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Connection between entanglement and the speed of quantum evolution
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It has been recently pointed out [V. Giovannetti, S. Lloyd, and L. Maccone, Europhys. Lett. 62, 615 (2003)]
that, for certain classes of states, quantum entanglement enhances the “speed” of evolution of composite
quantum systems, as measured by the time a given initial state requires to evolve to an orthogonal state. We

provide here a systematic study of this effect for pure states of bipartite systems of low dimensionality,
considering both distinguishable (two-qubits) subsystems, and systems constituted of two indistinguishable

particles.
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I. INTRODUCTION

Entanglement is one of the most fundamental features of
the quantum description of nature [1-5]. In recent years it
has been the focus of intense research efforts [1-13]. A state
of a composite quantum system is called “entangled” if it
cannot be represented as a mixture of factorizable pure
states. Otherwise, the state is called separable. Entanglement
constitutes a physical resource that lies at the basis of impor-
tant quantum information processes [3—6], such as quantum
teleportation, superdense coding, and quantum computation.

Entanglement is essential in connection both with our ba-
sic understanding of quantum mechanics and with some of
its most revolutionary (possible) technological applications.
Consequently, it is imperative to investigate, in detail, the
relationships between entanglement and other aspects of
quantum theory. In particular, it is of clear interest to explore
the role played by entanglement in the dynamical evolution
of composite quantum systems. It was recently discovered by
Giovannetti ef al. [1,2] that, in certain cases, entanglement
helps to “speed up” the time evolution of composite systems.
The problem of the ‘“speed” of quantum evolution has
aroused considerable interest recently, because of its rel-
evance in connection with the physical limits imposed by the
basic laws of quantum mechanics on the speed of informa-
tion processing and information transmission [14-16].

The aim of the present contribution is to investigate, in
detail, for bipartite systems of low dimensionality, the con-
nection between entanglement and the speed of quantum
evolution. We are going to focus our attention on (i) two
qubits (distinguishable) systems and (ii) bosonic or fermionic
composite (bipartite) systems of lowest dimensionality.

II. TWO ENTANGLED DISTINGUISHABLE PARTICLES

We are going to investigate first the case of two equal but
distinguishable subsystems evolving under a local Hamil-
tonian. Let us then consider a two-qubits system whose evo-
lution is governed by a (local) Hamiltonian

H=HA®IB+IA®HB7 (1)

where H, 5 have eigenstates |[0) and |1) with eigenvalues 0
and e, respectively. That is, the eigenstates of H are |00),
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|01), [10), and |11), with eigenvalues respectively equal to 0,
€ (twofold degenerate), and 2e€. For pure states |¥) of our
composite system, the natural measure of entanglement is the
usual reduced von Neumann entropy
S[papl=—Trs p(papIn psp) (of either particle A or particle
B) where p, p=Trp,(|¥))¥|). It is convenient for our
present purposes to use, instead of S(p, p) itself, the closely
related concurrence C, given by

C?=4detp,p. (2)

Both the entanglement entropy S[p, 3] and the concurrence
C are preserved under the time evolution determined by the
local Hamiltonian (1). Given an initial state

|\I’(t=0)>=C0|OO>+C1|01>+C2|10>+C3|11>, (3)
its concurrence is
C*=4|coes —c105 (4)

The overlap between the initial state (3) and the state at time
t is given by

(WO (t=0)) =col* + (e +[ea] Dz + ez, (5)

where z=exp(ietr/h) =exp(ia), that is, a=(te)/h.
Thus, the condition for the state at time ¢ to be orthogonal
to the initial state is

P(2) = [eo* + (o1 + |ea)z + [e5]*2* = 0. (6)
The above polynomial equation can be cast as
e3P (z=z1)(z = 22) = 0, (7

where z; and z, are the roots of P(z). If the initial state (3) is
to evolve to an orthogonal state, then the two roots of P(z)
have to be two (complex conjugate) numbers of modulus
equal to one. That is z;,=exp(+ia). It that case we shall
have

|Co|2 = |C3|2 =T,
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le1)? + |caf* = = 2T cos a. (8)

Appropriate normalization of the initial state also implies
that the concomitant coefficients can be parameterized as

|eol* =lesf =T,
le)|*==26T cos a,

les*==2(1 =8I cos a, 9)

with I'=1/2(1-cos @) and ae[w/2,37/2], [0,1]. In
other words, we have a=arccos[(2I'-1)/2I"].

The initial state’s energy mean value and energy uncer-
tainty are, respectively,

E=(H)= €(|c)*+]ca]) +2 €les]* = €,

AE = \(H?) — (H)?
=[E(|c/]* + |cy) + 4€]cs - €] = e2T. (10)

The time 7 required to evolve into an orthogonal state admits
the lower bound [1,2],

SIETE
m=max{ —,—— |,
m 2E 2AE
which, together with equations (10), lead to
Th
Tmin = e (12)
2eN2I'

The concurrence of the (pure) state under consideration, de-
fined as C?=4|cyc3—cc,|* [see equations (2)—(4)] is

C?=4|T - €%\ 8(1 — 8)2T cos al?. (13)

The modulus of the coefficients c¢; are completely determined
by the two parameters a (or I') and 8. The dependence of C?
on the phases of the coefficients c; can be absorbed into one
single phase e'%, thus incorporating a new parameter ¢ into
the expression (13) for C2.

After some algebra, the expressions for the minimum and
maximum values for the evolution time 7 that are actually
realized for states of a given concurrence C?, read

T _207 (2r—1> 14)
T ' O\ ar )

where the maximum evolution time for a fixed C? (or a fixed
C) corresponds to I'=+C?/2, while the minimum one to T’
=(1+C?)/4. The two curves in the (C,7/T,,;,) plane corre-
sponding, for each value of C, to the states with maximum
and minimum 7/7,,;, are depicted in Fig. 1. All states that
eventually evolve into an orthogonal state (that is, states
characterized by different &'s and ¢’s) lie between these two
curves. Some important features of the connection between
entanglement and speed of evolution (for two qubits) tran-
spire from Fig. 1. First, we see that both the maximum and
the minimum times required to reach an orthogonal state are
monotonously decreasing functions of the concurrence. Sec-
ond, the difference between these maximum and the mini-
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FIG. 1. Curves in the (C, 7/T,,;,) plane corresponding, for each
value of C, to the states of two (distinguishable) qubits with maxi-
mum and minimun 7/7,,;,. The points represent randomly generated
individual states that evolve to an orthogonal state. All depicted
quantities are dimensionless.

mum evolution times (that is, the range of possible values for
the time required to evolve to an orthogonal state) also de-
creases with increasing concurrence. Third, the lower bound
for the evolution time to an orthogonal state is saturated by
(and only by) the maximally entangled states (C=1). These
features provide further support to the idea that entanglement
tends to speed up quantum evolution.

III. TWO ENTANGLED INDISTINGUISHABLE
PARTICLES

Here we are going to explore the connection between en-
tanglement and the speed of quantum evolution for systems
constituted by two indistinguishable particles. In this case,
the concept of entanglement exhibits some extra subtleties,
as compared with the case of distinguishable subsystems.
When dealing with indistinguishable particles, the correla-
tions that arise purely from the concomitant statistics (either
fermionic or bosonic) do not constitute a useful resource and,
consequently, must not be regarded as contributing to the
amount of entanglement of the system’s state [13]. A useful
formalism to describe the entanglement of systems consist-
ing of identical particles and that takes into account the
above remarks has been advanced by Eckert e al. in [13].
For two identical bosons, the system of lowest dimensional-
ity exhibiting the phenomenon of entanglement is a pair of
bosons with a two-dimensional single-particle Hilbert space.
The simplest fermionic system endowed with entanglement
is a system of two fermions with a three-dimensional single-
particle Hilbert space.

A. Bosons

Using the second quantization formalism, the general
(pure) state of two bosons (with a two-dimensional single-
particle Hilbert space) can be written under the guise [13] of
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1
V)= 2 Uijb;b;|0>: (15)
i,j=0
where bjf and b; denote bosonic creation and anhilation op-
erators, and the coefficients Vi constitute the symmetric ma-

trix
f/:(voo UO'). (16)

Uio U1

That is, v;;=vj;. Normalization imposes the condition
1 2_
ZjoloiP=1. . N
The Hamiltonian associated with two noninteracting
bosons is
1

H=2 ebb], (17)
k=0

where bg|0> is the single-particle ground state with energy
€,=0, and b{|0) is the single-particle excited state with en-
ergy € =€. The state (15) evolves according to the time-
dependent Schroedinger equation,
J 1
iﬁEW(t)) =HV(1) = 2 (€+€)v,(nbb!|0). (18)
i,j=0
The general solution of this evolution equation is given by
the time-dependent coefficients,

€+ E€;
The time 7 required to evolve into an orthonormal state is
: (€;+€)
VO)V(Dy=2> v;;(0)[? exp[— il—ﬁ'LT:| =0.
i,j=0

(20)

Setting z=e(¢”") = ¢~ the orthogonality condition (20) can

be recast as a polynomial equation in z that has to admit
roots of modulus equal to 1. From this last requirement, and
taking into account the symmetries in the coefficients v,;, it
follows that the coefficients can be parameterized as

|v00|2=F,

ij»

lvg|>==T cos a,

oy =T, (21)

with I'>0 and ae[w/2,37/2]. The normalization con-
straints also implies that I'=1/4(1-cos «). The expectation
values of the energy and its square read
1
E=(H)=22 [o;(0)(6+¢)= e,
i,j=0

1
(HY=22 vj(0)(6+€)=@AT+1)&,  (22)
i,j=0

and consequently the minimum evolution time (11) is
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FIG. 2. Curves in the (C,7/T,,;,) plane corresponding, for each
value of C, to the states of two bosons with maximum and minimun
7/T,,,- The points represent randomly generated individual states
that evolve to an orthogonal state. All depicted quantities are
dimensionless.

Th
T,

min = .
2€

(23)

The formula for the concurrence in the two-boson case is

[13]

Cy=4|voov11 — vyl (24)
which is clearly time independent.

For a given value of the concurrence, the minimum and
maximum times for evolution to an orthogonal state can be
obtained in the same way as in the case of two distinguish-
able qubits. The equations relating the minimum and maxi-
mum times with the concurrence are, respectively,

1 + cos(a,,;,)
= 25
I- Cos(amin) ( )

and

1

- 1- Cos(amax) ' (26)
where @, max=eXp(—i€T, ma/ ft). The curves associated
with equations (25) and (26) depicting the extremum evolu-
tion times as a function of C, are exhibited in Fig. 2.
Comparing Fig. 2 with Fig. 1, we see that the same gen-
eral trends exhibited by a system of two distinguishable qu-
bits are also observed in the case of two identical boson.

B. Fermions

Now we are going to study a system of two identical
fermions with a three-dimensional single-particle Hilbert
space. In second quantization notation, the general (pure)
state of such a system is
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3

(W)= 2 wififil0), (27)

i,j=0
where fjf and f; denote fermionic creation and anhilation op-
erators, respectively, and the coefficients Wi constitute the

antisymmetric matrix

0 wo we wos

o w 0 wp,h w
W 10 2 W3 (28)

wy Wy 0wy

wy wy wyp 0
That is, w;=—w;. Normalization imposes the condition

3} _olw;[?=1/2. The Hamiltonian describing two noninter-
acting particles is given by

1
H=2 efif]. (29)
k=0
and the coefficients,
.+ €
wi(0) =w, j(O)exp{— i(El—ﬁeL)t} , (30)

describe a general solution of the concomitant time-
dependent Schroedinger equation. Let z= e (¢"" =¢~/@ The
evolution time to an orthogonal state follows from the con-
dition

3
WO)W(n)=2> [w;;(0)]? exp[— 1(61—;,;62 T} = 4z[|w|?
ij=0

+ |W02|2Z +( Wo3|2 + |W12|2)12 + |W13|223

+[wyl’2*]=0. (1)

The polynomial equation (31) may have either (i) fourth real
roots, (ii) two real roots and two complex (complex conju-
gated) roots, or (iii) two pairs of complex conjugated roots.
Since we are interested in solutions of the type e™(“")7, the
most general case of interest is (iii). Consequently, the two
solutions of (31) corresponding to (positive) times of evolu-
tion into an orthogonal state are of the form z;=¢™'® and
7z, =¢""P. Taking into account the antisymmetric nature of
w;;, we get the following relations:

woil* =x (32)

[Woa|? = = 2x(cos a + cos B) (33)
[wosl* + [wia]? = 2x(1 + 2cos a cos B) (34)
|wys|* = = 2x(cos a + cos B) (35)
lwasl* = x, (36)

where the value of the parameter x is determined by the
normalization requirement. We want to find the fastest solu-
tion to the first orthogonal state. The time 7 required to reach
an orthogonal state is
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T=% X min(a, B). (37)

Let us consider the case S=r. Then, the time required to
arrive to an orthogonal state is equal to 7=%a/€ and the
coefficients characterizing the quantum state are

1
2
= 38
o 32(1 - cos a) (38)
g = (39)
Wo2 =16
1-2cos a
Z4 2 —— 40
[wosl* + [wisl 16(1 — cos a) (40)
sl = (41)
Wi3 =16
1
e — 42
s 32(1 - cos @) (42)

with the obvious condition cos a<<1/2 (that is, «
€ [7/3,m]). The energy and energy square expectation val-
ues read

3

E=(H)=22 |w;(0)]*(&+¢) =3¢,

i.j=0
d €| 21-19cos a
=23 [0 + )2 = _[_]
i,j=0 2 1-cosa

(43)

and, consequently, the minimum evolution time (11), after
some calculation, is
T mh  |2(1 = cos @)

min =
2€

. 44
3-cosa (44)

The formula for the concurrence in the two-fermion case is
[13]
, (45)

Cr=8|lwowaz — woow i3 + woswia

which is clearly time independent [for the Hamiltonian (29)].
One can check that the lowest value of 7/T,,;, corresponds
to cos a=1/2. That is, the state closest to saturating the
lower bound for the time required to reach an orthogonal
state is given by a=/3. In this case, the fermionic concur-
rence reads
|ePortiens _ pleortion|

C - ’
F 2

(46)

where ¢;; denotes the phase associated with the coefficient
w;;. Now, with an appropriate choice of the ¢’s, we can make
(46) either 0 or 1. In other words, among those states that
saturate the lower bound on the time to evolve to an orthogo-
nal state, there are states of zero entanglement, as well as
maximum entangled states.
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T/ Tmin

C

FIG. 3. Randomly generated states of two fermions that evolve
to an orthogonal state. Each point corresponds to one of those states
as represented in the (C, 7/T,,;,) plane. It transpires from the figure
that for each value of the concurrence C the time 7/7,,;, needed to
reach an orthogonal state may adopt any value, from é\ 10up to a
maximum equal to 2. All depicted quantities are dimensionless.

Figure 3 exhibits a plot in the (C, 7/T,,;,) plane of a set of
randomly generated states of two fermions that evolve to an
orthogonal state. Each point represents one of those states. It
transpires from the figure that for each value of the concur-
rence C, the time 7/T,,;, needed to reach an orthogonal state

PHYSICAL REVIEW A 72, 032337 (2005)

may adopt any value, from %V“'IO up to a maximum equal to
2.

We see that, as far as the connection between entangle-
ment and the speed of quantum evolution is concerned, the
behavior of fermionic systems differs considerably from the
behavior of systems consisting either of bosons or of distin-
guishable particles.

IV. CONCLUSIONS

We have explored, for bipartite systems of low dimen-
sionality, some aspects of the connection between entangle-
ment and the speed of quantum evolution. We considered (i)
two-qubits (distinguishable) systems and (ii) systems com-
posed of two (bosonic or fermionic) identical particles with
single-particle Hilbert spaces of lowest dimensionality.

Our present results corroborate that there is a clear corre-
lation between the amount of entanglement and the speed of
quantum evolution for systems of two-qubits and systems of
two identical bosons. On the contrary, such a clear correla-
tion is lacking in the case of systems of identical fermions.
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