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Calculation of the convex roof for an open entangled harmonic oscillator system
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We explicitly calculate the time dependence of entanglement via the convex roof extension for a system
of noninteracting harmonic oscillators. These oscillators interact only indirectly with each other by way of a
zero-temperature bath. The initial state of the oscillators is taken to be that of an entangled Schrodinger-cat state.
This type of initial condition leads to superexponential decay of the entanglement when the initial state has the

same symmetry as the interaction Hamiltonian.
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I. INTRODUCTION

Two central issues in the field of quantum entanglement
concern quantifying the degree of entanglement in an open
system and protecting the system’s entanglement from the
external environment. Quantifying entanglement is important
in devising potential applications for entanglement. Protecting
entanglement is essential for actualization of entanglement as
a resource.

In protecting entanglement, mathematically at least, there
is a satisfying beginning, namely, starting with a Hamiltonian
that possesses some type of symmetry [1—4]. Then the Hilbert
space will split into a decohering part and a decoherence-free
part. The decohering part will contain initial states that possess
the symmetry of the Hamiltonian, and the decoherence-free
part will contain initial states that do not possess this symmetry.
Experimentally, such decoherence-free subspaces have been
realized [5-7].

In quantifying entanglement the mathematical situation is
less satisfying. Entanglement for pure states in the bipartite
case is adequately described by the entropy [8,9]. For bipartite
mixed states the situation is settled for qubits with Wootters’
concurrence [10,11]. As the partition number and level struc-
ture of the system increases there become increasingly many
(in fact exponentially so) different types of entanglement under
local unitary operations [12—17]. The number of proposed
entanglement measures has likewise proliferated [18-23]. For
mixed states there is an added complication. Even after one
settles on an appropriate measure of entanglement for pure
states, mixed states require the application of the convex roof
extension.

The convex roof entails a decomposition of the density
matrix into pure states. Each possible decomposition is in a
one-to-one correspondence with some unitary matrix [24]. The
convex roof thus relies on searching the Lie group SU(K) for
the decomposition that gives minimal entanglement. Here, K
can theoretically be as large as the square of the rank of the
density matrix [25]. For example, for a three-level tripartite
system the density matrix could have rank as high as 27. Then,
we might have to search a Lie group as large as SU(272), which
has a dimension of 27* — 1. Thus, in the general case it is
numerically impractical to compute the convex roof. This has
led to a great number of articles that give analytical estimates
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for the convex roof [26-31], but where actual calculation is
limited to the two-level bipartite case or in the tripartite case to
rank 2, 3, or 4 density matrices for a two-level system [32-34]
with special mixtures. All these sources deal with discrete
systems. In this article we perform a convex roof calculation
for a tripartite three-level continuous variable system.

It turns out that the well-studied model [35—40] of a system
of harmonic oscillators prepared initially in a Schrédinger cat
state and interacting only via a zero-temperature bath can have
the convex roof extension evaluated by a modest numerical
calculation. This is a nice model to study because its time
dependence can be solved explicitly and the Hamiltonian has
well-defined symmetry. The Hilbert space thus separates into
decohering and decoherence-free subspaces. At first sight, it
seems the convex roof in such a model would be quite difficult
to calculate because in this case we are dealing with continuous
variable entanglement. However, by utilizing the symmetry of
the Hamiltonian in the choice of initial state, one can reduce
the continuous system to one with effectively a finite number
of levels [41]. Under such a change of basis, the convex
roof is in fact numerically computable with modest resources.
This happens because the rank of the density matrix is much
smaller than the maximally possible value. This means that the
range of Lie groups one has to search starts at a much lower
dimension. Furthermore, numerical results strongly suggest
that the convex roof is attained at the minimum of this range
of Lie groups for this particular model. This suggests that while
the calculation of the convex roof appears quite formidable in
theory, in practice for many systems, numerically computing
the convex roof is not terribly difficult.

Our model, in full generality, has an arbitrary number of
levels and parties. In calculating the convex roof, we chose
as our measure for pure states the entanglement monotone of
Barnum, Knill, Ortiz, and Viola [42-46], which we abbreviate
as BKOV. We do not claim that this measure is more or
less appropriate than any other measure. It is known that
it cannot distinguish the product of two Bell states from
a four-party Greenberger-Horne-Zeilinger (GHZ) state [47].
These product-entangled states do not occur in our model.
Because of the symmetry of our interaction Hamiltonian and
our initial conditions, we sample only a particular set of states
in going from initial to final states. We are not concerned
about the entanglement of states we do not sample. Therefore,
BKOV, because it is the only measure to our knowledge that
can be applied to systems with no level or party number
restriction, seems appropriate. It gives reasonable results for
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our model. However, we point out that the particular measure
is unimportant for this proof of principle. One chooses the
measure one feels is most appropriate and then proceeds to
calculate its convex roof.

In what follows, we present our version of the previously
described model. We find the time dependence of the system
and bath operators in the Markov approximation. Next, we
determine the decohering and decohrence-free subspaces of
the Hilbert space. After tracing out the bath, we transform the
system to a new basis that gives us a finite dimensional Hilbert
space. Finally, we numerically calculate the convex roof for
the system oscillators when the initial state is a Schrédinger
cat in a decohering subspace of the overall Hilbert space.

II. MODEL HAMILTONIAN

Consider a set of N oscillators, which we will call the
system oscillators in what follows. We will assume that these
system oscillators do not interact directly with each other, but
rather indirectly via a reservoir of a countably infinite set of
bath oscillators. The system Hamiltonian is then given by

N-1 oo
H=) hoala,+ Y ho,bib,
p=0 B=0

[o¢]
+ Z Kg
B=0

where «,; denotes a different coupling constant between each
bath oscillator and the system oscillators. We also assume
symmetric coupling of the system oscillators to the bath. In
the case in which the reservoir is the electromagnetic field,
this is the Dicke long wavelength limit. With this coupling
scheme, the system evolves into nonsymmetric states (see [48]
for details). For this model we can assume that some or all
of the system oscillators are initially excited, while the bath
oscillators are all initially in their ground state. This situation
is illustrated by the following initial state:

N—1
bl Za,, +He. |, 1)
=0

M—-1
W) =N 1v), 2)
o=0

where

N—-1
¥ (0) = | ) lato, p(0)) ®[®|ﬁa,3<0>>] 3)
p=0 B

Here |a,, ,(0)) and |B;,;(0)) are coherent states, including the
possibility of the vacuum state.

Notice that |W(0)) is a continuous variable multipartite
entangled Schrodinger-cat state provided M > 1. This is
because each party is a superposition of M different coherent
states. Being in a superposition of coherent states, that is,
a Schrodinger-cat state, is necessary for the entanglement.
Furthermore, if we trace out the bath oscillators, then we see
that the initial system state is the pure entangled Schrodinger-
cat state,

M—-1| N-1
WO) =N | Qe ,0) | )

o=0 | p=0
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For large « this state approaches a GHZ state, and so in that
sense the entanglement is maximal. We wish to explore the
decay of this entanglement with time

The time dependence of this state can be found by solving
the Heisenberg equations of motion for the time dependence
of the operators d,, ,(t) and 13(,,3 (t). This is most easily done
by performing the change of variables,

=z

—1
A 2mi N
a e, ()

~

A, =

sl-

Il
=3

q

an

forO0 < p < N —1.The
take the form

AP = —ia)Ap — iap,o\/ﬁzlﬁgégv (6)
B

eisenberg equations of motion now

b, = —iwyh, — iv/Nic,Ao. (7)

In making this change of variables, we have used the symmetry
of the coupling between each system oscillator and the bath.
We can immediately solve Eq. (6) for the case p > 0 to get

A, (1) = A (0)e ™, p>0 (8)

and formally integrate Eq. (7) to get

t
by(t) = by(0)e '“s" — iv/Nk, / dr'e s Ayt (9)
0
Substituting Eq. (9) into Eq. (6) we get

Ao(t) = —iwAy —iVN' Y k,by(0)e ™%

B
t

—N ngf di'e™ O R(t). (10)
3 0

Next, we allow our bath modes to become a continuum

introducing an appropriate density of states:

Agt) = —iwA; —iV/N Y k,by(0)e s
B

o0 t
—N/ deQ(wB)KZ(wB)f dt/e_"“’lf(’_r/)Ao(t/).
0 0
(11)

Applying the standard Markov approximation argument [49],
and ignoring the Lamb shift, we arrive at our final equation:

A1) = —iwAh, —iVN Y k,by(0)e !
B
—NA (Do(w)k*(w). (12)
This equation can be easily integrated to get

Ag(t) = Ag(0)e™ N —is/NY " k,b,(0)
B

e—iwgt _ e—(ia)+Ny)t
) 13
i(w—w,)+ Ny (13)

where y = mo(w)k?(w) is the reservoir damping constant for
a single oscillator.
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We can now transform back to the @, variables using the
inverse transform

N-1
1 o o
ay=—= > Age /N, (14)
P /—N = q

As the bath oscillators are initially in their ground state, we
can (Eiscard terms of the form b,(0) in our expression for a(r)
and b(t). The result is

—iot N—-1
a,(t) = a,(0)e™"" + eT(e_NV’ -1 Z aq(0), (15)
q=0
and
N 1 N-1 e—(o+NYI _ p—iwyt
by,(t) =k, | — a,0 - . 16
0=, \/Np:o O (w—w,)—iNy (16)
We note that if
a®)a(0)) = a(@)|a(0)) (17)
in the Heisenberg picture, then
a0)|e(t)) = a(t)|a(r)) (18)

in the Schrodinger picture.
Applying a(t) and b(¢) to the initial state [Eq. (3)], we get

ap(D|Ys(0))

=7 | &y ,(0) + %(ﬂw -1 jgé o4 (0) | [¥5(0))
= 0t p(1)[¥6(0)) (19)
and
by s (0))
_ Ksﬁ ]:Z;ag,,,(m e;;wfz)) - fN; 0 (0))
= Bo.s (DY (0)), (20)

respectively. So |1, (0)) satisfies the conditions of Eq. (17).
Knowing its time dependence of course gives us the time
dependence of the full wave function in Eq. (2). Thus,

N—-1
Vo) = | Q) leta,p (1) ®[®Iﬁa,g(t)>] 1)
p=0 B

and

M—1

W) =N Y o). (22)

o=0

III. INITIAL CONDITIONS

Consider the case in which we have N system oscillators
and P of these are initially excited. When an oscillator is
excited, we take it to be in a generalized Schrodinger-cat
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superposition that is symmetric in phase around the phase-
space orbit [41]. We then have

|pe?mio/M)y when p = 0,
g, p(0)) = { e o/M+i%)  whenl < p < P, (23)
|0) otherwise,

where the 0, are arbitrary angles for now. From Eq. (19) the
resulting o eigenvalues for the system oscillators are now

_ (H‘Ztll eiﬁq)
A|:1 + (e N — )——r |,
p=0,
i, Nyt _ <I+Z:;,] giaq)
aayp(l‘) — A [e L + (e 1) N ) (24)
1<p<P,
-N (1rzid o)
AleNrt — )tz )
p=P,
where
A = e*ia)tMeZJTia/M. (25)

There is a special initial state that is decoupled from the bath
and for that we must have

P—1
1+Y e =0, (26)
q=1

which implies that the bath eigenvalues remain zero as well.
The preceding condition is satisfied, for example, when 6, =
2w Sq/ P for integer S with S # 0. Different integer values
of Smod P define orthogonal decoherence-free subspaces of
the Hilbert space. In this case the given symmetry decouples
the system oscillators from the bath, and there is no decay
of the original pure state.

It is not hard to see as well that for maximal decoherence
we must have P = N and

N—1
1+ ) e =N. 27)
q=1

This requires that ¢'% = 1. That is, all the oscillators are in
the same state, and we have the case of superradiance with
maximal cooperativity [50]. The amplitudes of the « ,(?) take
the form

aa,p(t) — Mefia)tEZTria/MefNyt; (28)

that s, the system oscillator amplitudes decay away completely
ast — oo.

IV. REDUCED DENSITY MATRIX

We are interested in the time evolution of the entanglement
of the system oscillators in the superradiant case. As a first
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step we compute the reduced density matrix as a function of
time. Tracing over the bath, the reduced density matrix for the
system oscillators is given by

M—-1 N—1
'/\/Z Z ®|a0}7 agpll_[ ﬂg B|/30'B (29)
o,6=0 p=0

with normalization A2 calculated from the unit trace condition
1=N? Z [ Tteo.plerc.p ]"[wo,gmg,a. (30)
o,6=0 p=0

Now,

[ [(Bo.slBes)

B

= [[expi=NIal’[1 — e 279/ £,(1) %}
B

= exp {—N|/:c|2[1 — e PmilomM N " Ifg(t)lz} . (3D
B

where

i (32)

( +Zq lelaq)
—N 1%

and

“2NYE 20NV cos[(w — w,)t] + 1
|fb‘(t)|2 — |KB|2 {e e - ((1)2 2(1) ) }
(w—w,)*+ Ny
= |k, |*ZF,. (33)

We can approximate the sum over all f; as follows:

PG / 0(w,)| f5(@,.1)*dw,
B —00

~ (@)@ / 7 ,do,
= L (@) k(@)P(1 — 2Ny (34)
Ny

Using our definition of y, we find

PG
B

Finally, we have

[ [(Bo.slBe.s) = expi—|al’[1 — e

B

(1 — e 2Ny, (35)

—27{[((7—5‘)/M](1 _ e_ZNVt)}.

(36)

Of special importance in this equation for what follows
will be the off-diagonal bath inner-product (ODBIP) terms,
that is, those for which o # ¢. This is because the degree of
coherence between the system terms depends on the amount
of overlap of the different bath terms [51].

We can check that Eq. (36) holds at r = 0,

[ [BoslBed =1, (37)

B
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and that
M—-1 N-—1
£0)=N? > X lato, ) (x|
o,6=0 p
M—-1N-1 M—-1N-1
= <N > |aa,p>> N Rlacql|: (38)
o=0 p s=0 ¢

that is, the state is pure at time ¢t = 0.
From

N-1
[T o plee.) = expl-laPe 2711 -
p=0

672m'(afg)/M]}N

= exp(=N|ale?MV'[1 — 72 =/M ),
(39)
we have that the normalization A/? is given by
1 u{p0)
N2 N2
M—1
= Z exp{—[1 + (N —
0,6=0
x [1 — e 27ilo=)/MYy (40)
When || > 2, the real part of the ODBIP terms decay
extremely rapidly from 1 to e~! in the period

—1l ! 1
2Ny T k)

This is due to the exp[l — exp(—2Nyt)] dependence on ¢ in
the exponent of Eq. (36). The final factor,

De 2N f?

0<r<

G = exp{—|a|’[1 — cosmi(o — ¢)/M)]} = €%,

is more than an order of magnitude smaller than one.
Practically, this gives a superexponential decay rate for the
coherence. We call this superexponential because

Re {H(ﬂmwg,n} = e S exp(ge M. (41)

B

For small ¢ and large g this decay rate is much faster
than the exp(—Nyt) decay rate for the system oscillator
amplitudes.

During this period the reduced density matrix decays to

M—-1N-1

2 =N R I, (0} et (1), (42)

o=0 p=0

This density matrix is mixed.

The system amplitude undergoes decay at the slower
exponential rate. In the situation of Eq. (27), where all the
oscillators are initially excited with the same phase, all the
system oscillators reduce to the ground state in a time ¢ > Ny
and the quantum state of the system becomes pure again. In
this case, we see that in Eq. (40) the dominant terms in the sum
are the ones where ¢ = o. There are M such terms, so that

1
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V. A BASIS AND MEASURE FOR EVALUATING
ENTANGLEMENT

The state of the system in each party is specified by M
coherent states that depend on time as given by Eq. (28).
To evaluate the entanglement of the system, an orthonormal
basis for these coherent states is required. We form a minimal
dynamic orthonormal basis, that is, a basis that evolves with
time, by transforming from the |« ,) basis to the orthonormal
|V5,p) basis given in [41]. From [41, Eq. (22)] we have

1 M—-1
oo p) = o Y Neexp@riog/M)|Ve,),  (44)

c=0
where the orthonormal |V ,) basis is given in [41], Eq. (23)]
by
M—1

1 .
Ver) = 37 > exp(—2mio g /M)A, (1) M), (45)

S =0
and the normalization factors N, are given by
M-1
NZ=M Y (e /™) exp{|r, (1) lexpmic/M) — 11}].
s=0
(46)

Transformation to this basis is possible by virtue of the
symmetry we specified for our initial conditions. Because
all coherent states decay in identical fashion, this symmetry
is preserved for all time. This time-independent symmetry
enables us to rewrite the state of the system, given by M
independent coherent states in each party, in terms of an
orthonormal basis with M elements for each party. The system
is thus represented as a well defined M-level, N-partite system.
This allows us to apply various discrete entanglement measures
to our system. For example, for the superradiant case, when
t =0, we see that we have a maximally entangled (in the
GHZ sense) state. The BKOV measure [42,43] is defined for
multipartite, multilevel systems and it sets the GHZ state as
the maximally entangled state. So we analyze the entanglement
using the BKOV measure. Since our reduced density matrices
are mixed, we calculate the convex roof extension (CRE) of
the BKOV measure.

VI. CONVEX ROOF CALCULATION

Calculating the CRE of a pure state entanglement measure
requires writing the density matrix in the form

p=7 pol¥a)(¥sl, (47)

where Y p, =1 and the |W,) represent pure states. This
decomposition is not unique, and indeed is parametrized by the
special unitary groups SU(K) [24]. In the case where the W,
are orthogonal, the p,, are the eigenvalues of the density matrix,
and the decomposition is called the eigendecomposition [52].
For a general density matrix, written with respect to an
orthonormal basis, rewriting ¢ in the form of Eq. (47) so
that each term in the decomposition is orthogonal requires that
we diagonalize the given density matrix. In the case where
the density matrix g has degenerate eigenvalues, this implies
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that the diagonalizing matrix D is not unique. The number of
positive eigenvalues of p is the rank.

Given an orthogonal decomposition of g, we can evaluate
the entanglement of this decomposition by taking the value

Z Po X entanglement(|W, )); (48)

that is, one evaluates the entanglement of each pure state |V, )
and multiplies by the weighting factor p, and then sums the
terms. To calculate the entanglement of p, one must repeat
this step for all possible decompositions of g, and take the
minimum value. This means taking the value

Z g, x entanglement(|®,)), 49)

where

VPol¥)

T Prankip)—1 | Yrankip) -1

rank{p}

V| Po)

VI 1Pk y)

K—1

(50)

Here Zf:_ol qc =1land T is a K x rank{p} size submatrix of
a unitary matrix U € SU(K).

We illustrate with an example. We consider the density
matrix of the form

100 1
1o 10 sh
P=%10 1 1 o]’
100 1
given in the
[00), |01), [10), [11) (52)

basis. Since this matrix is bipartite two level, one could apply
the concurrence to verify that ¢ has zero entanglement. Instead,
we will find the entanglement of p by taking the convex roof
directly. The matrix that diagonalizes this density matrix is
given by

01 0 1
1 fro 1 0 .
2l o -1 o |

01 0 -1
so that
1
1000
0 L 00
b= D 2 Dt 54
P 000 0 (54)
00 00
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and the diagonal basis is given by

|Wo) |00)
W) [01)

=Dt 55
|W7) [10) (53)
|W3) [11)

One way to write this,
case, is

which is useful for the general

Z D}, Im (56)

m=0
where we have numbered the basis elements as
[0) = 100), [1)=01),

12) = [10), |3)=[11). (57)

Our decomposition is of the form
p = 51Wo) (V0| + 51W1) (W], (58)

where

1Wo) = /(101) + 110)).

i) =/ 5(100) + 1))

Obviously, both |¥y) and |W¥;) are Bell states, so any
entanglement measure on this decomposition will give full
entanglement.

To do better, we try T = U € SU(2). Then we have

(59)

P = qolPo)(Po| + q1|P1)(P1], (60)
where
(\/%lcbo)) _ (Uoo Uo1> (\/Pol‘l’o)) 61)
Vi1 ®1) Uo Un) \JpiI¥1)/) "
Since pg = % = p1, it is clear that we also have gy = % =qi,
)
) U U v
(| o)>:< 00 01)<| 0)). 62)
|P1) Ui Uni) \ W)
If we let
U— 1/1 1 63)
Va2 \-1 1)
then
|Dg) = %(|OO) + [11) 4 |01) + |10))
= 3(10) + 1) ® (10) + [1)) (64)
and

|®1) = 3(100) — [11) — 01) + |10))

= 1(10) — 1) ® (|0) — |1)). (65)

Therefore, the entanglement of both |®() and |®;) is zero. So
the entanglement of this decomposition gives zero. Since you
can’t get less than zero, the entanglement of this mixed state
is zero.
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For a general density matrix,

|CI>§><(I)§| = C]_ Z Pgmn
S

m,n=0

rank{p}—1

Z Uso Ul r/Po v Per

X Y Dl Duplm)(nl, (66)

where we have generalized the notation of Egs. (56) and (57) so
that D is a matrix of size L x L used to diagonalize the density
matrix p and we have introduced the term P, ,. According
to the prescription in Eq. (49), the entanglement measure
is applied to the pure state terms |®.)(P.|. The BKOV

entanglement measure consists of terms of the form [44]

2
[tr{| D) (D |E, ) [ {Z MY E, ” :
m,n=0

(67)

where the E, are Hermitian matrices that collectively form
the basis for the Lie algebra (multiplied by i = +/—1)
required for the BKOV measure.

The BKOV entanglement of the decomposition is then of
the form

Bdecomp ( U )

L—1 2
=1 _Zq—(U) [tr{ Z P, ,(U)m)(n|E, ” .

a,c s m,n=0

(68)

The P terms are homogeneous functions of the matrix

g,m,n
elements of U and U'. These terms can then be viewed
as homogeneous polynomials of degree two in R2K* put
constrained to the compact subset SU(K) C CX”. The P n
terms are squared, so we have a homogeneous polynomial of

degree four in the numerator. The denominator is,

rank{p}—1

a.= Y. plU,I% (69)

o=0

which is a homogeneous polynomial of degree two. So, 1 —
Becomp 18 a ratio of homogeneous polynomials, of degree four
in the numerator and of degree two in the denominator.

The only known bound on decompositions is that for a den-
sity matrix of rank{p}, decompositions from SU([rank{5}]?)
suffices for evaluating the convex roof [25,28]. For the density
matrix g, that we gave in Sec. IV, we find that this limit is
much too large. Numerical calculation indicates that, as in
the previous example, we can always choose K = rank{g,}.
Choosing K > rank{p,}, that is, finer decompositions, is
unnecessary for our model. If the rank of the density matrix is
low, say 2 or 3, this makes the convex roof calculation tractable.

Knowing that we need only consider decompositions of the
density matrix corresponding to unitary matrices of SU(K)
with K = rank{p, }, we still need to search all of SU(K'). How-
ever, as we have just seen, the BKOV entanglement measure
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is a ratio of two homogeneous polynomials. Furthermore, the
denominator is never zero when restricted to SU(K). Since
SU(K) is compact, our problem is to minimize such a function
on a compact set. We can thus expect that the entanglement
as a function of decompositions should be reasonably well
behaved. So a search of SU(K) for the minimum BKOV
entanglement can be quite coarse.

To search SU(K), we first parametrize the K 21 di-
mensional Lie group with a hypercube. The method of
parametrization has been inductively worked out for arbitrary
K in [52]. For SU(2) this parametrization is given by

U = exp(io,aq) exp(ioyay) exp(io,a3), (70)

where the o’s are the Pauli matrices, and the 0 < a’s < 27
are the variables in the parametrization.

Likewise, using the same notation used in [52], we have
that the parametrization for SU(3) is given by

U — el’}n30¢1ei)»zazei)u3d3ei)»sl)t4ei)u3a5el’)nzotsei)gomei}ngotg7 (71)
where
1 0 O 1 0 O

m=l0 -1 o], =|0 1 o], @2
0O 0 O 0 0 -2
0 — O 0 0 —i

M=]i 0 0], As=]0 0 O (73)
0 0 0 i 0 0

are four matrices of the Lie algebra su(3) and the 0 < o’s < 27
are again the variables in the parametrization. The formulas
get progressively longer for higher K, so we refer the reader
to the source [52].

Next, we remark that examination of the formula for
entanglement strongly suggests that the minimum over de-
compositions U should be quite broad and multidimensional.
This implies that a very simple algorithm should suffice in
finding the minimum. The algorithm we use is a much simpler
version of the one given in [53]. First, we form an evenly spaced
grid of 2" points in the hypercube that parametrizes SU(K).
It is usually sufficient to choose n < K? — 1 = dimension of
SU(K). So, for example, while 2* grid points would subdivide
the parameter space of SU(2), which is three dimensional,
into eight equal-size volumes, this level of refinement is
unnecessary. A grid of 22 points dividing the parameter space
into four volumes suffices for our algorithm. The grid points
could be (0,0,0), (7,0,0), (0,7,0), and (sr,77,0), with the
understanding that 27 is identified with O in the parameter
space given in [52].

In the gridding scheme we use in this article, the first K> — 2
coordinates take on the two possible values, O or 7, along each
axis ;. The last coordinate has only one possible value, which
is 0. If we are using decompostions from SU(3), then a grid
with 27 points would have coordinates 0 or 7 along seven
of the axes and the value O on the eighth axis. The reason
for gridding up the parameter space to begin with is to avoid
local minima and areas where the entanglement measure has
no gradient. Since the BKOV entanglement measure is a ratio
of homogeneous polynomials on a compact set, we do not
expect many local extrema. In fact, we have found that for
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our model, alternative local minima show up only when the
number of grid points for SU(K) are below 24imSUKI}/2 gq
the calculation need not be very computer intensive.

In the next step of our algorithm, we calculate the
entanglement of the decomposition at each grid point. At each
grid point we then move 5° along each axis to determine
if the entanglement function decreases. If it does not, the
“ball” stops rolling. So, for example, a point in SU(3) has 16
possible directions corresponding to the positive and negative
directions on the eight axes. Starting at the grid point, one
moves incrementally in each direction to determine which axis
gives the minimal entanglement. When that axis is determined,
a new starting point is set along that axis and the comparison
of all directions is repeated. When movement along the axes
no longer decreases the entanglement we have the minimal
entanglement associated to the original grid point.

Finally, we collect the minima calculated for each grid
point. The minimum of this set we take to be our best
approximation of the correct answer. More grid points, or a
finer search at each grid point, will lead to finer approximations
of the answer. Conversely, we find that alternative local minima
do not show up until our step spacing gets as large as 30° or
the number of grid points is smaller than 24im {SUK)}/2,

VII. RESULTS OF THE NUMERICAL CALCULATIONS

We now present our results of the numerical calculation of
the CRE. In this section we will only consider the superradiant
case where all the system oscillators are initially excited with
the same phase so that i = u in Eq. (32). Our calculations
of BKOV entanglement are all done with the following Lie
algebra,

N-1
g=@EPsulL,). (74)
p=0

where N is the number of parties on our system, su(L ,) is the
Lie algebra of L » X L » traceless anti-Hermitian matrices, and
L, is the dimension of the pth party.

In Fig. 1 we compare the CRE of the BKOV measure
to Wootter’s concurrence C [11] and the convex roof of the
entanglement of formation F. Recall that the convex roof of
the entanglement of formation is related to the concurrence via
the relations [10]

2
F(C) = h(#) (75)
where
h(x) = —xlog,(x) — (1 — x)log,(1 — x). (76)

While all three measures give different results between zero
and complete entanglement, they all demonstrate the same
generic decay. The graphs also demonstrate the similarity
between F and BKOV as bipartite measures. Of course, with
increasing u, the increasing steepness of the entanglement
decay guarantees that all three measures converge in value.
Plotted as well, for time comparison, is the function e~
which gives the amplitude decay of the oscillator in Eq. (28).
For large u the decay is exponentially faster than the amplitude
decay. This effect is due to dephasing of the Schrédinger
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FIG. 1. Entanglement vs time (0 < 3yt < 0.9), comparing three
different measures, for a Schrodinger-cat state in a bipartite two-level
Hilbert space. The entanglement of the density matrix in Eq. (29) is
compared using three different measures for the case M = N =2
and . = 0. Graphs marked with the letter ¢ denote the concurrence
measure. Graphs marked with the letter f denote the entanglement of
formation derived from the concurrence. Finally, graphs marked by
the letter e denote our calculation of the convex roof of BKOV using
SU(2) decompositions. The subscripts to the letters denote the cases
of u =1 and 4. The decay ="' of the system oscillator amplitude
is displayed as well for time comparison.

cat, where different time scales for dephasing and amplitude
decay were first noted by [37,54]. In the context of bipartite
discrete systems, this effect was again noted in the context
of entanglement by [55]. Rapid mixing is the effect we expect
from a bath and we see that for moderately large 1, this mixing
leads to rapid decay of entanglement. On the other hand, for
small p, the decay in entanglement is of the same order of
magnitude as the amplitude decay. The mixing of the state by
the bath has a less dramatic effect on the entanglement.

The preceding observations suggest that large-amplitude
entangled Schrodinger-cat states have quite different dynami-
cal evolution than small-amplitude Schrodinger-cat states. By
large-amplitude Schrodinger-cat state we mean a superposition
of coherent states where the coherent state amplitude is much
larger than one, and an entangled cat is an entangled state. A
small-amplitude Schrodinger-cat state is then a superposition
of coherent states where the coherent state amplitude is less
than, or close to, one. Then we observe that the evolution of
large-amplitude entangled Schrodinger-cat states takes place
on a different time scale than for small-amplitude Schrodinger-
cat states. The former has a time scale governed by the decay
of correlations in the reservoir while the latter has time scale
governed by the decay of the system oscillator amplitudes.

Next, we numerically calculate the CRE for a tripartite
system, that is, N = 3 in Eq. (29). We first consider the case
where M = 2, so that in our circular basis [Eq. (45)], the
number of levels in each of the three parties is two. In Figs. 2
and 3 we plot the CRE of BKOV vs the 3-tangle [19] and
the m-tangle [56]. For values of u > 1, we see from Fig. 2
that the three measures coincide for our model, with very
slight separation (BKOV on top, 3-tangle at bottom) when
w = %. This confirms our statement in the Introduction that
our states are GHZ-like, as the 3-tangle only measures GHZ-
type entanglement [19,57]. When p < 1, the three measures
disagree, as seen in Fig. 3. The 7 -tangle and BKOV are similar

PHYSICAL REVIEW A 81, 052304 (2010)

| | | |
1 e 37t _

e Qo
o »

entanglement
(=)
=

0 0.01 0.02 0.03 0.04
3yt

FIG. 2. Entanglement vs time (0 < 3yt < 0.045), comparing
three different measures, for a large-amplitude Schrodinger-cat state
in a tripartite two-level Hilbert space. BKOV entanglement vs
m-tangle vs 3-tangle for u = % (es/4), 2 (e2), 4 (e4), and 8 (eg) in the
case of N =3 and M = 2. The calculation of BKOV is done using
decompositions U € SU(2) because this is the approximate rank of
0. Note that the three measures overlap with a very slight difference
noticeable for u = 5/4.

but differ increasingly from the 3-tangle as u gets smaller. The
conclusion is that for small  our states are not GHZ-like.

Next, we consider the case where M = 3, so that in our
circular basis [Eq. (45)], the number of levels in each of
the three parties is three. In Fig. 4 we plot our calculation
of the CRE of BKOV using decompositions from SU(2) when
the rank of the reduced density matrix is 2 and SU(3) when
the rank is 3. The rank was determined by considering only
eigenvalues above a cutoff of 107*. Since the trace must be
one, this guarantees that the eigenvalues discarded are several
orders of magnitude smaller than the largest eigenvalue. From
the figure we see that for values of w > 2 the decay of
entanglement is much more rapid, in fact exponentially so,
compared to the oscillator amplitude decay rate e~3”".

We can do this calculation because the rank of the density
matrix in this case can be approximated as 2 or 3. Furthermore,
only decompositions through SU(2) or SU(3), depending on
the rank, are necessary in our case. Higher-order unitary
matrices offer no significant improvement.

T syt T
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|

3/4
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>
I
|

3/4

i 4

<
~
T

entanglement

12 —

<
)
I

tt1/2

| | | |
0 0.01 0.02 0.03 0.04

3yt

=3
I
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FIG. 3. Entanglement vs time (0 < 3yt < 0.045), comparing
three different measures, for a small-amplitude Schroédinger-cat
state in a tripartite two-level Hilbert space. BKOV entanglement
(e) vs m-tangle (n) vs 3-tangle (tt) for u = %, %, and 1 (denoted
as subscripts on e, n, and tt) in the case of N =3 and M = 2.
The calculation of BKOV is done using decompositions U € SU(2)

because this is the approximate rank of g, .
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FIG. 4. Entanglement vs time (0 < 3y < 0.045) for a large-
amplitude Schrodinger-cat state in a tripartite three-level Hilbert
space. BKOV entanglement for 1 = 1 (ey), 2 (e,), 4 (e4), and 8 (eg)
in the case of N = M = 3. The calculation is done using decomposi-
tions U € SU(K), where K = rank of §; for the caseof N = M = 3.
The rank of the reduced density matrix is 1 at# = 0 and then changes
instantaneously to 2 on the time scale used in the plot. The times
marked t4, t;, and t; denote the points where the rank of f; changes
from 2 to 3 for the cases u = 4, 2, and 1, respectively. In the case of
= 8, the rank of the reduced density matrix changes from 1 to 3
almost instantaneously on the time scale used in the plot.

Figure 5 illustrates this point. The fine curves in the figure
are calculated using decompositions from SU (K') = rank{p, }.
In this case, for t > 0, the rank is 2 or 3 as shown in Fig. 4 . The
large coarse points represent the calculation of entanglement
using the finer decomposition of SU(4). One can see that there
is no significant decrease in the entanglement calculated with
the finer decomposition.

e 2
o ®

entanglement
N
~

FIG. 5. The effect on CRE using finer decompositions in the
tripartite three-level case. Short-time (0 < 3yt < 0.045) graph of
BKOV entanglement for the case of N = M = 3, where we com-
pare two different decompositions for the cases u =1, 4, and 8.
Graphs of the two decompositions are superimposed. The coarser
decomposition gives rise to the continuous-looking curves, which are
calculated using U € SU(K), where K = rank{p; }, For u = 4 and 10
and ¢ > 0, the the rank of the density matrix is 3 and we use SU(3) for
the decomposition. When . = 2 and ¢ > 0, the rank starts out at 2 and
then becomes 3. So we first calculate entanglement in this case using
decompositions only from SU(2) when the rank is 2 and then from
SU(3) when the rank becomes 3. The finer decomposition is marked
by the large discrete points. The entanglement calculation at each time
point is done using SU(K) = SU(4). As is evident from the graphs,
there is no significant improvement in going to finer decompositions.
So it is sufficient to check the convex roof with K = rank{p, }.
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FIG. 6. Entanglement vs time (0 < 3yf < 0.9) for a small-
amplitude Schrodinger-cat state in a tripartite three-level Hilbert
space. Entanglement for p = 1/2 (ey;),3/4 (e34), 1 (e1), and
2 (e,) inthe case of N = M = 3. The calculation was done with U €
SU(K), where K = rank of 5. The rank of the reduced density matrix
is 1 at r = 0 and then changes instantaneously to 2 on the time scale
used in the plot. The times marked t,, t3/4, and t;,, denote the points
where the rank of g changes from 2 to 3 for the cases u =1, 3/4,
and 1/2, respectively. In the case of u = 2, the rank of the reduced
density matrix changes from 1 to 3 almost instantaneously on the
time scale used in the plot. The subscripts denote the value of 1. Note
that when o < 1, the initial entanglement is no longer equal to one.

For small u, that is u < 1, we see, from Fig. 6, that the
entanglement decay rate is significantly slower then the super-
exponential decay exhibited in the high-u case. Now the decay
of entanglement is of the same order as the amplitude decay
rate e 3"’ In addition, for p < 1, the initial entanglement
is no longer complete, and the initial value of entanglement
decreases rapidly with decreasing u. To summarize, if we
start with a high amount of initial entanglement, the decay of
entanglement is extremely rapid. If we start with very little
entanglement, the decay of entanglement is much slower.

In Figs. 7 and 8 we compare the decay of entanglement
using the convex roof of BKOV to the decay of the real part
of the off diagonal bath inner product (ODBIP) from Eq. (36)

Re {]‘[wg:l,gwg:z,g}

B
= exp{—lmz[l — cos(—2m (1 —2)/3)I(1 — e*2><3yt)}.
(77)

From the two figures we can identify several features about
the decay of entanglement for p > 2:

(i) The decay rate of the ODBIP term and the decay rate
of the entanglement coincide for a time ¢ € [0,#; ()]

(ii) The time #,(u) that it takes for the ODBIP term to
reach its exponential knee (defined as the point where the
slope is —1), coincides with the time it takes for the BKOV
entanglement to decay to zero.

(iii) The average rate of decay of the ODBIP term in the
time interval ¢ € [0,#,(w)] is much much greater than —3y.

(iv) For the time t € [0,7,(1)] the average decay rate of
BKOV entanglement is greater than that for the ODBIP term.
In fact, the entanglement decay rate is nearly constant for
approximately 2/3 of the decay.
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FIG. 7. Comparison of time entanglement (0 < 3yt < 0.045) of
a large-amplitude Schrodinger-cat state with reservoir correlation
decay in a tripartite three-level Hilbert space using BKOV convex
roof. Entanglement is computed using decompositions U € SU(K),
where K = rank of g, for the case of N = M = 3. Plotted next to
each entanglement graph, ey, is a plot of the off-diagonal bath product
term, by, given by Eq. (77). The subscripts denote the value of pu.
Note that the off-diagonal bath decay rate completely determines the
initial entanglement decay rate for the given p. After a fixed time the
BKOV decay rate is nearly the same as its initial value. On the other
hand, the bath decay rate, which decays superexponentially, becomes
exponentially smaller than the BKOV decay rate.

These observations suggest that the off-diagonal bath product
term in Eq. (77) plays a critical role in the extremely fast decay
of entanglement for large . For u > 2, the ODBIP term limits
to e~UTV3/2Iul® ~ 0ast — oco. The decay of the ODBIP term
is thus complete. The exponential knee of the ODBIP term is
therefore close to zero as well, and the time to reach the knee
is much shorter than the oscillator amplitude decay time. The
decay time to the exponential knee of the entanglement curve
is even faster, since the decay rate is nearly constant and is set
by the initial decay rate of the ODBIP term.

When u < 1, the limiting exponential, e~(+V3/2IuP ip
the ODBIP term is non-negligible compared to one. So the
total amount of ODBIP decay is limited, and its effect on
entanglement decay is therefore limited as well. Furthermore,
the time to reach this plateau is about 20 times slower than
for u = 8. As a result, the decay rate for « < 1, as seen in
Fig. 8, is of the same magnitude as the oscillator amplitude
decay rate, that is, —3y. Consequently the amplitude decay
becomes a determining factor in the entanglement decay rate
for small w. Since the decoherence of the bath and oscillator
amplitude decay are much slower processes for small ., the
decay of entanglement for small w is also much slower. A
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FIG. 8. Comparison of time entanglement (0 < 3yr < 0.9) of
small-amplitude Schrodinger-cat states with reservoir correlation
decay in a tripartite three-level Hilbert space using BKOV convex
roof. Entanglement is computed using decompositions U € SU(K),
where K = rank of g, for the case of N = M = 3. Plotted next to
each entanglement graph is the decay of the bath coherence product
of Eq. (77). Note that when p < 1, the initial entanglement is no
longer equal to one. To compare rates to the bath decoherence, we
have translated Eq. (77) to the value of the entanglement at time
t = 0. by, by, and bs,, represent the off-diagonal bath inner-product
decay for the cases u = 2, 1, and 3/4, respectively. As u decreases
below 1, the initial decay rate for BKOV entanglement is no longer
the same as the decay rate of bath decoherence. The decay rate of
entanglement is now determined by the oscillator amplitude decay
rate.

way to summarize these results is to state that the evolution of
large-amplitude entangled Schrodinger-cat states takes place
on a different time scale than the evolution of small-amplitude
entangled Schrodinger-cat states. The time evolution of the
latter is comparable to the system amplitude decay rate.

VIII. CONCLUSION

We have calculated directly the time-dependent entangle-
ment via the CRE of a collection of entangled harmonic
oscillators interacting with a zero-temperature bath. The tech-
nique we employ should be generally useful for multipartite
multilevel systems with density matrices of low rank. Our
calculations illuminate the role of initial conditions and bath
dephasing on the evolution of the initially entangled system.
We show that the time scale of the evolution of the entangle-
ment is dependent strongly on the level of excitation of the
initial state. Large-amplitude Schrodinger-cat states decohere
much more rapidly than small-amplitude Schrédinger-cat
states.
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