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The density matrix of a nonrelativistic quantum system, divided into N subsystems, is rewritten in terms
of the set of all partitioned density matrices for the system. For the case where the different subsystems are
distinguishable, we derive a hierarchy of equations of motion linking the dynamics of all the partitioned density
matrices, analogous to the “Schwinger-Dyson” hierarchy in quantum field theory. The special case of a set
of N coupled spin-1/2 “qubits” is worked out in detail. The equations are then rewritten in terms of a set of
“entanglement correlators,” which comprises all the possible correlation functions for the system—this case is
worked out for coupled spin systems. The equations of motion for these correlators can be written in terms of a
first-order differential equation for an entanglement correlator supervector.
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I. INTRODUCTION

In both physics and chemistry, the study of quantum-
mechanical phenomena requires a definition of various sta-
tistical measures of correlation, between different subsystems
of a given physical system. Typically one is interested in two
cases:

(i) We have an isolated system, and want to understand
the internal correlations between its different parts, and their
respective dynamics. Figure 1(a) shows a quantum system
S with degrees of freedom divided into N subsystems o,
with j =1,2,... N. We wish to characterize the dynamics
of S in terms of the dynamics of the correlations over the N
subsystems [1].

(ii) Our system S is coupled to an “environment” &, and
we may wish to integrate out, or average over, at least some
of the environmental degrees of freedom [2]. In Fig. 1(b) we
show S coupled to &, which can itself be subdivided into M
subsystems. Now we want to characterize the behavior of both
S and £ in terms of both the internal correlations between
their separate subsystems, and also the correlations between
subsystems of S and . If we average wholly or partially over
the environmental degrees of freedom, we would still like to
be able to characterize the behavior of S.

Our two goals in this paper will be to give a proper char-
acterization of these correlations, and of their dynamics. Now,
in much of the quantum information literature, such questions
have been formulated in terms of entanglement measures, in
work extending over decades—on entanglement and separa-
bility [3—7], on measures of multipartite entanglement [§—10],
on its detection [11,12], and on “disconnectivity” [13]. How-
ever, this line of inquiry leads to apparently insurmountable
complexity when N is large; and it also leads to ambiguity, in
that many different entanglement measures can be used.
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We will instead argue for a description entirely in terms
of the set of density matrices for all possible partitions [14]
of the original system (which could be & or S+ &). We
will also derive the coupled dynamics of all the partitioned
density matrices, as well as for a set of objects which we call
“entanglement correlators.”

To see what we are talking about, suppose that N = 3.
Then we can write p° as

Ps = PL1p2ps + Piaz + P1P3; + Padts + P3pla. (D)
where the p; are reduced density matrices for the subsystem
J, and the pf; and pf5; are density matrices describing the
correlations between the subsystems (including all the dif-
ferent kinds of multipartite entanglement between them). We
can also make a list of all the different possible correlators
for this system, and assemble them into one object—we will
show how this can be done in a way which exhibits all the dif-
ferent kinds of entanglement in terms of these entanglement
correlators.

Once this is done, we proceed to the crucial task of finding
the coupled equations of motion for all of the different reduced
density matrices, and for the related entanglement correlators.
Our results—in a way to be explained—are analogs to the
“Schwinger-Dyson” hierarchy of coupled field correlators in
either relativistic quantum field theory [15] or nonrelativistic
N-particle theory [16] (which reduce in the classical limit to
the Bogoliubov-Born-Green-Kirkwood-Yvon (BBGKY) hier-
archy [17] of equations of motion).

The Schwinger-Dyson and BBGKY hierarchies have
played a central role in high-energy physics and condensed-
matter theory—we wish to show, in this and subsequent
papers, that the equations of motion found in this paper will
be just as useful for the dynamics of quantum information
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FIG. 1. Partitioning of systems into cells: in (a) we show an iso-
lated quantum system S partitioned into N = 6 subsystems, labeled
by j =1, -, N;in (b) we have a central system S made up of N = 4
subsystems, labeled by j =1, -, N, coupled to an environment £
consisting of M = 4 subsystems, labeled by k = 1, -, M.

processing systems. Thus we focus in this paper on nonrel-
ativistic systems, in which the subsystems are distinguish-
able. As our primary example we will choose systems of N
“qubits,” or spin-1/2 systems.

In the present paper we deal with isolated systems, and in
a following paper [18] we will deal with systems coupled to
a bath (where several new issues of principle arise). From
a purely physical point of view, the present paper is more
relevant to the dynamics of entanglement, whereas the second
paper will focus more on the dynamics of “disentanglement”
(including what is usually called “decoherence”).

We stress that in this paper we only derive the equa-
tions of motion, but do not try to solve them explicitly. To
do this requires picking a specific Hamiltonian, and then—
since any hierarchy of equations of motion is generally
unsolvable—it needs some approximation scheme. However
what we have done is define an “entanglement correlator
supervector,” which has as coordinates a list of all possible
correlation functions that can be defined between all of the
different operators which exist for a given system. The first-
order differential equation of motion of this vector, written
in matrix form, has sparse matrices, and is thus simple to
solve.

In other papers we will discuss specific applications to
(1) the quantum Ising [19] and central spin systems [20,21];
and (ii) relativistic quantum fields, where we reformulate the
present work in terms of path integrals and “composite field
correlators” [22].

The plan of this paper is as follows. In Sec. II, we describe
any nonrelativistic many-body quantum system S in terms of
a sum over all the different possible partitions of n specific
subsets of S, of functions defined for each of these partitions.
These different parts are assumed distinguishable. We then
write this sum in terms of a complete set of “entangle-
ment correlated density matrices” for the system. Then, in
Sec. III, we show how this works for an N-qubit system,

doing this for a pair and a triplet of qubits as well as for
general N.

Moving on to dynamics, in Sec. IV we derive a hierarchy
of coupled equations of motion for the partitioned density ma-
trices over the different subsystems, with the only assumption
being pairwise interactions between these subsystems; then
we give results for the specific example of an N-qubit system.
In Sec. V, we connect all of this with the measurement of
physical quantities, using the entanglement correlator super-
vector described above.

We have tried to keep technical details to a minimum in
the main body of the paper (and stressed simple examples for
the same reason). Accordingly, lengthy derivations have been
relegated to several appendixes.

II. PARTITIONED DENSITY MATRICES AND THEIR
CORRELATIONS

In what follows we first define a set of correlated density
matrices in terms of the full (unreduced) density matrix of
the entire system S we are dealing with. To make intuitively
clear what these correlated density matrices are, we discuss
in some detail the example of a system partitioned into
four subsystems. Then we give a general expression for the
correlated density matrices for some part .4, of the entire
system containing n subsystems; and we discuss one of the
key defining properties of the entanglement correlated density
matrices.

A. Definition of correlated density matrices

Consider a system S as in Fig. 1(a), made up of some
number N of distinguishable disjoint subsystems (which we
will often call “elementary cells,” or “cells” for short). We
may then enumerate all possible different ways of partitioning
S into groups of subsets—this list constitutes a set Ps. As an
example, in Fig. 2(a) we show the 15 different partitions for
the case N = 4. We can also enumerate all possible subsets
of S, giving another set Ps; using again the case N = 4, we
show the 16 different subsets for this case in Fig. 2(b).

Clearly the two sets Bs and Pg are not the same. In the
general case where we have N elementary cells, The set P s of
all partitions of S then contains By members, where By is the
Bell number [23]. We will label the different partitions by p,,,
withu = 1,2, ... By, noting that one of the partitions p,, con-
tains only S itself. The number By grows superexponentially
with N (wehave By =1, B, =2, B3 =5, B4 = 15, B; = 52,
and already B;5 ~ 1.4 x 10%). We will not, in this paper, need
to know anything more about By .

The set Ps of all different subsets of S is usually called
the “power set” of S. If S again has N members, then Pgs has
2V members; these are easily enumerated. We will label the
members of Ps by a,, where a, = 1,2, . ..2N for a set S
containing N members.

Notice that any given partition of S is made up of a specific
group of subsets of S [thus, e.g., the partition (12|3|4) of
a set S of four members—depicted as the second of the 15
members of the partitions of this set in Fig. 2—is made up of
the subsets (12), (3), and (4) of S]. We can write this statement

5B = [cp, o
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(b)

FIG. 2. Two ways of dividing a set S of n = 4 cells; each cell
is denoted by a black dot. In (a) The different partitions are shown;
there are By = 15 of these, where B, is the Bell number. In (b) the
16 different subsets of S are shown. Note that the last four terms in
(b) will not contribute to the correlated part of the density matrix in
(17), since there is no correlated part of a single cell reduced matrix
[cf. Eq. (6)].

With these distinctions in mind, we would like in what
follows to find an expression for the total density matrix
of the system in terms of all the different reduced density
matrices for the different subsets of S, and of all the different
entanglement correlated density matrices.

We will give a precise definition of these entanglement cor-
related density matrices below. The reduced density matrices
are defined in the usual way, i.e., we define the reduced density
matrix p,, for some specific subset a, of S as the partial
trace of the full density matrix over the other subsystem cells
i € a,. We shall write this definition as

o, = I , 2
Pa, S\iaa) 12 ( )
where S\{a,} denotes the set containing all cells except those
in the subset a,; here and from now on a bar over a density
matrix indicates it is a reduced density matrix.
We can then write the full density matrix in the form

ps=Y |17 |7% 3)

ACS \j¢A

that is, as the sum over all subsets A of S (including the sets

@ and S) of a “correlated part” o3 multiplied by the reduced
density matrices p; on those remaining individual cells not

contained in .A. The above expression should be read with the
following conventions:

S =1, “)
[Tsi=1 5)
jeo

pf =0, (6)

i.e., we have that (i) the correlated part of the density matrix
pS over a set containing no cells is 1; (i) the product of the
reduced density matrices taken over no cells is taken to be 1;
and (iii) the correlated part of the density matrix for a single
cell is 0.

We notice immediately that the number of terms contribut-
ing to the correlated part of the density matrix must be less
than 2V, the number of members of the power set Pg; we shall
actually find below that it is 2V — N.

To see how these definitions and conventions work, let us
consider as an example some system with a number N > 3
cells. Now suppose we look at what the terms in the sum
(3) look like, in three different cases, viz., (i) where A = &,
(ii) where A = {1, 2, 3}, and (iii) where A = S. We then find,
in these cases, that

ps=[]n (A=2), (7)
ieS
ps=| ] & )55 (A=1(1.2.3). ®)
i¢{1,2,3}
ps=ps (A=S), ©)
respectively.

There are two properties of the entanglement correlated
parts ﬁi that make them useful. First, Eq. (3) is a linear
expansion of the full density matrix in terms of the ,55.
Second, we will take it as one of the defining conditions for
the entanglement correlated density matrices that if we trace
any single cell out of ,c')ft we get zero; i.e., we have for any
i € Athat

rpG =0 (¥ieA. (10)

Now Egs. (3) and (10), taken together, define the correlated
parts ﬁj uniquely. However, we need to unpack these equa-
tions to see what they really mean; and we would also like to
have an explicit expression for ﬁfl. In what follows we first
see how to understand (3) with simple examples; and we then
find the desired expression for ,65\.

B. A four-cell example

The kind of thing we are talking about can be simply under-
stood by looking at a system S composed of four subsystems.
In what follows we do this, and introduce a diagrammatic
representation of the results. We will also see how the expan-
sion over entanglement correlators can be related to one over
“cumulant density matrices.”
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1. Expansion over entanglement correlators

Let us begin by looking at only two subsystems (what we
will call a “two-cell” system). The total density matrix o< for
S is then

ps = p12 = P2+ ph (11)

where p; and p, are the reduced density matrices for subsys-
tems 1 and 2, respectively, and ,olc2 is that part of pg in which
there are correlations between the two subsystems. We write
ps = pi2 here to indicate the system now is just made up of
two subsystems 1 and 2.

Notice that (11) actually defines what we mean by ,0162, ie.,
we have defined ,olc2 as

P = pr2 — P12 (12)

in terms of ps, p1, and p,. The generalization of (11) to a
three-cell system is simple, and was given already above, in
Eq. (1) of the Introduction.

A system consisting of four subsystems, whose partitions
were already shown in Fig. 2, turns out to be more interesting.
Then (3) reads

pi234 = P1P203Pa + Br2P30s + Pr3P2pa + Biabais
+ ﬁzcgﬁ1/34 + pSiP1p3 + ,53C4,51,52 + ,51C23,54
+ P53uP1 + P3aP2 + Paads + Posa- (13)

Let us first notice how we get the lower reduced density
matrices from this. We can immediately trace out cell 4, to
get p1o3; then, because ar,éﬁ = arﬁza =...= ar,élc24 =...=

t4r,6lc234 = 0, we have
_ s 2= | = C | = =C | = =C , =C
D123 = §4r,01234 = P102P3 + P3P + L2013 + P1P3 + P13
(14)

which is just Eq. (1). We can then trace out cell 3, as well, to
get

o2 = {5},01234 = P02+ Py (15)

which is just Eq. (11).
Analogous expressions exist for ,5203 and ,6103; substituting
these into expression (14) and rearranging we then find

Plas = P12s — P12P3 — P13pa — Pxapr + 2p1p2p3,  (16)

so that finally we get an expression for the fourth-order
correlated part of the density matrix as

Piass = P1234 = PlasPs — Pysaht — PizaP2 — Piazals

+ P3P3Ps + Pi3P2Ps + D4P2P3 + P5301 P4
+ PS4P1P3 + Psyp1 P2 — 3P1P203Ps- (17)
At this point it is very useful to introduce a diagrammatic
representation for the various functions involved. We repre-
sent the different cells or subsystems with “bullets” (i.e., by
the symbol e), and the reduced density matrix for a group of
cells is shown by linking these cells with a thick line. Then,

for example, the expression pi340; is represented as shown in
Fig. 3(a).

@ () ©

FIG. 3. Diagrammatic representation of some of the terms in the
four-cell density matrix. Cells are indicated by black dots, ordered
from 1 to 4, starting from the top left corner. In (a) we show the term
P134p2 appearing in Eq. (17), in (b) we show the term /51%4/52, also
appearing in Eq. (17), and in (c) we show the term pS p,, appearing
in Eq. (19). Heavy lines indicate a reduced density matrix, double
light lines an entanglement correlated density matrix, and single light
lines a cumulant density matrix.

We now represent the entanglement correlated density
matrices, like p5, p5ys, - . ., by double lines linking the cells.
Then, in the four-cell example, we have for the relation
between the full density matrix pj>34 and the entanglement
correlated density matrices ,oC, given above in (13), the dia-
grammatic representation shown in Fig. 4.

Before continuing with the analysis, we emphasize two
things about these results:

(i) We are not summing over different partitions to get
these results, but over different subsets of the four-site system,
i.e., over the power set.

(i) The number of different terms shown in Fig. 4 is
not 2% = 16, as one might naively expect for the power set
of our four-site system. Instead it is 2* — 4 = 12. This is
because, as already noted above, the four subsets made from
single individual sites gives no contribution—the correlated
part of a single site density matrix is zero, as specified in
Eq. (6). Thus, since the number of terms missing is N, we
expect a total number of diagrams 2V — N to contribute to the
expansion (3).

2. Expansion over cumulant matrices

As just noted, the expansion (3) is not an expansion over
the different partitions of the total set S, but over the power
set. However one can also do an expansion defined directly
in terms of these partitions, rather than by the zero trace
condition in Eq. (10).

Suppose we take the set 3 of all partitions of S, and then
for each one of these partitions we factorize the result into
reduced density matrices for single cells uncorrelated with the
rest, and a set of “cumulant reduced density matrices” pCC for
the other cells. The expansion of the total density matrix in
terms of these cumulant matrices then has the same structure
as a cumulant expansion of a joint probability function or

X-X-IN- PN
o N

+ +
'] o o

FIG. 4. Diagrammatic representation of the expansion of piy34

into density matrices for the four subsystems, as expressed in

Eq. (13). We use the same symbols as those in Fig. 3. The terms
shown here correspond to the first 12 terms shown in Fig. 2(b).
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FIG. 5. Diagrammatic representation of the expansion of the

four-cell density matrix into the By = 15 different cumulant density
matrices for the subsystems, given in Eq. (19).

functional; i.e., we can write

ps= Y TT 75 (18)

pPu€Ps Aep,

Equation (18) can be used to inductively to define ﬁflc, with
the convention that for a single elementary subsystem, the
cumulant matrix pFC is defined to be the reduced density
matrix, 1.€., ,5icc = p;.

The relation between this cumulant expansion and the
power set expansion we are using here, which is given in
terms of entanglement correlated density matrices, is easily
illustrated for the four-cell problem, for which we find the
cumulant expansion

P23 = Piass + Pias s + Piaa b3 + Piza2 + Py i

+ D0 B5 + PPy + Py Py + Pay b1
CC- = | =CC- = | =CC~ = | -CC~ -
+ P P2Pa + B 5253 + B P3s + DSy P1F3
+ PSE PLP2 + P1 23D (19)
for pia34 in terms of the p€C€.

One can of course invert the relation (18) as well. Thus, for
example, the fourth-order cumulant density matrix is given
in terms of the entanglement correlated matrices p¢ and the
reduced density matrices by

cC _ =C c C c cC c C
L1234 = P123¢4 — P12P34 — P1aP23 — P13P24> (20)
which when expanded out gives

,01C2§4 = P1234 — ,51C23)04 - )52C34P1 - /51C34P2 - )51C234,03
-C =C ~C =C ~C =C
~ P12P34 — PraPas — P3P
+2(P1203Ps + By3P2pa + Prap2is + Py3pi s
+ D541 P3 + D541 P2) — 61 P23 Ps- (2D
We can also illustrate the cumulant expansion diagrammat-
ically. If we represent the cumulant reduced density matrices
ﬁlczc, ... by single lines between the relevant cells [compare
Figs. 3(b) and 3(c)]. Then, for the relation between the full
density matrix pj»34 and the cumulant density matrices p¢C,
we have the diagrammatic representation shown in Fig. 5.
We see that the relationship between the full density matrix
ps and the cumulant density matrices p€€ is the same as that
in a typical cumulant expansion, and so can be derived in the
usual way for any value of n.
Let us summarize what we have learned from this exam-
ple of four cells. We have seen how to give an expansion

A

(a)

FIG. 6. A representation of the sets used in Eq. (23). The set A,
is a subset of the whole system S, and contains n members. The set
C,., which contains m members, is a subset of A”".

S

over entanglement correlated matrices p€, and over cumulant
density matrices p¢C, and that for N cells the number of
each is 2V — N and By respectively; and we have seen how
to give a diagrammatic representation of all the terms in
each. However, we still do not know how to write explicit
expressions for the pC; to this we now turn.

C. General properties of entanglement correlated
density matrices

As we have just seen, the relationship between pgs and the
cumulant density matrices p€ is relatively straightforward.
On the other hand, the relationship between ps and the entan-
glement correlated density matrices p° is not so obvious—we
need a general expression for the correlated part of the total
density matrix. To properly understand things we now turn to
the general case.

What we wish to show now is how, for a general subset
AM of n cells of a total system S containing N cells, the
correlated part of the reduced density matrix can be written
as a sum over terms involving the reduced density matrices
for all subsets CL’") C A™. The notation used here labels the
specific subsets C" and AJ" by the subscripts u and a; the
superscripts m and n tell us how many cells are contained in
these subsets. This is illustrated in Fig. 6. The key result we
find can be written as

Z pc,,

CL’”’E.A&")

[T »

jeAMem

n
_C _
Pl = D (=D
m=2

— == ] 4 (22)

jE.A‘(;')

which says that the entanglement correlated density matrix

ﬁim) for the specific set A" of cells can be written as a

sum over entanglement correlated density matrices for all
the different subsets Clgm) of A%, multiplied by the product
of the reduced matrices for all the cells j that are not included
in the subset C{™ [this being the first term in (22)], minus
a term which is simply the product of all the individual cell
reduced density matrices for all the cells in A,

To reduce somewhat the profusion of indices in this ex-
pression, we will henceforth write expressions of this kind
without the Greek indices labeling the specific subsets—thus
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(22) becomes

p% =2 =™ Y Ape, [] i

m=2 CnCA, Jj€AN\Cy
S VRGOl [ (23)
jeA,

The simplest way to demonstrate the result in Egs. (22)
and/or (23) is to construct an inductive proof—this is done
in Appendix A. This result shows how one can define n-cell
entanglement explicitly in terms of all possible combinations
of m-cell entanglements over the different subsets of the n
cells, Vm < n, along with products of single cell reduced
density matrices. We shall see in the next two sections how
we can employ Eq. (23) to define a set of correlation functions
which exhaustively characterize all the different kinds of
entanglement that exist at the nth level, i.e., for a set of n
entangled cells.

As noted above, a key property of the entanglement corre-
lation density matrices 5€ is that any partial trace over ,65”
in (23), i.e., one in which we trace out any i € A,, gives
zero—compare Eq. (10). In the discussion above, we treated
this equation as a defining property of the 5¢. However, one
can also derive the result explicitly from the expression (23).
The derivation is given in Appendix A 2.

Let us now recapitulate. The basic result of this section
is contained in Eq. (22), otherwise written as (23), which
gives a way of decomposing a density matrix for some system
S into a sum over reduced density matrices and correlated
density matrices over all the possible subsystems of S. The
discussion has been rather abstract. In the next section we see
how to understand this result for some simple examples; and
in Sec. IV we see how it may be applied to unravel the coupled
dynamics of all the different subsystems.

III. EXAMPLE: N-QUBIT SPIN SYSTEM

The example of a set of spins is extremely useful in
understanding what is going on in the hierarchy of density
matrices. In what follows we consider a system S of N
spin-1/2 “qubits,” with fixed pairwise interactions between
them. This is a simple toy model for a quantum information
processing system. It is also used to model many real physical
materials devised for quantum information processing, where
a decohering bath also exists—examples abound in solid-state
electronic and nuclear-spin systems [24—27] as well as neutral
cold atoms [28].

In this example, our “elementary cells” become much
simpler—each cell is a single spin-1/2 degree of freedom.
Because these cells are irreducible, i.e., can no longer be split
into a set of smaller “subcells,” we will refer in this case to the
cells as “sites.”

Apart from discussing the general N-qubit case, we also
look in detail at pairs and triplets of spins (N = 2, 3). The
results are useful—in particular, they teach us that the easiest
way to understand the hierarchy of entanglement at the level
of different qubits is just to look at the different partitioned
correlated density matrices.

A. General results for N coupled qubits

In what follows we wish to write some of the results of
the last section for a set of N qubits—these results will hold
regardless of what kinds of interaction may exist between the
qubits, or what external fields may be acting on them.

1. Spin representations

We begin by establishing some notation. In dealing with
a set of N spin halves we write Pauli matrices for each
spin as {o/'} (where i € {1,2,..., N} labels the site and
in the “Cartesian” representation u € {x, y, z} denotes the
Cartesian components). We will also use a “ladder operator”
representation: defining

ot = \/Lz(a)C +io?) 24)

we will use barred indices, & € {+, —, z}, to describe the
different components of the spins in this representation so that

(™) ). (25)

Then for a single spin we have the density matrix in the
Bloch representation [29]

p=3(+(o) ). (26)

so that trp> = (1 + (0')?), and for a pure state the polariza-

tion (o) sits on the Bloch sphere, with |{a)| = 1; otherwise
|[(o)| < 1. In the ladder representation this single-spin density
matrix is written

p =51+ (o0 + (07 )o" +(o7)o7). @7
Notice that in the Cartesian representation the trace
tro#o¥ = 26", so that the coefficient of a given operator

in any operator expansion is the expectation of that opera-
tor. This is no longer true in the ladder representation, i.e.,
tro* o’ #£ 26"”. However if we introduce a notation in which

we distinguish between upper and lower indices, and define
the lowered vector as the Hermitian conjugate of the operator
with raised index, i.e.,

op = (a’_‘)T (28)
so that o = o and 0, = 0%, then we have the trace identity:
trofop = 26%;. 29)

In what follows we will denote the eigenstates of 6, by |1),
[{), so that

I (M =31+ 09, (30)
=11 -09, (31)

and for a pure state at some angle ¢ in the xy plane,
Poa = 501 + NN + e (L)
1 X g
= 5(1 4+ cos¢po™ +singo”), (32)

with o, o’ = %1 labeling the rows and columns of the density
matrix.
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2. General results for N qubits

We assume a system of N qubits {o;}, with j =
1,2,...N. Let us write the density matrix for this system S
in the form

(33)

ps = ZLN Z<]_[o;“‘>]_[o;“',

CCS \ieC ieC

in which the density matrix contains contributions from all 2"
distinct subsets C of the set S. The contribution to the density
matrix from a given cluster C is determined by the correlation
tensor for those spins contracted into a product of the Pauli
matrices then multiplied by a normalization factor.

Clearly ps, composed entirely of Pauli matrices, must be
Hermitian. The trace of ps comes from the contribution in
which C is the empty set (because all the Pauli matrices are
traceless) which is 27Vtr(I) = 1 as required. One can verify

that tr(o{ ps) = (o{'), etc., by using the relation o{'of =

8He]) + ie"*” o] and using the traceless property of the Pauli
matrices (so that any term in the sum which contains a
Pauli matrix after it has been multiplied by o{* gives zero).
In general the density matrix must be positive semidefinite,
although this is a hard condition to get a handle on using the
representation (33), as it depends on the spectrum of ps. If
ps represents a pure state then ,oé = ps, which can be used to
derive those relations among the correlation functions which
hold for pure states (see Sec. IIIB 1 below for examples).
More generally we have

trp} = ZLN > <]_[ a/“><]_[ a,.“f> <L (34)

CcS \ieC ieC

As noted above, there are 2V possible C € S. When one
takes the partial trace of (33) we see that the expression for a
reduced density matrix on a set A C S containing n spins is
of the same form as (33), viz.,

pa = 2i Z<H0i”i>l_[0i“’.

CCA \ieC ieC

(35)

By using the trace identity (29) we also see that the repre-
sentation of the density matrix in terms of barred variables is
just

ps = ZLN Z<H“iﬂ'>n“iﬁf

CCS \ieC ieC
= Z%Z<Haiﬂi>]_[af“, (36)
CCS \ieC ieC

so that this representation of pg is identical in form to the
Cartesian representation in (33).

B. Some examples

The following simple examples are useful in that they not
only illustrate much of the general theory discussed so far, but
they also indicate some of the ways in which it can be further
developed.

1. A pair of spins

Consider a pair of spins 0,0, for which the density
matrix is [30]

1
pz=7 |14+ Y (oju)0" + (o00)0 0" | (37)

4 ;
Jj=12

We can split this up to a correlated and uncorrelated part,
according to

P12 = p1p2 + Plcz

1 1
= 7 [10+ @0 + (oo e, (38)
J

where we have defined

<(01u0-2v>) = (JluUZV) - (alu)(UZV)- (39)

Now pq3 is a 4 x 4 Hermitian matrix with unit trace, and
as such has 16 — 1 =15 free real parameters, viz., three
components of (o) and (¢,) each, and nine components of
(01,.02v). In the case of a single qubit in a pure state, the spin
had to lie on the Bloch sphere. In the two-qubit case things
are more complicated; for a pure state one requires ,0122 = p12,
which leads to the following constraints on the correlators:

3= (01)> + (02)” + (01,00} (01" 02"), (40)

(of') = (o'07 )lor ). @1)

(03') = (o o1')(o]), 42)

(0f'03) = o1'){o3) = 3“7 (oo Joi o). 43)

This gives 1 + 3 + 3 4+ 9 = 16 constraint equations on the
correlators for a pure state—obviously only ten of these are in-
dependent, since there is a six-dimensional set of real numbers
which describes the possible pure states (eight real numbers
describe a two-qubit ket |), reduced by 2 by the requirements
of normalization and the invariance of pj; = |)(¥| under
phase rotations). For the pure state,

W) =Y aoge? |o0), (44)

where 0,0’ = |1), |{); the normalization condition is then
Zoa’ a(%'a’ =L

For a general mixed state of two qubits, Egs. (40)—(43)
are replaced by a set of three independent inequalities, which
ensure the positivity of the density matrix [31]. This reflects
the fact that a mixed state density matrix requires 15 inde-
pendent real parameters (the 16 required to define an arbitary
4 x 4 Hermitian matrix, minus 1 because the matrix must be
traceless) rather than the eight required to define a pure state.

Of particular interest for qubit pairs are “cat states,” which
are fully entangled. An example of such a state is |WS) with
the wave function and density matrix given by

L
V2

1
’\IJ2C>(\IJZC‘ = 4_1(1 +Cos¢)w[alxa; _Gly%y]

[WS) = — (1 1) + e 1), (45)

+ singy [0 05 + 0’03 | + of0f). (46)
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When we come to look at entanglement dynamics, it is then
the correlated part of these functions which will interest us.

Let us now consider the relationship between ,olc2 and the
different types of entanglement. There is some subtlety in
this [3], especially in the case of mixed states. Consider, for
instance, a mixed state which is an incoherent mixture of the
state |1 1), with spins polarized in the z direction, and the
state | ——), with both spins polarized in the x direction, so
that

It t+l == =>=>D
[1+3@+2) (01 +02)+ 3(0f05 +0{0})].
(47

1
P12 = 35
1
4

Now p1; has nonzero correlation functions; we have

lloio2) = lfrfas)) = ~{lotos) = ~{loios) = 1. @)
On the other hand, since pj, is an incoherent mixture of
two separable states, it has zero entanglement of formation
[4]. This is not the only measure of entanglement; and for a
general mixed state the formulas for different entanglement
measures may be quite complicated.

This example shows nicely that it makes sense to con-
sider directly the set of correlators, instead of the different
entanglement measures. Because the full set of 15 correlators
completely specifies the density matrix, all information about
entanglement between the pair of qubits is then contained
in these correlators. Since any entanglement witness [6,7,11]
used to detect entanglement is necessarily a Hermitian oper-
ator, it follows that its expectation can also be written as a
weighted sum over the correlators. Thus we can simply use
the correlators themselves as the primary quantities, whose
behavior is to be determined.

2. Three spins

For a system with three spins, the general density matrix is
written as a sum over correlators as

1
Pz = | 1+ Y (oo + Y (o100 o)
J

i<j
Iy
+ (01,02,031) 01"02 03" |. (49)

We now have a number of different types of entangled state.
Consider as an example the three different states

1
ay _ i 50
|ws) AR A% (50)
1
Ne= — : 51
I‘I'g) ﬁ(IT ™M+ ) (51)
and
1
W)= — Y loioaos)s| | D o; | +1
\/go'l,az,ffs J
1
=—(tdH+H I+ . (52)

V3

For each of these states we can find the nonzero expectation
values for the correlators in the density-matrix representation
(49). Consider first | W), for which

[Wws) - (03Z> = <alyozy> = (afofof) = <afozzaf) =1,
(leazx> = <Uf021> = <Ulyozyazz) =1. (53)
We see that |Wg) does not have three-qubit entanglement,
because we can write |W5) = %(M M+ 1) (1), and
this is reflected in the fact that the correlated part of the three
point function ((cy0203)) = 0 is zero. However it does have

two-qubit entanglement and single qubit polarization.
Now consider the other two states, for which we have

|W3) : {oi03) = {o03) = oi03) = (03 03)
= (007 03)

=1,
(o0ff050]) = (0{030]) = (00305 ) =1  (54)

for the second state, and
[98) o) = fo7of) = =3, foros) = (o707} =
y Y 2

<aixaj.‘ag) = <0i.ajyag) =3

(for i, j, € distinct € {1, 2, 3}) (55)

(ofojos) =1,

for the third state. Both |\Il3b ) and |W5) do have three qubit
entanglement, as the correlated three-qubit functions are
nonzero (this is especially obvious in the case of |\I/§’), which
is the superposition of two terms, each of which is obtained
from a triple spin flip of the other). Both states also have
two-qubit entanglement, and |W5) also has single qubit po-
larization. It can be shown that the states |\IJ§’ ) and |W5) are
members of the only two different classes of fully entangled
three-qubit states [8], and all other fully entangled states
can be obtained from them by local operations assisted with
classical communication.

We observe that neither of the states |¥3), |W$) has a full
“three-qubit entanglement” in the way that |W5) has full “two-
qubit entanglement.” For |W{) all the single qubit correlators
are zero, whereas for the three-qubit system it is impossible
for the following three conditions to hold at once:

(o/Y=0 Vie{1,23}, (56)
(0}‘0}’) =0 Viz#je{l, 2,3}, 57
0123 Tepresents a pure state. (58)

To show this, we note that the first two conditions imply
P123 = %(l + (UIMUZUJM)J{LU;G;). We can then calculate
p%; and we find that the “o 0203 component is

1 A 1 A

5(01,00,033)0( 0y 05 # g(01,02,03:)0{ 0y0f,  (59)
where the inequality # holds for any nonzero value of
(01,,02,03,). Thus the state cannot be pure.

3. N-qubit states

There are still simple questions one can ask about N-qubit
states, for example, whether an analog of the statements (56)—
(58) is true when we have N qubits. In other words, one can
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ask whether the N-qubit density matrix

1
N
represents a valid pure state. The answer is that this is true
only if N =1or N =2. For N = 3 we have just seen that
it is not a pure state, and proofs for the nonexistence of pure
states of the form (60) for N > 4 are given in the literature
[10], and references therein.

When we deal with the full complexity of N-qubit states,
it is hard to get very far in their analysis beyond simple
statements of this kind. The number of possible partitions
of the system becomes immense, growing superexponentially
as the Bell number, and to characterize the entanglement
properties is clearly going to be very complicated. There is
a large body of literature on the different types of multipartite
entanglement, along with several reviews [3,9,11].

However, again, even for N spins, any observable witness
we build to diagnose this entanglement can be expressed as
a sum of different clusters of Pauli operators. Thus again
it makes sense to go back to the study the dynamics of
these correlators, in order to understand the dynamics of
entanglement—this is perhaps the main lesson of the exam-
ples just examined. We therefore now turn to this dynamics.

P12.N = (1 +<Ul -~Uzlvw>almazﬂ2 ~-‘71’\/LN) (60)

IV. DYNAMICS OF PARTITIONED DENSITY MATRICES

One of our two main objectives in this paper is to derive the
dynamics of the entanglement correlated density matrices. For
a system S made up from N subsystems or cells, this means
finding the equations of motion for each of the reduced density
operators p m, as well as the correlated density operators

p ("),whlch describe the different subsets ,622 of S. Now,

unless the Hamiltonian for § is trivially noninteracting (i.e.,

it consists of a simple sum of terms over each cell, with no
interactions between the cells), it is clear that these equations
of motion will actually couple the different 5€ i since any

subset A, will have 1nteract10ns with cells not ‘contained in
that subset (unless of course p§ 2, = S). Thus we will end up
with a set of coupled equations of motion, which takes the
form of a hierarchy of coupled differential equations.

Equations of motion can be of enormous power if they are
solvable. In the next section we will discuss some ways in
which this can be done, and how it will be feasible to give
solutions. However the real demonstration of the usefulness
of the results derived here has to come in the study of specific
models, which is given in other papers [18-20].

In this section we begin by deriving the hierarchy for
a general closed system in which all interactions between
the different cell subsystems are pairwise. Then, in order to
see how things look for a specific example, we derive the
hierarchy for the system of N qubits discussed in the previous
section, with a set of local fields on each qubit as well pairwise
interactions between them.

A. Result for N-partite system

In the most common kind of Hamiltonian in physics, one
has (i) a “free” or trivial part which only acts inside individ-
ual cells, along with (ii) an interacting part which contains

pairwise terms between cells. The Hamiltonian then takes the
form

1
Hy=H)+H{ = ) H + 5 doviy| 6D
jes i#jeS

We make no assumptions for the moment about the nature
of the cells, or of the interactions between them, except those
assumptions already noted in the Introduction, viz., that we
refer to distinguishable sets of degrees of freedom for each
cell (so that there are no “exchange terms” between cells), and
the system is assumed nonrelativistic.

The equation of motion for the system density matrix is

ihd,ps = [Hg, ps]. (62)

Starting from this equation, and taking its trace over all cells
except those contained in 4, one can derive an equation of
motion for the reduced density matrix g4, which takes the
form

id;pa, = [Ha,. pa, ]

+ Zt@r Z[ij, paup] |, (63)

LA, JE€A

where we have defined an effective local Hamiltonian (i.e.,
one entirely restricted to A, ), by

Ay =) H°+- > Vil (64)

Jje€A, 17&] €A,

Although Eq. (63) apparently has a fairly simple form, its
derivation is actually quite lengthy, and we have found no way
to shorten it. This derivation appears in Appendix B 1.

We can interpret (63) by noting first that the time evolution
of p4, is determined both by the local Hamiltonian H,,,
acting solely on 4,, and by the effect of interactions on all
possible sets containing A, along with one other member.

One can think of the local effective Hamiltonian as one
in which all interaction terms act solely on pairs of cells
within A,, i.e., it is an “internal” effective Hamiltonian for
A,. The second “interaction” term in (63) is then one in which
Vi couples py, to “larger” reduced density matrices p4,uqe)
which involve not only all the cells in .4, but also one other
cell £ from S that is outside A,; we then sum over all the
different cells {£} that are outside .A,. That there is only one
other cell involved follows because we have only pairwise
interactions in the original Hamiltonian.

To see how this works let us consider a simple example.
Suppose one has an N-cell system S, and we define a specific
subset A" of S by removing four designated cells from S (so
thatn = N — 4). This example is illustrated in Fig. 7. Writing
out the sum over £ in Eq. (63) explicitly we have (omitting the
subscripts on the set variables)

ihdpa=[Ha, pal + Z (tlf[le, Pauy]
jeA

+t2r[Vj21 Pavpy] + t3r[Vj3, Pauy]
+t4r[Vj4, pava]) (65)

and we see explicitly how the equation of motion for the
(N — 4)-cell system A™ involves a coupling between the
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(@ (1(

FIG. 7. An illustration of the terms in the sum in Eq. (65). The
set A, a subset of the total system S, is shown in blue in (a), along
with four other sets 1,2,3,4 distinct from .A. Then in (b) in green we
show the four different sets that can be made from the union of A
and one of the other sets. We have omitted the subscripts on the set
variables.

(N — 4)-cell density matrix p A and a set of (N — 3)-cell
density matrices ﬁ‘A((xn)U{[}, with? =1,2...4.

In the next subsection we discuss the example of a spin
system; this will allow us to work out expressions like this
explicitly.

As already noted above, there is a loose analogy here with
the Schwinger-Dyson equations in quantum field theory and
in nonrelativistic many-body theory, in that we end up with
a chain of coupled integrodifferential equations for the p 4o
(here we restore the indices « and n, to emphasize that we
are dealing in all these equations with a specific subset of S
in which n denotes the number of cells involved, and « is the
specific set of n cells that has been chosen).

B. Hierarchy of equations for reduced density
matrices N spin 1/2’s.

For our set of N spm ’s, the {o;}, the cells again become
individual sites, each w1th its own spin. We wish to find the
dynamics of the various spin correlators, following the general
theory given in Sec. IV A. For this we need a Hamiltonian for
the N-spin system. The general pairwise interaction Hamilto-
nian for this case is

H = Z —h; - a,+ZZ viol'o). (66)

i=1 j<i

In this Hamiltonian each spin feels a local field h;, and we
have a pairwise interaction V/;" between the spins. Commonly
used examples are (i) the quantum Ising model, for which
h; = h,% and Vl.‘;”o[“aj‘.’ = V78126, and (ii) the nearest-
neighbor Heisenberg model, where h; = h is a uniform ex-
ternal field, and V/["o/'0} = J,8"", with i, j restricted to be
nearest neighbors.

In what follows we first derive the general hierarchy of
equations of motion, and then look at some simple spacial
cases.

1. General form of hierarchy

We derive the equations of motion for the various spin cor-
relators from the reduced density matrix equation of motion

we have found in (63). Again, we pick a specific subset A
of the total N-spin system; we will therefore be interested in
the time evolution of expectation values of products of spin
operators for spins in A.

The result of the calculation can be read off from the
general equation of motion in (63); the commutators are
evaluated in Appendix B 2, and we find

i<l_[ O,i,ui> — Zgu,-avh;x<o,iu 1_[ O_]H.f>
dt ieA ieA

jeA\l}

+Z Z 8”“”Vw’<a 1_[ a,f”>
ke A\{i,j}

icA jeA\{i}

+ZZ€“”°’“V5‘ZA<0265” 1_[ a]’.”>

icA tgA jeA\{i}
(67)

in which we see the characteristic form of a coupled hierarchy
of differential equations: the time derivative of the correlator
is given in terms of correlators between spins in .4 and corre-
lators among all possible subsets of .A with one spin removed,
as well as all possible sets made from adding one spin to A.
The local field term mixes up the different correlators between
qubits in the cluster of qubits A, while the interaction terms
“transfers correlations” to clusters which contain either one
less or one more qubit.

The result (67) is still rather forbidding, mainly because
it describes the dynamics of correlators for all of the spins
contained in A. To make it more transparent, we now consider
two special cases of this general result.

2. One- and two-spin correlators

To simplify Eq. (67), we can make the subset .4 small. We
consider the two simplest cases, where A includes one or two
sites.

Single-site A. Suppose A is just a single spin; without
loss of generality we call this “site 1.” Then there is only
one correlator, given by the expectation value (o (7)); the
equation of motion, read off from (67), is just

2( “)—8“‘“’3 A 61 +Zvl€ 0@‘7{3> ’ (68)
A1

where we recall that Vl‘fﬂ =0, i.e., there is no on-site interac-
tion apart from the local field h;, and we note again that the
product over an empty set just gives unity for the third term in
(67). In vector notation Eq. (68) reads

d -
——({o1) = (hy + V1) x (01), (69)

dt

where the total field \~71 acting on o | from all the other spins,
via the interaction, has components

Ve =Y " ViHol). (70)
0#£1
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Thus (69) is simply telling us that spin 1 is precessing in a
total field coming from the local external field plus the field
on site 1 generated by all the other spins, via the interaction.

This result is of course well known, and can be derived
trivially starting directly from the Hamiltonian. The second
term in (69) can be thought of as a “Hartree” mean-field
interaction term.

Tivo-site A. Slightly less trivial is the result we get when
A incorporates a pair of sites, which we call site 1 and site 2.
We are then interested in the dynamics of the pair correlator
(0{"05?), and we find

Slotolt) = Y e ilofol )+ Vi fof)
#i=12
+ ) virorolol )| (71)
0£1,2

where > j£j'=1,, means that we sum over both j and j’, with
the restriction that j # j'. This result contains both the fields
we already saw for the single-site correlator (but now acting
on both spins) plus a term, the second term on the right-hand
side in (71) above, which accounts for the interaction between
the two spins.

We can now see intuitively how the results will develop
as one goes to correlators including larger numbers of spins
in A. It is also interesting to see how things simplify if we
look at a very small total system. Thus, e.g., suppose system S
comprises only N = 2 spins. Then the subsystem .4 is just the
whole system, and we expect the result to be trivial. Writing
out all terms explicitly, we have

£ lotto1) = eB (1 lof'ot%) + Vil

+ &2 (o) o) + VI (o)), (72)
where we have written V|, = V, for the interspin interaction;
the role of the effective fields acting on the one- and two-spin
correlators is now transparent.

3. Analogy to Schwinger-Dyson hierarchy

The Schwinger-Dyson hierarchy [15,16] exists in both
relativistic and nonrelativistic forms—it is an infinite chain
of coupled equations of motion for n-point correlators, whose
specific form depends on the interactions in the theory being
treated. Its general form is similar to the classical BBGKY
hierarchy [17].

To see how this relates to what we have done, consider
the Schwinger-Dyson hierarchy for a simple scalar field La-
grangian of form

L= 30K, "¢~ V@) (73)
where K, is the free field propagator. Here x is a space-time
coordinate, and to be definite let us assume a simple local
“pairwise” interaction of the form

V(g) = %W‘(x). (74)

Then the Schwinger-Dyson hierarchy for the n-point correla-
tion functions G, ({x;}), with j =1, ...n, is given by

—1
K ' (x, x)Gu(x, X}, .0, x, )

g / !
—=Gpp(x,x,x, X, ..., X,_1)

6

n—1
= lfl Z 8(x - x})Gn—2({x}})’ (75)

j=1

where K '(x,x) = (x|120_1 |x’). If we multiply (75) through
by KO, we have
Gu(x, xj, ...

+ % / d*2 Ko(x — 2)Gi2(222, X0 oo X))

) xl/lfl)

n—1
+ih Z Ko(x —x))Gpa(fx’}) = 0.

j=1

(76)

In both of these equations we define the “reduced” correla-
tor G,2({x;}) by
Gua{xj)) = G (xf, .. Xy x X)) (7

/ I
J=D Xl e

from which the external legs with coordinates x; and x;, have
been removed.

The hierarchical form of Eq. (76), in which correlators G,
are coupled to both higher and lower correlators, is very clear.
Physically, one describes this equation by saying that if we
have an excitation propagating from x} to x in the presence of
a set of mutually interacting excitations propagating between
the points x1, .. .x./i_l, x}ﬂ, ..., X,_,, then it can do so with
or without interacting with the other excitations.

Mathematically, we see that the main differences between
the Schwinger-Dyson hierarchy and the one we have derived
here are as follows:

(i) Here we are not dealing with the propagation of cor-
relators like G, between different space-time intervals, but
instead with time-local correlators in which space does not
appear (in its place we have cell or site indices i, j, ...).

(i1) In contrast with field theory where equations simplify
because the variables are indistinguishable, the variables con-
sidered here on different cells or sites are distinguishable,
and each such variable has to be identified explicitly in the
equations of motion. This makes the equations more complex.

One can of course integrate equations like (63), (65), or
(67), over time—in analogy with the passage from (75) to
(76). The resulting form can be seen by choosing simple
examples, such as the spin examples in (69) or (71). The
same interpretation applies—the spins in A can evolve with
or without interacting with other spins outside .A.

Such an approach is very useful when dealing with regular
lattices of, e.g., spins; then we can apply decoupling tech-
niques to the resulting hierarchy very similar to those used
for the Schwinger-Dyson equations. An example appears in
Gomez-Leon et al., applied to the quantum Ising model [19].

However, in dealing with the general case, we would like
to develop other approaches, to which we now turn.
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V. ENTANGLEMENT CORRELATORS

The hierarchy of equations just derived has a clear physical
interpretation, and allows us to formulate the idea of different
levels of entanglement. However, these equations of motion
are not all that convenient to solve. We want a more practically
useful formulation.

In what follows we give such a formulation. The basic idea
is fairly simple: we define a “supervector” X(#), whose com-
ponents are an ordered list of all the different time-dependent
correlation functions. We then derive a linear first-order dif-
ferential equation for the time dependence of this vector. We
then find that the relevant matrix driving the dynamics of the
supervector X is typically sparse, making it straightforward to
diagonalize.

In keeping with the rest of this paper, we do not attempt
to solve the equation of motion for X (#)—this will be done
elsewhere, in studies of specific models.

To more easily explain the development, we do things first
for a simple two-spin problem, and then discuss some aspects
of a general formulation of this kind. In particular, we describe
how one treats a pair of coupled systems, and how to treat
the equation of motion perturbatively, when there is a small
parameter.

A. Example: Entanglement correlator dynamics—two qubits

For an arbitrary quantum system, the set of all possible
observables is usually rather complicated. However in the
case of spin systems, one can make an exhaustive list. For
a single spin 7, the spin dynamics is completely defined by
giving, as a function of time, the expectation values of all three
components (7, (¢)). For a pair of spins 7 and 7,, 15 different
correlators are required, viz., (7(t)), (T2(¢)), and (T ® T2),
where this last contains components (z{ (1)7, (¢)). For a set of
N qubits, we need 22V — 1 correlators.

To see how the general idea works, we go back to the the
example of two qubits, with Hamiltonian

2
H= Z%h T, + % Tl (78)
a=1
in which the orientation of the two static fields hj, h, is
arbitrary. This is just the Hamiltonian (66), for a pair of spins.
Now, suppose we arrange the all the information contained
in the two-qubit density matrix [compare Eq. (37)] in the form
of a 15-component “supervector” X in the “space of possible
correlators,” according to

(zi)
X <t1y)
X, ()

X (z3) (z1)
X=|x|=] =) [=]| (79)
X (z3) (11 ® 12)

X (zie3)
: (ri73)

We can then rewrite the hierarchy of equations of motion for
the two-qubit density matrix in the form

d
—X =MX (80)
dt

or, written out explicitly, in the block structure

d (T1) L, 0 U, (T1)
m (T2) =l 0 L, U, (T2)
(11 ®12) Uy U, L, (11 ® 12)

81)

Looking first at the diagonal matrix elements of M, we see
that IL;, L, are 3 x 3 matrices which give an infinitesimal
rotation of (t), (t,) around the applied fields. The 9 x 9
matrix IL , rotates the pair correlator (7 7,) around the applied
fields, and can also be written as a rank-4 tensor [the lowered
indices in the following expressions are understood to be
contracted to the right in Eq. (81)]. Thus we have

LY, = hie;,, (82)
LSp = hye®p, (83)
Lae g = LY, 8% + 8%, 1LS 4. (84)

Turning now to the nondiagonal interaction matrices, we have
terms Uy ,, Uy , which are 3 x 9 matrices, and which create
single qubit coherences from the pair correlator; the corre-
sponding terms U, i, U, are 9 x 3 matrices which create
pair coherences from the single qubit coherences. All of these
interaction matrices may be represented as rank-3 tensors:

Uy p"p = Vigety, (85)
U,y = Ve, (86)
U, ,% g = Viy %%, &7
Uy = Vi, e, (88)

We see that the matrix M is fully antisymmetric and has
eigenvalues which are either zero or pure imaginary. One can
divide these into two classes, as follows:

(i) There are at least three zero eigenvectors of M, which
are linear combinations of the eigenstates |n) (n| of the Hamil-
tonian (the dimensionality of the system of equations is one
less than the number of components of the density matrix,
because the equations automatically preserve the trace of the
density matrix).

(i1) The other eigenvalues of M occur at every difference
E, — E,, in the eigenvalues of the Hamiltonian and their
eigenvectors are off-diagonal elements of the density matrix
In) (m|.

In general we can define a set of Green functions {g;;}
withi, j € {1, 2, p} for the solution to the equations of motion
(81), so that the solution to the equations of motion for the
vector X can be written

X(t) = G(X(0), (89)

062110-12



PARTITIONED DENSITY MATRICES AND ENTANGLEMENT ...

PHYSICAL REVIEW A 98, 062110 (2018)

FIG. 8. Graphical representation of a term in the expansion of
G(r) as an exponential power series [cf. Eq. (92)]. In this term all the
entries in the matrix M appear [these entries are given in Eq. (81)].
The correlators (), (T2), and (t; ® T,) are shown as red vertices,
the interaction matrices U, ,, U, ,, U, ;, and U,, are shown as
directed lines, and the rotation matrices Ly, LL,, and IL,, are shown
as undirected lines.

where the total propagator has the block form

g gn@) gp®)
G(t) = | 81() gn() gp@)]. (90)
gpl(t) gp2(t) gpp(t)

A formal solution for this Green function is found by Laplace
transforming; writing f(z) = fooo dt f(t)e ¥, we have

G(z) = [zI — M]™! 1)

so that G(z) has poles at along the imaginary axis at all the
differences between the energy eigenvalues i AE as well as
a pole at zero with a degeneracy of at least 4.
In the time domain the Green function is just
oo
M "
G(1) = exp (Mt) = Z —

n=0

92)

This series can be represented graphically (see Fig. 8). We
define a graph whose vertices are the possible correlators,
having (directed) links between them which represent the
block components of M. Then we an nth-order term in the
sum is represented by a “walk” (i.e., sequence of n hops)
across n links between nodes; multiplying each term by 7" /n!
we get the Green function.

It is important to get an idea of what these expressions look
like in practice. Suppose we look first at a very simple case,
where the Hamiltonian is

H = J[A1T" 4 Ao 4+ wT%07] (93)

having energy eigenvalues +¢;, e, with

€1 = 3V? + (A + Ar)?, (%94)
€& =1Vl + (A — A2 95

The 225 elements in the 15 x 15 matrix M can now be
written out directly, using Eqgs. (82)—(85). The large majority
of the elements are zero; the nonzero eigenvalues of M for

this case are

wyo = (€] — €2), (96)
wy = €1 + €2, 7
w3 = 2€1, 93)
w1 = 262. (99)

The different components of G(t), i.e., the nine different
matrix Green functions given in Eq. (90) are then multi-
periodic functions containing these four frequencies. Their
explicit expressions are of course quite lengthy to write out;
in Appendix C the explicit results for G(z) are written in full.

The general two-qubit Hamiltonian (78) is not much more
complicated than this. In particular, the matrix M has the key
property that it is rather sparse, i.e., most elements are still
zero. To see this, we write the interaction tensor in diagonal
form, ie., Vg = VieX £o + Vi 9090 + V22,245 note that
there is always a coordinate system where V,,, is of this form,
which can be obtained using the singular value decomposition
of V.. Then the submatrices which make up M can be written
out explicitly. For the two local terms we have

0 -k i

L=\ n 0o —h], (100)
—h]  h 0
0 —h i

Lo=|n 0o —h], (101)
—h) hi 0

and for the pairwise term we have

0—hi hy =K% 0 0 hl 0 0

W, 0 —hi O0—hi 0 0 hl 0

—hy RS 0 0 0 —hX 0 0 K
B0 0 0—hi h}—hf 0 O

L,=| 0 K 0 h 0-n5 0-hf 0

0 0 K —h} hy 0 0 0 —h

—h{ 0 0 K O 0 0 —h h
0-h{ O 0 A} O H 0 -h
0 0—-hy 0 O hf—hy h 0
(102)
Finally, for the interaction terms we have
0o 0 0 0O0-V, 0 V,O0
Uyp,=(0 0 V, 0 0 0 =V, 0 0f, (103)
0-V,, 0 V,, 0 0 0 00
00 O 0 0V, 0 =V, 0
Uy =10 0 =V, 0 0 O VvV, 0 O0f, (104
0OVe O -V,0 0 0 0 O
U, =—-11,, (105)
Up =—13,. (106)

By making h, = *A,, and using a purely longitudinal cou-
pling, we get back the simpler Hamiltonian in (93). In any
case, we see that most elements in these matrices are zeros.
More generally, so long as there are only local fields and
pairwise interactions, it is evident that the “sparseness” of the
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matrix M will increase rapidly with the number of qubits. We
will see in future papers that this makes them very useful in
practical problems involving many interacting qubits.

B. Remarks on a general formulation

Let us now consider how this might go for more compli-
cated systems. The generalization of the two-spin results to
N spins is clear—now the supervector X has dy = 22V — 1
entries, growing very rapidly with N.

More generally one may have to deal with systems in the
thermodynamic limit, having an infinite number of degrees of
freedom. Moreover, most degrees of freedom in Nature are
usually described by continuous variables, and this automat-
ically leads to an infinite set of possible correlators (such as
the set (x), (x, x’), {(x, x’, x"), ..., etc., for a single coordinate
degree of freedom), and, as noted in the Introduction, the
system may be composed of indistinguishable particles.

We will not deal with all these complications here, but
it is still useful to understand some more general features
of problems involving distinguishable spins. In what follows
we look at two key questions, viz., (i) how do things work
when we have two coupled spin systems, and (ii) if there is a
small parameter in the problem, how do we make perturbation
expansions for the entanglement correlators?

1. Two coupled systems

The special case of two separate but coupled systems is
of interest for several reasons. Most notably, it forms the
basis for a discussion of a central system coupled to some
environment; and it is also useful when one comes to analyze
how entanglement develops between any pair of systems.

Consider a pair of systems &) and S,, which may or may
not interact, and which are in general entangled. We again
define an abstract supervector £ which contains all possible
correlators for the pair of systems, in the form

E=|Lr).
X,

(107)

where X is the vector containing all the correlators of opera-
tors acting on S; alone, X, likewise for S,, and Y refers to all
“joint” operators, acting on both systems together.

As an example one can consider a pair of qubit systems,
one containing n; spins {t;}, and the other n, spin-1/2
degrees of freedom {0 ;}, with the total number of spins being
N = n; + n,. We then have

(e7) (o)

<Tfyf2ﬁ> <°'1 ‘72/3
X, = <tf‘r3’3> ;X = o} 03’3 (108)
[ty 73) of0yo3)

for the supervectors of Sy and S, respectively; the supervector
Y on the other hand has the entries
I
(z/'oF)
12
(tf'o5)

[~
Il

(109)

(' ryot)

(tf'otal)

The number of components of these different vectors are then
given by
dy, =2"" —1, dx, =2""—1,
dy = 27" =12 = 1),
dx,1x, = dy =2°N — 1, (110)

where N = (n; + ny). Let us now take the Laplace transform
of §(1), defined as before by

£(2) =/ dre (1. (111)
0

The equations of motion can then be written in the following
form:

§(2) = G(2)5(0), (112)

where & (0) is the initial value of § and G(z) is a matrix, whose
inverse has the following block structure:

g (@) —Vim 0
GO '=-Vmr  gn@-Vum  —Var |
0 —Vaum g '(2)

(113)

where the “mixed” propagator g in the middle matrix ele-
ment My r is given by

gu@ = g'@h+g '@ —z[ L.

In these equations X‘,- (z) = gj(2)X(0) is the solution to
the equations of motion for the individual system j (with
J =1,2) in the absence of any coupling between them; I;
is the identity acting on system j, and the interaction matrix
V has the form, in the same dy-dimensional space,

0 Vi 0
V=|VYrr  Vam Van
0 Vapq 0

(114)

(115)

The elements of the submatrices of V can be obtained as
needed by reading them off from the equations of motion (for
which of course we require a specific Hamiltonian).

In general the G(z) will have poles at z = i(w, — wy,)
for all n, m where w, is the nth energy eigenvalue of the
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Hamiltonian. The pole at z =0 will be of at least order
2m~=" — 1, with larger orders occurring when the system has
degenerate energy levels.

When the systems are large it does not make sense to
be enumerating all the poles and their residues. Instead we
simply define a spectral function which gives us the density
of the poles along the imaginary axis; we write

A(w) = %[G(l’a)—i—e)—({}(iw—e)], (116)

where we choose € to be small but still larger than the typical
separation between poles. For sufficiently large systems the
poles will become so close that we can treat them as defining
a branch cut along the imaginary axis, with magnitude A (w).

2. Perturbation expansions

Suppose we have solved the full hierarchy in some specific
case, and we add a small term to the Hamiltonian—this
could be, e.g., to each of the bath spin local fields, or to the
interaction between the central systems and the bath spins.
The question is how a perturbation theory will be structured.

We do not give a full treatment here, since it is rather
messy. The simplest case is the one in which we treat the
interaction term V as a perturbation. We can then write an
equation for the full Green function G(z) as an expansion
about the V = 0 Green function G (z), where in this case one
has

g1(2) 0 0
Gy2)=| 0 gmk O (117)
0 0 2(z)

A Dyson series for G(z) may then be obtained in through
the usual manipulations,

@ =[G'@-V]" (118)
= Gy(2) Y_[VG, ()", (119)
n=0
where the matrix being raised to the nth power is just
0 Vimgm(z) 0
VGy(z) = | Vaugi(2) Vrmem(z) Vg (z) (120)

0 Vormgm(z) 0

Note that care needs to be taken when this expansion is
performed near the high-order poles of G(z), to ensure that
the corrections are still small.

VI. SUMMARY

The results in this paper have been rather formal. Our main
goal was to derive a closed set of equations of motion for
the partitioned density matrices, and find coupled equations of
motion for all the different correlation functions that exist for
the system. This we have done, for the case of nonrelativistic
N-body quantum systems with distinguishable degrees of
freedom.

Application to the particular case of interacting qubits
brings out a number of interesting features. We see that
the use of the entanglement correlators is in many ways

a more transparent way of characterizing multipartite en-
tanglement than the entanglement measures that have been
discussed in the literature. When things are rewritten in terms
of supervectors of entanglement correlators, one finds that the
resulting matrix equations of motion involve sparse matrices,
making them practically useful.

The application to real physical systems requires solutions
to the equations of motion. As always, such solutions require
approximation techniques; in the paper we simply sketched
how perturbation expansions work, leaving aside the main
approximation techniques for future papers, since they need
to be developed for specific models.

As already noted in the Introduction, we wanted in this
work to understand how multipartite entanglement and its
dynamics can be formulated for N-body systems, including
quantum information processing systems, without getting lost
in entanglement measures. Our results can be applied immedi-
ately to treat the dynamics of spin systems, and elsewhere we
have done this for the quantum Ising model [19]. The results
can also be applied directly to a variety of quantum magnetic
systems, to spins in semiconductors, and to ions interacting in
ion traps.

However the most interesting application may be to the
dynamics of both entanglement and decoherence in systems
coupled to an environment. A key goal of future work will
be to analyze such problems. One very useful model in this
regard is the “central spin” model [21], in which a qubit
couples to a spin bath, and generalizations of it in which the
central system comprises many qubits, or is some other sort
of central system. The work done here can be adapted very
simply to these models.

Another useful model is the “spin-boson” model [32],
where a central qubit couples to an oscillator bath (with
analogous generalizations to other kinds of central systems).
To deal with models like this we need to adapt the work done
here to systems of indistinguishable degrees of freedom.

Finally, one can generalize this work to relativistic quan-
tum fields (which of course involves indistinguishable field
excitations). A scheme for this has been developed recently
[22], and applied to the problem of soft photon and soft
graviton emission in linearized quantum gravity, where it is
relevant to the black-hole information problem, and to infor-
mation loss during scattering processes between interacting
quantum fields.
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APPENDIX A: PROPERTIES OF ENTANGLEMENT
DENSITY MATRICES

We In this appendix we prove two properties of the en-
tanglement density matrices that were quoted without proof
in Sec. IIC. We use the same notation as that defined in this
section.
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1. Proof of Eq. (23)

We wish here to prove the result given in Eq. (22) [or,
equivalently Eq. (23)] for the entanglement correlated density
matrices. We do this by induction. The n = 2 case comes from
tracing out all of S except i and j from the equation for the
density matrix (3), so that

pij = Bibj + B = P = bij — Pibj (A1)
as required. Now we make the inductive assumption that for
all k < n and B, C A, we have

k
P =2 0& 3 foe, [T 2
m=2

Cn S8y JEBN\Cn
Dk =D T 5 (A2)
Jj€By
Substituting Eq. (A2) into

n—1

pa =[] mi+05+>. >

JjE€A k=2 CkSA,

[T 2 )06 &3
Jj€ANCk
then gives an expression of the form
n—1

PG, =pa+y D E&pr [ Ai+&[]A b

=2 F,CA, icA\F, iAy

This is because terms in (A3) contain one ,55 multiplied by
the single cell reduced density matrices for the rest of the cells,
and terms in (A2) contain one reduced density matrix over a
larger set multiplied by single cell reduced density matrices,
and all subsets of the same size appear symmetrically in (A3)
and (A2). Thus the final expression is a sum over terms which
are the product of a single reduced density matrix over a set
Fe € A, multiplied by single cell reduced density matrices
with a coefficient depending only on the size £ of the set 7.
Now we need to find & and &.

To find & we note that every By 2 Fy (By C A,) gives a
contribution —(—1)*~¢ to &, so there are "~¢C;_, such B;’s
for a given k; thus the coefficient is

n—1 n—{—1
Eo=—Y (DTG == ) (=DP(TIC))

k=t p=0
n—~{

== (=DPCTCH + (=1 C)
p=0

= (=" (AS5)

as required.

To find &) we note that there is a contribution —1 from the
first term in Eq. (A3) as well as a contribution (—Dfk = 1)
from every B; with n — 1 > k > 2. There are "C; different
Bys for each k, so that

n—1

Eo=—14) (=D k= 1)("Cy)

k=2
= (=" m-1 (A6)

as required; this completes the proof.

2. Proof that any partial trace of ﬁf‘ﬂ is zero

In the main text we took the result in Eq. (10) to be a
defining property of the partial trace. However, one can also
derive the result explicitly from expression (23). We now show
this.

Let us begin with (23) of the main text, viz.,

n

wpg, =Y =0 Y uwlpe, [] 2

m=2 CnCA, J€ANCH
—(='m=1) [] 5 (A7)
jeAu\i

with the notation as before.
We start by noting that

wloe, [T 5=

e, [ieanine, Pi- it € Cn

JEANCs pe,i ljeanc, Pi 1 € Cu
(A8)
It then follows that we can write
n
20yl pe, [T 5
m=2 CuCAs | J€ANCn
= Y wp(=1"" [
e A\i ! jeANi ¢
n—2
+D D Vule,pi =) [ A
m=2 C, <(A,\i) JE(AND\Cn
=2, 0 [T 4
LeA,\i jeANi}
== [T 2 (A9)
jeANi}
so that
-C -2 = 5
wpg, =@ =D I 5= 0'e=1 T 2
jeAN} jeA\i
=0, (A10)

which is the result we wanted.

APPENDIX B: DERIVATION OF EQUATIONS
OF MOTION HIERARCHIES

In the main text we simply quoted the results for the
equations of motion, for both a general multipartite system,
and also for an N-qubit system. Here we give the derivations
of these results.

1. Equation of motion for N-partite system

Write begin by writing the Hamiltonian as a “free” single-
system part, plus a pairwise interaction term, viz.,

1
H=H'+H =) H;’+§ZHi_’, . (B1)
j i
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The equation of motion is then

% idps = [Hopsl=) | H.|[]5 |05
ACS JEA

B = Z H; P+ Z u ’ 1_[ pj | %

FIG. 9. The different classes of interaction involving A. In (i) jes 7&’65 jgA
we have interactions entirely between cells inside A, in (ii) we have (B2)
interactions between cells inside A and cells outside, and in (ii) the for the part of the above containing the noninteracting part
interactions are entirely between cells outside .A. The interactions are of the Hamiltonian each j is either in A or not A, for the
denoted by the wavy line. interacting part there are three possible situations (see Fig. 9):
Both i, j € A, only one of i or j in A, and both i, j ¢ A. We
can split the sums up accordingly; one has

AN AR LA R AR

A JEA ASS | jeA igA jEA i¢AUL))
+ 2 % | TTe+ S X 500 50 TT o
jeAieA\{j} k¢ A jeAigA k¢ AUL}
+05). D [ ,,,p,p,] [T A (B3)
JjeAigAU{j k¢ AU{i, j}
Now we trace out a set C of cells. This gives
¢ Do TTn| - STl T+ et o] 1
i¢A jeA i¢gA j¢A i¢ AU{j}
IR LES BN I
A jedicA\lj kA A jed igA kg AU
DRI [ done| T1 B4)
JjEAig AU kg AU(i, j}

Let us simplify each term in the above equation separately.
(1) First consider the terms involving H}: 0.
(a) Consider the first sum in Eq. (B4) viz.,

EINLRANNLE (BS)

jeA i¢A

(i) The terms are trivially zero when the overlap C N A # @ or {j}.
(ii) If the overlap contains exactly one cell C N A = {j}, then we have the following identity:

tr[HO IZ)A] (Ho)mn ('Ef\)nﬂj:l - (H]O)nm (pﬁ)rnr:[rfw =0,

where M is an index on the Hilbert space of states on the set of cells .A\{j} and m, n are indices on the Hilbert space at j,
and repeated indices are summed so (PMM = 3", (mM|(pDYM |nM).
We see therefore that only terms with no overlap C N A = & contribute to the first sum in Eq. (B4):

SeX i lla= X SEaella= ¥ S I a0 @

ACS T jeA i¢gA AC(S\C) jeA i¢gA ACS\C jeA i€S\(AUC)

(b) Consider now the second sum in (B4), viz.,
N
_C 0 = —
wi Y [105) T1 o
jgA ig AU(j}
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The terms are zero when A N C # & and when j € C, so that

puea ol 11 = 2. 7 2 (o) |1 7

AcS igA JEAUG AS(S\0) ;¢<Auc> 1¢AU 1)
Z Z H ] 1_[ Pi
AS(S\C) j¢(AUC) ieS\(AUCU(j})
~C 0 = _
> 2 ealE) ] T A (B7)
AC(S\C) jeA ieS\(AUC)

The last line here requires a bit of thought; it reflects the fact that summing over all possible A C (S\C), then over j €
(S\(C U A), is equivalent to summing over all possible A C (S\C) and all possible j in A.
(2) Now consider the terms involving the interaction Hamiltonian Hi;..

(a) Consider first the third sum in Eq. (B4), viz.,

Y2 tr[ z,,pﬁ}]_[ﬁk, (BS)
A jedicA\lj} kg A

which contains all the terms where cells inside A are interacting with each other, i.e., case (i) in Fig. 9.
(i) If the intersection C N A contains cells other than i or j, then

tr zHli, _ﬁ 1_[,5]( =0
dkga
(ii) If the intersection C N A = {i, j} then
= -
| SH 25 | [Tac=0.
L kg

so that there are only nonzero terms in the sum when the intersection A N C contains exactly one or zero elements.
(iii) If the intersection is one of C N A = {i} or {j} then

I5C _
tCI: ’J7 ’O-Ai|1_[pk 101<|: Hl/’ j|> 1_[ Pk
k¢A k¢(AUC)

which is not necessarily zero.
(iv) When both i, j are in A\C then

_C _
tc|: ,j, PA]HPk |: ,j’ ij| 1_[ Pk
k¢ A k¢(AUC)

Thus there only two kinds of term in the sum (B8) that matter. The first are those where both i, j & C and C N A. The
second are those where only one of i or j arein C (say i € C) and ANC = {i}. Thus

YX ¥ [paiella= X 5 % lpu o] [Tac X Sl os]TTo

A jeAdieA\{j k¢ A AC(S\C) jeAicA\{j k¢ A ACS jeA k¢ A
ANC = {j}
1 =C C —
- Ly [ TTar ¥ SE0 sl [T 4
AC(S\C) jeAieA\{j k¢ AUC AC(S\C) ieC jeA k¢ AUC

(B9)
(b) The fourth sum in Eq. (B4), viz.,

ZZ“Z[ ,]’Pﬁﬁi} [T A (B10)

A jed i¢A k¢ AUL}

is a sum over terms involving interactions between j in A and i not in A [i.e., terms like (ii) in Fig. 9].
(i) When neither i nor j are in C, then

1 _ _
tc|: ,],,0,4,01:| l_[ Pk = |: l,,Pflpi:| 1_[ Pk -

k¢ AU{i} k¢(AUCU{i})
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(ii) When there is an overlap .4 U C which contains an element other than j, then
1
tr [ iy pApz} [] ac=o.
k¢ AU
(iii) When i isin C and A NC = &, then
1 _ _
tc[ i pAp,} [] A= [ ~tr(H}; i), pi} [T »
k¢ AU k¢(AUCU{i})
(iv) When j is in C but i is not, then
1 _ _
tr [ ,,, ;OAPz:I l_[ Pk = [ ,,, /Ofuoi:l l_[ Pk-
k¢ AU k¢(AUCULi})

(v) Ifi and j are in C, then

1
tc[ ,J,pApz} ]_[ o = 0.

k¢ AU{i}
Thus the sum (B10) is
I =C .
Sy ey |3 o5a | T1 o
A jeA i¢A kg AUt}
- L 2% [adia] [ a+ T X[t ] ]
AC(S\C) jeAig(AUC) k¢ (AUCU(i}) AC(S\C) jeA ieC k¢ (AUC)

+ ) Ztr[ H,,,pﬁﬁ,} [T & (B11)

ACS i¢(AUC) k¢ (AUCULi})
ANC = {j}
~C = C _
- L T ¥ [ee] T s+ & S5 [jemn) ] 11
AC(S\C) jeA ig(AUC) k¢ (AUCU(i}) AC(S\C) jeA ieC k¢ (AUC)

+ ) ZU[ HY, pSu /3} [T » (B12)

AC(S\C) jeC kg (AUCULi})
(c) The fifth sum in Eq. (B4), viz.,
ZtrpA > D [ e pm,} [T & (B13)
jeAi¢g AU{j k¢ AU{i, j}

is a sum over the interactions shown in Fig. 9 (iii), where both i and j are not in C. Then
(i) When i, j € C, we have

1
_C
tcrpA[z iy p]pl} [[ a=o0
k¢ AULi, j}
(i) When ANC # @, we have
_ 1
tcrpA[ iy :0])01:| [ a=o.
k¢ AU{i, j}
(iii) When one of i and j (say i) is in C and the other is not, then (and AN C = &)
1
tcrﬁﬁ[z i p,pz] [ A= [ tr(H’pz) } [T &
k¢ AU, j} k¢(AU{}UC)
(iv) When nether i nor j are in C and AN C = &, we have

1
_C _ _
tcrpA[Z iy p,p,} [T A —pA[ H, pjpi] [T &

k¢ AU, j} kg AUti, j1UC
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Thus the sum (B13) is given by

2mzz[wmﬂjmzzzqu mkﬂwk

JEA ¢ AU(j kg AUL, j} ACC ieC j¢AUC
+zzzquminm.@m
ACC ieC jeA\{i} k¢ AU{i, jUC

Thus finally, inserting Eqs. (B6), (B7), (B9), (B12), and (B14) into (B4), we have

wlH psl= Y 1D [H).25] ] m+as Y [H.a] [1 &

AcS\C | jea ieS\(AUC) ieS\(AUC) jeS\(AUCU(i})
1 C =
+Z Z[ "’pA"] H ,01<+ZZU‘, Hyj o] H Px
jeAicA\{j keS\(AUC) ieC jeA keS\(AUC)

I = —
oy, Heal T G 2lueHga).al T #
keS\(AUC) 1€S\(AUCUL}) jeS\(AUCu[k,l]) keS\(AUC) leC jeS\(AUCU{k})

+3 > Hesal 1 a+Yy. Y wlHL sl Tl 5
jeA keS\(AUC) ieS\(AUCULk}) 1eC keS\(AUC) JES\(AUCU{k})
I = =C ~
+y > wlHjapq] [ aig (B15)
leC ke A JES\(AUC)

Comparing this with Eq. (B3), we see that all of those terms above which do not contain an explicit trace can be collected
to give [Hs\c, ps\cl, with

1
Hse= ) H;Mr5 > H) (B16)
jes\C JeS\CUih
so that
i0,ps\c = [Hs\c, ps\c] +TT (B17)

The extra “trace term” TT is

TT=iy wi > > ([Hip%)e+[His pSon] + [His pileCoupon + [Hi s piloCaane)  [1 At B18)

leC AC(S\C) ieA JES\ON\A
C -
SOICI DI AD SR ) (®19
leC ieS\C ASS\OU{}  je((S\OUIH\A
=i | Y Hi psoun |- (B20)
leC | ieS\C

Thus, finally, we have the result

i0ips\c = [Hs\c. ps\cl+i Y | Y Hij. ps\ou |- (B21)
leC | ieS\C

If we now relabel the set (S\C) — A, we get the result (63) in the text.

2. Equation of motion for N-qubit system

We now want to derive the equations of motion (67) for N qubits. The Hamiltonian is

H= Z —h; - ol+ZZ ~vlal'o?, (B22)

i=1 j<i

which we write as H = Hy + Hy.
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‘We wish to calculate
dt<]_[a"’> =—i( | H. []o}" |)- (B23)
jeC jeC
‘We thus need the commutators
) 1 ) ) ) )
H [Tol | = > Shilot o] [] o/ =i e hio) T] o} (B24)
jec ieC JeC\{i} ieC JjeC\{i}
and
e [Te | = S 4ol [T | (B25)
jeC i=1 k<i jeC

The commutator on the right of the previous expression is nonzero when either one of i, k or both i and k are in C. Consider
the case when i is in C but k is not; then we have

“of, l—[aj/.” = 2i8“"““"oiv"of l—[ O';L/. (B26)

jeC jeC\i

On the other hand if both i and & are in C, then we have
ag]{;, 1—[(7;” _ G Gk ’ 0 Gk 1_[ U/L, _ Sulav,aﬂkﬁg”/ + 8141(/3140‘48#/ 1_[ g}”, (B27)
jeC JjeC\{i .k} JjeC\{i .k}
Putting Eqgs. (B26) and (B26) into the equation of motion for the correlator (B23) one gets the hierarchy of equations of motion,

%<H0iﬂi>:Zgﬂiavh?<oi" 1_[ JJ/"‘./'>+ZZEM’&VV[%)»<UZLJ[V 1_[ >+Z Z {;‘M’D“)V < l_[ U]itk>’

ieA ieA JjeA\(i} icA (¢gA JjeA\(i} ieA jeA\{i} ke A\{i,j}

which is the hierarchy of equations of motion for the spin correlators that we wished to derive [cf. Eq. (67)].

APPENDIX C: MATRIX PROPAGATOR FOR TWO-SPIN SYSTEM

In the main text we worked out explicitly the equation of motion for the entanglement correlators of a simple two-spin system,
with the Hamiltonian

= 3[A1TY + Aot 4 wT707] (C1)

and eigenvalues €1, €, [compare Eq. (93) ef seq.].
Here we write out explicitly the propagators which appear in the block matrix G(z) [the result for G(¢) then being given by
Fourier transformation]. We have

@ w’z 4 w’z —i—(l w* )1 .
g11(z) = - e
2w30 (Zz + a)go) 2w (Z2 + 6031) w3 ) 2

2 2 2 An An
z wyy — A w? —AN\ . 2z
+ {( 0 1y X >(yy+zz)—2w2( zyyz + = 2)}
26()30(()21 -+ (2213 Z + 0)20 -+ (2213 -+ wy

92-2p oty @3
[w21 (A1 + Az) — w30(A) — A2)]— [@21 (A1 — A2) + w30(A1 + A)]—5 . (CD)
4wszpwao +tow 22 + w3,
ga(0) = 2] 201000 zer( ] 1 g21(2) (©3)
122) = XXy =55 T —(— - = 821(2),
w3032 2 ‘030(22 + a)%o) w21 (Zz + w%l)
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for the “small” matrix propagators, and

Mw(2092842, 95 + [22 4+ A} — A3+ ?|218, 95 — [22 4+ AT + A + 0?87 9u2p — 22[22 — A + A + ?279, 9p)

g{‘puﬁ = 2 2 2 2
Z(Z +‘“21)(Z +“)30)
AR, Pp + 2P RuEp + A1 AEHR, Pp + 20124 R 2
, c4
e 20?2+ A2+ AY) ©
g1 s = —RM 280 + [(22 + A2) (22 + A3) + 220?] 2 (22 + AT+ D) R459R, 95 + Ao (2? + AT)[R429R, 95 — 2" 5UR.24]

1
Z
+z( 4+ AD)R12%, 25 + 2(2 4+ A3 + ) FFRU Dk + A1 (2 4 A)[ZHRPukp — IRV Rp]

2

2528} + (2 + k) (2 wgo)‘l{(zz + AT+ A] + 0?) [(z + %)(y“ymyﬁ +2292,25)

A

+Z(9“2a9v2ﬁ + 2“5’”%5’,3)] + AZ(ZZ - A% + A% + a)z)[yuzayvf}ﬁ - )A)M)A]ayvzﬁ + 2#2012”)’}/3 - Zuj\)azvzﬂ]

+ A (27 + AT — AF + ) [2F5 D P + 212 Duts — M 95D — $M22,26]
A1A2 2 INTapUads o INTRNC PN TR Z PN TN P
+ZT(Z + )9 202 — 2125 Ipl + 22 A1 As[972% 2, I — 27 9% D0 2p] (63

for the “large” matrix propagators. In these equations %, $, and Z are unit Cartesian vectors, and Z should not be confused with

the complex frequency z.

Formulas for g5, g, and g;,, can be obtained from the expressions for gi;, g, and g;,, if we make the replacements
Ay — Aj and A, — Aj and adjust the tensor indices accordingly (u — o, v — B, @ — 1, B — v). g,1(z) and g,»(z) can
be obtained from g, ,, 8>, using the identities g,(z) = ngp(—z) and g,(z) = ngp(—z) (we have obtained these identities by

examining the full solution).
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