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The Hamiltonian and evolution time of a quantum unitary system completely determine a unitary operator,
which turns an initial state pg into its time-evolved state p, and may also turn another state oy into its time-
evolved state o,. Although the two pairs of states (g, p,) and (o9, 0,) are governed by the same Hamiltonian
and experience equal evolution periods, their state distances are not necessarily equal to each other. Specifically,
the evolution operator contains information about the evolution other than that reflected by two specific states
connected through it. As a matter of fact, two pairs of states with different state distances may have equal path
distances. Here we propose a geometric measure for the path distance contained in a quantum unitary evolution,
which depends only on the unitary operator itself and is independent of any pair of states connected through it.
This path distance meets the basic requirements for a good measure of distance and is valid during the whole
evolution process, no matter how long the evolution time is. This path distance is bounded by the path length of
the evolution from above and by the Bures angle between the two states connected through it from below. It has
potential applications in quantum information processing, such as providing another way to study the optimal
control between two quantum states. We finally present the form of Hamiltonian to realize a unitary operator on

demand.

DOI: 10.1103/PhysRevA.108.022204

I. INTRODUCTION

The speed of quantum evolution has attracted a great
deal of attention in recent years owing to its significance
in quantum information processing. It is closely related to
the computational capacity of quantum computation [1,2],
the transferring rate of information [3-5], the measurement
precision in quantum metrology [6-8], the entropy production
rate in nonequilibrium quantum processes [9,10], the charging
power of quantum batteries [11,12], and so on. Since the
length of the geodesic path connecting two quantum states,
usually defined as the angular distance between them, is no
longer than the length of any other path, it could be used to
investigate the speed limit of a quantum evolution [13,14].

Let us consider quantum evolution in a simple case.
Given a quantum system governed by a time-independent
Hamiltonian H, an initial state py turns into its time-evolved
state p, = U,,oOU,T, where the unitary operator U; is com-
pletely determined by the Hamiltonian H and evolution time ¢
through the relation U, = exp(—iH?t). If the quantum system
is initially prepared in another state oy, it will turn into its
time-evolved state o, = U, 0y U,T under the same unitary oper-
ator U;. Although the two initial states py and oy are connected
to their time-evolved states p, and o; through the same unitary
operator, the two pairs of states (oo, p;) and (oyp, 0;) may
have different state distances. For example, the two states
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oo under the action of the unitary operator U, = ((1) (1)), re-

spectively. However, the distance between the pairwise states
(po, pr), quantified by the Bures angle [15]

dp(po, p) = arccos F(po, p1), (D
with
F(po, pr) = Tr(y/ /popi~/Po) 2

the Uhlmann fidelity [16,17], is not equal to the distance
between the pairwise states (o, 0;), for dg(pg, o) = % and
dg(0y, 0,) = 0.

Since different quantum states may have different dis-
tance to their own time-evolved states under the action of the
same unitary operator, we believe a unitary operator contains
some common information about the evolution. In this paper
we propose a measure for the path distance contained in a
unitary evolution operator U, i.e., d(U ), which is determined
by the unitary operator itself and is independent of the state of
a quantum system. As is expected, the path distance proposed
here is bounded from above by the path length of the evolution
and bounded from below by the Bures angle between the
two states connected through it. If a quantum state remains
unchanged, the corresponding evolution operator is the iden-
tity operator I, and the path distance contained in a unitary
evolution operator U proposed here could be regarded as the
abbreviation of the distance between the evolution operator
U and the identity operator I, i.e., d(U) = d (I, U), which
could be generalized to measure the distance between any two
unitary operators. For example, if two unitary operators U
and U, are connected to each other through another unitary

©2023 American Physical Society
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operator Uj,, U, = U Uy, then the distance between the two
unitary operators U; and U, is equal to the path distance con-
tained in the unitary operator Uy, i.e., d(U;, Uy) = d(Uyp) =
d(,U;).

The tool of path distance could be used to investigate
the issues on quantum evolution and has some potential ap-
plications in quantum information processing, for example,
(i) defining the evolution speed as the changing rate of the path
distance to reexam the quantum speed limit, (ii) minimizing
the evolution time to reach a given path distance to study the
optimal control of a quantum system, and (iii) preparing a
quantum state in time. This paper is organized as follows. We
introduce the path distance in Sec. II and discuss its properties
and potential applications in Sec. III. In Sec. IV we present
two examples used to compare the current path distance with
the Bures angle and the Mandelstam-Tamm bound [13]. The
main conclusions of this paper are summarized in Sec. V.

II. PATH DISTANCE

For the sake of simplicity, we consider in this paper the
simple case in which the Hamiltonian H is time indepen-
dent. The unitary operator U, is then determined by H and
the evolution time ¢ through the relation U, = exp(—iH?t),
where we have set the Planck constant /i = 1. Now we focus
on the unitary operator U, itself and apply it to a quantum pure
state |Yo). The generalization to the case of mixed states will
be presented in the next section.

We first make an eigenvalue decomposition on the unitary
operator U,, i.e., U, = VAV, where A is a diagonal matrix
composed of the eigenvalues of the unitary operator U, and
V is formed of a set of orthogonal column vectors {[;)}
(j=1,2,...,N) corresponding to the eigenvalues {A;} in A.
As is well known, every unitary operator satisfies the relation
UUT =1, with I the identity operator, so the eigenvalues of
the unitary operator U, have the form of {A; = ¢/} (j =
1,2,..., N). Without loss of generality, we assume that the
eigenvalues {1 ;} are sorted in the diagonal matrix A based on
the phases {¢;} in ascending order, ¢; < ¢ < -+ < Py,

i 0 e 0
0 € 0
A= : ©)
0 0 eiov

Here the phases {¢;} are confined in the range (—, 7], which
is in fact the principal argument of the eigenvalues of the
unitary operator U,.

In the basis of the eigenvectors of U;, i.e., {|1/;)}, an initial

pure state |yy) = szy:l ¢j|¥;), with the normalization con-
dition szvz e j|2 = 1, turns into its time-evolved state [v,) =

szy:] cje'® | ;) after the action of the unitary operator Uy, i.e.,
|Y:) = Ur|¥o). The Uhlmann fidelity between the initial state
|Y0) and its time-evolved state |1/;) is

N
Flo), ) = D lejPe|. )

j=1
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FIG. 1. Angular distance illustrated in a polar system. The ab-
solute value of the difference between the two phases ¢; and ¢, is
smaller than 7, so the angular distance between them is d (¢, ¢2) =
| — ¢1|, corresponding to the sector angle filled with red dots.
The absolute value of the difference between the two phases ¢,
and ¢; is greater than m, so the angular distance between them is
d(¢1, ¢3) = 2w — |3 — ¢1], corresponding to the sector angle filled
with blue crosshatching.

As a matter of fact, the Uhlmann fidelity is invariant un-
der a global rotation of an arbitrary phase for the quantum
states under consideration, so we could rewrite the above
Uhlmann fidelity as F (o), [ ))=|e? Zl;;l |cj|?ei@i=90)|=

|2:1;’=1 cj|?€@i=%)|, with the overall phase ¢y confined in
the range (—m, ] for simplicity. Now we define the angular
distance between the two phases ¢; and ¢ as

lp; — ol
2w — |¢j — ool

The angular distance d(¢;, ¢o) between the two phases ¢; and
¢o is similar to the angular distance between two lines with
polar angles ¢; and ¢, in the polar coordinate system. For
example, the absolute value of the difference between the two
phases ¢; and ¢, is smaller than 7 in the polar coordinate
system plotted in Fig. 1 and the angular distance between
them is then d (¢, ¢») = | — @1 (see the sector angle filled
with red dots in Fig. 1). For the two phases ¢; and ¢3, the
absolute value of their difference is larger than & in Fig. 1,
i.e., |¢3 — ¢1| > m, so the angular distance between them is
d(¢1, ¢3) =2 — |3 — ¢1] (see the sector angle filled with
blue crosshatching in Fig. 1). The maximum angular dis-
tance among the phases {¢;} with respect to the overall phase
¢o € (—m, ] is defined as Py, = maxy [d(¢;, o)] hereafter,
which plays an important role in the following discussion.

In the case of Py, < 5, the inequality cos(¢; — ¢o) >
cos(Py,) is valid for all j =1,2,..., N. Then the Uhlmann
fidelity has a lower bound

for [¢p; —¢ol < 7

5
for |¢; — ¢o| > 7. ©)

d(p;, po) = {

N
F(o), 1) = | Y Iejl* cos(@; — do)| = cos(Py,).  (6)
j=1
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The Uhlmann fidelity is used to quantify the closeness of two
pure states, and its inverse-cosine-function value is regarded
as the angular distance between the two quantum states, called
the Bures angle [15]. Based on the Bures angle in Eq. (1), the
above inequality is equivalent to

dg(|¥o), [¥1)) = arccos F(|vo), V1)) < Py, ()

which implies that the angular distance between the initial
state |Y) and its time-evolved state |y, ) is no larger than the
maximum angular distance among the phases {¢;} = arg(U;)
with respect to an arbitrarily chosen overall phase ¢y. This
conclusion is also valid in the case of Py, > %, because the
angular distance between two quantum states is inside the
range [0, 3], 1.e., 0 < dg(|¥o), [¥1)) < 3

Since no other constraint is set for the overall phase ¢ ex-
cept for the range —m < ¢ < 7, we could use the minimum
value of Py, among all allowed overall phases ¢ to define
the path distance of the quantum evolution represented by the
unitary operator U,

d(U;) = min{Py,). 8)

Now we discuss how to find the target overall phase ¢q
to minimize Py, = maxg, [d(¢}, ¢o)]. As mentioned above,
the phases {¢;} = arg(U;) are the principal argument of the
eigenvalues of the unitary operator U; sorted in ascend-
ing order. We first work out the phase differences between
neighboring phases among {¢,},i.e., D; = ¢; 1 — ¢; for j =
1,2,...,N — 1, and the last one in this series of phase dif-
ferences is calculated by Dy = 27w + ¢ — ¢n. Suppose Dy
is the largest one among {D;}; then the two neighboring
phases related to Dy, ¢ and ¢4 (¢py and ¢; for Dy), are
used to determine the target overall phase through the relation
¢ = %(d)k + ¢r+1) £ . Here the alternative choice of = is
to make the obtained value of ¢ inside the range (—m, 7]. In
this case, the overall phase ¢, has the same angular distance to
the two phases ¢y and ¢py1, d(Pr, do) = d(Prr1, Po) =7 —
311 — il or d(dw. o) = d(¢1. ¢o) = 5(¢n — ¢1) for the
largest phase difference of ¢y and ¢;, which is the largest
one among the angular distances of the overall phase ¢y to the
series of phases {¢;}. At the same time, this angular distance
is the smallest one among all allowed phases ¢, because it is
related to the two neighboring phases with the largest phase
difference among {¢;}. Then the path distance of the quantum
evolution represented by the unitary operator U, in Eq. (8) is
finally simplified as

d(U,) =7 — $ max{D,}, (9a)
with
1 — ¢ forj=1,2,...,.N—1
D A (9b)
27 + ¢y — ¢y for j =N.

Here {¢;} are the principal arguments of the eigenvalues of U;
in ascending order and {D,} could be regarded as the angular
difference between neighboring eigenvalues of U,. The path
distance defined in Eq. (9a) is one of the main conclusions in
this paper. By combining Egs. (7)—(9), we obtain the relation

dg(|Yo). V) < d(U)). (10)

This relation has a clear physical meaning, i.e., the distance
between two pure states, quantified by the Bures angle, is a
lower bound for the distance of the evolution path connecting
the two states.

III. PROPERTIES OF PATH DISTANCE

The path distance defined above is determined through the
principal argument of the eigenvalues of the unitary operator
U, only and is independent of any specific quantum state,
which is much different from previous measures of distance
between two quantum states. Because the eigenvalues of the
unitary operator U, keep invariant under a unitary transforma-
tion, the path distance defined here is a basis-free invariant.
Furthermore, this path distance satisfies the basic require-
ments for a good measure of distance [18], which are

dU) >0 (11a)
d(U) =0 ifandonlyif U = ¢“I, (11b)
d(UiU,) < d(Uy) +d(Uy). (11¢)

The requirements (11a) and (11b) are satisfied obviously by
the path distance defined above. In the following, we give a
brief proof for the third requirement (11c), usually called the
triangle relation.

We denote the principal arguments of the eigenvalues of the
unitary operators U; and U, by {q)(')} and {¢( }, respectively,
which are sorted in ascending order By applymg the distribu-
tion of {(,b } and {45(2)} into Eq. (9), we could figure out the
path dlstance contalned in U; and U,, denoted by d(U;) and
d(U,), respectively. If d(U;) + d(U,) > m, then the triangle
relation d(U,U,) < d(Uy) + d(U,) is satisfied automatically,
because the path distance contained in an arbitrary unitary
operator, including d(U,U,), is no larger than 7. More details
about this conclusion are given in Sec. III B. So we only need
to consider the case of d(U;) + d(U,) < m, which implies
that 0 < d(U;) <7 and 0 < d(U,) < 7.

Now we add an overall phase to the unitary operator U,
(or Uy) to get e'U; (¢'#2U,) and they contain the equal
path distance d(¢''U,) = d(U,) [d(e*U,) = d(U,)] no mat-
ter what value the added overall phase ¢; (or ¢,) is. In the
case of 0 < d(U)) < [0 <d(U,) < 7], we could always
find at least one appropriate overall phase ¢; (¢;) so that
the principal arguments of the eigenvalues of the umtary op—
erators ¢'U; (or ¢ Uz) are confined in the range ¢

[-5. 31 @ e[-3,
the unitary operator e"/)‘ U, (€'2U,) has a simple formula,
which is equal to half the difference between the maxi-
mum and minimum values among the princ (ﬁ)al arguments of
01"} (@[, ie. d(eU)) = (max{¢"} — min{¢/"})
[d(e*2U,) = é(max{¢>}(2) }— mrn{qb;.(z)})]. See Proposition 2
in Sec. III B for a brief interpretation of this result.

Based on the eigenvalue decomposition of the two uni-
tary operators ¢'U; = Vi AV, and U, = VoA,V,, we
have (¢*'U,)(e'2U,) = V1A1V1TV2A2V;, which has the same
eigenvalues as the matrix A1V12A2V12 with Vi, = V V5. The
phases {¢>’(1)} ({¢>/(2)}) mentioned above are just the prin-
cipal arguments of the diagonal elements of the diagonal
matrix Aj (A;). The unitary transformation V12A2V]2 could

Z1). Then the distance contained in

022204-3
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be regarded as the rotation of the diagonal matrix A,, which
does not change the ei envalues If this rotation makes the
eigenvector |1/fr’r(j))( (Wmm ) of the matrix V12A2V12, which is
associated with the maximum (minimum) pr1n01pa1 argument
of its eigenvalues, meet the eigenvector W,EQX) (|1ﬁmm)) of the
matrix A; exactly, which is associated with the maximum
(minimum) principal argument of the eigenvalues of A, the
difference between the maximum and minimum values among
the principal arguments of A1V12A2V12, denoted by {¢(12)}
reaches its maximum value. Equivalently, the d1fference be-
tween the maximum and minimum values among the principal

arguments of (¢ Uy )(e2U,) satisfies
ma {612} = min {4
< (max {4} + max 7)) -
+min {¢*'})
=2[d (¥ Uy) + d(e*Uy)] = 2[d(Uy) + d(Uy)].  (12)

(min{q);(])}

According to Proposition 1 presented in Sec. III B, the path
distance contained in the unitary operator (e’?'U,)(e’?2U>)
is bounded from above by half the difference between the
maximum and minimum values, max{qﬁ(1 )} and mm{q)(lz)}
among the principal arguments of (e'U;)(e'2U,). So we
finally derive the above triangle relation

dUUy) = d[(e"'Uy)(e'"Un)]

< S(max{g{!?} — min{¢{'?}) < d(U)) + d(Uy).

13)

In the following, we introduce some other properties of the
path distance defined above.

A. Path distance bounded by the state distance from below

In an N-dimensional quantum unitary system, an initial
state pp turns to its time-evolved state p, through the action
of a unitary operator U;, p;, = U, pOU,T, which is why we be-
lieve the unitary operator U, contains certain path information
during the evolution, including the path distance d(U;). Given
a Hamiltonian H for a quantum unitary evolution, the unitary
operator U, = e~==1) represents the evolution from time
1 to t2, which connects the two unitary operators U;, = e~
and U,, = e~ through the relation U,,, = U, U, . Just as we
mentioned in the Introduction, the path distance d(U,,,) is in
fact the abbreviation of d(U;,, U;,), which could be regarded
as the distance between the two points representing the two
operators U;, and U,, in the space of unitary operators SU(N).
The path distance between two points is no larger than the
path length between the two points,

L rds
d(Uy) = d(Uy . Uy) < / (d—)dr, (14)

H t
where ds is the path distance contained in the operator
Uy = et dS = limy; 0 d(Ug) = limg; o d(Us, U yar).
The derivative 4 o could be regarded as the evolution speed of
the path distance, which depends on the Hamiltonian H only,
& = d(e~™). The right-hand side of the above inequality
is similar to the quantum complexity of a unitary operator,

which is an operational definition for quantifying the cost
of simulating this unitary operator [19-22]. The difference
lies in that an optimization over all possible evolution paths
is involved in the definition of quantum complexity and the
path length defined on the right-hand side of the inequality
(14) is based on a specific evolution path governed by the
Hamiltonian H. The relation (14) is in fact a natural result
of the triangle relation presented in Eq. (11). In Eq. (10)
we showed that the path distance of a quantum evolution is
bounded from below by the state distance measured by the
Bures angle in the pure-state case. In the following, we will
prove this conclusion is also valid for mixed states.

As shown in Egs. (1) and (2) in the Introduction, the state
distance of two mixed states pp and p, is usually quantified
by the Bures angle dg(pg, p;) = arccos F(po, p;), where the
Uhlmann fidelity between the two mixed states is actually
equal to F(po, o) = Tr|\/po/p:| [23], where Tr| - | repre-
sents the absolute-value sum of the eigenvalues. In a unitary
system, the initial state py and the time-evolved state p, have
the same eigenvalue spectrum

vy 0 - 0
0 1%) N

Ao=1|. . _ dovi=1. (15
0 0 - vy J=

Given the unitary operator U, and the initial state py =
MoAoM, w1th My = (I/I(l) (2) o N)) composed of its
column eigenvectors the time evolution of the quantum sys-
tem is p, = U; ,ooU,T = U,MOAOMS U;f. The above Uhlmann
fidelity is rewritten as

F(po, pr) = Te|Moy/ AoMyUMoy/ AoM U/ (16)

Since a unitary operator would not change the absolute value
of the eigenvalues of a matrix, we have

F(po, pr) = Trly/ AoMGU; Mo/ Ao
> |Tr(v/ AoMU:Moy/ Ao)| = [Tr(AoMGU,Mo)|

N
=) vitu Iy )] (17)

The lower bound of the Uhlmann fidelity is finally simplified
as F(po, pr) = | le\{:l v;e'®i|. Here {¢®/} are the eigenvalues
of the unitary operators U, .

Following the same proof as in the previous section, where
the Uhlmann fidelity between a pure state and its time-
evolved state is expressed in Eq. (4), i.e., F(|¥o), |¥)) =
|szv | lej?e®i], with 27 . |c]|2 =1, we could also obtain
F(po, pi) = cos(Pg,). Here Py, is the maximum angular dis-
tance, defined in Eq. (5), among the phases {¢;} with respect
to the overall phase ¢. Based on the definition (8), we could
obtain the path distance for the evolution of a quantum mixed
state by finding the minimum value of Py, through the same
proof. The path distance for the evolution of a quantum mixed
state is also determined by the principal argument of the
eigenvalues of the time-evolution unitary operator U;, which
has the same expression as the path distance for the evolution
of a quantum pure state [see Eq. (9)]. Similar to the relation

022204-4
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between the state distance and path distance for the evolution
of a pure state, presented in Eq. (10), we also have

dg(po, pr) < d(Up). (18)

So we conclude that the path distance contained in a unitary
operator is no smaller than the state distance between two
quantum states connected to each other through this unitary
operator, regardless of whether the initial state is a pure state
or a mixed state. This conclusion is valid for all possible
evolution paths, given the initial state and target state.

As is well known, the Uhlmann fidelity between a quantum
initial state and its time-evolved state in a unitary system has
another lower bound, called the Mandelstam-Tamm bound
[131, F(po, p;r) = cos(AEt). Here AE =~/ (H?) — (H)? is
the energy spread of the system, which remains constant for
a quantum system undergoing a unitary evolution. The state
distance measured by the Bures angle between the quantum
initial state and its time-evolved state is accordingly bounded
from above by

dg(po, pr) < AEL. 19)

In the following, we call dyr (00, ;) = AEt the Mandelstam-
Tamm bound of the state distance between an initial state and
its time-evolved state. Here the evolution time ¢ should be
confined in the range [0, ﬁ]; otherwise AEt > % becomes
a trivial upper bound, because the Bures angle between two
quantum states is always smaller than or equal to 7. On the
contrary, the path distance defined above depends only on
the evolution operator U,, where no constraint is imposed on
the evolution time ¢, so the path distance and the related
conclusions mentioned above are valid during the whole evo-
lution.

B. Value range of the path distance

In order to figure out the value range of the path distance
defined above, we give a brief interpretation of it. First, we
use N radii in a circle to indicate N principal arguments {¢;}
of the eigenvalues of the time-evolution unitary operator U,
where the jth radius is at an angle ¢; with respect to a fixed
axis, e.g., the x axis. Second, we find the smallest sector in
the circle to cover all N radii simultaneously. Then the path
distance of the evolution represented by U; is equal to half of
the sector angle. We have two useful propositions related to
this conclusion, which already have been used in the above
proof of the triangle relation.

Proposition 1. The path distance contained in a unitary
operator U is bounded from above by half the difference
between the maximum and minimum values max{¢;} and
min{¢;} among the principal arguments of U, i.e., d(U) <
%(max{qu} —min{¢g;}). The equals sign holds when the dif-
ference Dy between the phases of min{¢;} and max{g,},
defined in Eq. (9b), is the largest one between neighboring
phases {D;} among the principal arguments of U, where
min{¢;} and max{¢;} are just the ¢ and ¢y in Eq. (9b),
respectively. Let us reconsider the example plotted in Fig. 1.
Among the three phases {¢i, ¢», ¢3}, with min{¢;} = ¢,
and max{¢;} = ¢3, we have Dy = ¢ — ¢1, Dy = ¢35 — ¢o,
and D3 = 2w + ¢; — ¢3. Here D; and Ds are just the cen-
tral angles of the two sectors filled with red dots and blue

crosshatching, respectively. Based on Eq. (9a), the path dis-
tance contained in U satisfies

1
3D3

= 3(¢3s — ¢1) = 3(max{¢;} —min{p,;}).  (20)

Proposition 2. If all principal arguments of the eigenvalues
of the unitary operators U are confined in the range ¢; €
[—7, 7], the path distance contained in the unitary opera-
tors U is equal to d(U) = %(max{(pj} — min{¢,;}), because
the difference Dy = 27w + ¢ — ¢y between the phases of
min{¢;} = ¢; and max{¢;} = ¢y is greater than 7 and thus
becomes automatically the largest one among {D;} in this
situation.

In a two-dimensional system, we need two radii in the cir-
cle to indicate the two principal arguments of the eigenvalues
of the time-evolution unitary operator U;. If the two radii form
a diameter of the circle, the smallest sector required to cover
the two radii is the semicircle and the path distance is 7 in this
case. In a general case of an N-dimensional system, N radii of
the circle are required to indicate the N principal arguments
of the eigenvalues of the unitary operator U;,. When the N
radii are distributed uniformly in the circle, a sector with a
central angle NI enough to cover all these radii and the

N
path distance is W in this case. This is the largest sector
required to cover N radii in a circle, so we conclude that the
value range of the path distance of a quantum evolution in
an N-dimensional system is [0, WJ. Note that the angle
between two vectors is in the range [0, 7).

d(U)=m — ymax{D, D, D3} < 7 —

IV. EXAMPLES AND DISCUSSION

Let us consider the simplest single-qubit example. In the
particular basis composed of the eigenvectors of the time-
independent Hamiltonian H, this Hamiltonian has a diagonal
form H = ({

(e_om egb,) at the evolution time ¢. An initial state py =

g), which leads to a unitary operator U, =

* 1 * Hi(b—a)
%'1#) evolves to a state p, = (,]Z,-:sz)r n;i u)) at
the evolution time ¢ with p, = U; ,ooU,T. Here we see that the
time evolution of the quantum state depends on the difference
between the two parameters a and b. To ensure the non-
negativity of the density matrix py, the two parameters {L and 277

should satisfy the conditions u € [—%, %] and |n|* < il

The two quantum states py and p, have the same energy
spread AE = «/% — u?la — b|. According to the definition
in Eq. (9), the path distance of the evolution represented by
the above unitary operator U, is d(U;) = min[%A,, T — %A,],
where A; = |a — b|t mod2r is in the range [0, 27) and |a —
bt is the phase difference between the eigenvalues of U;. In
Fig. 2 we plot the evolution of the state distance dg(po, 0;),
the path distance d(U;), and the Mandelstam-Tamm bound
dvr(po, o;) between the initial state py and its time-evolved
state 0.

In the special case of u =0 and n = %, the initial state
po and its time-evolved state p, are in fact pure states
lYo) = Z (DT and |y) = L2(e™ e )T, respectively.
The state distance dp, path distance d(U;), and Mandelstam-
Tamm bound dyr between the initial state |¢g) and its

3R
2
¢
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FIG. 2. Under the action of the Hamiltonian H = diag(a b), the single-qubit pure state |y) =

-2

=1 1)T evolves to its time-evolved state

[y = %(e“'“’ e~™)T at time ¢. The Mandelstam-Tamm bound dyr (%), |;)) and the Bures angle dg(|v), |;)) are both equal to the path
distance d(U,) in the time period ¢ € [0, ‘a”fb‘], with the evolution operator U; = diag(e™ e~ [see the dotted part of the red zigzag (a)]. In
the time period ¢ > Ia’%bl, the Mandelstam-Tamm bound dyr(|¥0), |¥;)) is invalid, but the Bures angle dg(|0), |;)) and the path distance
d(U,) are still equal to each other in this period, illustrated as the solid part of the red zigzag (a). For the evolution of the single-qubit mixed
state po governed by the same Hamiltonian H, the Bures angle between p, and its time-evolved state p,, dg(po, o), is plotted as the blue
dash-dotted line (c), which is below the red zigzag (a) of the path distance d (U, ) during the whole evolution. In this particular case, the Bures
angle dg(po, p;) and the path distance d(U,) change synchronously with time and they reduce to zero periodically and simultaneously. The
Mandelstam-Tamm bound between the initial state p, and its time-evolved state p;, dur (00, 0;) [see the black dashed line (b)], is also an upper
bound for the Bures angle dg(py, p;) [blue dash-dotted line (c)], but the Mandelstam-Tamm bound dyr (o, p;) is valid only in the time period

[0, 5%

?2AE

time-evolved state |y,) could be obtained analytically,
which are dg(|Yo), [¥;)) = arccoslcos@L dlU,) =
min[1A,, 7w — A1, and  dur(IYo), [¥1) = 3la — blr,
respectively. In the time period ¢ € [0, ﬁ], the state
distance dp, path distance d(U;), and Mandelstam-Tamm
bound dyr are equal to each other [see the dotted part
of the red zigzag (a) in Fig. 2, corresponding to the
evolution from the initial pure state |yo) = “2(1 1) to

2
its orthogonal state [;) = ‘/75(1 — 1)T]. It has been proven

that such an evolution from a single-qubit pure state (or a
higher-dimensional state equivalent to a single-qubit pure
state) to its orthogonal state is the only case undergoing
the fastest evolution at the quantum speed limit of the
Mandelstam-Tamm bound [24]. In the time period ¢ > ﬁ,
the Bures angle dg and path distance d(U;) oscillate over
time, but still meet with each other during the evolution [see
the solid part of the red zigzag (a)]. The Mandelstam-Tamm
bound dyr plays no role in the time period t > IaﬂTbl’ because
it will present a trivial result of dmr(|v0), [¥;)) > 7 in this
situation.

In the mixed-state case of ||> < }1 — u?, the Bures angle
dg(po, p;) is bounded from above by both the path distance
d(U;) and the Mandelstam-Tamm bound dyt(0g, 0r). As an
example, we set the two parameters u =n = le; then the

initial mixed state py = i(? }) evolves to the mixed state

3 i(b—a)t . . .
0 = i(e,(a,b), ¢ | oat the evolution time ¢ under the action

by the same Hamiltonian used above, and the evolution op-

erator U, is the same as shown in the above pure-state case.
The evolution of the Mandelstam-Tamm bound dyt(09, 0;)
and the Bures angle dg(po, p;) between the initial mixed
state po and its time-evolved state p, are numerically plotted
as the black dashed line (b) and blue dash-dotted line (c)
in Fig. 2, respectively. Here we see that the path distance
d(U;) [red zigzag (a)] and the Mandelstam-Tamm bound
dmt(po, pr) [black dashed line (b)] is larger than the Bures
angle dg(pg, p;) [blue dash-dotted curve (c)] during the evolu-
tion. However, the Mandelstam-Tamm bound is valid only in
the period t < 577, with the energy spread AE = */Tgla —b|
in the current mixed-state case. The path distance d(U;) is an
upper bound of the Bures angle dg(py, p;) during the whole
evolution, no matter what evolution time is considered.

The pure state |) and the mixed state py are governed by
the same Hamiltonian in the current case and their evolution
is described by the same unitary operator U,. Two different
quantum states under the same evolution operator have the
same path distance to their time-evolved states, but their fi-
delity or Bures angle with their own time evolution may be
different.

We finally introduce how to construct a time-independent
Hamiltonian to realize a unitary operator on demand, where
the quantum initial state would turn into a target state at a
fixed evolution speed. In a quantum unitary system, the initial
state and its time-evolved state share the same eigenvalue
spectrum; then the eigenvalue decompositions of the initial
state and the target state could be expressed as py = MOAOMJ
and p, = M, AgM], respectively. The unitary operators M,
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and M, are formed of the eigenvectors of py and p,, and each
eigenvector has a deterministic form up to an overall phase.
The diagonal matrix Ay with the form in Eq. (15) is composed
of the eigenvalues {v;} of pg or p.. For simplicity, here we
consider only the nondegenerate case with v; # vy for j # k.
Then the evolution operator U, connecting py and p, could be
expressed as U; = MTM(; so that the relation p, = U, ,ooU: is
satisfied.

We further make an eigenvalue decomposition of the uni-
tary operator U, that is, MTMg = VAV, where the diagonal
matrix A has the form of Eq. (3) with the principal argument
{¢;} of the eigenvalues of the unitary operator U, being con-
fined in the range (—m, w]. Then the Hamiltonian could be
expressed as

H=oV[iln(A)IV' +R = iwlnU,)
+R = ioIn(M;M]) +R, Q1)

where the real parameter w could be used to control the
energy spread of the system so that it could be confined in
a restricted range. The real number R, which only induces
an overall phase to the time evolution and has no effect on
any observable, could be used to control the average energy
of the system. For example, we can always assume that the
Hamiltonian is represented by a traceless operator or has a
vanishing expectation value, and so on.

Based on the relation between the evolution operator and
the time-independent Hamiltonian U, = ¢~#*, we could ob-
tain the evolution operator induced by the above Hamiltonian,

U, =e Ry, (22)

The target state is achieved when the evolution time is equal
to T = 1/w and the corresponding evolution operator is U, =
e ROy AV T = ¢~ IR/ “’MTMS . With the above Hamiltonian,
the parameter w is the only factor affecting the evolution time
required to achieve a target state. The term e~"®/ introduces
an overall phase to the target state. In the time period ¢ €
[0, 1/w], the path distance contained in the evolution opera-
tor (22) is d(U,) = d(A®) = td(e”"). Here we see that the
path distance increases at a fixed speed £d(U,) = d(e~™).
Equivalently, the initial state py approaches the target state p,
linearly with time under the action of the above Hamiltonian.

Let us look at a specific example of a two-qubit entangler
gate

) (23)

which turns the four tensor-product two-qubit states |«) =
|00), |B) =101), |y) =110), and |n) = [11) into the four
maximally entangled Bell states |¢pF) = (]00) £ |11))/+/2
and |[YF) = (|01) £ [10))/ V2, respectively. Accordingly,
the mixture of the four states py = Aq|a){a| + A2|B)(B] +
MYy Y|+ X4aln)(nl would turn into the mixture p, =
M@ I+22l0 N @ IHA3 1Y )W T [+A4lY ) (Y| under
the action of the above entangler gate U,. By substituting
U, into the Hamiltonian in Eq. (21), we obtain the time-

independent Hamiltonian to realize it,

1 0 0 1
H=0o 8 } _11 8 +R. 24)
1 0 0 -1

The unitary operator induced by the above Hamiltonian could
be described as

¢ — \/Lis, 0 0 —\/Lis,
U 0 c bv, —\/Lisz 0
e 0 —\%sr ¢+ ﬁs, 0 ’
—\/Lis[ 0 0 G+ ﬁs,

(25)

with ¢, = cos(+/2w't) and s, = sin(+/2w't). The path distance
contained in the above time-evolution operator U, is d(U,) =
J2w't in the period ¢ € [0, ﬁ], which increases linearly
with time ¢, until the target operator in Eq. (23) is achieved at

s _ T
time 7 = —7—.

V. CONCLUSION

To summarize, the Hamiltonian in a quantum unitary sys-
tem completely determines a unitary operator, which contains
the main evolution information of the system. Since a unitary
operator connecting two quantum states could be used to
quantify the evolution distance between the two states, we
proposed here a geometric measure for the path distance con-
tained in a quantum unitary evolution, which relies only on the
unitary operator itself and is independent of the quantum state.
The path distance defined here meets the basic requirements
for a good measure of distance and is valid during the whole
evolution process. This path distance between two quantum
states is bounded from below by the state distance of the Bures
angle between them, so the path distance provides a feasible
way for the estimation of fidelity between a quantum state and
its time-evolved state, no matter what evolution time is under
consideration.

The path distance defined here is to map a unitary operator
to a non-negative value, which has some potential applica-
tions in quantum information processing. For example, the
quantification of evolution speed is usually based on the state
distance between the initial state and its time-evolved state in
the issue of quantum optimal control [25-30], and it will be
very interesting to study the quantum optimal control from
the perspective of path distance. By using the path distance
introduced here to replace the state distance, we could also
investigate several other issues in quantum information sci-
ence, such as the generalization of a quantum speed limit
[31-35] and estimation of the evolution time required to pre-
pare a target state. Quantum complexity is also a map from
unitary operators to non-negative values, which provides an
operational definition for quantifying the cost of simulating
a unitary operator. As is well known, quantum complex-
ity is widely used in several topics such as distinguishing
chaotic systems from integrable ones [36], studying aspects
of black holes and quantum chaos [37], and quantifying state
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complexity in continuous many-body quantum systems [38].
Since the path distance introduced here is easy to compute, it
will be very interesting to apply the path distance introduced
here to the relevant research.
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