(¢*1ra (UR) UR @ 14167) a| - (36)

It is unnecessary to maximize over two sets of unitaries because the product (U g)T U represents
only a single unitary. The final expression for the fidelity between two mixed states is then defined
as the Uhlmann fidelity.

Definition 12 (Uhlmann Fidelity). The Uhlmann fidelity F(pa,o4) between two mized states pa
and o4 s the mazimum overlap between their respective purifications, where the mazimization is
with respect to all unitaries U acting on the purification system R:

F(pa,oa) = max |(¢”|raUr @ L 167) pal” - (37)

We will find that this notion of fidelity generalizes both the pure-state fidelity in and the ex-
pected fidelity in . This holds because the following formula for the fidelity of two mixed states,
characterized in terms of the Schatten 1-norm, is equivalent to the above Uhlmann characterization:

2
F(pa,oa) = [v/pavoall - (38)
We state this result as Uhlmann’s theorem.

Theorem 13 (Uhlmann’s Theorem). The following two expressions for fidelity are equal:

F(pa,04) = max (”|RaUr ® 14 |67) pal® = |Iv/Pavaall; - (39)

Proof. Let |¢P)ra denote the canonical purification of py (see Exercise 77?):

0")ra = (IR © \/pa) D) ga s (40)

where |I') 4 is the unnormalized maximally entangled vector:
D) ga =Y li0rli)a- (41)
i

Therefore, the state |¢”)ra is a particular purification of p. Let |¢7)p, denote the canonical
purification of o 4:

07 ra = (IR @ v/04) D) gy - (42)
Consider that the overlap |(¢?|Ur @ I4]¢7)|* is as follows:
(¢ |UR © L4]6”)|* = [(Tl pa (Ur © v/pa) Ir © V0 4) IT) pal”
(Tl ga (Ur © pay/aa) IT) pal®
= |(Tlga (Ir © VPav/oaU}) |F>RA}2
= [T {vpavoaUi}[".

43
44

45
46

(43)
(44)
(45)
(46)



The first equality follows by plugging in and . The third equality follows from Exercise 77.
The last equality follows from Exercise ?7. We can finally invoke Property 77 to establish that

2
max Te {/paveaUs }|” = lIvpavaall, (47)
from which follows. O

Exercise 14. Use the expression H, /DA /O’AHi for the fidelity and the Cauchy-Schwarz inequality for
the Hilbert-Schmidt inner product to prove that the quantum fidelity between two density operators
never exceeds one.

2.4 Properties of Fidelity

We discuss some further properties of the fidelity that often prove useful. Some of these properties
are the counterpart of similar properties of the trace distance. From the characterization of fidelity
in , we observe that it is symmetric in its arguments:

F(p,0) = F(a,p). (48)

It obeys the following bounds:
0< F(p,o) <1. (49)

The lower bound applies if and only if the respective supports of the two states p and o are
orthogonal. To see this, suppose that the supports of p and o are orthogonal. This implies that
VPVT =0, so that F(p,o) = ||/pv/7||} = 0. On the other hand, suppose that F(p,o) = 0. Then
by definition, this means that ||,/py/c|? = 0, and from non-negative definiteness of the trace norm,
we find that /p\/o = 0. This then implies that the supports of p and o are orthogonal. The upper
bound in applies if and only if the two states p and o are equal to each other.

Exercise 15. Show that the definition of fidelity in reduces to when the two states are
pure and to when one state is pure and the other is mixed.

Property 16 (Multiplicativity). Let p1,01 € D(H1) and p2,092 € D(Ha). The fidelity is multi-
plicative with respect to tensor products:

F(p1 ® p2,01 ® 02) = F(p1,01)F(p2,02). (50)

This result holds by employing the definition of the fidelity in .

The following monotonicity lemma is similar to the monotonicity lemma for trace distance (Lemma [4))
and also bears the similar interpretation that quantum states become more similar (less distinguish-
able) under the discarding of subsystems.

Lemma 17 (Monotonicity). Let pap,oap € D(Ha @ Hp). The fidelity is non-decreasing with
respect to partial trace:
F(paB,oaB) < F(pa,oa), (51)

where
pa=Trp{paB}, oa=Trp{oaB}. (52)



Proof. Consider a fixed purification [¢)) gap of pa and pap and a fixed purification |p)rap of o4
and o4p. Then

(| raBUR @ T4 ® I |6) papl® < %3X|<¢|RABURB @ I4|6) pap|® (53)
RB
= F(pAvaA)’ (54)

where the first inequality follows because the maximization over unitaries Ugrp includes Ur ® I4
and the equality is a consequence of Uhlmann’s theorem. Given that the inequality holds for all
unitaries Ug, we can conclude that

F(pap,oaB) = max (Y| raBUR ® T4 ® Ip|d) rasl® < F(pa,oa), (55)
R

where the equality is again a consequence of Uhlmann’s theorem. O

Property 18 (Joint Concavity). Let p,, 0, € D(H) for all x and let px be a probability distribution.
The root fidelity is jointly concave with respect to its input arguments:

VF (ZPX(»T)PM ZPX(IL")Ux) > ZPX(fL')\/F(P:mUx) ‘ (56)

Proof. We prove joint concavity by exploiting the result of Exercise ??. Suppose |[¢p”")ra and
|¢p7%) ra are respective Uhlmann purifications of p, and o, (these are purifications that maximize
the Uhlmann fidelity). Then

F( [;ZIA’QZ)URZ) = F (pz,02).- (57)

Choose some orthonormal basis {|z)x}. Then
0°) = > Vpx(@)¢")ralz)x,  167) =Y Vpx(@)|¢77) ralz)x (58)

are respective purifications of ) px(x)p, and ) px(x)o,. The first inequality below holds by
Uhlmann’s theorem:

vF (prmpx,sz(m)ax) > (6167 (59)
=D px(@)(¢]67) (60)

> S px () [(97]677)| (61)

= ZPX(x)\/F(PmUw)- (62)

UJ

Property 19 (Concavity). Let p,o,7 € D(H) and X € [0,1]. The fidelity is concave with respect
to one of its arguments:

FAp+ 1 —=XNT1,0) > AF(p,0)+ (1 =X F(r,0). (63)



Proof. Let [17) pg be a fixed purification of og. Let [)”) p¢ be a purification of pg such that

(W7 [P)* = F(p,0). (64)
Similarly, let [¢)7) p¢ be a purification of 7g such that

(W7 [7)|* = F(7,0). (65)
Then consider that

AF(p,o)+ (1 —A) F(r,0)

= AP P+ (1= A) [y [pT) [ (66)
= A7 [WP) (P [7) + (1= A) (7 [97) (47 [1p°) (67)
= (7| g (AP (¥ g + (1= X) [¥7) (V7] zg) [¥7) g (68)
= F ([97) (0% pg , AP (0P| pg + (1 = X) [97) (47| ) (69)
< F (4, X% + (1 — \) ) (70)
=FMp+(1=XNrT,0) (71)

The first step is a rewriting using and . The fourth equality is a consequence of Exercise
The inequality follows from monotonicity of the fidelity under partial trace (Lemma . O

Exercise 20. Let p,o € D(H). Show that we can express the root fidelity as

VF(p,0) = Tt {\/,01/20,01/2} . {\/01/2p01/2} , (72)

using the definition in .
Exercise 21. Let p,o € D(H) and let N : L(Ha) — L(Hp) be a quantum channel. Show that the
fidelity is monotone with respect to the channel N :

Flp,0) < FIN(p), N (o). (73)

Exercise 22. Let p,o € D(H). Show that the fidelity is invariant with respect to an isometry
UeL(H,H):
F(p,0) = F(UpU', UsUT). (74)
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