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Abstract: Quantum Computation, in the gate array version, uses logical gates adopting convenient
forms for computational algorithms based on those of classical computation. There, two-level
quantum systems are the basic elements connecting the binary nature of classical computation
with the settlement of quantum processing. Despite, their design depends on specific quantum
systems and physical interactions involved, exacerbating the dynamics analysis. Predictable and
controllable manipulation should be addressed to control the quantum states, but resources are
restricted to limitations imposed by the physical settlement. This work presents a formalism to
decompose the quantum information dynamics in SU(22?) for 2d-partite two-level systems into
2241 §11(2) quantum subsystems. Decomposition lets to set control procedures, to generate large
entangled states and to design specialized dedicated quantum gates. There, easy and traditional
operations proposed by quantum computation are recovered for more complex and large systems.
Alternating the parameters of local and non-local interactions, the procedure states a universal
exchange semantics on the generalized Bell states basis. It could be understood as a momentary
splitting of the 2d information channels into 229! pairs of 2 level quantum information subsystems
and a settlement of the quantum information manipulation free of the imposed restrictions by the
underlying physical system.
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1. Introduction

Quantum Information is generating new applications and tentative future technologies as
Quantum Computation [1-3] and Quantum Cryptography [4,5] based on disruptive phenomena.
In this arena, understanding of quantum information dynamics and control of quantum systems is a
compulsory development to manage the quantum resources involved. Applications require a tight
control of resources and interactions, in particular those related with coherence and entanglement,
which are fundamental in the most of applications. Thus, Quantum Control has developed fine
management of physical variables to prepare, maintain and transform quantum states in order to
exploit them for concrete purposes. The outstanding high-tech commercial appliances as D-Wave and
IBM-Q use qubits in the form of two-level systems, whatever superconducting circuits or ions as well
as several approaches to their interconnecting architecture.

For multipartite systems, research in control is oriented to achieve different goals involved in
quantum applications. The most of them are numerical approaches more than analytical due to
the inherited complexity in the quantum information dynamics when the number of parts grows.
For a single system with a two-level spectrum, the control problem has been extensively studied in
terms of exact optimal control for energy or time cost [6,7]. Recently, research for the anisotropic
Heisenberg-Ising model for bipartite systems in SU(4) [8] has shown how this model exhibits SU(2)
block decomposition when it is written in the non-local basis of Bell states instead of the traditional
computational basis. It means that 2 becomes a direct sum of two subspaces, each one generated
by a pair of Bell states, while U underlies in the semi-direct product U(1) x SU(2)2. Thus, control
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can be reduced to two SU(2) control problems in each block and exact solutions for some control
procedures can be found [9,10]. There, controlled blocks can be selected by the direction of external
driven interactions introduced. That scheme lets controlled transformations between Bell states on
demand and therefore on general states. Thus, the procedure sets a method of control to manipulate
quantum information on magnetic systems where computational grammar is based on Bell states
instead of traditional computational basis, letting an easier programmed transformation among any
pair of elements in that basis. This result become an inspiration to reproduce similar decomposition
schemes for larger systems in terms of simpler problems based on quasi-isolated two-level subsystems,
stating easier and universal (not necessarily optimal) controlled manipulation procedures for quantum
information. Technology to set up the possible architecture of these generic systems is being currently
achieved through trapped-ion qubits [11] and superconducting qubits [12].

Thus, the generalization of SU(2) block decomposition is a formalism to express the dynamics
in a convenient basis revealing certain quantum information states algebraically free of the most
of complexity introduced by the entangling operations (which does few convenient the use of
computational basis based on eigenstates from single systems before the entangling interactions)
but still conserving their entangled properties. It reveals how the probability exchange happens
together with the structure of entanglement behind of randomness introduced by the complexity
for large quantum information systems. Still, as for their predecessor, those basis maintain certain
degree of universality including several alternative local and non-local interactions, which as for their
SU(4) predecessor, when they are combined state a series of punctual operations able to set: a) fine
control based on well known SU(2) control procedures, b) construction of universal gates for the entire
process based on two-channel like operations, and c) design of more complex dedicated multi-channel
gates by factorization.

The general aim of this paper is demonstrate that such decomposition and reduction is achievable
for large qubit systems more than those in [8,10]. The second section states the general Hamiltonian to
be analyzed. The third section shows how the SU(2) decomposition procedure can be generalized
on a general n-partite two-level systems (not only for the driven Heisenberg-Ising interactions),
reducing them to 2"~ selectable transformations between pairs of specific quantum states. Then, these
transformations could be based on known control schemes for SU(2) systems as those in [6,7]. The
selection of these 2! pairs of states has room to be settled on convenience of the quantum process
being considered and the resources involved. Thus, the basis on which the decomposition can be
established works as a computational grammar for the quantum procedures being attained. These
basis are not completely arbitrary, thus, the fourth section shows how a kind of Bell basis generalization
is able to generate the SU(2) decomposition for an even number of parts, n = 2d. Then, the fifth
section is devoted to analyze the restrictions on the Hamiltonian to get the SU(2) decomposition, the
inherited states and the block properties. This analysis includes a classification of interactions able to
generate the SU(2) decomposition. Due to the procedure being presented could reproduce complex
quantum gates, generate large entangled states and introduce control procedures in SU(2%¢) when
the grammar is based on the proposed generalized Bell states, the sixth section analyzes potential
applications in these trends. The final section concludes summarizing the findings and settling the
related future work to be developed.

2. Generalized Hamiltonian

The problem can be established for a general Hamiltonian for n coupled two-level systems on
U(2") conforming a closed system. It can be written as a general combination of tensor products of
Pauli matrices for each subsystem:

4

n n_1 n
H=} hi, Qo= ) hyy Qozy, )
{ir} k=1 I=0 k=1
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where {iy} = {i1,ip,...,in}, ix = 0,1,2,3 and h{ik} is a set of time dependent real functions in
general. Sometimes, as in the second expression in (1), {ix} will be represented as the number
T €{0,1,...,4" — 1} as it is expressed in base-4 with n digits, 7. Then, Ii’,k =i fork=1,2,...,n
oy, for iy = 0,1,2,3 are the traditional Pauli matrices in the computational basis |0), |1) € H? for each
part k. Note that due to SU(2) algebra of Pauli matrices, this Hamiltonian comprises all analytical
Hamiltonians based on two-level systems with n parts. The Hamiltonian obeys the Schrodinger
equation for its associated evolution operator U:

AU = ih— ()

Despite hyg oy is not necessarily zero, if {E; [j = 1,...,2"} are the eigenvalues of H and £ =

2]211 Ej = 2"hy,. oy, then defining:

H=H-hy, 0 Qo U= et o--00" ®)

these operators become the equivalent traceless Hamiltonian and its corresponding evolution operator
with eigenvalues E; = E]- — hyo,... 0y, both fulfilling (2) too. H and H have the same set of eigenvectors
{|b;) € H*'|j =1,...,2"}. Thus, the Hamiltonian can be written alternatively as H = ijll E; |b;j) (bj]-
Thus, in the following, the Hamiltonian could be assumed traceless without lost of generality. Note
while U € U(2"), then U € SU(2"). In the further development only H and U symbols will be used as
equivalent to H and U. H can be split in two parts, the local Hj and the non-local H,,; interactions:

n 3 n
Hi= 3} ) higeryy @ 0(geryy — H = Hy + Hy )
k=1i=1 s=1 !

where (i45~1)" is the number i4*~! represented in base-4 with n digits and (i4~1) _is its s term in
that base.
3. SU(2) decomposition generalities

The SU(2) decomposition procedure, as it was found in [8], can be induced by considering a
set of 2" orthogonal states: {|a;)} and 2"~ pairs {j(i),k(i)},i = 1,2,..,2" 1 with k(i) = j(i) +1 €
{2,4, ...,2"} related with the eigenvalues through a mixing matrix, in such way that they fulfill:

|boi—1) = A;

"‘k(i)> - ‘”‘j(i)> = A} |byi_1) — Bie ™ |by;)

”‘k(i)> - ‘“k(i)> = B} |byi—1) + Aie ™ |by) ®)

“j<i>> +Bi
|by) = —Bfe'? ’Xj(i)> +Afe?

with: |A;|> + |B;|> = 1, where last relations are clearly true because orthogonality (note that energies
E; become ordered as the states are paired). States {‘(x]->} are then defined by the A;, B; selection. Each
pair sets one of the orthogonal subspaces:

on—1

HF = span({[byi 1), [b2)}) = span({‘txj(i)> , "‘k(z’)>}) —HY = D H ©®)
i=1

d0i:10.20944/preprints201806.0034.v1
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There are lots of possibilities for this selection, but not necessarily all practical basis fit in this
construction. In particular, separability or entanglement properties are not necessarily assured for
{|a;)} as in [8]. Clearly, because these states are assumed unitary, then A; = <b2i|txk(i)> e =

<b2i,1|0cj(i)> ,B; = <b2i,1|zxk(i)> = - <b2i|0¢]‘(1‘)> ¢'?. By applying H on (5) and considering that
|b;) has the eigenvalue E;, it is possible arrive to the following expressions:

(|Ai|*Ezi1 + | Bi|*Ea:)

D‘j(i)> + A Bi(Ezi—1 — Ep;)

(i)
(X"(")> + (|Ai*Egi + |Bi[Ei1) ‘lxk(i)> @)

H )“]’(i>>
H ‘ock(,»)> = AiBi(Ezi-1— Ex)

which gives the Hamiltonian components in this basis:

<“j(i) |H|‘Xj(i)> = |Ai|*Eyi_1 + |Bi|*Ey
<"‘k(i) |H|“k(z’)> = |Ai*Egi + |Bi|*Ei1
<D‘j(i)|H|"‘k(z’)> = A;Bi(Ezi-1— E) ®)

which can be alternatively obtained from (5). Note that phase ¢ is non-physical. This basis
transformation changes the diagonal structure for the basis {|b;)} into a 2 x 2 diagonal block structure
for the basis {|a;)}. For simplicity, we define the following quantities:

A= T’Al.eWAi, B; = I’BiEWBi
AF = A (Ey £ Ey
i Zh( 2i 2171)

1

Ti=va,— 78 )

then, each 2 x 2 block in H, labeled as Sg;, can be written in matrix form as:

S - Af = (ra?—rg2)A; —2r 4, rp,A; €'l
Hi — —2rprpA; e i Af + (ra?—rp2)A;
= A;'_Hl' —2rp, 1B, cos riX; + 2ra,rBA; sin r;Y;, — (T’Aiz — rBiz)Ai_Zi (10)
= AlﬂL‘ + SH? (11)

where despite r Aiz + T’Bi2 =1, we use both terms 7 4, and rp, for the symmetry. In addition, I;, X;, Y;
and Z; are respectively the 2 x 2 unitary matrix and the Pauli matrices settled for the block Syy;. Thus,
H can be written as a sum of operators acting on the different subspaces H? or as the following direct
sum structure of 2"~! 2 x 2 block-diagonal matrices:

Syl o |...] o
2! 0 |Suy|... 0
H = QSui= : -l . (12)
i=1 : : . :
0 0 e SHzn—l

with 0, the 2 X 2 zero matrix. Because this structure is preserved under matrix products, it is
inherited by the evolution matrix U. In particular, if Hamiltonian (1) is not time dependent, then

u= ijil e HEf |bj) (bj|. Thus, when the basis is changed:
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Sui = e #E1t |by ) (byiq| + e 752t by (byy| =
= it <(eiAit —2irgsin A7 t) |a;(i)) (a;(i)| +
2ira,rp, sin Ay #(e [ (1)) (e ()] + e g (i) (e (7)) +
(e7Ait 4 2irp,% sin A7) e (i) (o ()] ) (13)
similarly, in matrix form or in terms of I;, X;, Y; and Z;:
Su, o—idit [ cos A+ i(”A,'z‘ —rp2)sin At 2irp,rpelisin A7t
! 2irprpe Tisin ATt cos At —i(ra? —rp?)sinA;t
g iAT < cos A; tl; + 2ir . rp, cos T sin A tX; —
2ir 4,rp, sinT;sin A; Y +i(ra,* — rp,?) sin Ai_tZi> (14)

note that the election of I'; lets simplify last expression to contain only one operator between X; and Y;
(as in [8,9]). This property is useful for the optimal control in each block based on the prescriptions in
[6]. Then, similarly as H:

Sui | o [...] o
2! 0 |Sus| ... 0
u = @Sui= . - . (15)
i=1 : : . :
0 0 e SU2n71

where in general for the time-dependent Hamiltonian:

Sui = t{ehhSuary = i trfek fiSulgyy (16)

being 7, the time ordered integral. It implies that U is an element in the semi-direct product
1,1(1)2’171_1 X 51,1(2)27171 C SU(2") (due to any factor phase il depends on the remaining phase
factors through £). In the following, informally, we will call to this factorization as the SU(2)
decomposition (in reality, each block has the form U(1) x SU(2)), due to the block structure. As
a consequence, Hilbert space 7" becomes the direct sum of 2"~! subspaces generated by each pair
{‘“]‘(z’>> :
probabilities among subspaces remain unmixed while there are not an rearrangement in the pairing
between {|b;)} and {|a;)} (clearly, in this rearrangement the basis {|a;)} could change). Thus, if
[po) = 212:11 |tho;) is the initial state with |¢;) = Yoi ji) tx]-(i)> + Poi k(i) ""k(i)>r then its evolved
component in the subspace i = 1,2, ..., 2"~ fulfills || ;) | = [Su? |o;) || = | [Po;) |-

Finally, note that SU(2) decomposition is not the only available, despite it is the most valuable for
the binary inheritance from the classical computation. In fact, other decompositions involving bigger
subgroups are possible whether using bigger systems than two-level ones and/or simply involving
more than two eigenvectors in (5). Inclusively, a mixed sized blocks structure can be realized.

Oék(i)>}, i =1,2,...,2"1 In each subspace, the dynamics mixes the probabilities, but
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4. GBS: a non-local basis fitting in {|o¢j>}

Non-local basis are been used as theoretical resource to show explicitly how evolution [13] and
measurement [14] could generate entangled states. In [8] was shown that Heisenberg-Ising model
including driven magnetic fields in a fix direction lets to generate the block structure depicted there
for the traditional Bell basis. Thus, the Bell basis for two-level bipartite systems has shown fit in the
U(1) x SU(2)? decomposition of SU(4). Despite the added complexity to manage non-local states,
recent work goes in that direction, the control of entangled states [15]. This basis works as a universal
basis for the Heisenberg-Ising interaction including an external magnetic field in any specific direction
on a couple of qubits [8-10]. This model includes other interactions models as XXX [16] , XY [17]
and XXZ [18]. In the current development, the most obvious guess is the Generalized Bell States
(GBS) basis for n = 2d presented in [19] as tensor products of Bell states. In the next sections some
further useful formulas are obtained to show then how GBS basis fits in SU(2) decomposition for
larger systems than bipartite ones.

4.1. GBS basis and Hamiltonian components

For n = 2d, GBS basis [19] forms an orthogonal basis of partial entangled states for 24 particles.
Each element in such basis can be written in a brief way as:

‘TIZ> = ®\[ Z (T3 )es o, [€50s) 17)

€5,05=
= —= ), (0,®...QF)eycpsr..o0€1---€1) @[01...84) (18)
d 1 d/€1---€4,01---04
\E{ej},{ak}
1 291 p ;
= = L (63, ® ... @) ga.0 |E8) @ [ D) (19)
E,D=0

where {ej} = {e1,...,eq}, {6} = {01,- ..,§d};€j,(5k = 0,1. At this point, 7; can be considered as
proportional unitaries to the traditional Pauli matrices [19]. In addition, ZJ is a brief expression of
{i1,ip,...,14} as the digits set of Z € {0, 1, ... 49 — 1} when it is written in base-4 with d digits. In a
similar way, £§, D§ are numbers written in base-2 with d digits (£, D € {0,1,...,2¢ — 1}) representing
{€1,...,€5},{61,...,04} respectively (be aware about the fact that digits are reversed as commonly
they appear in £ or ij expressions). In the following, for simplicity, we use Ig and 7 indistinctly,
the base b could be normally inferred from the context. Each element in this basis is not maximally
entangled, instead they have maximally entangled bipartite subsystems, which are separable from the
remaining system. Separable pairs contain the parts [s,s +d], s = 1,2, ...,d (in the following, square
brackets will be used to point out a subsystem of parts in the whole system).

In order {“I’IZ>} (Z € {0,1,...,4% — 1}) reaches the kind of sets {|a;)} stated in the previous
section where H and U achieve the SU(2) block structure, then H should fulfill some restrictions. In
the current subsections we are interested to set them. Combining expressions (1) and (17) we can
express the components of H in the GBS basis. First, we note [20]:
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(15 ¥ @asds ¥ (el 1)
= A s 65 s~ I~ (5-’(5)'}’9/4)5 65‘0']'5|’)/S <5S|U']b |¢S>
s=1 \/§ €5,05=0 Z \/E Vs, Ps=0 -
1 - N - -
= z—d gZD(O';; R...&® O';;)ggrpg((?'jl R...Q® Ude)gng,ffgg(Ukl ®R...Q de)Ff,gg’
FG
1 d T T
= 27 HTI'(U U]d-%—so.kso']'s) (20)
s=1

where combined subscripts as £ D4 represent the set of subscripts obtained by merging {e; ...€;}
and {97 ...6;}. Therefore, the final expression for the Hamiltonian components becomes [20]:

1 42d 1 g
(PrlHIYe) = o Z ’wHTr 10140001 (21)

where 7 € {0,1,...,4°* —1} (here, 7 = O can be removed in spite of the discussion in the first section).
In the last expressions, the product 7} 0}, ch i T has some properties inherited from Pauli matrices.
Because 07, 0, 03 are traceless and aiT = =£0; (negative sign only if i = 2), then Tr(al-s o; d+s‘7k5 js) is
non-zero only if iy, j;.¢, ks, js are: a) completely different between them, or b) equal by pairs.

A remark is convenient at this point. In some works, as in [19], GBS are preferred be defined using
0; = o;fori =0,1,3 and 0, = iop because it lets to have real coefficients when they are expressed in the
computational basis |0}, |1) (other alternative definitions introduce specific phase factors in ;). We will
adopt last definition in the following, which does not produce changes in the previous discussion, and
6;* = ol = 0;. Last expression should be fitted to (12), in particular with the non-diagonal block entries.
In the following sections we will show that GBS basis naturally generates the SU(2) decomposition if
Hamiltonian fulfills certain restrictions. The use of GBS basis lets manage this analysis because it is
based on Pauli matrices.

4.2. Cased =1

For d = 1 there are three possibilities to arrange the pairs in the corresponding GBS basis (reduced
in this case to the traditional Bell states: {|Boo) , |Bo1),|B10),|B11)}), a direct but large analysis shows
by fitting (21) to (12), that Hamiltonian should be reduced to the forms shown in Table 1 (assuming
always hozd =0and Hy = Z] 1 hjjoj @ o). The first column shows the pairs arrangement to construct
the blocks. These results generalize those found in [8,9] for the anisotropic Heisenberg-Ising model
reached if the crossed interaction terms like hij(fi ® 0; with i,j = 1,2,3;i # j are not present. These
terms are alike to the Dzyaloshinskii-Moriya model [21,22], opening additional possibilities for control
in the pair exchange. It will be seen that case d = 1 is special in the current context due to for
d > 1 these kind of crossed terms can be present only for a unique pair in order to keep the SU(2)
decomposition.

Table 1. Basis pairs and Hamiltonian required to get the SU(2) block decomposition for case d = 1.

| Basis arrangement [ Hamiltonian ‘

{{1Boo) » 1Bo1) }, {1B11) , |B10) }} | H = Ho + ho100 ® 01 + h1go1 ® 09 + hp3on ® 03 + 303 @ 02
{{1Boo) , 1B11) }, {1Bo1) , |B10) }} | H = Ho + hop0p ® 02 + hagop ® 09 + hi301 ® 03 + h3103 ® 0q
{{1Bo0) » 1B10) }, {1Bo1) , [B11) }} | H = Ho + ho30p ® 03 + h3po3 ® 09 + 1201 @ 03 + ho10 @ 07
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In spite of eigenvalues {E;} do not follow a specific order, expressions in (21) could be arranged

in several orders as function of pairs selected { ‘acj(i)> L, > }, being related with the decomposition

(2d|

process. In general, there are T combinations for these pairs, which grow very fast with d (3

(22d-1) 1224~
ford = 1;2,027,025 for d = 2 and so on!), doing unmanageable the cases for d > 1 under an analogous

direct analysis.

4.3. Cased > 1

Exponential growing of the problem with d does impossible an exhaustive analysis for d > 1
based on a large algebraic equation system as in the previous case. The previous case and the results in
[8,9] suggest some possible Hamiltonians for more complex cases. Thus, some of the following forms
could let the SU(2) decomposition for the basis (17):

Hy = ZH(()]), H(g]) =h 424 2d0®2d (22)
=1 (%3 )4 ]
2d (kK) (kK) 2d
Hnll- = Z Hnli, ’ Hnl,» h( (4k—1 44K~ 1))2 2d ®U (4k—1 44K~ 1)) (23)
K >k=1 s=1
2d (kK (kK) 2d
chll- = Z HCﬂ,li s chl Z h ]p4k 1+k 4K -1 2d ®(7(] 4k~ 1+k 4k — 1)2d (24)
k' >k=1
2d
_ (k) (k) _
= kzl Hli ’ Hli = h(mk—l)id @i O'(i4k71)itis (25)
= S=

where, (i4*1)2? is the base-4 representation with 2d digits of i4¥~!, a number with only one i in the

position k and zero in other; (i4k— 1)2d is its element s; and ( ]4 3_1 )24 is the base-4 representation

with 2d digits of j45-1 3 L, the number with j in each digit position. Note that i € {1,2,3} is fix in all
expressions. Physmally, Hyj represents a full simultaneous interaction between all particles (as in the
bipartite Heisenberg-Ising anisotropic interaction), despite this kind of interaction is non-physical for
d > 1,itis included here as reference. H,,, represents the component i of the spin interaction between
pairs of particles as in the Heisenberg-Ising model. Hy, is the crossed non-local interactions by pairs
in the direction i (as those for d = 1 in Table 1), a label used to characterize these interactions. Note
there i, j,, kp is a permutation of 1,2,3 with parity p = 0,1, even and odd respectively. Finally, Hj, is
the component i of the local interactions with (igk-1y21 @S strengths (as instance, magnetic fields in the
direction 7 for magnetic systems). These cases generalize the bipartite models presented in [8,9] and
those found for d = 1.

Some observations are useful at this point: a) &; = wo;, &; € {Li}; b) ol = Bo;,
is ks _
Bi € {11} o aio; = w00, vij € {-1,1}. Thus, 2c . = (@ ]dﬂ(fksff]g) =

o, &k, B By Yhejs Thei, 1 (03,0%, 05, .07,) € {0, %2, £2i}. We do not prov1de extensive formulas for
coefficients a;, B;, i j, c;:;;s but they are trivially constructed departing from the Pauli matrices
properties.

At this point, a convenient definition is introduced for the following cases. We will say that
two particles or parts, i, j, are correspondents if j = i +d, withi,j —d € {1,2,...,d}. It means simply
that one is in the same position of the first group of the Hamiltonian subscripts 1,2, ...,d as the
other is in the second group d + 1,d + 2, ..., 2d. Then, the analysis of <‘I’I§ |HO|T’CZ >, <‘I’Ig | Hj, WICZ >,

<1PZ§ | Hent, [ ’CZ> and <‘i[’IZ | Hy, [ ’CZ> conducts to the following results.
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4.3.1. Analysis of <‘{’IZ |H0|‘I’KZ>

Because J = j422’1 in (21), then j;,s = js = j Vs = 1,2,...,d implying c;zf‘; # 0 only if
is = ks Vs =1,2,...,d, thus Hy is diagonal in the GBS basis representation and each entry will

contain the three same terms h (21 for j = 1,2,3, but with diverse signs each one. Nevertheless the

3 /4
similitude of Hy with the bipartite case (d = 1), for multipartite cases this interaction is non-physical
but it lets to introduce and to understand the main idea in the remaining analysis.

432. Analysis of <‘fzf |H), |‘P,CZ>

The treatment for the remaining cases is compressed in the explanation of the current case.
Considering first only an isolated term Hl(,-k)/ in this case J = i4*~! for some i € {1,2,3} and
k=1,2,...,2din (21), then J in the base-4 representation contains only one i (in the position k) while
other digits are zero. Thus, there are only two meaningful possibilities for each correspondent parts:

1) js+s = js = 0in the most cases, so i; = k; is the only case with CZ;; # 0; or 2) one and only one

position s = kor d +s = k in 7/ has jy = i either for js or j;, s while other is zero. For this last case,
it implies only two possibilities for is, ks: Case A) one of is, ks is i and other is zero (both possibilities
are possible); or Case B) i, is, k; are different among them and from zero, thus they are a permutation
i,i',i" of 1,2,3. In this case, there are two possibilities, is = i’, ks = i" oris = i’ , ks = i'.

Case A is depicted in the Figure 1 for indexes Z, K being considered in <‘I’I4d |Hj, |‘P,CZ> There
are a pair of entries whose labels for rows and columns have 0 or i in the position s = k:
((il,iz,. . .,i,. . .,id), (il,iz,. . .,0,. . -rid)) and ((il,iz,. . .,0,. . .,id), (il,iz,. . .,i,. . ,ld)) This will be
named the 0 <> 7 association rule.

Case A
Row Column
(s i20es i sy daet, da) , (i1, 2000, 0 5., dd1, dd) )
T position s I
( (ila i29"'> 0 R id_1> id) > (119 j2>"'9 l PR jd_l: id) )

& I >
>

d possibilities: 1,2,...,d

Figure 1. First case for a pair of entries in which <‘I’I§ |H), ¥ ’CZ> is non-zero. In them, for a fixed
position s = k in the row and the column labels appears i or 0 alternatively, while other corresponding
positions in the row and in the column have the same values.

Case B is depicted in the Figure 2. Here, there are a pair of entries whose labels for rows
and columns have i’ or i’ in the position s = k: ((i,i2,...,7,...,14), (i1,i2,...,7",...,i3)) and
((i1,12,...,0", ... ig), (i1,12,...,i',...,14)), being i,i’,i"” a permutation of 1,2, 3. This will be named the
i' < " association rule.

At the end, clearly in each case, A or B, for each pair of correspondent interaction terms with i and
k fix (k < d and k + d positions), there are only two pairs on non-zero entries in rows (i, ip, ..., i,...,1z),
(i1,ip,...,0,...,iy) for the case A and in rows (i, io,...,7,..., i), ((i1,12,...,i",...,iz)) for the case
B (with the corresponding column labels exchanged in both cases). They, together with diagonal
entries generated by other adequate Hamiltonians (by example Hy or Hy, as it will be seen) will form
2 x 2 blocks. In fact, each non-zero entry for H,, will have only two s terms corresponding with
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Case B

Row Column

(G i dan, i), (it B2y 177y a1, 1) )

1 position s I

- - -2 - - - - -3 - -
(Gpigpenas 7 sy i) s Gy e £ ey iy 10 1)))

d possibilities: 1,2,..., d

Figure 2. Second case for a pair of entries in which <‘I’IZ |Hj, |‘I’,Cd> is non-zero. In them, for a fixed

s

position s = k in the row and the column labels appears i’ or i”’ alternatively (being i, i, a permutation

of 1,2,3), while other corresponding positions in the row and in the column have the same values.

ho..0,i0,.,0 With i in positions s or d + s (meaning local interaction with each element of the pair of
correspondents parts in position k). Noting that labels in the position s = k in Z (row) and K (column)
for the non-zero entries are 0, i; 7,0; 7/,i" or i”,i’, then they cover all possibilities i = 0,1,2,3. Thus, for
a fixed column and defined i, k values in <‘~I’Zf ’Hl,- |‘I’ K >, there is exactly one non-zero row; still, if two
correspondent k elements are considered (local interactions on each element of a correspondent pair),
they still generate only one non-zero row (each one with the two terms explained before).

Despite there are 2d possibilities to select the position s = k in (25), they do not account as separate
blocks because they appear in other entries in (21). Instead, for each term in non-correspondent terms,
it will appear in a different non-zero row, giving d non-zero rows as total; for each i direction of
interaction being included, additional non-zero rows will appear; last implies that 3d rows could
appear when all parts have local interactions in the three spatial directions at time, destroying in
this case the 2 x 2 block structure. Thus, maintaining local interactions in only one direction and on
only one correspondent pair elements utmost, together, cases A and B form %4‘1 2 x 2 blocks as it
was required in the previous section. In any case, each non-zero entry will have the same 2 terms

h (iak-1)24 with different signs depending on ¢ ]5'55 (k
be rearranged to order adequately the GBS basis elements getting the form (12). A brief analysis shows
that there are not more diagonal-off elements in addition to last cases being generated by local terms.

Additional diagonal-off elements are becoming from the non-local terms as those in Table 1.

involved in each factor of H ) . Clearly, blocks can

4.3.3. Analysis of (¥ |y [¥ s )

With the correspondent parts definition and the analysis for H;, we can identify two cases for

!/
the different terms Hr(fl(fk ): a) non-local interactions between correspondent parts, and b) non-local
interactions between non-correspondents parts. Discussion is similar to the previous subsection.

(k k+d)

Correspondent terms H . This term in the Hamiltonian H,,;; contains 0p ® ... ® 0; ® ... ® 0; ® ... ®

0p with ¢; in positions k and k + d, and 0 in any other. When this term is allocated in <‘PIZ |Hpy, [¥ ’CZ>
in agreement with (21), it does not cancel if each factor in the product become different from zero,
implying is = ks Vs =1,2,...,d. Thus, this term gives non-zero entries only in the diagonal elements.
Thus, each non-zero entry of Hy,, will have d different terms in each diagonal element (one for each
pair of correspondent particles interacting). Those terms will appear with different signs in each
diagonal element in spite of cls’k; . At this point, note that results for H (k ) and H; ®) wwere expected
due to results in [8,23] and the separab1hty of GBS basis in their constitutive entangled pairs.
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(kk 7k+4) " These terms have a different behavior. Each term contains

Non-correspondent terms H
00R.QVWr®.Q0GK...RQ (70 with 0; in positions k and &/, and oy in any other. It defines two
pairs of correspondent parts involving o;: [k,k+d, k', k' +d] if k < k' < dor k,k+d, k' —d, k' if
k <d < k' < 2d. Then, each factor in (21) related with those two pairs (s = k, k' or s = k, k' — d) will
include now Tr(0;,0;0%,) (until unitary factors), which is non-zero only if: a) is or ks are one of the pairs
Oandioriand 0;b)i,is, ks are a permutation i,7, i of 1,2, 3 (having two cases depending of the parity).
Last situation is similar to the local terms in the previous subsection, but in two parts simultaneously.
While, remaining factors for s # k, k' or s # k, k' — d will require is = k, in order to become non-zero.

Last scenario gives 16 possibilities for each term h(i (414K -1))217 which will appear in diagonal-off

positions obtained departing from diagonal position (iy, ..., ig; i1, ..., ig) in <‘I’IZ | Hyy, [ K4 >, by changing
each one of indexes in the pair (i, i;) in the row, following the rules depicted in the cases A and
B. Thus, for each column and i,k, k' fixed, only one row becomes non-zero in agreement with the
previous rule. Each entry of this kind involves four terms including the four combinations of each two
non-correspondent parts selected from the set [k, k', k + d, k' 4 d]. Instead, when all values i and k, k’
are considered, a total of 3 - %d(d — 1) non-zero rows appear in each column (clearly, by considering all
these terms, SU(2) decomposition is not achieved).

4.3.4. Analysis of (¥ 7| Hen [¥ s )

(k, k+d) (k, k+d)

Correspondent terms H_ | ". For each term H_; ", the behavior is similar as for H;’ ) Due to only
one correspondent pair has Jp=Js 70 # jars = k in (21), then is, ks for s = k’ should be 0,7 or jp, kp.
Fors # k', is = ks. As before, it means that each term is diagonal-off by combining the values of index
kK in T and K as before: 0,1; 1,0; Jp.kp and ky, j,. For a fixed column and i, k it will give four possibilities
and two SU(2) blocks. Each entry will have two terms corresponding to the different parities p. Note
that only one i and k’ can be considered to achieve the SU(2) decomposition. Otherwise, for each
column, could appear 3d rows different from zero, breaking the SU(2) decomposition as for the local
interaction case.

Non-correspondent terms H_ , in this case the only non-zero terms have
is = ks fors # k,k',k—d, k’ m d. While, for the two remaining cases s € {k,k',k —d, k' —d} N
{1,2,...,d}, each is, ks should be selected from the set 0,j,; jp,0; i,kp; kp,i or 0,kp; kp,0; i, jpsjp, i
In a specific column and fixing i, it will give 16 possibilities and eight blocks in SU(2) as for the
nglffk/#ker) case. Note that parity p should be fixed in this case because each one give a different
declomposition. Each entry will contain four terms for each parity p combining the four possible
interaction terms. Again, if all options for i and k, K, p are considered, then will appear 3 - d(d — 1)
non-zero rows for each column, breaking the SU(2) decomposition. These kind of terms are non
commonly introduced in models as Heisenberg-Ising and those related, instead for magnetic systems
they are the first order approximation in the SPE -orbit couphng 1r1troduc:1r1g antisymmetric exchange
as the Dzyaloshinskii-Moriya model: Hpys = D - ((?1) X (72) There, D is the Dzyaloshinskii-Moriya
vector defining the orientation of coupling. Here, as only one term could be included in order to

preserve the SU(2) reduction property, this coupling should be strictly oriented.

(kk Ahtd) g (kk £k-+d)

4.4. Explicit analytical formulas for Hamiltonians components

After last analysis, it is clear that other candidates to generate SU(2) decomposition are possible
but they involve more than two parts at time (as the Hj case), which are non-physical for common
point-like interactions, nevertheless these terms could appear for the quantum mechanical extended
objects in which (1) is a merely expansion of the interactions. Therefore, we will restrict our remaining

discussion to local or pairwise interactions. In this section, analytical formulas for <‘I’Id |Hy, [¥ ja >,
4 4

<‘I’IZ | Hyp, [ ’Cff> and <TI§ | Hent, |'¥ ’CZ> are provided to summarize the previous findings and due to
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their utility for computer simulation optimality purposes for larger systems. In order to simplify the
expressions, we introduce the definition of the following generalized Kronecker delta:

d
65 =[x, (26)
oy

where S is a set of scripts of excluded parts in the product. Thus, for Hy:

d
kl
(Yylthl¥ey) = ¥ 00 M g @)
ith - ’Hl . 1 h f,Z(SOt/ 15“/
Wit s g ga T tgo (14K -+t ~1)2d

by noting ¢/ = 1. In HF¥ , |k, k' + d] is the correspondent pair where each local interaction is
y & €00 L 74 k4 P P

being applied. There, the exchange factor generating the diagonal-off entries in the SU(2) blocks is:

3
]:1 Yo 5zk105kk/zc k '+ 5zk115kk/OC] 1 Z i’ ”5lk'l'5kk’luc] k (28)
i',i"=1
For Hy.:
(¥ 4 H [ ¥ ) 2 sk 4 i SRR e (29)
d 1: d = .
7y EET AN 7K
it — 1k/"k/
with : Hnl, Id ’Cd = h( (4}(/ 1 gk +d— 1))2d51k’kk’ ii
1 L
ne,k'k” h 100,41 101 1 =100 y11,101 g1
; = K/ +dt! =1 | gk +dt! —1 de T
nl; - 7d jed t,; 0 (i(4 +4 )i ik
each term belongs to correspondent and non-correspondent interactions respectively. In H¢, nl 0K and
1111
’H"C Kk — [k, K""] are the parts with non-local interactions between them. Similarly, for H.:
4774
{k } ! d {K' K"} e k'k"p
<‘YIZ|HC111[|TICZ> = Z (5 cnl i 74 Kcd + Z E 5ZIC chli 7d xcd (30)
k=1 4774 p:Ok”>k’:1 477v4
! k
with : chl I"’ IC" = Z h (p 4K Lk, Ak +d— 1)2d]:17<,/ !
=0
ne k'K p JpO0,utJpO1st Kpo i Kpby
enl; Iff,iCﬁ = Z h(] 4K+t — Lik, Ak -t — 1)2df ka,k/’

=0

’ 1101
again, ngﬁ and HZ;lk “P are the correspondent and non-correspondent interactions in the Hamiltonian,
being [K/, K | the parts where there are non-local interactions. It shows explicitly the existence of four

(for Hk and HC ) and sixteen (for ’H"C KK and HZ;lk Ky ) diagonal-off entries respectively in agreement

with cases A and B depicted by Flgures 1 and 2 (if only single specific Values of i, k', k" are considered
instead of the whole sum), generating 2 x 4971 = 1 x 49 and 8 x 492 = 1 x 44 blocks respectively.
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Note then, the SU(2) decomposition could be achieved only by: a) including any desired non-local
terms ’Hc'k/ (to generate the diagonal elements); and b) including only one type of interaction among

/ KK
HE, Ho K , Hok Cnl Hggl P for concrete values for i, k', k" and p.
1

An important property used later for ]-" Jdats | is that only one term utmost in (28) remains with the
P property y

election of iy and k.. Due to each c] Si+s is real or imaginary, and more concretely, as a brief analysis
k K- K gmary, Y y

shows that if it is not zero, then it becomes imaginary only if js or j;, is equal to 2, therefore this

property is transferred to Jodis

5. Specific interactions generating SU(2) decomposition

In this section, we summarize and organize the global findings to reach the SU(2) block structure
on the GBS basis. Finally, we will conclude that there are three great types of interactions able to
generate the block structure as it was depicted in section 3.

5.1. General depiction of interactions having SU(2) decomposition for the GBS basis

Based on the previous discussion, there are three groups of interactions able to generate the
SU(2) decomposition on the GBS basis. The first one (Type I) comprehend all kind of non-local and
non-crossed interactions between any two correspondent parts in any direction. These terms generate
the diagonal terms depicted before in the Hamiltonian. Together, only two local interactions in only
one specific direction and on only one pair of correspondent parts, k;, should be included to generate
the diagonal-off entries. Thus, this group of interactions conform the SU(2) blocks. Note that local
interaction terms could be intended as external driven fields as in [8,23]. The second interaction
(Type 1I) is obtained by substituting the previous local interactions with non-local interactions among
only those non-correspondent elements included in two pairs of correspondent parts. It means, if
k k', k+d, k' +d with k < k' < d are these elements in the two correspondent parts, then only the
interactions between the following non-correspondent elements are allowed: [k, k'], [k, k' +d], [k, k + d]
and [k +d, k' + d]. This group of four interactions generates the diagonal-off terms to conform the
SU(2) blocks. Nevertheless, Type II interaction normally should be understood as a non driven
process of control. Note that Type Il interaction could be classified in two other subclasses a) Type

Ila for non-crossed interactions ’H”C KK and b) Type IIb for crossed interactions ’H Ky . Finally, the
third interaction (Type III) Comprehend together: the non-local and non-crossed mteractlons with the
inclusion of crossed interactions between one specific correspondent pair.

Figure 3 resumes the three types of interactions depicted before. In particular, note this description
is in agreement with the results in the Table 1 for d = 1, despite it is an special case because diagonal-off
entries for Type I, II and III coincide in the same diagonal-off entries, so both interactions could be
combined at same time preserving the SU(2) decomposition. This case has a richer structure for
control in terms of the number of free parameters involved with respect to the number of parts
to be controlled. Note that while Type I and III only are able to modify the inner entanglement
of the correspondent pairs, Type II interaction lets to generate of modify the global entanglement
between different correspondent pairs, thus letting spread it on the entire system by switching the
pairs involving interactions generating diagonal-off entries.

5.2. General structure of SU(2) blocks

In this subsection a complementary analysis of SU(2) blocks obtained for the last interactions
will be given. Their form is particularly useful as a connection with optimal control schemes as those
presented in [6]. In any case (Type I, II or III), each block Sz 7/ (with Z,Z’ the rows in which is
situated) has the form:
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Type I interaction
(driven) Non-diagonal
+—— "\ Driven local interactions in only
one spatial direction \_~—>

Parts: 1,2,... k.. K, . k,..dd+tl,d+2 d+k. . d+k'.., d+k,..., 2d
Diagonal
a) Non-local interactions between

correspondent parts in direction i=1, 2, 3
(several directions inclusive)

Type II interaction

(non-driven) Non-diagonal

Non-local interactions in only one spatial direction and
only one group part between non correspondent parts

— ey
Parts: 1,2,....K..., K., ky.... d, d+1, d42, d+k, ..., d+K, .., d+k,..., 2d
s e i N AL AT o e

Diagonal
IJ) Non-local interactions between

correspondent parts in direction i=1. 2, 3
(several directions inclusive)

Type III interaction

(non-driven) Non-diagonal
Non-local and crossed interactions in only one spatial direction
and only one group part between correspondent parts

— T
Parts: 1,2....k ..., K, koo.od d+1, d+2,d+k..., d+k',..., d+k,.... 2d
e e — — —

Diagonal
C) Non-local interactions between
correspondent parts in direction =1, 2, 3
(several directions inclusive)

Figure 3. Three types of physical interactions able to generate the block decomposition. Non-local and
non-crossed interactions among any correspondent parts combined with: a) local interactions on only
two correspondent parts (k;, k; + d), b) any two non-correspondent parts in only two specific pairs of
correspondent parts of only one subtype, non-crossed or crossed, and c) crossed interactions between a
specific pair of correspondent parts.

Swzz = (0 M 61
12 h22
hll + h22 hll — h22

= ———Izp +Re(h;p)Xzp —Im(hp) Y7 7 + #ZLZ'

2

where {I7 71, X7 7, Y1 71, Z1 7} is the Pauli basis for the SU(2) block. If the Hamiltonian coefficients
involved in the block are time independent, then the corresponding Sy;7 7/ block in the evolution
matrix becomes:
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i t M1ty Gom. i1ty .
Surp = eSHIT = ol T STt — T (cos wi 4 i sinwin - S777) (32)
imihny (- coswt + i% sin wt hu sin wt
= e *
i72 sin wt coswt — h“h "2 sin wt
with : n= %(Re(hu), —Im(hyp), f)

st = Xz, Y1, Z170)

1
hw = \/|h12|2 + Z'h“ — hpl?

clearly belonging to U(1) x SU(2). As was stated before, ]—']J’Sk'fdﬁ is imaginary only if js or jz4 is 2.
Thus, only one component from 7 or n, is different from zero because non-diagonal entries of block
in (27,29,30) are always real or imaginary. It reduces the optimal control to the second case reported by
[6]. An additional analysis will show that /11 & hy # 0 in general (without impose restrictions to the
non-local strengths £ 7), this aspect will be relevant after.

5.3. Structure of SU(2) blocks for each interaction

Several classical interactions fitting in the current procedure have been analyzed. All them
generate blocks (no necessarily SU(2) blocks) when they are expressed in the GBS basis, denoting a
kind of universality for this basis due to its ability to gather up similar interactions through simplified
representations. In the sake of the search of SU(2) decomposition, we discuss finally closed forms for
the specific Hamiltonians able to achieve the SU(2) decomposition.

5.3.1. Blocks in Type I interaction

This interaction includes non-crossed spin interactions between correspondent particles in all
spatial directions and external local interactions on the pair [k’,k’ + d] of correspondent particles in
direction j. From (27-29), it can be written as:

Hy= Hp+HY (33)
2d
with: Hp = Z Zh (4k-1 gk rd-1))2d ®(T (4k-1gkrd-1))2d
=1k=
2d

HNDI 2 h (jaK' +at'—1)2d ®U(]4k’+dt’ 13

generating SU(2) blocks with the diagonal terms from non-local interactions between correspondent
parts and the non-diagonal terms from local interactions. Departing from (27-29), we get for the
Hamiltonian components:

5' +(1=0y5,,)(1=00i,,,)
<1YIZ|HI|‘PICZ> = §I]C Z Z ( 2 K h(i’(4k”—1+4k”+d—1))ﬁd) +

i'=1k"=1
150 g0

K
Z h 4k’+dt’ )247!5{ }]:]]k’ * = Hp D1k + HZ(\]DI)Z}C (34)

ia+(1-6;; ) (160 . .
last formula is obtained noting that cz"” e = (—1) 210 ) 0=00i0) The first term of last expressions

denotes the diagonal terms of interaction. This formula shows that in general the pair of entries in
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the diagonal of each SU(2) block are different. Due to the block is formed by switching an index i
in the rows labels (or two as in the following cases) in agreement with the association 0 <+ jori <+ k
(j is the direction associated to the interaction and i, j, k a permutation of 1,2, 3), then for i’ # j the
terms in Hp7x have a sign change. It implies that in general h111 # hy; in (31), generating non-diagonal
Snz 77-blocks. The second term contains the four diagonal-off elements generating two blocks with
lk//

two terms each one. Note that Hamiltonian terms (17) are real together with cl""' , SO diagonal terms

are real as is expected. Diagonal-off terms will be real or imaginary depending from F?, J70 i }"] - Inany
case, concretely, they are imaginary only if j = 2.

Clearly, note that this interaction applied on a combination of correspondent pairs with bipartite
entangled states generate only non-local operations on each correspondent pair as those presented in
[8,10]. Still switching the direction j and the correspondent pair k” on which the local interaction is
applied, this kind of Hamiltonian cannot generate extended entanglement between correspondent
pairs more than the included in the initial state. It means that if the initial state is separable by
correspondent pairs, it will remain separable at this level (but should be able to entangle or untangle
the parts of each pair). Conversely, it cannot untangling each correspondent pair from the remaining
state in more complex cases. We deserve a later section to analyze these topics.

5.3.2. Blocks in Type Il interaction

Type Ila : In this case, interaction is completely non-local between correspondent pairs to generate the
diagonal entries and in only one direction between non-correspondent parts in two correspondent
pairs to generate the diagonal-off entries. Hamiltonian becomes:

— (KK
Hi,, = Hp+ HNDUu (35)
(KK 2d
it - J/ — E
with : HND”a = w 0h(]-(4k/+dt/71+4k//+dt//71))id @i U’(j(4k/+dz/71+4k//+dt//,1))ifis
, = S=

with a non-local and non-crossed interaction in the direction j for the group of non-correspondent
terms defined by k' < k" < d. The Hamiltonian entries are similar to those in (27-29) but with the last
restriction for the non-correspondent terms of interaction. Due to discussion in the previous subsection,
diagonal-off entries in the Hamiltonian are now always real. Components become:

_ (. K'K")
<‘I’IZ |H11a|‘P,Cz> = Hpzc+Hip, o\ (36)
G KK 2 [ N N W N LI
I\]]DHa IK: = h 4k’+dt’ l+4k”+dr” 1))245%IC }.F.] k/ -F k//

t,1"'=0

Type IIb : For this interaction, the non-diagonal part generated by the non-local interaction between
non-correspondent parts is supplied by a non-local and crossed interaction among non-correspondent
parts of two pairs of correspondent pairs:

_ (i
H;p, = Hp+ HND,”, (37)
R 2d
. 1,
with : HND“bp Z h(] AN+l =1 g g+t —1)2d ®0'] gK/ it =1 o gt —1)2d
t =0 s=1
as before, i, j, kp is a permutation of 1,2, 3 with parity p = 0,1 (even and odd respectively). Thus, the
components become:
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_ (ik'K"p)
<\FI§ |H“b|T’CZ> = Hpzc+ HNDnh K (38)
1 . .
(i,k'K"p) _ {K' K"y ipOo s ipdie Kpdo pkpdy
NDi 76 Z h(]‘p4k’+dt’—1+kp4k”+dt”71)ﬁdézlc ‘F]‘p/kl ]:kp,k”

v =0
the non-diagonal entries are now imaginary, except for i = 2.

5.3.3. Blocks in Type III interaction

Finally, for Type III interaction, the non-diagonal part is generated by the non-local and crossed
interaction between a pair of correspondent parts k':

»
Hyp = Hp+H{) (39)

jist
(i) 1 2d
. i, -
with : HNDIH = F)Z(Jh(jp4k/71+kp4k,+d71)id Qia(jp4k,71+kp4k,+d71)ﬁd
— s—

s

with the Hamiltonian components:

Y
<TZZ [Hiu ‘T’CZ> = Hpzx + HI(\IIDI)HIIC (40)
1 .
(i) _ ) ik
NDmizie pg%)h(]'p4"/*1+kp4k/+d—1)id5I,C .7'—1'5(/ ’

where non-diagonal entries are imaginary only if i = 2.

Figure 4 depicts the three types of interactions associated with the SU(2) decomposition. Rays
represent non-local interactions (blue/dark between correspondent particles and yellow /bright
between non-correspondent ones), while the yellow wedges mark particles subject to external
local driving interactions. Distributed evolution on 22¢=! Bloch spheres is shown for the states
|$;) = azj_ [¥2j—2) + azj_1 [¥2j—1) which are part of the global state |¢p) = 2]23{1 1), where each
[¥x) is an element of the GBS basis. Each state |l[Jj> evolves as a different curve on each Bloch sphere
depending on parameters /.

Finally, we should note that each one of the last interactions involves labels to be completely
identified, namely: H§j ’k,), H%: ,’k”), H;JHf KP) and H%Ik "¥) These labels will be omitted by simplicity
at least their specification becomes needed. In any case, closed expressions (34, 36, 38, 40) are
computationally efficient to generate matrix representations of Hamiltonians Hy, Hyj, 5, Hyjy, then for
their respective U, inclusively in the time dependent case, despite a numerical approach to construct
could be necessary.

5.4. Available parameters and structure of entries

The number of free parameters (coefficients /17 of Hamiltonian) and its availability are important
to set control procedures. In this section, we count the entries and terms for each Hamiltonian,
summarizing the previous findings. If D < 3 is the number of spatial dimensions involved in each
interaction, then, the accounting of free parameters generating the SU(2) decomposition, together with
the maximum number of entries by column able to generate it (breaking the SU(2) decomposition)
is reported in the Table 2. Note the number of entries by column for all Hamiltonians -labeled with
i, in some sense the direction of the interaction-, could be increased by a factor D if all directions
are considered at time. In the table, each Hamiltonian analyzed is reported, arriving to the main
Hamiltonians Hy, Hjp,;, and Hjpp. Accounting shows few free parameters at time (compared with
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Type | v
1 2 3 j d
L ] [ ] [ ] [ ] [ ]
A . | f
L ] [ ] [ ] [ ] L]
d+l d+2  d+3 d+f 2d
Type ll
1 2 d
L] L L ]
I i f
. . .
d+l  d+2 2d
Type Il
1 2 k k d
. . L] . .
N R P B
L ] L] L] [ ] L]

d+l d+2 d+k d+k’ 2d

a) b)

Figure 4. Representation of qubit interactions able to generate SU(2) decomposition: a) Type I, Il and
III interactions among 2d qubits (Type III assumes the inclusion of crossed interactions in the pair k'),

and b) Distributed evolution on 22?1 Bloch spheres, each one for the states ‘l/ij>.

the exponential grow of the matrix with the system size d) to set a whole control (over all blocks)
in one period of constant driven parameters, suggesting the use of time dependent or at least a
constant-piecewise parameters to increase the control.

Table 2. Rows generated and free parameters in each interaction considered in the text.

| Hamiltonian | Entries type [ Entries by column/row [ Parameters by entry |

Hy Diagonal 1 D<3
Hj, Non-diagonal d 2
Hfﬂi Diagonal 1 d
Hi Non-diagonal %d(d -1 4
el Non-diagonal d 2
Hia Non-diagonal did—1) 4
Hj 2 x 2 block 2 24 Dd <2+3d
Hipap 2 x 2 block 2 44 Dd <4+3d
Hir 2 x 2 block 2 24+ Dd <2+3d

5.4.1. Structure of diagonal entries belonging to a specific block

Other aspects should be remarked. The first one is related with terms in the diagonal entries
generated by non-local interactions 7 among correspondent parts. Note that blocks are generated by
)

ne,k'k"

/ /
other interactions to those, which are prescribed as a difference in one (Hf{{f or Hgnkl) or two (H '
1 1 1

k/k//
or iz
implies there will be two or eight blocks each one relating rows (and columns) differing in only one

or two terms of their scripts respectively. We can note for the diagonal entries for %7 in (21) for the
j

GBS defined as in [19]: Tr(ﬁ;; Ujﬁl{UjT) = 2(—1)‘51?2“175!'/"5)(17‘50"'5). Then, for each three strengths for a

) terms in the scripts labels in agreement with the rules depicted in the Figures 1 and 2. It
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fix correspondent pair, there will be only four signs combinations (none is the negative of another)
depending on: a) the direction of the interaction involved (on the correspondent pair s) is j = 2 or
j # 2, and b) is for the s™ script is in the set {0, j} or in {i,k} (with i, j, k a permutation of 1,2, 3). There,
the factors corresponding to other correspondent pairs will be equal to one. Then, for the 3d terms
included in all diagonal entries will be 47 combinations for the whole terms, precisely the number of
rows! It implies that all diagonal entries are different (but not linearly independent because there are
only 3d parameters). Despite, for two rows differing in only one or two terms in their scripts, only the
three or six terms corresponding with the strengths of 77 for such correspondent pairs (associated
with those terms in the scripts) will change their signs in the diagonal terms in their block. As a
consequence, for such 471 or 492 groups of blocks having the same scripts exchange and generated
by the whole combinations in the other d — 1 or d — 2 terms in their scripts, they will have the same
h11 — hp parameters respectively. Thus, it will be only two or eight different /111 — hpy parameters for
the entire H. While, /111 4 hpp parameters could be different.

5.4.2. Structure of diagonal-off entries belonging to a specific block

The second aspect is related with the explicit calculation of c;:f;
the diagonal-off entries. a) For Hy and Hyy, p: js = j, jg+s = 0 or js = 0, j44s = j (being j the direction
label involved in the local and non-local interactions between non-correspondent parts; b) and b) for
Hipr: js = jpsja+s = kp- Table 3 shows explicitly these values. Note the parallelism between the two
halves of them (vertically and horizontally).

These cases generate the diagonal-off entries in each block in agreement with the exchange rules
depicted before for the st scripts of such entries’ rows: (is, ks) € {(0,7), (j,0); (i,k), (k, i)}, with i,j,k a
permutation from 1,2, 3 and j the associated direction for the corresponding interaction being used
from H; and Hyp,,; and, (is, ks) € {(jp, kp), (kp,jp); (0,), (i,0) }, with i, j,, k, a permutation of parity p
from1,2,3 and Jps kp are the associated directions for the interaction Hjj;.

We should note first that signs for each term in the diagonal-off entries do not depend on the
entries’ scripts in the other positions than the parts in which interaction is being applied, K, k" in the
expressions of the previous section (33,35,37,39). It is because Tr(} 07, &kTS U]Z) = Tr((fl?:ao&,z; ol)=2.
Instead, signs only depend on the type of exchange indexes shown in the Table 3. Other fact already

noted is that c;s’ f;+ is imaginary only if js = 2 or j;;5; = 2. This property is then transferred to the
S, S

. for the basic interest cases in
S

corresponding ]-"]J’ss’]‘”s and then transformed to %1, as a function of the number of those factors in
(34,36,38,40). Thus, by exchanging is, ks (block transposing), only the cases with k1, € I will change
their sign.

The final fact is related with the different signs appearing in the terms of diagonal-off entries. This
aspect will be important to analyze the number of independent blocks in the entire evolution matrix.
For H; and Hjj the two different terms are obtained by the exchange of js, j;1s. Thus, for Hj, only the
¢ With (jo s+a) = (0,2), (2,0) and (is,ks) € {(0,2),(2,0)} or (jo jora) = (0, #2), (j #2,0) and
(is,ks) € {(i,k), (k, i)} will change their sign (in the first four rows of Table 3). For Hyyy, if (s, js1q) =
(1,3),(3,1) and (is, ks) € {(0,2),(2,0)} or (js,js1a) = (0,2),(2,0) and (is, ks) € {(i,k), (k,7)}, then
c}iﬁ;s will change their sign (in the last four rows of Table 3). For Hjy, , two terms in the scripts are
involved, so different aspects contribute: location of parts interacting, type of exchange and their order
in the scripts.

This aspect exhibits the way in which each term in /11, will change or will not their sign. These
aspects let to understand the diagonal-off structure of Hj, Hyj,;, and Hjpy (considering that their
diagonal components follow the properties discussed before). In the next subsections we analyze
this structure for each interaction, particularly discussing the independence of blocks in terms of the
free parameters, stating a distinction between the effective parameters (those appearing in the final
expression of (31)) and the physical parameters (those appearing as coefficients /17 in the Hamiltonian).
They are not the same because many physical parameters appear clustered in the same way in (31),
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due to the entries of Sy; depend only on the parameters h117 = hpo, h1p. As a result, as we will seen, by
grouping finally in the U(1) x SU(2) blocks, there will only two or eight different blocks Sy in U.

Table 3. Values of c;jf;ﬂ for all exchange scripts in Hy, Hyy, 3, Hypg. 1, j, k is an even permutation of 1,2, 3
[ Gsora) | Goke) | ey, [ Goko) [, | Goke) | s, [Gok) [ i, |
(0,2) (0,2) —i | (20) i (1,3) i 31 —i
(2,0) (0,2) i (2,0) —i (1,3) i (3,1) —i
0,j#2) | (0,)) 1 (j,0) 1 ik | (=0 [ (ki) [ —(-1)%
(£200 ] 0) | 1 [ GO [ 1 [ Gb | D= | ki) | (D=
2€ (k) | (k) —i (k, j) i 04 | —i(=1)% [ (,0) | i(-1)%
2€ (kj) | (k) i (k,j) —i 0,8 | —i(=1) [ (,0) | i(=1)%

1,3) (1,3) 1 (3,1) 1 (0,2) 1 (2,0 -1

(3,1) (1,3) 1 (3,1) 1 (0,2) 1 (2,0) 1

5.4.3. Block entries of H;

The diagonal-off entries have exactly the two terms h (jasHae—1)2d for ¥ = 0,1 and there are only
two combinations: adding or subtracting terms. As was stated previously, they are imaginary only if
local interactions are in direction j = 2. If in such case we separate the factor +i for j = 2 cases in the
diagonal-off entries, the remaining coefficients in the opposite corners in each block are equal as is
expected in (31). Then, in general, there is one term with the same sign through all diagonal-off entries
(depending if k = 2 or not, or otherwise if j; = 2 in the first four rows in the Table 3), leaving only two
possibilities for the remaining term. Thus, in each H; matrix there are blocks with only two different
diagonal-off entries, only depending on the indexes exchange type in the local interaction position but
not on the remaining indexes. Thus, for a fixed set of indexes for the positions do not related with the
part on which the interaction is applied, a pair of blocks exists, each one for the exchanges (0, j), (j,0)
and (i, k), (k, i), with different relative signs in their diagonal-off terms. For the corresponding diagonal
entries, in (32), only the difference h11 — hyy is relevant. As was previously stated by analyzing the
formula (34), it is also possible realize that in each diagonal entry there are only two terms from the
3d terms changing their sign with respect to other rows. Block scripts differ in only one index, those
corresponding with i’ # j (the local interaction direction) and k = k’ (the correspondent pair on which
local interaction is being applied), leaving only two terms and two different combinations for f111 — h.
It implies there are only two different blocks for (32) through all U, operating each one with different
exchange rules, (0, ), (j,0) or (i,k), (k,i). Each one is the same (until unitary factors which could be
different) for all entries with different indexes in other positions than k’. This fact appoints, depending
on the disposable number of parameters (five, including the time and excluding the parameters in the
unitary factor of each block), to the independence between the two types of blocks in the evolution
matrix (32).

5.4.4. Block entries of Hjj,

In this case, for the non-diagonal entries, due to the exchange factor .7-';;4 s appears two times
for each j, all them are real, so opposite corners of each block are always equal. Each entry has four
terms alternating signs in agreement with the Table 3 as a function of the rows’ subscripts involved.
Signs only depend on both indexes exchanged, either they are the same type (0, ), (j,0) or (i, k), (k, i),
or otherwise opposite with an exchange of each type. It will give only four sign combinations (a
calculation does not developed explicitly here), except for j = 2 where the appearance of two factors i
will change the overall factor, giving eight combinations, one half of them with opposite overall sign
to the remaining. While, for the diagonal entries, based on the ideas in the previous case for Hj, there
will four terms changing their relative signs with respect to other associated diagonal entries in the
same block, but now differing in two part indexes (due to the related non-local interaction). As before,
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one term has a sign fixed so there are only eight combinations for the three remaining terms from the
16 possible, it means eight different combinations for i1 — hpp in (32), due to the values k = K, k" for
the non-correspondent parts with non-local interactions in Hp for this case. Thus, similarly for Hj,
there will be in this case eight different blocks in U for (32), one for each one of the eight different
combinations for the exchange rules. Each type applies in the same way for all entries with different
indexes in other positions than k, k. There are nine free parameters including the time and excluding
the parameters in the unitary factor for the block, so independence among the eight types of blocks
could be more elusive. Despite, located operations do not involving all GBS basis states appear as
achievable.

5.4.5. Block entries of Hyy,

Despite the exchange factors ]-"]]Ss] 4 are crossed and j takes two different values in the subscripts,
the discussion regards certain similitude to that for Hjj,. For the diagonal-off entries, in agreement
with the Table 3, it implies now that only if j = 2 is not included in the crossed interaction (i = 2 in
(38)), they will become real. Each entry will have four terms with alternating signs in agreement with
the outcomes of products of exchange factors in the Table 3 as function of the rows’ subscript involved.
Here, there will be eight combinations (four and four with opposite overall signs) except for j = 2
with only four combinations. For the diagonal entries, h111 — hy in (32), the situation is identical to
Hij,. Then, there will be eight different block types in U for each combination of exchange rules on the
indexes k’, k”. Again, nine free parameters for the SU(2) blocks are available.

5.4.6. Block entries of Hjj;

This is a special case excluded of the previous remarks due to js, j;s is not of the forms 0, j or j, 0.
0i [0 ek o Kpidp
Tpkp” Zipkp” Zipkp T ipkp
are identical to the Hj case. A brief analysis shows that entries become real only for i = 2 (see the
last four rows of Table 3). Each diagonal-off entry has two terms with alternating signs as function of
entries labels. For the diagonal entries, again only two types of terms change their sign in Hp from (34)
for the rows forming the SU(2) blocks with the exchange rules. It gives only two types of fi11 — o in
(32), generating again only two different blocks in the whole U, each one for a kind of exchange rule
involved here, and containing five free parameters.

To resume the findings, Figure 5 shows the relations exhibited in the exchange indexes for each
interaction. This figure depicts each one of the exchanges relating pairs of GBS basis states under
the interaction. Thus, Figures 5a and 5d, depict the two groups of exchange states for H; and Hj;
generated by the two different blocks through the whole SU(22?) evolution matrix, both independent
until five parameters and with /1, in (32). Figures 5b and 5c depict the double exchange indexes
induced by the eight blocks generated by Hjj, and Hjj,. These eight blocks are independent until
nine parameters. All representations in Figure 5 are for a single GBS basis state, but clearly one
specific block is operating on any of them simultaneously. Note finally that there are for all cases a
complementary number of free physical parameters in /11 + hp: 3d +2 — 4 = 3d — 2 for Hy and Hyyg
and 3d + 4 — 8 = 3d — 4 for Hjj, and Hjj;, (time ¢ is not accounted due it was considered in the SU(2)
fitting). Then, there is a linear growing room to fit the blocks into a programmed operation in terms of
the physical parameters, despite there is an exponential growing of those blocks.

p/k . .
Nevertheless, ]-"l] """ becomes in the same way on of ¢ . Despite, several aspects

6. Connectedness, Superposition, Entanglement and Separability

To understand how the dynamics is addressed under the interactions Hj, Hjp, p, Hypp (used
independently or in a combined way), some complementary analysis is convenient.
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Figure 5. Exchange indexes relations involved for each interaction and highlighted properties for their
correspondent S?J .+ a) Hy, b) Hypg, ¢) Hypp and c) Hypp. Exchange relations in b) and d) are double by

considering the vertical switching in one of the indexes for each pair shown.

6.1. Exchange connectedness under interactions

Under the SU(2) decomposition, pairs of states in GBS basis become related, showing a probability
exchange between them. As was seen, each one of the Hy, Hyy, , Hpj interactions has rules for these
exchange. In any case, it should be clear this exchange is achievable between any pair by combining all
types of interactions obtained by switching the value of: a) interaction direction and correspondent pair
j, k" in (34) for Hj, b) interaction direction and correspondent pairs j, k’, k" in (36) for Hyj,, ¢) interaction
directions, correspondent pairs and parity i, k', k”, p in (38) for H}p;, and d) interaction direction and
correspondent pair i, k" in (40) for Hjj;. Several types of interactions could be combined in sequence.
Combination of interactions is not precise for the basis elements connectedness but it is necessary to
increase the entanglement, thus to connect two arbitrary quantum states. In this terms, there are only
two types of states: 1) those exchanging one script (H; and Hjjj), and b) those exchanging two scripts
(Hi1, and Hjpp) in the GBS basis elements under the rules depicted in the Figure 5 (despite rules and
connections are different). There, all basis states become connected under one or several interactions
applied consecutively, depending on the number of necessary exchanges in their scripts. Figure 6
shows a graph with these relations for the cases d = 1,2, 3. Green edges are for one script exchange and
red lines are for two scripts exchange. Only in the first two cases, due to the low entanglement level,
the connection could be achieved with a single interaction. Figure 6a corresponds to that presented in
[8] for Bell states in SU(4) systems.


http://dx.doi.org/10.20944/preprints201806.0034.v1
http://dx.doi.org/10.3390/e20080610

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 4 June 2018 d0i:10.20944/preprints201806.0034.v1

23 of 34

";9.;’4? N
B

%19} 1714 )

(Y] 1713

77 PP s gy
a)

1% T

1%aq ) | %s:
fgye Je) e
45 gy ) 500
%45 )47 g 2 ) 50

c)

Figure 6. Connectedness graph between states under SU(2) decomposition for one (green) and two
(red) exchange scripts for all GBS basis states: a)d = 1,b)d =2,and ¢) d = 3.

Connectedness in a finite number of steps by applying some or the whole cases in each type of
interaction (piecewise with constant parameters or with time-dependent parameters in each case)
warrants the full probability exchange between the occupancy level of each state in terms of the
discussion included in the section 3. Nevertheless, not all interactions are able to reach arbitrary
evolutions. As is obvious, H; and Hjj; are not able to generate extended entanglement out of
the correspondent pair on which they operate (this fact assumes no rearrangements made in the
correspondent pairs and their elements). We discuss this aspect in the next subsection.

6.2. Notable quantum processing operations achievable under SU (2) decomposition

Departing from Sy, then by fixing in (32) wt = 257, % =€, % =i, % = 2(m —

%) ;n,m € Z,c € {0,1},6 € R, where €2 4+ 62 = 1. Note that parameter ¢ depends on each kind of
interaction in the terms discussed in the previous section. Then, we get the Sy;7 77 block [26]:
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Hn(0,€)zp = (1)’”< (—j)c(s iC(S) (41)

—€

operating on the GBS basis. Note this form not always can be achieved independently in all blocks
in terms of the free parameters and the possible restriction hy,.o = 0 (here det(Hy, (6,€)7 1) = —1,
despite it is not decisive in the following development), nevertheless we need achieve it only in
some blocks in the immediate discussion. We are using the time non-dependent case, but other more
practical cases with time dependent Hamiltonian coefficients can be implemented. Last form is highly
versatile. If s¢le| = 6 = % (se = sign(e), referred in the notation as —, +), we get a Hadamard-like

gate HIm IC,Slgn ©) = = Syzr (in particular if ¢ = 0, but this condition can be relaxed). When 6 = 1, we get

an exchange-like gate [9,23] for the pair in the SU(2) block, E? 7 = Suz,z. We should be advised that
this case is a limit case for the time non-dependent case (32) when h1y > hi1 — hpy. Otherwise, it can
be achieved in two steps of time non-dependent piecewise Hamiltonians (as in [9]) or as a continuous
time dependent Hamiltonian. These gates are:

mec,se (_1)m Se i me _ (_q\m 0 i°
A ((—i)c —se>' Frr = ((—nc 0) “)

h11+h22 = (& — 1), wt = mm;n,m € Z, we get the quasi-identity gate

Note additionally, when =
Suzr = e“"”]II,I/ =177 Combmatlon of these blocks (allowed because the block independence

previously discussed) lets to set important quantum processing operations.

6.3. Generating superposition and entanglement

6.3.1. Generating 2-separable superposition

By using the general block operations Sz 77 € U(1) x SU(2) (32), it is possible to arrive into a
state exhibiting complete superposition through the whole basis elements. In the following, we will
use an arrow to depict certain group of quantum operations. In the top, we set the type of interaction
being used. While, in the bottom, we set the subspace on which they apply or the generic form
of each operation, together with their prescriptions. Thus, as instance, departing from the simple
state |‘I’0)2d = |¥0)1/¥0),---|¥0) 4 (easily obtained from |00...0)), a couple of local operations H I(i’k)
each correspondent pair k are sufficient to generate a state containing representatives from each basis

element:

on

HOA)

k=1,2,....d d 1
2d _—> k
[¥o) B St P
s’ —s =4k-1, k=1i=0
S4k 0
3,k
H
k:l,2,...,d 4d71

k k _
@S,S/ Sus,s/EB@s//,sW Sus”,s/” ® Z Z i,()ﬁj(i),i LIJ](I) >k == Z Yz |\PI>
' —5=3.4k—1 g/ g5/ —gk—1 =1i=0j(i)e{i,3—i} =0
sg/kzo,s”ikzl

(43)

d
o N k
with : Y = ]}i[l i (Id O'BZ kr ( )
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where j~1(i) is the inverse of j(i) and directions i = 1,3 have been used as instance. In addition, oci-‘, i
are the components of Sy, ¢ in the first operations, and 'Bk(i),i are the components of Syy4 ¢/, Sygn o for
the second operations with i = 0, 1 respectively. Figure 7 depicts each step of the process, using the
local operations (alternatively, crossed interactions in Hjj; could be considered).

The last process is a particular case of more general operations by considering O;i’{s}) =Suzz
to mix the states through the momentary associated blocks changing the indexes {s} with some
interaction Hj, | € {I,I1a, IIb, 111} in the associated direction i. We coin the term k—local operation
when Sy;7 7 generates entanglement utmost in k parts. In our basic interactions scheme, there are
only 2—local and 4—local operations as was discussed before. Thus, following the notation introduced
previously, we set a family of procedures to develop superposition containing the last presented.
Departing from the |‘*I’0>2d, it is possible to apply several alternate 2—local operations to generate
superpositions involving all GBS basis states. By defining a sequence of paired directions for the H;
evolutions involving all pairs s = 1,2, ..., d (this process can be achieved alternatively by H;j; similarly):
{{is, ks (i) }1{1,2,3} 2 ds # ks(is) € {1,2,3}\ {is};s = 1,2,...,d}. Additionally, js(is) € {1,2,3},is #

js(is) # ks(is). Then, following the evolution process:

H}il’l) gk 3
2d 1 1 1
[%o) (g A1) Z 0 [¥r,..0) (k1 (i) A1} Z X, (61),0‘861471(61) "Yel,o,...,0>

oV te{0,i1} o] 1 =0

(22 gkatia)d) 3 d

I I s s . ‘ >
« e e e)) = |¥ (44)
ofz?) ngd(id)’{d”el,.%:o(g po(e) 0P €s,ps(es))| everia) fsep

where ps(es) are the inverses of the association rules for the one index exchanges depicted in Figure
5a (or 5d for Hypp): ps(is) = is = ps(js(is)), ps(0) = 0 = ps(ks(is)). Additionally, |oc°é/0|2 + |¢xf‘510|2 =
1, |,Bfw|2 + |’Bis(is)/0|2 =18 ;. 1 + |'Bs's(is),is |> = 1. If Tr° (077 ) represents the partial trace with respect

to the entire system except the s € S parts. As is expected,

Yy, > is 2—separable:

3 3
/ ’ ’ / +
) = ( 2 al;k/ (ek/),OIBI:Ik/,pk/ (Gk/) }Tek/> ) ( 2 D";k/ (ek, ),OIBSk/,pk/ (ek,) |‘P€k/> ) (45)

€ =0 € =0

Tr{k’}(‘qffsep> <‘1!fsep

due to the limited nature of operations involved, which cannot be able to generate more extended
entanglement. In addition, superposition could be limited into the SU(2) blocks coverage through the

number of parameters introduced, oc; (e),07 /32 ps(es) and their physical scope. As was shown in [§],

€s)
a richer superposition coverage on SU(2?%) can be achieved with additional 2—local operations on

each part, introducing extra parameters and probability mixing. As there, n in (32) is limited to take
the two forms (ny,0,1;) or (0, ny, n;) (for the time-independent case), but by combining both forms
we arrive into two general forms with arbitrary n = (n,, ny, nz) (it also fulfills for the time-dependent
case with adequate h;;(t)).

Nevertheless this procedure could to include a general full 2-separable state together with
entangled segments between correspondent pairs, it cannot to exhibit states with more extended
entanglement, requiring more extended entangling operations as Hj, and Hjj;,. The quest is to obtain
general states departing from a simple resource, which is still an open challenge, particularly for the
possible entanglement degree there (a more ambitious challenge is the transformation between two
general states [24], but it always can be reduced in two steps of this kind). In the remaining subsection
we will discuss this issue and we develop some procedures to generate some maximal entangled states
of arbitrary size.
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Figure 7. Processes to build 2-separable states with complete superposition.

6.3.2. Entanglement dynamics under interactions

Now, we analyze the entanglement generation under the interactions being considered. We
employ the Partial Trace criterion [16] for pure states by considering a single SU(2) combination
of two GBS basis states |¢7r7) = a7 [¥7) + a7 [¥ 7). In addition, the explicit form for coefficients
will be written as a7 = cos0/2, a7 = ¢'? sinf/2. Then, we construct their associated density matrix
pz7 = |¢7.7) (¢17| to take conveniently partial traces in order to analyze the entanglement of specific
subsystems in this quantum state under concrete interactions. Due to the rules in the exchange scripts
in the GBS basis states to form the SU(2) blocks are basically the same for the three interactions
Hy, Hyjap, Hipp, the analysis is reduced to only two cases. The first one is for a pair of GBS basis
elements |¥7), [¥ 7) differing in only one subscript between Z and 7: is = jsVs € {1,...,d},s # k' (in
Hj, Hyjy interactions). Thus, in this case (omitting the base b and the size d for simplicity in the scripts):

1 241 ) i
#ho)= 7= L R 5,0 (w18, +as5,) e plE) © D) (46)
ED=0 k'#s=1 ’

The second case is for a pair of elements in the GBS basis differing in two subscripts of Z and J:
is =j¥Vs=1,...,d,s # k', k" (in Hyj, , interactions):

1 241 d 5 B y 3
’¢Zj> \/* Z ( ® Ui ® (‘ngik/ ® Uik// + D‘j‘fjk/ ® 0 ]k”))g,'D |€> ® |D> (47)
§D20 K iirs—1

then, we analyze the entanglement of several subsystems in each case by taking the partial trace with
respect to its complement. Calculations are direct and at the end the association rules 0 <+ i and j <> k
should be applied to denote explicitly the viable relations between 7 and 7 as well as to reduce some
traces on parts k’, K in (46) and (47). We report synthetically in the Table 4 the generalized bipartite
concurrence for pure states [25]:

CH(T(prg)) = 2(1-T(pZy)) (48)

There, j is assumed as the direction label of interaction involved. If m = min(my, my) where mq, m;
are the Hilbert space dimensions of each subsystem, then this measure changes smoothly from 0 for
separable states to 2(m — 1) /m for maximally entangled states. Be aware that we take &; = e%ic;,
despite it is only relevant for o». With this distinction, we introduce ¢’ = ¢ + bit — Py

Table 4 includes some obvious results for "local" interactions on parts (Hj) or correspondent
pairs (Hjjr): a) any part is maximally entangled with respect to the remaining system (through its
correspondent pair) if on it is not currently acting local or non-local crossed interactions in Hy and
Hipp, so C2(Tr°(p7.7)) = 1; b) nevertheless, if these local or non-local crossed interactions act on the
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Table 4. Bipartite concurrence C?(Tr® (o7 7)) for several subsystems in the SU(2) mixing of some pairs

of GBS basis states
’ Case ‘ S ‘ C*(Tr (pz.7)) ‘
a)[ph,) | s & K, K +a}] 1
b) ¢%j> [s € {K',K' +d}] | 1—sin®6(cos¢'dg,.j,, + (—1)i(1 -y, .j,)sing’)?
<) ¢%j (K, K +d| 0
d) ‘4% j> (K, K +d] sin? 0
e) )¢%J> [k, k"] % — %sin2 6(cos? @6y G T sin? ¢/ (1 — Oiyy i Oinion )

correspondent pair, each part of it could become separable or partially entangled to the remaining
system; and c) any correspondent pair (as a subsystem) is separable from the remaining system in
any GBS basis state, so C2(Tr*(pz7)) = 0. Note in last cases that subsystem comprises two parts
[K', k" 4 d] being compared with the remaining system, so Hilbert space dimension is four (m = 4).
Similarly, the most important result here: d) shows how interactions between non-correspondent
parts (crossed or non-crossed) affect the original separability of the each correspondent pair with
respect to the remaining system, letting it becomes entangled with the remainder system. Finally, e)
exhibits the change of entanglement between non-correspondent parts. Clearly they are originally
entangled with their respective pair out of the subsystem, but that entanglement becomes reduced
(C3(Tr*(pz7)) < 3/2) due to the non-local interactions.

6.3.3. Generating larger maximal entangled systems

The generation of extended entanglement can be shown with a couple of introductory examples
[26]. If |Bij) = |¥a2itiej) are the GBS basis elements for d = 1 corresponding to the Bell states [19],
then considering the |GHZ) and |W) states of size 2d expressed in the GBS basis:

1 d 1 4 )
IGHZ)? = 72@ w7 2 & (1¥0); + (-1)'[¥3);) (49)
i=0 j=1 2 7 i=0j=1
|W>2d = = 3 é 0inj-1,0i2j); = @ ié(l‘f’())'Jr [¥3);) @ [¥1); (50)
\/> s ] 2]/ 2% = ] ) !

where j sums over correspondent pairs. Note that we are alternating the notation in the kets by
convenience: [¥y); is the Bell state | ¥) on the jth i,) = |¥z)is the

Yisin,.,

T = 497Yiy + ...+ 4iy + i1 element in the GBS basis. For d = 2, they are simply:

GHZ)* = —(|¥o) + ¥ ¥ 51

| ) \[(| 00) +[¥33)) = \[Ie{zo;w}' ) (51)

W = 2(a0) + %)+ [+ [ =2 T [¥) 62)
Te{14,7,13}

Then, we can depart from the basic state [0000) = 1(|¥o); + [¥3);) ® (|¥o), + [¥3),) for d = 2. We
arrive to the |GHZ) by applying the following operations (interaction Hamiltonian is indicated in the
upper position, while the operation is written below):
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;Y 1
0000) — ' |¥o); @ ([¥o), + |¥3),) (53)
0000) I ﬁ' 1@ (|¥o), + [¥3),

HI(3,2)

™ [¥0)1 @ [¥o), = [Yo0)

H,,+

012

(3,1,2)

LI, L(|‘I’oo> + |¥33)) = L(|‘?f’0> +[¥15)) = |[GHZ)*
my V2 V2

The first operation requires action on two sets of GBS basis states. They are of the same form, so they
are easily achieved in terms of prescriptions for H77;**. Note that no more specifications are needed in
complementary blocks, they are free because their effect will work on states not included. Similarly, as
instance:

y (2,1,2)

Ila 1
IGHZ)* —(I'¥o0) + [¥1,1)) (54)
18,10®Eg:?5 V2
H;'? 1
—=([Y0); ®[¥1), + [¥Y1); ®[¥0),)
Egg@Egg ﬁ 1 2 1 2
HPY 11
—=(—=([Yo); +[¥3)1) @ [¥1), + [Y1); ®|¥0),)
H2’9+®Ifg \ﬁ \/E 1 1 2 1 2
Hy? 1
—— 5 (([Yo)1 +[¥3)1) @[¥1); +[¥1)1 © ([¥0), + [¥3),))
Iq@IZr EBHO’O’JF 2
4.8 7,11 1,13

= %(|‘f4> +[¥7) + [¥1) + [¥13)) = [W)*

where p,q,7 € Z. In the last operations, the block independence discussed in the previous section has
been applied to justify the construction of some simultaneous operations.

6.3.4. Recursive generation of larger maximal entangled systems

In the last subsection, we obtain the larger maximal entangled states |GHZ)* and |W)* departing
from the more basic states like |0000). The enlargement of entangled states can be stated in a more
overwhelming way as recursive processes. In each case, these processes are based on the control of the
parameters involved and the independence among block types generated in each interaction.

Thus, the process shown in Figure 8 combines some of the operations depicted previously to
develop |GHZ>2(d+1) departing from |GHZ>2d, stating a procedure to get larger versions of these
maximal entangled states. The first step begins using the state [¥o);,, ® |[GHZ >2d. Then, a local
operation is applied on each pair in the original state k = 1,2, ..., d to reduce the factors (|¥o), + |¥3);)
and (|¥o) j— |¥3);) in (49) into [¥o); and [¥3); respectively. After, we exchange the indexes 30 <+ 21 for
the non-correspondent pairs k' and d + 1 with a non-local operation. This transformation is followed
by a couple of local operations changing the indexes 2 <+ 3 for the pair k' and 1 > 3 for the pair
d + 1 (which adds a factor i); in this last case we transform the index 0 by itself, but adding the
factor i . Finally, we revert for k = 1,2,...,d + 1 the initial transformation between |¥y), , [¥3), and
(|'¥o)x £ |¥3),) respectively. All additional index transformations are settled as the identity. The state
obtained will be i GHZ >2(d+1). It is notable that only one 4—entangling operation between the added
pair with another one arbitrary pair from the original 2d-partite system has become needed in this case.
It reflects the low-robustness of the genuine entanglement for these states. Considering the expression
for |GHZ >2d in (49), the precise prescriptions are:
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; 1 1
2d d+1 : d d+1 d+1
[¥o) 12 © |CHZY —>— (]%) 1t [ Wohyy s ® [Ta) )—> = (120)™* + 2 )**)
Type | W Type ll Type | W
. R - t & 43 b o4
r ¥ ¥ .¥ .1 ! ¥ .% . fF ¥ ¥ .1 .1
4:1 d:z d:3 y:k 2(;,1) :f:l d:z d:k d+k 2(d+1) d:l d:z d:z d:k’ 1(;+1)
- k=1,2,.,d é > A
; 2(d+1) 1 i
L 73 (190 + [0)2) = 5 (190" + 1))
Type | Type |
3 3 5 ? d+1 1 2 3 k' z
rF v .7 .1 ¥ F ¥ . F .1
d:i d:Z d:S d:k 2[;+JJ d:l u‘:Z d:} d:k’ 2(;‘1}
ol B i - A
igure 8. Processes to build recursive enlargement o entangled states.
Figure 8. P to build i larg t of |GHZ) entangled stat
3k
HEP
k=1,2,....d 1
2d @ — d—+1 d
[¥0)411 ®|GHZ) @ S HOUH 7 (|‘Y0> +[¥0)411 @ [¥N) ) (55)
5,8 2
—5=3.4k-1
s,s’e{3p§N|peN}
1k d+1
H;Iu )
0 0,0 d+1 d+1
I, ®Ey \7 (|‘F> +[Yu) )
u=4K 1444
W =N—4"~114
(1K)
i
d+1 d+1
0 0,0 — (‘I’ + ¥, )
10,4k’—1@Eu’,u” \[ | > | >
=y +4F 1
H24+D)
! i d+1 d+1
—_—
; -5 (o)™ ¥ ™)
IO,Z 4d @Ell// N/
HI(3,k)
k=1,2,...,d+1
—_—— 2(d+1)
0,0, 1|GHZ
EBs,s’ Hs,sl+ | >
s/ —s=3-4k1,

5,8 e{3p<N’|p€N}

where [¥7)" = [¥;,), ® [¥,), ® .. ® [¥;,),- In addition, N = 4/ — 1 and N’ = 47"1 — 1. Note that
first and last operations are really a set of operations fork = 1,2,...,d and k = 1,2,...,d 4+ 1 through
several correspondent pairs. They exploit the Hadamard-like block operations for HI(?”k) to switch first
the |GHZ )M into versions where only the states |[¥) and |¥3) appear. After, operations generated

!
with H I(}Hk A1) petween two different correspondent pairs are used as exchange operations entangling

the added state [¥) ;. Then, the additional operations H I(l’k/) and H 1(2’d+1) generate a state expressed

only in terms of |¥) and |¥3), to finally be transformed into |GHZ )2(‘”1) with the same kind of initial
operations.

To obtain the \W) (@+1) state, we begin with [¥o),,; ® IW)?, then we use the same local
transformation to reduce the factors (|¥o), + |¥3),) in (49) into |¥y), for each k = 1,2,...,d. After,
we apply a sequence of non-local transformations between the pairs k,d + 1 for k = 1,2,...,d to
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transfer probability between states with indexes 01 <+ 10 there, in such way to reach the coefficient
L_ in each term. Finally, we revert the initial transformation for k = 1,2, ...,d + 1 changing [¥),

Vid+1
into (|¥o) + [¥3);). The final result is |W>2(d+1) as is shown in Figure 9. Note how the entangling

operations need to go through the overall pairs. It reflects the robustness of genuine entanglement
in these states. By considering the expression for |W>2d in (49), the following process gives the

prescriptions to reach |W)2<d+l) from |W>2d:

!ll‘ ) d d+1 d+1
7\ 2d 0/d+1 d . 7\ 2(d+1)
[¥obagr ® W) AL @ 3 gima) ' o= 3~ (R [0 @ [¥1); — [ W)
Vd : dpl =
i=1 i=1 g=1
i
Type | 4 Type ll Type | -
1 2 3 k d+1 1 2 k k s a+1 1 2 3 k d+1
IF 7 1 H ! f ¥ -7 187 F ¥ ¥ .1 .7
@l d¥2  d43 d+k 2(d+1) gl d¥2 K dek - 2(d+1) 4:1 d:Z d:a d:k Zfr;dj
———t=t 2 d é\ > k=l 2 d % < k=12, ., 001 -

Figure 9. Processes to build recursive enlargement of |W) entangled states.

H}s,k)
k=1,2,....d

@s s/ 10 ,@@S// §i HO,’,O’T,, |lII d
2d 5" s E s s 0>d+1 d
|T0>d+1 ® |W> s/ —s=4k"1, T X Z |‘Ij4i71> (56)
s—dk1 ¢/ 2.4k 1€ [3p<N|peN} d i
s///_s//=3.4k—1,
s”—4i71,s”’—4i’1€{3p§N|p€N},
k#ie{1,2,...d}

(Lk,d+1)
HIIa

k=1,2,..,d 1 de1d+l

- ¥ ¥
O Ig/u,@H8(5k,€k)4k—1r4d Vd+1 1; @| O>] “
u=4i=1 ) =y 4k=1 444 =
k#ie{1,2,...d} is
3k
HEP
k=12,..,d,d+1
®s,s’ 125/@®5//’51H Hg”(ij”
s/ —s=4F1,
s—4k1 s/ 2.4 1€ {3p<N'|peN}
s s/ =3.4k—1
s/ —4i=1 5" _4i-1c{3p<N'|peN},
k#ie{12,..,d+1}

|W>2(d+l)

As before, Hadamard-like block operations for HI(3’k) let to switch, at the beginning and at the

end, the states |W)2d and |W>2(d+1) in terms of |¥() and |¥1). The remarkable set of operations are
obtained with HI(},;k'dH) to entangle the added state |¥) ;, ; through the operations (41), which transfer
progressively the probability to the state [¥,4), completing a state easily transformed into [W)2@+D)
with the final set of operations. Additional exchange in the indexes are settled in the identity. The

adequate set of €, values for each step of operations should fulfill the 4 4 1 equations:

g =0 (57)
\/E = \/d+1<€j+§jgj_1), j=1,2,...,d
g] = 5] — Ejg]‘,l, ] = 1,2,...,d -1

Vd = Vd+1(5; - €484-1)
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These equations can be solved numerically for any d. Figure 10 shows the —log;, €; solutions for

d=1,2,..,60 by taking €;,6; > 0. Note that €; drops rapidly to zero when d and 7 grow.

20 sarr 2 1]
]

. 7 TN

NN TIS NS,

[LTEAFE ]

LS IS NI PSS Id
147, ///////

7 .?-»f//w

40 30 60

Figure 10. Solutions for ¢; in HJ(&;, ei)I,I’ involved in the enlargement of |W>d into |W)d+1 for values

ofd € {2,...,60}.

6.4. Multipartite entanglement and general states

In the previous subsection we are realized how generate extended superposition using the type I
interactions, despite, that process does not reach genuine entangled states. The use of type Ila, IIb
interactions is mandatory to extend the entanglement as a set of operations involving elements of two
pairs. Nevertheless, it si clear that lots of operations and combinations are necessary and possible.

As instance, by considering the permutation i, j, k from 1,2, 3 and departing from the state | ¥y
the process to reach an entangled state based on a complete combination from the basis elements
for two correspondent pairs is as follows (note the process is not unique). First, we apply a 2—local
operation on the pair s and direction i followed by another on the pair s’ in the direction j. A linear
combination from four basis elements is obtained. Then, we apply a 4—local operation in the direction
k and for pairs s, s’, obtaining a state of eight terms. Finally, we apply again a 2—local operation on
pair s in the direction j. At the end, we obtain the desired state of sixteen terms with the pairs s, s’

>2d

7

genuinely entangled as was seen.

d ) H;j,s’) /
2 s .5
[¥o) e Z o000 —_— Z Xy o0&y ‘TO,...,t,...,t’,...,0> (58)
o;" te{0,i} O}J’{S Dotefo,i
t'e{0,j}
H(ks s')
Ua
Z wtoat’OABe,e’tt’ pte(st, f'G’ ‘TO sl . ,0>
k{ss} ' eCy L ,k
te{0,i}
t'€{0,j}
(jis)
Hy s s pss s
. Z &7 001 0B er p 110y €0 ffeétr f’e’(s pix WO, ,x,...,e’,...,0>
(i{s} - / ,€5L, Psk ,p €,p, s,
I X €C
te{0,i}
t'e{0,}

where Cy = {0,1,2,3} and p < is the extension of the inverse exchange rule presented before p;(€),
but specifying the rule j as functlon of the direction of the interaction involved and the script t € {0,i}
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is a label specifying each possible inverse. It means, if j is the characteristic direction of the interaction,
o =
improved using additional interactions to grow the spectrum of effective coefficients asﬁ/ " ﬁsl'g’,sﬁ,; !
in order to have a wider coverage of SU(4). In addition, it is clear the last process (or alternative)
should be repeated varying one or two pairs in order to generate more complex entanglement. The
question about how to generate a specific state under this procedure or to generate certain kind or
level of entanglement is clearly open mainly due to the non well understood complexity to measure

this property for large states in general.

then: pg; =k=1p, pg:? =0= pg]] and p i= P;]]c, PZS(]) =j= p;]] This single process could be

7. Conclusions

Quantum gate array computation is based on transformation of quantum states under certain
universal operations. These operations are used to manipulate the information settled on quantum
systems to simulate or reproduce computer processing and normally uses separable states as primary
resources. Quantum systems involved, light or matter, are manipulated around of entanglement
generation in this kind of processing. Then, interactions involved commonly are non-local, implying
that their parts become entangled when they are being manipulated. In the process, several interactions
slightly differentiated are applied, each one with a different set of eigenvalues. It does not let to set a
common grammar to develop the quantum information processing problem. SU(2) decomposition
states not only a reduction in the quantum manipulation states, together it states a common language
to address the evolution through several kind interactions in order to reach a wider processing. The
process is able to be extended to other architectures (the interaction arrangement of qubits) and
Hamiltonians upon the adequate selection of the basis in which the dynamics could be expressed.
Inclusively, it is advised other configurations based on g—dits are possible using other group
decompositions than SU(22?) and SU(2).

Some applications of SU(2) decomposition are foreseen. It can be exploited in quantum control
of bigger systems in which control schemes are not well developed as those of SU(2) dynamics.
Decomposition presented before lets establish exact control when blocks are reduced to standard
forms I, NOT, H, etc., nevertheless, the success of last strategy for exact control depends on the
number of free parameters involved, which could be reached using a sequence of pulses instead of a
single one or otherwise time-dependent controlled parameters in the Hamiltonian, in spite the block
structure is conserved. Similarly, optimal control in terms of energy or time can be achieved when
procedures as those in [6,7] are adapted to each block in the depicted structure. More ambitious ideas
about the control of quantum processing as the use of wave traveling, ion traps, resonant cavities or
superconducting circuits [27-30] could be adapted to the architectures presented here.

Note that the selectivity of pairing is related with the non-diagonal elements arisen, it means, with
the local interactions involved in all interaction type more than only with the interactions generating
diagonal-off entries in all cases. This approach to quantum evolution will let analytically to control the
flow of quantum information in different adaptive geometrical arrangements. The use of more feasible
external fields (other than stepwise fields) is compulsory, which is completely compatible with the
current SU(2) reduction scheme [31].

In a related but not necessarily equivalent direction, selective block decomposition could be
useful for unitary factorization in quantum gate design (as that developed for the SU(4) case[23]),
particularly for large dedicated gates involving the processing of several qubits. In the current context,
it is a quest in the mathematical arena, how to express a general SU(22?) matrix as a finite product of
U(1) x SU(2) block matrices as those developed here.

Finally, other applications in quantum processing could be engineered for multichannel quantum
information storage, using certain subspaces to storage differentiated information which could be
processed simultaneously in other subspaces, by example in quantum image processing or quantum
machine learning. Additional research should be developed to adapt this procedure to specific gate
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operations, necessities in specific quantum processing and translation of the most common algorithms
into equivalent ones based on entangled resources as those shown here.
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