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Abstract

We discuss a class of models that generalize the two-state Landau—Zener
Hamiltonian to both the multistate and multitime evolution. It is already known
that the corresponding quantum mechanical evolution can be understood in
great detail. Here, we present an approach to classify such solvable models,
namely, to identify all their independent families for a given number N of inter-
acting states and prove the absence of such families for some types of inter-
actions. We also discuss how, within a solvable family, one can classify the
scattering matrices, i.e., the system’s dynamics. Due to the possibility of such
a detailed classification, the multitime Landau—Zener model defines a useful
special function of theoretical physics.
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1. Introduction

Modern quantum science encounters considerable new mathematical challenges. In studies of
explicitly time-dependent phenomena, such as quantum annealing, dynamic phase transitions,
control of quantum devices, quenching, and thermalization we deal with strongly nonequi-
librium complex systems that are often not accessible to numerical modeling at the desired
scales. Standard analytical tools, however, are too limited for such applications. Efforts to keep
physical models analytically tractable often lead to considerable over-simplifications, so that
generalizations become unjustified and misleading. It is desirable to develop tools to study
explicitly time-dependent Hamiltonians with complexity of, e.g., models that are commonly
studied by methods of the conformal field theory and the Bethe ansatz.

Recently [1], the conditions on a time-dependent Hamiltonian were found that lead to con-
siderable understanding of the corresponding dynamics. However, the integrability conditions
in [1] only provided a test for integrability. So far, there is no straightforward path to a system-
atic classification of such integrable models. Integrability conditions have been used either to
validate hypotheses or to generate integrable time-dependent models within the already known
class of Gaudin magnet Hamiltonians [2].

In this article, we develop an approach for detailed classification of solvable time-dependent
Hamiltonians that have a specific unifying property. We will also discuss that there is an analyt-
ical solution for the corresponding scattering problem. Hence, this solvable family defines an
unusual new special function that can play a similar role in complex time-dependent quantum
physics as the parabolic cylinder function plays in time-dependent two-state physics [3—6].

This article is organized as follows. Sections 2 and 3 are still introductory. In section 2,
we define the class of models that we will mainly consider—the multitime Landau—Zener
(MTLZ) models, and in section 3 we discuss the difference between separable and nontrivial
integrable models. In section 4, we show that integrability conditions for MTLZ models can be
conveniently presented by the data on graphs, and sketch a scheme for retrieving independent
solvable models for such data. Sections 5—8 are applications of the graph method described
in section 4 to specific graph geometries with N < 10. Discussions and conclusions are left to
section 9.

2. Linearly time-dependent Hamiltonians

The simplest time-dependent Hamiltonian is the one with linearly changing parameters. Hence,
we will consider the Schrodinger equation

i%w =H(ty, H(t)=A+ Bt, (1)

where A and B are constant Hermitian N x N matrices with real entries (we set h = 1), and
1) is a vector with N components. It is a natural generalization of the two-state Landau—Zener
(LZ) model for spin 1/2 in a linearly time-dependent magnetic field [4, 5]. The eigenvalues and
eigenvectors of the matrix Bt are called diabatic energies and diabatic states, respectively. Off-
diagonal elements of the matrix A, in the basis of diabatic states, are called couplings. Any two
diabatic states are called coupled if the matrix element of A between these states is nonzero.

The general solution of equation (1) is not known. Nevertheless, in our recent article [7],
we pointed that considerable understanding can be obtained when such Hamiltonians create a
family of some M > 1 Hamiltonians of the form

Hi(x)=BX*+A;, jk=1,.,M, 2)
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wherex = (x', ..., x")is called a time-vector, and B;, A; are real symmetric matrices; here and
in what follows we will assume summations over repeated upper and lower indices. Within this
family, the state vector must satisfy simultaneously M equations:

i0Y(x)/Ox) = Hjx)p(x), j=1,....M, M>1. (3)

The parameter ' in H; can be identified with the physical time. Note that if we set x* = const
in (3) for all k # j and identify ¥/ with ¢, then each of the equation (3) becomes an independent
multistate LZ model of the form (1). Moreover, the evolution of the system (3) along a path
given by a linear combination of time variables ¥’ is equivalent to a model of the form (1). For
this property, the system of equation (3) with the set of Hamiltonians of the form (2) was called
the multitime Landau—Zener (MTLZ) model.

According to reference [1], an MTLZ system may be solvable if equation (3) are consistent
with each other. For real symmetric matrices H; this happens when two conditions are satisfied:

[HlaHj] = Oa (4)

OH;/0x) = OH;/0x', i,j=1,..., M. 6)

We will call (4) and (5) the integrability conditions.

In reference [7], we focused only on the general properties of MTLZ systems. In particular,
we already proved that the scattering problem for any multistate LZ model that can be generated
from such a family can be solved explicitly in terms of the matrix product ansatz, and that
parameters of such models are constrained to have several common properties. For example,
we showed that, when plotted as functions of one time variable ¥/, the energy levels of the
Hamiltonian H; from the family (2) pass through a known number of exact crossing points.
Here, in contrast, we are going to discuss classification of such systems.

3. Separable and nontrivial integrable models

A trivial example of an integrable family (2) is found among Hamiltonians of noninteracting
spins that experience independent LZ evolution [7]:

HH) =M 010 - 0L+ 1L0H0he @+ +1LQ - @ 1,0 Hy, (6)

where 1, is a unit matrix acting in the space of the corresponding spin and

Bikt + €1k Yk
Hy = , k=1,...,N, 7
‘ ( Yoo Baud + ex ™

are the two-state LZ Hamiltonians with different constant parameters 315, €;, and . Any
such H(f) has N — 1 linearly independent Hamiltonians with the same structure and satisfying
relations (4) and (5).

The solution of the Schrddinger equation for the model (7) is also trivial. Since all spins are
independent, the evolution operator is a direct product of such operators for each spin:

Ut)=U,1)®--- @ Un(), (8)

where any Uy (f) is known because the LZ model is solved in terms of the parabolic cylinder
functions.
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Despite the simplicity of the model (6), many studies of quantum annealing and a dynamic
passage through a phase transition were based on reducing a problem to independent two-state
dynamics. A notable example is the Ising spin chain in a transverse magnetic field [8, 9]. Our
goal, however, is to find MTLZ families that do not have the trivial form (6) in any fixed basis.
An example of a nontrivial family is the y-magnets [11]:

N N

Hl(t,e)zsnoj—i—z (Bjto’ + &) » )
=1 =1
N N A

Hy(t,e) = tH 0%+ Z (—}7; + %%) . (10)
n j j

where f3;, and g; are constant parameters; a}* are the Pauli operators for jth spin, and

N-1
VI = 01,72 = 0305, ..., IN = a,f,H o,
k=1
N
=0 ok A1 = o105 A = o (11)
k=2

For the two-time vector
T =(t,¢), (12)

H, and H, satisfy (4) and (5).

In figure 1, we plot the energy spectrum of the Hamiltonian H, () for different values of ¢
and fixed other parameters. Integrability of this model can be inferred from the large num-
ber of points with exact crossings of energy levels. According to [7], the number of such
exact pairwise level crossings in solvable multistate LZ models should be the same as the
number of zero direct couplings between the diabatic states. This property holds true for the
Hamiltonian H,.

The diabatic states are the eigenstates of the time-dependent part of the Hamiltonian. In the
model (9), they are the spin projection states along the z axis, such as |11 ... 1). According
to the adiabatic theorem, when energy levels are well separated, transitions between them are
suppressed. This happens for the spectrum in figure 1 as t — +-co. However, for the time inter-
val and the parameters that we used in this figure, different pairs of levels experience avoided
crossings, i.e. places where levels do not cross exactly but appear very close to each other for
a short time interval. After passing them, the system has finite amplitudes to stay on the initial
level or to jump to a new one. Thus, for evolution from t = —oo to t = 400, one can estimate
the amplitude of transitions between any pair of diabatic states by drawing all semiclassical
trajectories that connect the initial state at 1 = —oo and the final state at r = 400, and then
summing the amplitudes of these trajectories for a given transition.

A common feature of all y-magnets with N > 1 is that there are generally more than
one trajectory connecting an arbitrary pair of energy levels that correspond to some pair of
the Hamiltonian eigenstates at t = +£00. An example is shown by red and blue arrows in
figure 1. This property, rather than the presence of exact crossings, is the signature of purely
quantum and nontrivial behavior. For example, consider the separable Hamiltonian for four
spins:
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Figure 1. Eigenvalues of the Hamiltonian (9) as function of 7 for N = 4 interacting spins.
If we count a simultaneous exact crossing of n levels in one point as n(n — 1)/2 pairwise
exact level crossings, then this figure contains 88 exact pairwise level crossings, as it is
required by integrability conditions in the multistate LZ theory. The blue and red arrows
show an example of interfering semiclassical trajectories. The choice of the parame-
ters;e=1,51=05,6,=1.7,03=4.1,5,=7.1,8, = 0.14, g0 = 0.15, g3 = 0.17,
g4 = 0.15.

4
Hep =Y [(Bit + €0l + giot] . (13)
i=1

The spectrum for Hy, is shown in figure 2. It contains the same number, 88, of the exact
pairwise crossing points, as figure 1. However, careful examination of figure 2 shows that in
the semiclassical picture there is always only a single trajectory that connects one level at
t = —oo with another level at t = +-o0.

Another feature of nontrivial interactions in the y-magnet is that the number of exact
crossings is not conserved at large values of off-diagonal couplings. The theory in [7] guar-
antees 88 such crossings for H; at N = 4 for finite but only sufficiently small values of g;.
For example, if we increase all couplings of the model in figure 1 ten times, we find the
spectrum shown in figure 3 with fewer exact pairwise crossings. Such a reduction does not
happen with the spectrum of the separable spin model (13) because exact crossings there
are guaranteed by the lack of spin—spin interactions. Thus, both the spectrum and semi-
classical analysis of y-magnets show features that are not present in the separable spin
models.

This comparison between separable and non-separable integrable models suggests that the
latter may describe considerably more complex dynamics. In what follows, we will develop
an approach to classify all MTLZ models on the same footings. We will find, for example,
that the separable model corresponds only to a very special and very symmetric case in such
a classification, whereas the Hamiltonian of the general case is described by a considerably
bigger set of parameters.
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Figure 2. Time-dependent spectrum of the separable Hamiltonian (13) as a function
of ¢ for N = 4 interacting spins. Here ¢; = (—1)'e, and all other parameters are as in

figure 1.
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Figure 3. Spectrum of the same ~y-magnet model as in figure 1 but for ten times
larger couplings g;, i = 1,2, 3,4. Several pairs of crossings annihilated each other in

comparison to figure 1.

4. Integrability conditions for MTLZ families on graphs

Originally, we constructed the family (9) and (10) using the trial-and-error approach. More sys-
tematic classification of such solvable families is needed. Thus, we want to know whether there

6
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are restrictions on the numbers of independent Hamiltonians in such families, or whether we
can add extra nontrivial interaction terms in such Hamiltonians without breaking integrability.

Substituting equation (2) into (4) and (5) we find matrix relations for an MTLZ
family [7]:

Byj=Bj, [Bj, Bl =0, (14)
[Bsj, Akl — [Ba,Aj] = 0, (15)
[Aj,Ad =0, kjlms=1. .M. (16)

Note that here the lower indices are not indices of matrix elements but rather indices that
enumerate independent Hamiltonians in an MTLZ family. We will call the number of inde-
pendent Hamiltonians, M, the dimension of the MTLZ family. Equations (14)—(16) are the
integrability conditions for MTLZ models. Due to equation (14), all matrices Bj; can be diag-
onalized in the same orthonormal basis set (e,|la = 1,. .., N), namely, the set of states that we
will call the diabatic states.

4.1. Algebra of forms on the connectivity graph

In order to satisfy conditions (14)—(16), the real symmetric matrices A; must have some zero
matrix elements in the diabatic basis. Therefore, with any MTLZ family of models, it is con-
venient to associate an undirected graph I' = (I'y, I';), whose verticesa € I'y (a=1,...,N)
represent the diabatic basis states and edges o € I'} correspond to the nonzero couplings
between the diabatic states. We will call I' the connectivity graph. In what follows, it will also
be useful to assume that edges have orientations, which we will mark by arrows. For example,
the family of models with the Hamiltonians of the form

pit + ei g2 0 g4
t+e 0
H() = g1 B2 2 25 , (17)
0 25 B3t + e3 834
g4 0 834 Bat + €4

where gj;, B; are some constant parameters, has the connectivity graph shown in figure 4. The
meaning of its edge orientations will be explained later.
Let Af ; a= I,...,N be eigenvalues of the matrices By;. Since Bj; = Bj, due to

equation (14), we have the obvious symmetric property A = Af;. Hence, each vertex a is
the residence for a quadratic (symmetric bilinear) form

A" = A%dx @ dxt, (18)

where ‘®’ denotes the tensor direct product. The nonzero couplings Ajf}’ will be naturally
considered as j-components of a linear form

AP = AP = APdx. (19)

Note that this notation resolves the first constraint, given by equation (14), automatically
because the symmetry of the 2-form in (18) means that Ay = Ay;.

7
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The second constraint (equation (15)), now has a form
(A =AY NA" =0, V{a,b} T, (20)

where ‘A’ denotes the skew symmetric tensor product (the wedge product). Equation (20)
is straightforward to verify by substituting (18) and (19) into the left hand side of (20) and
compare the antisymmetrized over j and k coefficients near (d¥ A dx*) ® dx® with (15). Since
the vanishing of the wedge product of two vectors is equivalent to their linear dependence,
equation (20) is equivalent to

AG — Ab _ Xab ®Aab’ (21)

: b b
for some linear nonzero form x* = —x”“. Due to the property Aj; = A%,

that xA% = x® A%, or in other words: x** A A = 0. This implies the linear dependence of

1

X and A, which being substituted into equation (21) results in

equation (21) implies

,yab(Aa _ Ab) — Aab ®Aab, (22)

for some y*» = —~%@ =£ (0. Using the introduced notation the third constraint (equation (16))
can be naturally represented as

Z (AZA} —APAT)=0 Va,beT, (23)
sePs(a.b)

where the summation goes over all length 2 paths on the graph, and we denoted by P;(a, b)
the set of paths s = (sy,...,s), with s; € I'y for j=1,...,/, that starts at a and ends at
b. Equations (22 and (23) are homogeneous of degree 2. They are equivalent to the inte-
grability conditions (14)—(16) but they are simpler for analysis for a given connectivity
graph.

Finally, we note that in multistate LZ theory it is assumed that the directly coupled diabatic
energy levels must cross. For levels a and b, this happens on the hypersurface that is defined
by conditions

(A=A X/ =0, ab=1,...,N, i=1,...,M. (24)

Using (22), we find that this condition can be rewritten in terms of Alf"bA?b. Suppose now that
there is a diabatic state ¢ such that A°> and A“° are linearly dependent. We find then that if
condition (24) is satisfied for levels a and b, it is also satisfied for a and c. In other words,
levels a, b, and c cross simultaneously.

The multistate LZ models with simultaneous multiple diabatic level crossings are widely
known and used in practice (see e.g., reference [10] that is fully devoted to them). However, all
of them are likely derivable as limits of models with only pairwise level intersections. There-
fore, in this article we will restrict our studies only to the Hamiltonians without triple or higher
order intersections, in one point, of directly coupled diabatic levels. In the graph language, this
means that A forms have the following property: for any pair of distinct edges v, 3 € I'! that
share a vertex, that is o N 3 # 0, the forms A and A are linearly independent. We will call
a family that satisfies this property a good family. Let us now show that restricting our studies
to the good families leads to considerable additional simplifications.

8
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1J ¢ \2

+) (3

Figure 4. Directed graph representing a four-state model (17).

4.2. Refined integrability conditions for MTLZ models

Let us define a cyclic path

n=3"n.a (25)

acl’}

on the graph I', as a combination of the edges « on I' with the zero boundary; here n, = +
account for possible orientations of the edges. Namely, let us define s* = sgn(y*) = +1,
for a = {a,b}. We can then represent v = s+, where v* = |y*|. For any cyclic path
n, we can now prescribe the coefficients n, = £1 to all its edges: n, = s if n passes the
edge from a to b. Hence, signs of 7** define unique directions of edges along any loop of the
graph.

A vertex a will be called a source or a sink if s> = —1, or s» =1, respectively, for all
{a,b} € T'y, i.e., if all arrows point, respectively, out or in. A vertex will be called intermediate
if it is not a sink and not a source for all edges. For example, the arrows on the edges in figure 4
mean that vertex 1 is a sink, vertex 3 is a source, and vertices 2 and 4 are intermediate, and the
signs are s'? = s'* = —5% = —%* = 1. We will call 4 the LZ parameters for their similarity
with the analogous combination that enters the transition amplitude in the simple two-state LZ
formula [4].

It is now convenient to introduce the rescaled forms

_ Aab A
AY = = . (26)
Vel Ve
For any cycle n = Z%Fl n,a, the integrability conditions can then be written as
> A @A =0, (27)

aEn
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and Va,b € T'y:

{a,c} {b,c}el - -
Z ,y{a,c},y{h,c}A{aqﬁ'} AALS — . (28)

cel’y

From equation (28) follows the following property:

(a) any pair «, 3 of edges that share a vertex belongs to at least one length-4 loop.
In appendix, we also prove two properties that strongly restrict the types of graphs that
can sustain integrable families. Namely,

(b) the graph I" must not have length 3 simple loops;

(c) the vector space spanned by the four A forms on any length-4 loop has dimension 2.

Now we summarize the program for how to retrieve the integrable families for a given
connectivity graph. First, we should check whether conditions (a) and (b) are satisfied. If not,
then there is no integrable family for this graph. Otherwise, we take the following steps:

(a) We start with choosing the orientations on the graph, namely, fixing the sign s°” on every
edge a = {a, b}.

(b) We further identify/classify the solutions of equation (27), viewed as a system of bilinear
equations on the forms A”; the number of independent equations is given by the number
of independent 1-cycles on the graph. Generally, solution of equation (27) is not unique
but rather depends on free parameters, which we will call rapidities.

(c) Once A" are identified, we find the solutions of equation (28), viewed as a system of
bilinear equations for /v%; we will show later that any particular equation has a very
simple and scalar form. Again, the solution may not determine all v* uniquely, so some
of v* then become free parameters of the model. At this stage, having equation (26),
we can reconstruct couplings of the Hamiltonians, which will depend on rapidities
and 7°.

(d) Finally, the quadratic forms A“ associated with the vertices are obtained with
equation (22). Again, this equation may not fix all A*. The parameters that describe this
freedom also become free parameters of the MTLZ Hamiltonians.

Note that within such a scheme, the forms A" are obtained in some (abstract) basis set. The
dimension of the vector space spanned onto A” is the actual dimension of the MTLZ family.
Multistate LZ models within this family are related up to an invertible linear transformation in
the space of free parameters.

5. Four-vertex graph

As the simplest example, let us explore a connectivity graph, generated by a length 4 simple
loop that consists of 4 distinct edges, say, « = {a,b}, 8 = {b,c}, n = {c,d}, and v = {d, a},
as shown in figure 5. We can call this graph a ‘square’. We will first assume that this graph can
be a part of a complex graph, then consider this graph as an entire graph. Our goal is to find
restrictions on the 1-forms and LZ parameters that are imposed by equations (27) and (28).

5.1. Non-bipartite graph orientation

We assume, initially, orientation to be arbitrary. By the property iii, A” and A” are linearly
independent and

10
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Figure 5. Graphs of a 4-loop (a square), with two types of orientations: (a)
non-bipartite; (b) bipartite.

AV = x,AY 4+ x5A°, A =y, A + y‘ggg. (29)
We further make use of equation (27) to define the cyclic path
n=s%+s*B 4+ s + s%y, (30)

which is a cycle. Upon substitution of equations (29) and (30) into equation (27), and looking
at the coefficients in front of A° @ A%, A” © A”, and A* © A” + A” ® A®, we obtain a system
of three quadratic equations

sdaxi + scdy(Zl + sab _ 0,

Sda.X%; 4 SCdy%g 4 Sbc _ 0’

sd"xwx@ + s"dy(yyg =0. (3D



J. Phys. A: Math. Theor. 53 (2020) 185203 V'Y Chernyal et al

We will now consider all possible orientations that allow for nontrivial solutions of
equation (31). Let s = s/ = 1. Then, for equation (31) to have nontrivial solutions we have
s% = sb¢ = _1, which means that ¢ and ¢ are a source and a sink, respectively, as we show in
figure 5(a). Namely, they are, respectively, the origin and the destination of arrows that are con-
nected to them. The other vertices, b and d, are intermediate. We will call the whole orientation
of edges in figure 5(a) non-bipartite. For this orientation, it is easy to see from equation (31)
that (A", A") are related to (A“, A”) via an orthogonal O(2) transformation, i.c.,

A" = cos pA® + r sin A",
AP = —sin @A + r cos @A”, (32)

with r = 41, i.e., with the determinants of the corresponding 2 x 2 matrices equal 1. A useful
consequence of (32) is

AV NAM = rAC N AP, (33)

which is true for a general O(2), not necessarily SO(2), transformation.
In what follows, it will be useful to view equation (32) as a system of linear equations that
relate different pairs of components of A. Thus, expressing A and A”, via A* and A”, we obtain

A(y S A/l + ch)s SOA{)’,
sin ¢ sin ¢

_ _ 1 -

Ar= B Pan e A8 (34)
sin ¢ sin ¢

and we further recast the result in the form of a pseudo-orthogonal transformation:

A® = p (cosh YA" + 7 sinh JA”)

A” = p (sinh A" + Fcosh ¥A”) (35)
with the following relations:

p= —sgn(sin ¢), F=—r, |[sinp|-coshd =1,

sgn(sinh ) = sgn(cos ). (36)
An analogue of equation (33) is now

A® NAY = FAM NAP. (37)

By now we have assumed that this four-vertex graph can be a part of a complex graph. Let us
now consider this four-vertex graph as an entire graph. In this case we can apply equation (28),
which leads to two equations written for two pairs of opposite vertices, i.e., {a,c} and
{b,d}:

VITYAY NAY = —\/~PyrAP A AR,
VITTPAY NAK = =/ PAY N AT, (38)
which can be reconciled with equations (33) and (37) if we set

12
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—r=7=1. (39)
Equations (33), (37) and (38) also imply

=0 =70 (40)
that is, the LZ parameters have to be the same for opposite links of the square graph.

5.2. Bipartite graph orientation

Another orientation that could produce a qualitatively different solution is shown in figure 5(b).
This time, both b and d are sinks of arrows, and both a and b are sources, and we refer to this
graph orientation as bipartite. Equation (29) define a pseudo-orthogonal transformation, whose
general form has been already presented in equation (35), so that the forms A”, associated with
the edges of our 4-loop are related by

A” = p(cosh YA® + r sinh ¥A”),
A" = p (sinh 9A” + r cosh 9A”) (41)

and we also have as a consequence equation (33) to hold. In the same way how equation (35)
has been derived, we obtain

A“ = p (cosh YA” + 7sinh JA")
AY = p (sinh VA" + Fcosh ¥A") (42)
with the following relations
p = —rsgn(sinh 9), 7= —r,
|sinh 9| - |[sinh | = 1, sgn(sinhd) = p. (43)
Then we have for the bipartite orientation
AV NAP = +AC NAP, AT NAY = FAP N A, (44)

where signs + and = are correlated with each other. If this four-vertex graph is an entire
graph, we will have (38) as in the non-bipartite case. This means that equations (44) and
(38) are contradictory to each other, so there is no nontrivial solution for the bipartite
graph.

Therefore, for a 4-loop graph as an entire graph, the data (values of A, and 7*) on edges of
this graph satisfy integrability conditions only if its orientation is nonbipartite and conditions
(32) with r = —1 (or, equivalently, (35) with 7 = 1) and (40) are satisfied.

5.3. Solvable 4-state models

Let us now construct an integrable model explicitly. According to the directions of arrows in
figure 4, we have v'2, v, 44,42 > 0. According to (35), the relations between the A forms

are:
A% cosh ¥ sinh ¥ A2
(A”) =P (sinh ¥ cosh 19) (A”) ’ (43)
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where p = £1, and from (40) the relations for v/ are:
N L (46)
In what follows, to shorten notation, we will denote:
s=sinh ¥, ¢ = cosh . 47)
Since the space of 1-forms is 2-dimensional, we can write
A = qidx' + apdx?,  AM™ = bidx' + bydi?, (48)

where a;, and b;, are arbitrary real numbers. )
Using equation (26) and identifying coefficients of A’ near dx' with couplings in H; we
find

giz=V"7"%a1,  gu=7"b1, gxn=pVy"sar+cb),
834 = pV/y2(cay + sby). (49)

Equation (49) defines four couplings in terms of five free parameters of the model: ay, by, 19,
~'* and 7'2. So, we have freedom to set the couplings to arbitrary different values (with one
exception to which we will return).

However, slopes of the levels are generally not independent. Recalling equations (22) and
(23), and identifying Aj, with g, in (17), we find

Bi—Br=ai, Bi—Pa=bi, Br—Bs3=(sai+chy),
Ba — B3 = (cay + sby)*. (50)

Equations in (50) are dependent on each other because they give identity if we sum all of them
with proper signs. This merely reflects the freedom to do a gauge transformation

H, — H, + (Bt + o)1 (51)

that keeps the Hamiltonian integrable. Apart form this, there are no new free parameters that
resolve equation (50). Finally, using equations (22) and (23) and identifying A}, with ¢, in
(17), we find

el —ey =ayay, e —es=biby,

er — e3 = (say + cby)(sas + cby),

ey —e3 = (cay + sby)(cay + sby). (52)
Again, this set of equations determines e, s = 1,2, 3,4, up to a gauge freedom constantin (51).
Note, however, that this is the only place where the new free parameters, a, and b, appear.
Hence, unlike the slopes 35, the parameters e, are not completely determined by the values of
model’s couplings.

Summarizing, we found simple equations (49), (50), and (52), that determine all parameters
of the Hamiltonian (17) up to the gauge freedom (51). Thus, the resulting model depends on
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seven independent real parameters: a; , by, ¥, v'2, and v'*. We can also add to this list the
sign index p in (49).

At this stage, the Hamiltonian H; does not look particularly ‘physical’. However, this Hamil-
tonian does have a simple physical interpretation if two couplings are set the same, e.g., let

812 = 834 = &1, (53)

where g; is an arbitrary constant. There are two choices of free parameters at which this occurs.
The first choice is the case with

9 =0. (54)

We find then that the Hamiltonian can be parametrized so that

ﬂlt + e &1 0 2
_ g1 Ptte 82 0
= 0 ) Bt + e3 g1 ’ (55)
82 0 81 Bat +eq

where the only constraints on the parameters are
Bi—Br=P03—PBs Bir—Pa=Pr— b5
and
el —ey=e4—e3, e —es=e) —es,

i.e., the couplings g; and g, are independent of the diagonal elements. This particular choice
is trivial. It coincides with the Hamiltonian

H =1L, oH? +HZ @1, (56)

that describes two noninteracting spins experiencing independent two-state LZ transitions
that are described by independent 2 x 2 Hamiltonians Hfzz This trivial case was discussed
previously in [12].

A nontrivial case is found if we set ¥ # 0, i.e. ¢ # 1. Then substituting (53) into (49) we
find

814 = —823 = &1, (57)

i.e., this is a special case at which the couplings g4 and g»3 cannot be made arbitrary. However,
specifically at this case, equation (50) does not have unique resolution. Up to a shift of time
t — t + to, the Hamiltonian (17) can then be parametrized as follows:

Bit + ey 81 0 g2
_ g1 Bat—e —& 0
Hl(t) - 0 _g2 _ﬁlt+el gl k] (58)
&2 0 g1 —Bat — e

where all parameters are independent. Comparing this Hamiltonian with the Hamiltonian (9)
for N = 2, we find that up to renaming of variables they are the same. Thus, as expected, the
N = 2 case of the y-magnet model is a special case of the square graph family.
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Figure 6. Directed graph of the cube model, where every 4-loop has a non-bipartite
orientation.

One can easily construct a commuting Hamiltonian for (58) by identifying couplings with
coefficients of A® at dx* and so on. Since we already proved that the square-family is 2-
dimensional, we also proved that the Hamiltonian (9) for N = 2 does not have other nontrivial
operators but (10).

6. Cube

Let us now extend the analysis of a simple square graph to an 8-state MTLZ model whose
graph is a cube, as shown in figure 6. A specific case of this model was considered in [11].
Here we will consider its most general form.

6.1. MTLZ family on cube

The cube graph is shown in figure 6. It has the property that for any two vertices that can be
connected by a length-2 path (namely, any two vertices that sit on diagonal position of one face
of the cube), there are only two such paths in the entire graph. Thus, the graph is decomposable
into 4-loops. According to the analysis in the previous section for a square model, all these 4-
loops should have non-bipartite orientations. Therefore, up to a permutation of vertices, we get
only one type of orientations, as shown in figure 6. Vertex 0 is a sink, vertex 7 is a source, and
all other vertices are intermediate.
For v, considering loop 0132, an argument similar to that for the square model gives:

01| — 23|, 02‘ _

WO = |y V% = v (59)

Writing out similar relations for all other 4-loops, we see that the twelve LZ parameters v*’s
are related so that any four edges parallel to each other have the same |y“?|. There are only
three values of |y?*| that become the independent parameters. Including the signs determined
by s%’s, which are illustrated by the arrows in figure 6, we get
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701 — 723 — 745 — 767, (60)
702 _ 713 _ 746 _ 757’ (61)
704 — ,ylS — 726 — 737’ (62)

and that all these twelve v*s are positive.

For A, we use the previous result that for any 4-loop its four A“ forms are connected
via orthogonal or pseudo-orthogonal transformations. Let us take the three forms on edges
connected to vertex 0, namely, the forms A” A" and A®, to be known. For simplicity, later
we will write the loop indices as a single number, by making the substitutions

0132 =1, 0154 —2, 0264 — 3,
1375 =4, 2376 =5, 4576 —6.

For the three loops that include vertex 0, namely the loops 0132, 0154, and 0264, the pseudo-
orthogonal transformations give:

A2 301 345 o1
<A13> = U(h) <A02> ; (A15> = U(vh) <A°4) ,

246 202
(Gos) = v (G). (©3)

with

cosh ¢¥; sinh ¥;
U@ = pi (sinh ¥; cosh 19,)

Ci S
(S,' C,’) ’ (64)

where p; = +1 are sign factors, and

ci=picoshd;, s =p;sinhd;, ¢—s=1. (65)

1

U(¥);) is a pseudo-orthogonal matrix, with 1J;’s being rapidities which can take values from
—o0 to co. The other three loops which include vertex 7 then give:

357 e 367 A2
<A37> = UW4) <A15> , (A37> = U(¥s) (AZ") ,

467 445
(Gr) = vevo (G- (66)

Equation (66) overdetermine the forms A37, A" and A% because there are two equations for
each of them. For example, substituting (63) into (66) we find two expressions for A’ in terms
of the forms that we consider linearly independent:
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A37 = 04(02A04 + SzAOl) + S4(6‘1A02 + S1A01), (67)
Azy = c5(3A™ + 53A%) + 55(c1A” + 51A7). (68)
If we assume that the three forms A”', A" and A* are linearly independent, then the

coefficients near these forms in equations (67) and (68) should be the same, which gives three
conditions on ¥s:

CyCq4 = C3Cs, (69)
C185 = §pC4 + S84, (70)
C184 = 83C5 + §155. (71)

This is a system of three equations with five variables (s; and ¢; are viewed as the same variable),
but one equation turns out to follow from the other two. Therefore, there are three rapidities
that we can consider as independent parameters of the model and derive other rapidities from
them.

Let us simplify the information that is contained in equations (69)—(71). From equation (69),
we have ¢s = ¢y¢4/c3. From equation (70), we have ss = (sacq + 5154)/c1. Plugging these two
expressions into equation (71), we get:

C2C4 §2C4 + 5184
c184 = —8§3 + ——— 1, (72)
3 C1

which is equivalent to

54  C1C283 + 85185203

, (73)
C4 C3
where we used ¢? — s = 1.
Let us now introduce the hyperbolic tangents:
Si
T = — = tanh 7.9,'. (74)
Ci
In terms of 7;, the functions s; and ¢; are expressed as:
PiTi Di
Si= ——, =—F—. (75)
1—7? 1 — 72

Plugging these into equation (73), we get an expression of 74 in terms of 71, 7, and 73:

= p1p2(T3 + T17T2) (76)

Ja—ma—2

Now we note that our graph in figure 6 possesses a 3-fold rotation symmetry about the

line connecting vertices 1 and 7. Therefore, the expressions for A" and A" can be directly
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obtained from those for A”’ (equations (67) and (68)) by exchanges of indices according to
this symmetry.Thus, we find the expressions for 75 and 74 in terms of 71, 7, and 73:

_— p1p3(T2 + T173) a7

A =7H - 732),

o = pap3(T1 + T273) (78)

A= — 732).

The sign factors p; are also not all independent, and they satisfy:

D2P4 = D3Ps,  P1P4 = P3De- (79)

Note that in the analysis above we assumed linear independence of A% A% and A%, and
the space of the A forms is 3-dimensional. We did also consider the case when not all of
A", A” and A™ are linearly independent. Then the dimension of the space of the A forms
has to be 2 due to the good family assumption. In this case, all the rapidities can be taken
as independent parameters, and we tried to solve for all the A forms, but we found that the
equations always lead to a contradiction. This indicates that there are no intrinsic 2-dimensional
families on the cube graph. Namely, any 2-dimensional family on the cube can be obtained
trivially from a 3-dimensional family that we just described by restricting to a 2-dimensional
subspace.

Summarizing, we found that the cube connectivity graph describes a 3-dimensional MTLZ
family, which is parametrized by nine parameters of three independent 1-forms: A", A", and
A™ plus three independent LZ parameters: 4°!, 4° and 7% plus three independent rapidity
parameters, or rather their hyperbolic tangents: 71, 7, and 73, whose values should keep other
such variables, 74, 75 and 7¢ within the range (—1, 1). There is one trivial choice of the rapidi-
ties: 7; = O for all i. We verified that this case corresponds to a trivial model that is composed
of three independent 2 x 2 LZ Hamiltonians:

Ho=H*0Lobh+LoHY o+ 1,91, @ HEZ. (80)

The transition probability matrix [7] is then a direct product of three 2 x 2 LZ probability
matrices:

Pr—o = PY* ® P5* @ P¥%,

o (81)
W:@Z%(ﬁum
where py = e ™" py = e " py=e 2" g =1 —pi,ga=1-pyandgs = 1 —ps.

(Note that here p; are probabilities instead of sign factors, although we use the same notation
for both.)

Are there nontrivial cases in addition to (80)? The answer is yes—at least one such case,
the y-magnet, has been found [11]. The connectivity graph for the y-magnet [11] with N spins
is the N-dimensional hypercube, and it is a cube at N = 3. Given the large set of parameters
described above, it is natural to ask whether there are more solutions on the cube graph. In the
next subsection, we show that the family of solutions on cube is actually very rich.
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6.2. Classification of solutions on cube

Let us now outline the strategy to classify different Hamiltonians that correspond to different
transition probability matrices within the same cube family. In what follows, we assume that
the reader is familiar with section 8 from reference [7].

Accordingto [1], foran MTLZ model (3), if we choose a linear time path via the substitution

P x@)=vt+¢e, fori=1,....,M (82)

with arbitrary parameters v’ and &/, then (3) reduce to a multistate LZ model (1) with the
Hamiltonian

H@) = v'H ('), ..., XM©@)). (83)

This property provides a way to generate multistate LZ Hamiltonians. According to [1, 7], a
scattering problem for the MTLZ model can be solved by a WKB-like approach. For evolution
along the path (82) fromt = —oo to t = oo, the path can be deformed to a path P, along which
|x| is always large. The path P,, goes through a series of adiabatic regions, within which the
adiabatic energy levels are well separated. These adiabatic regions are separated by hyperplanes
which correspond to pairwise degeneracies of the diabatic energy levels of the Hamiltonians
H;. The positions of these hyperplanes are determined by the conditions A?”xj = 0. We can
label a hyperplane by the indices ab.

When P, goes across the hyperplane ab, the scattering matrix experiences a jump described
by a ‘connecting matrix’. It is a unit matrix except for the 2 x 2 block for the levels a and b,
which coincides with a scattering matrix for a 2 x 2 LZ model where v* enters as a parameter
(see equation (87) in [7]). The direction when P, crosses the hyperplane ab also influences
the connecting matrix—if we denote the connecting matrix when P,, goes from a Ajf’xj >0
region to a A%x/ < 0 region as $*, then the connecting matrix will become (§*)7 when Py,
takes the opposite direction. The scattering matrix of the whole evolution is then a product of a
series of adiabatic evolution matrices and LZ matrices ordered along the path P... It has been
shown [1, 7] that the adiabatic evolution matrices produce phase factors that always cancel
out in the expressions of transition probabilities for the whole evolution, and the connecting
matrices completely determine the transition probabilities. Here we will apply this approach
to the cube graph.

Generally, each of the three independent 1-forms A% A% and A™ will have three arbi-
trary components in dx', dx?> and dx*. We will define new coordinates dx', dx* and dx* such
that

A% =dx!, A” =dx?, AM=dx. (84)

This corresponds to performing a linear transformation on the coordinate system. Now the three
1-forms carry no free parameters but parameters v' and &' from (82) are used instead. After this
transformation, all the A forms are completely determined by the rapidities 7y, 72, 73 (or,
more precisely, the rapidities and the sign factors p;), so the positions of hyperplanes depend
only on the rapidities and not on other parameters in the list. The parameters v’ (i = 1,2, 3), on
the other hand, determine which adiabatic regions the evolution starts from and end with. The
parameters ' (i = 1,2,3) give shifts to the energy constants on the diagonal entries of H(t),
and they do not affect transition probabilities. Finally, the LZ parameters v°!, 4%* and v** enter
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only as parameters of the connecting matrices and determine values of transition probabilities,
but they do not influence the structure of the transition probability matrix.

Let us now sketch how one can perform the classification of different behavior within the
family of solvable models. We first make a choice of 7y, 7, and 73, and calculate all the A
forms using equations (63), (66), and (75)—(78). We then find the position of any hyperplane ab
by solving A%x/ = 0. For a 3-dimensional MTLZ family like the cube model, the hyperplanes
are 2D planes passing the origin of the 3D space spanned by x!, x>, and x*. If we draw a sphere
S? in this 3D space, these planes will intersect the sphere along great circles. We will label a
great circle also by ab. Each great circle ab separates the sphere into two hemispheres, one
with A‘}”xf > 0, and the other with A?bxj < 0.

Since there are twelve different nonzero Aab forms, there are twelve such great circles. Alto-
gether, they decompose the sphere S* into a number of cells, and each cell corresponds to an
adiabatic region. Let us now choose the radius of S to be large. Recall that we are considering
evolution along the path P, (equation (82)) which is deformed to P.. The evolution path P,
intersect the sphere S? (with a large radius) at two points which lie in two cells. We will call
them the initial and final cells for a given evolution path. (Note that, on the sphere S, these two
cells are always at positions opposite to each other.) Once we make a choice of v* (i = 1,2, 3),
the initial and final cells are fixed. We then deform P, to P, while keeping its two intersect-
ing points with the sphere S fixed. P, can be chosen to run on $?, where it becomes a path
threading a number of cells. Adiabatic evolution takes place within a cell, but not when it goes
from one cell to another.

Consider now a segment of P, that connects two neighboring cells separated by the great
circle ab. When going along this segment, A‘j”xj changes sign, and evolution along this segment
contributes to the scattering matrix a connecting matrix S* or (§*°)! with the parameter v, as
described in reference [7]. We can then choose a path that connects the initial and final cells,
and write all the connecting matrices between the neighboring cells along this path, and then
obtain the transition probability matrix for the whole evolution. The way to choose this path
is not unique but the final scattering matrix does not depend on this choice [1]. We also note
that if v; is changed but the initial cell remains the same, then the final scattering matrix also
remains the same, since evolution within a cell is adiabatic. Thus, the choice of parameters v;
is reduced to a choice of the initial cell.

Figure 7 is an example of a cell decomposition plot for some choice of 7, 75 and 73 on
the cube geometry. To show the decomposition in a planar figure, we perform a stereographic
projection which transforms a sphere S> to a plane. A great circle on the sphere then trans-
forms either to a circle or a straight line on the plane. There are totally ninety eight cells, and
each of them can be chosen as the initial cell of an evolution. Once we computed transition
probabilities of all these evolutions, we find all possible solutions at a given choice of 7, 7,
and 7 3.

For computing transition probabilities, it is convenient to draw a graph dual to the cell
decomposition plot. In such a dual graph, each cell is represented by a vertex, and each pair
of two neighboring cells are connected by an edge, which is dual to the segment of the great
circle that separates the two cells. If that great circle is labelled by ab, we will associate to
the edge the connecting matrix S°° (which is a function of ¥*’). We also define an orientation
on each edge—on an edge crossing the big circle ab, we put an arrow which points from the
A4%x) > Osideto the A%x/ < 0 side. On the dual graph, a path of an evolution becomes a path of
connected edges. Each edge contributes to the overall scattering matrix a factor $% (or (701
if the path goes in (or opposite to) the direction of the arrow. We can then directly read out
the series of connecting matrices for that evolution. Besides, the dual graph reveals symmetric
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Figure 7. An example of the cell decomposition plot, which is stereographic-projected
on a plane. The parameters are: 7; = 0.5, 7, = 0.3, 73 = 0.4, and all sign factors p; = 1.
The label for a circle or a straight line in the legend is the same as the label ab for a
great circle being the solution to A‘;bxf =0, (e.g. 01 corresponds to the great circle with
A(}lx-f =0). '

structures of the cells, which allow us to calculate the transition probabilities for only a portion
of the choices of initial cells and obtain the transition probabilities for the remaining choices
by symmetry.

We worked out cell decompositions and the corresponding dual graphs for several different
choices of 7, 7, and 73, with all sign factors p; positive. We considered three cases whose
structures of cell decompositions were different: (1) When all 7; (i = 1,...,6) are positive
(the cell decomposition in figure 7 belongs to this case). (2) When 71 < 0, 7,73 > 0 and
T4, Ts,Te¢ > 0 (namely, when one 7; is negative) .(3) When 71 < 0, 75,73 > 0, 74 < 0 and
Ts,T¢ > 0 (namely, when two 7;’s are negative).

A simultaneous change of signs of two of 7}, 7 and 73 leads to sign changes of two of 74,
Ts and 74 and leaves their amplitudes unchanged, as can be seen from equations (76)—(78).
This fact results in the cell decomposition plot to be just a reflection of the plot before the
simultaneous sign change. For example, for the choice 7y = —0.5, 7, = —0.3 and 73 = 0.4,
which is the choice in figure 7 with the signs of 7, and 7, flipped, the cell decomposition plot
becomes a reflection of figure 7 about the vertical axis. We checked that all transition proba-
bility matrices remain unchanged as compared to those before the flips of signs of 7; and 7.
Since all choices of 71, 7, and 73 can be connected to either one of 71, 7, and 73 being nega-
tive or all of them being positive by such a simultaneous flip, the three cases described above
should eliminate all possibilities of values of ;. We also checked a case when one sign factor
from p; (i = 1,2, 3) becomes negative. The cell decomposition plot turns out to be identical to
the one before the sign flip, and we also checked that all transition probability matrices remain
unchanged. We note that only the topology of the cell decomposition influences the transition
probability matrices. This is why a cell decomposition plot can be viewed as a dual graph.

For the considered choices of 71, 7, and 73, we calculated all transition probability matrices.
We found that, up to permutation of levels and exchange of indices in py, p2, p3 and g1, g2, g3,
there were totally seven types of the transition probability matrices, which we summarized in
table 1 We distinguish the transition probability matrices by the number of zeros in their lower
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Table 1. The seven types of transition probability matrices characterized by their num-
bers of zeros and distributions of zeros. The numbers of zeros in each column are
arranged in descending order.

Half of the number The number of

Type of zeros zeros in columns

1 0 00000 000
2 6 33111111
3 8 22222222
4 11 44332222
5 12 44333322
6 12 33333333
7 16 44444 444

triangular part (the number of zeros in the whole matrix is twice this number, since the matrix
is always symmetric and all diagonal entries are nonzero). Possible numbers of zeros are: 0, 6,
8, 11,12, 16. The type 1 (no zeros) contains, in particular, the trivial direct product case, whose
transition probability matrix looks like equation (81). Besides, we checked that type 3 (eight
zeros) contains a direct product of the transition probability matrices of a 2 x 2 LZ model
and an N = 2v-magnet. Among the other five types, the type 7 (sixteen zeros) corresponds
to the N = 3y-magnet [11]. Types 5 and 6 both have twelve zeros but their distributions of
zeros are different, so these types are not equivalent to each other.An example of the transition
probability matrices for type 2 (six zeros) is:

pimps pp3qi P3ga 0 293 0 9293 0
P2P3q1 Pipaps 0 P3q2 0 P23 0 4293
P3q2 0 pip2p3 p2p3qi Pi4293 4149293 PiP243 P249143
Pe yoros = 0 p3q2  p2p3qr pip2p3 419293 P14293  P24143 - P1P2g3 ’
P2q3 0 pig2q3 - 419293 pip2p3 - pap3qr pip3qz p3qiq:
0 P93 q19293  P19293  p2p3qr pip2pP3 p3qiq: pip3qge
4293 0 Pip2q3  p2q193  pip3q2 P3qiqz pipap3 pap3qi
0 9293 P2q193  PiP2q3 P3qiqx pip3q2 p2p3qy pipaps
(85)
and an example for type 3 (eight zeros) is
Pipap3 pap3qi PiPsq: D3qiqa P2g3 0 9293 0
»D3qy Pipps 3142 PiD3q2 0 P23 0 9293
PiP3q2  P3qiqz pipaPs o pap3qi 4243 0 P23 0
Py o = P3q192  Pip3q2  P2p3qi Pipaps 0 9293 0 J2LE
D2q3 0 9293 0 Pip;2ps PP3qi PiD3q2 P3qiqe
0 P2q3 0 q293  P2p3qr pip2p3 p3qiq2  pi1p3q:
9293 0 P2q3 0 ppar p3qiq2 pip2ps Pap3qn
0 49293 0 P93 p3qiq2 pip3q2  p2p3qr pPipaps
(86)
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111

0011

Figure 8. Directed graph of the 4d hypercube model, where every 4-loop has a non-
bipartite orientation.

These matrices show some common features which are also observed in all the seven types.
Namely, all entries are monomials of py, p2, p3, q1, g2 and g3 with degrees no larger than 3. All
diagonal elements are identically p;p,ps, which means that the probability to stay in any level
is always ppop3. The transition probabilities between two levels that are directly coupled are
always nonzero. For example, consider the transition probabilities from level 0, given by the
entries in the first column of a matrix. Recall that the corresponding vertex O is connected to
vertices 1, 2 and 4 (see figure 6), which means that there are nonzero couplings between level
0 and levels 1, 2 and 4 in the Hamiltonian. We observe that the transition possibilities to these
three levels are never zero in all seven types, whereas transition possibilities to the other four
levels can be zero (they are indeed all zero in the 16-zero (y-magnet) case).

Here we make a remark related to reference [11]. There, the y-magnet was presented as an
illustration of a phenomenon called dynamic spin localization (DSL)—for a system of spins
1/2. After a linear sweep of the magnetic field, the final state always ends up close to the initial
state in the sense that at most one spin flips. This is visualized in the transition probability
matrix by the zero entries for the probabilities corresponding to flips of more than one spins.
We can thus interpret the number of zeros in a transition probability matrix as a measure of the
strength of DSL. Our classification of solutions on cube shows a series of transition probability
matrices with numbers of zeros increasing from O to that of the y-magnet. Thus, the cube model
provides a series of Hamiltonians with increasing degrees of DSL, from no DSL (direct product
case) to strongest DSL (the y-magnet).

6.3. 4-Dimensional hypercube

We further consider a 16-state model whose graph is a 4-dimensional (4d) hypercube, as shown
in figure 8. We will show that a 4-dimensional MTLZ family exists on this graph.

Note that inside any (3-dimensional) cube graph inside this 4d hypercube graph, for any
two vertices that can be connected by a length-2 path, there are only two such paths in the
entire graph. Thus, the analysis for the cube model can be applied as if the cube is an entire
graph. We immediately know that all squares (4-loops) in this graph must be non-bipartite, and
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on any cube graph inside this 4d hypercube graph there is a 3-dimensional family. A possible
directed graph is shown in figure 8. We label the vertices by binary numbers with four digits,
from 0000 to 1111. The arrows flow from vertex 1111 to vertex 0000.

We will assume that on this graph the dimension of the space of the A forms is 4. We take
the A forms on the four edges including vertex 0000 to be: AL000:1000° g 1 400000100 _ 412
A0000:0010° _ da?, A0000:0001 _ dx*. We also assume that all the six squares that contain the vertex
0000 have independent rapidities. We call these rapidities ¥12, ¥13, ¥14, U3, V24, V34, where 0
corresponds to a square that includes two edges with dx’ and d'. Correspondingly we denote
the six hyperbolic tangents as 7; = tanhv;;. We also denote the six sign factors for these six
squares as pj;.

Let us now determine the hyperbolic tangent on the square connecting vertices 0011 and

1111. We denote this hyperbolic tangent as 7go11,1111- There are two cubes that include this
square: the cube connecting vertices 0010 and 1111, and the cube connecting vertices 0001
and 1111. Both cubes can be used to determine 71,1111, and results from both cubes need to

be consistent with each other. Let us consider the cube connecting vertices 0010 and 1111. For
simplicity, we take the p-factor on every square to be 1. According to equation (76), Too11.1111
can be expressed as:

T0010,1110 + 70010,011170010,1011
>
2 2
\/(1 = Too10.01101 — Tao10,1011)

Too11,1111 = 87)

and the hyperbolic tangents that appeared in the expression for 71,1111 can be expressed in
terms of 7;:

T2 + T13723

T0011,1110 = s (88)
NCEES TR
T4 + T23T34
T0010,0111 = - = (89)
\V (I = 73)(1 = 735)
Ti4 + T13T34
T0010,1011 = . (90)
NCEE TR
T0010,1110 then reads in terms of Tij
Toot11111 = [Ti2 + T13723 + T1aTos + T34(T1aT3 + T13Toa — T12T34)]1 /(q134G234),
On
where we defined
ik = \/ 1 — 72— 72 — 7% — 27maT. 92)
The expression for 7gg;;,1111 1S symmetric in indices 1 and 2, and symmetric in indices 3

and 4. This means that if we use instead the cube connecting vertices 0001 and 1111 to cal-
culate Tgo11,1111, the result will be the same, and so the two ways to calculate 7¢g;;,111; are
automatically consistent.
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Figure 9. The graph of the ‘fan’ model: m states interact only with two other
states. (a) Directed graph of the type-I orientation. (b) Directed graph of the type-II
orientation.

(a)

Similarly, we can determine all other hyperbolic tangents for squares including vertex 1111.
Thus, all hyperbolic tangents on the 4d hypercube are determined by the six hyperbolic tangents
on squares including vertex 0000. So all A forms are determined by the four independent forms
dx', dx?, dx3, dx*. Therefore, there exists a 4-dimensional MTLZ family with six independent
rapidities on the 4d hypercube graph. A classification of this family should follow the same
procedure as in the previous subsection for the cube model, but this classification is expected
to be much more complicated, and we will not develop it here.

It is clear now that there must be a rich set of solvable models on the hypercube graphs
with dimensions D > 4. Given the worked out cases with D =2, D = 3 and D = 4, we can
speculate that for D > 4 the highest dimension of the MTLZ family is also D, i.e., it contains
D independent Hamiltonians, and the number of independent rapidities is D(D — 1)/2. This
family contains the trivial model of D independent spins, which is obtained if we set all rapidi-
ties to zero. We leave this conjecture without proof, as well as leave the question open about
the existence of other families for hypercubes with D > 4.

7. Fan

In addition to cube, we explored connectivity graphs with other topology for possibilities to
satisfy the integrability conditions. We found that we can satisfy the integrability conditions
for the ‘fan’ model that we show in figure 9. This model contains m + 2 vertices, with m
vertices {aj, . . .,ay,} all connecting to two other vertices b; and b, but not connecting among
themselves. Later we will refer to these two types of vertices as a-vertices and b-vertices,
respectively. We found that this model corresponds to a 2-dimensional family that has been
already studied by us in [7].
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Let us identify all allowed orientations on the fan graph. We introduce a convenient notation
aj = {by,a;} and f; = {b>,q;} forj = 1,..., m. Suppose that one of the a-vertices, say aj, is
intermediate. By considering 4-loops (a1, 81, Bk, i) we see that all g, are intermediate and if
b is a source/sink in one of the loop-generated graphs it is a source/sink in all others. This
implies that b, and b, is a source and a sink, respectively, or vice versa; in other words there
is a unique orientation of this kind up to a permutation of b; and b,. Suppose now that a,
is not intermediate, so, say it is a source. By the same argument as the one just above we
see that any other a; is either a source or a sink. This implies that up to a permutation of a-
vertices there are m possible orientations of this kind, labeled by 1 < I < m, with ay,...,q
and a;11, . . ., a, being sinks and sources, respectively. The described orientations are referred
to as type-I and type-II orientations, respectively, and they are shown in figures 9(a) and (b),
respectively.

We are now in a position to identify all solutions of equation (27) for the graphs of the type
of T4, by applying the classification of solutions for 4-loop generated graphs. To that end we
note all 4-loops of the considered graphs are parameterized by pairs of distinct a-vertices, i.e.,
by ordered pairs (j, k) with 1 < j < k < m that represent the loops («;, §;, Bk, o). Denoting
Al = (A%, A%i), we apply the properties of the local solutions to obtain

AV =UAY, Uj=UpUuy, Ym>=j>k>121, (93)

with Uy, being 2 x 2 matrices which are orthogonal or pseudoorthogonal, and the second set
of equalities are the consistency conditions. We can eliminate all consistency conditions by
parameterizing a solution by a set (Uym—1,- .., Us;) of matrices with the others explicitly
expressed by

Uj :Uj’jfl...UkJrl,k, fOI'j—k> 1. (94)

Since all Uy matrices belong to the orthogonal or pseudoorthogonal group, implementation of
equation (94) is an easy task.

In the rest of this section we will view the fan graph as an entire graph, and find an
explicit solution of equation (28). We start with demonstrating that type-I orientation shown
in figure 9(a) does not support non-trivial solutions. Indeed, for a pair of a-vertices, say
a; and a, the r.h.s. of equation (28) has two terms, and, combined with equation (33), we
derive

/@i kA% N A% 4 [Py B AP N AP = (/i - rp[YIB) AY A A% =0, (95)

and to have a nontrivial solution we should set all sign factors ry = —1. This leads to A% A
A% = —APi A A% for any j and k. For type-I orientation all 4-loops are non-bipartite, so (due
to equations (36) and (37)) we have A% A A% = —A% A A% for all distinct pairs. This leads to
contradictions for m > 3 (when there are at least three g; vertices), since A A A%l = —A%2 A
A% and A1 AN AP = — A% A AP togeither would imply A%2 A A% = A% A A% So there are
no non-trivial solutions.

We now apply the same kind of analysis to the type-II orientation case shown in figure 9(b).
Without loss of generality, we set all vertices ¢; with 1 <j <land/+ 1 < j < m to be sinks
and sources, respectively, as shown in figure 9(b). Since all graphs produced by 4-loops
that include a; and a; with 1 < k < j < I (sink region) or [ + 1 < k < j < m (source region),
respectively have bipartite orientation, the matrices Uj in this range are of the type given by
equation (41), so that equation (95), where, due to the chosen notation (compare equation (41)
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with equation (42)), rj; should be replaced by 7, implies 7 3 = —1. According to equation (43),
we then have r;; = 1 in the aforementioned range, so that

AYNAY =A% NA for 1 <k<j<I,

AYNAY =A% NAP for I+1<k<j<m. (96)

A similar consideration for the 4-loop that includes @; and a1, which has a non-bipartite
orientation yields A% A A% = A%+1 A AP+1, and equation (96) can be extended by

A NAY = —A% ANA% for 1<k<I<j<m, (97)
so that equation (28) takes a form
l
A% A AD Z / a],yBj Z / aj,yﬁ, (98)
=1 j=l+1
More careful analysis of equation (95), i.e., analyzing it for any pair of a-vertices out of

three, say a;, ax, and a, shows that the equality holds for any 4-loop, if and only if /7% =
V7", for all 1 < j < m. This combined with equation (98) finally yields

Zwal — Z 7 =0, ~ANi=~% for 1<j<m. (99)
j=Il+1
The overall sign factors pj;, forj = 1,...,m — 1 can be chosen in an arbitrary way.

Note that, according to the way equations (41) and (42) are represented in terms of ordering
of the edges, we have

U1 = pry1 U@ 14100 = pry oUW 141)),
Uj+1,j = pj+1,jU(79j+1,j)a for 1 < ] < m — 1, andj 7& l, (100)

where o = o, is the 2 X 2 permutation matrix, and U(¢) has a form of equation (41) with
p = r = 1. Also note that for equation (99) to be satisfied we should have [ # 1, m.

Summarizing, for a fan graph, a solution of the system of equations that repre-
sents the integrability conditions for a linear multistate LZ family is completely param-
eterized by the following data: (i) An integer number / with 1 <[ <m, (ii) a set
(pj+1; ==x1|j=1,...,m —1) of sign factors, (iii) a set (J;41; € R|j=1,...,m—1) of
rapidities, and (iv) a set (y/ > 0|j = 1,...,m) of strictly positive LZ parameters that satisfy
the constraint

27_27_0 (101)

Jj=l+1

so that, denoting A’ = (A%, A%), we have
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Figure 10. The ‘double-fan’ graph.

Al = pj,lU(ﬂj,l)Al, for 1<;j</,

Al = qulo'U(’ﬂjyl)Al, for [+1< Jj<m;

j—1 Jj—1
Djk = Hpq+1,q, Dy = Zﬂq—i-l,q, for 1<k<j<m
q=k q=k

v =A% =~ for 1< j<m;
§Ab1 — gajib2 — , for 1< <,
st =g = 1, [4+1<j<m. (102)

8. Graphs that do not sustain integrable families

Finally, we would like to mention also the types of graphs for which we checked that the
integrability conditions cannot be satisfied. The first such a graph is shown in figure 10. We
called it a ‘double-fan’, since it can be viewed as two fans intertwining with each other.
Note that this graph can be obtained if we replace two edges of a cube by two diagonal
links.

The analysis for this graph goes as follows. First, we assume that the 4-loop 1234 is
non-bipartite, say vertex 1 is a source, 3 is a sink, and 2, 4 are intermediate. Then the fan
with b-vertices 1 and 3 is of type-I. Consider the length-2 paths condition (equation (28))
between vertices 2 and 6, we see that A'> A A'® = —A” A A°°, and since loop 1236 is non-
bipartite, we have A'> A A = —4"® A A%. Similarly, condition (28) between vertices 2 and 8
givesA'> A A = —A"" A A%, and condition (28) between vertices 6 and 8 gives A'° A A =
—A" A A, But these three equations are contradictory, so the loop 1234 cannot be non-
bipartite. Let us then assume that this loop is bipartite, for which we can choose the sources to
be 1 and 3 without loss of generality. Now consider the loops 1236 and 1436. Condition (28)
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Figure 11. The ‘double-pentagon’ graph.

on vertices 2 and 6 gives A AA'® = —A% A A’ and condition (28) on vertices 4 and 6
gives A" AAY = A% A A% Vertex 6 can be a source or a sink, but in either case we will
have A'> AA™ = A" A 47", If we consider the loops 2145 and 2345, the same argument gives
A” AA" = A7 A A However, since loop 1234 is bipartite, A"~ A A™ = rA"* A A7 will give
A AAY™ = —rA” AAY, so we still get a contradiction. Therefore, the ‘double-fan’ graph
does not support a solution.

In principle, our analysis does not exclude the possibility that MTLZ families can be con-
structed on graphs that contain longer than 4-edge loops. An example of such a candidate is
shown in figure 11, which we call the ‘double-pentagon’ graph. However, our analysis shows
that it does not sustain a solution. Indeed, in figure 11, let us consider the fan graph made by
vertices 1, 2, 3, 6, 7 and 8. We will call it ‘fan (2, 7)’, since its b-vertices are 2 and 7. This fan
can be viewed as being composed of three 4-loops: the 4-loop 1237 belongs solely to this fan,
and the 4-loop 1267 and the 4-loop 2378 are shared by the neighboring two fans. According to
arguments of the previous section, this fan is of either type-I or type-II. Let us first consider the
case when the fan is of type-1, so all the 4-loops of this fan are non-bipartite. We will try to get
relations of the A forms in loop 2378. To do so we first note that vertices 1 and 3 are connected
by only two length-2 paths, so A'> A A” = —A'7 A A”. Since loop 1237 is non-bipartite, we
have A'”> A A" = —A% A A Inloop 1287, similarly we get A> A A" = —A™ A A7, These
two equations together lead to A AA”” = A™ A A”®. Since loop 2378 is non-bipartite, we
further get A~ AA™ = A7 AA™®. If fan (2, 7) is of type-II, we can follow the same steps to
obtain relations for A forms in loop 2378. There are three cases:

Case 1. When fan (2, 7) is of type-I:

AP NAY = A NATS, AP AR = AT AAT, (103)
Case 2. When fan (2, 7) is of type-II and loop 2378 is non-bipartite:

A23 /\A37 — _A28 /\A78’ A23 /\A28 — _A37 /\A78. (104)
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Figure 12. The ‘square with ears’ graph.

Case 3. When fan (2, 7) is of type-II and loop 2378 is bipartite:
AP NAYT = A NATS, A AL = AT N AT, (105)

We can perform exactly the same argument for all other fans inside the double-pentagon graph,
especially for the fan made by vertices 2, 3, 4, 7, 8, 9 (denote it as ‘fan (3, 8)’):
Case 1. When fan (3, 8) is of type-I:

ABNAYT —ABAATS, ABAA® = AT AATS, (106)
Case 2. When fan (3, 8) is of type-II and loop 2378 is non-bipartite:

ABNAY = _ABAATS, ABAAD = A AATS, (107)
Case 3. When fan (3, 8) is of type-II and loop 2378 is bipartite:

ABNAYT = _ABAATS, AP AAZ = A AATS, (108)

We see that the two sets of relations for A forms are consistent only when both fans (2, 7) and
(3, 8) are of type-I, or when both fans (2, 7) and (3, 8) are of type-II and loop 2378 is non-
bipartite. However, neither of these two situations is possible. If fan (2, 7) is of type-I, then
vertex 2 is either a source or a sink, so fan (3, 8) must be of type-II. Conversely, if fan (2, 7) is
of type-II and loop 2378 is non-bipartite, then vertex 2 is intermediate in loop 2378, so fan (3,
8) must be of type-I. So no solutions are possible on the double-pentagon graph. Note that for
any other graph which has the same structure as figure 11 but with the two pentagons replaced
by two polygons with any larger number of edges (e.g. a ‘double-hexagon’ graph), the same
argument can be applied to show that it also does not support solutions.

We also considered several other graphs. For the ‘square with ears’ graph in figure 12, the
‘Mobius ladder’ graph in figure 13, and the ‘cube 41’ graph in figure 14 which is constructed
by connecting one diagonal on the cube graph, we analyzed all possible orientations and found
that trying to satisfy all integrability conditions always lead to contradictions. We also checked
certain orientations of the ‘cube +2’ graph in figure 15 and the ‘cube 43’ graph in figure 16
constructed by connecting two or three diagonals on the cube graph, and did not find solutions
but we did not pursue the rigorous no-go proof in these two cases.
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Figure 13. The ‘Mobius ladder’ graph.

Figure 14. The ‘cube 41’ graph.
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Figure 15. The ‘cube 42’ graph.

The numerous ‘no-go’ examples suggest that the hypercube, the fan family, as well as
their various deformed direct products [7], are the only independent MTLZ families that are
possible. We leave such conjectures for future studies.

9. Discussion

The MTLZ model (2), when it is supplemented with integrability conditions (14)—(16),
defines a set of high order linear ordinary differential equations, whose solutions can be
well described analytically and classified. The model (2) has one irregular singular point
at r = oo as the parabolic cylinder equation, and hence shares similar analytical properties
with it. Therefore, it is convenient to think about the model (2) as defining a new special
function that generalizes the 2nd order parabolic cylinder function. There are several other
properties of the MTLZ model that characterize it as defining a physically useful special
function:

(a) It describes quantum mechanical evolution that represents a broad physically interest-
ing type of processes. Importantly, the MTLZ model defines not a single model but
rather a large class of solvable equations. For most of the allowed values of parame-
ters, physical meaning of the Hamiltonian, e.g., the interpretation in terms of interacting
spins, is yet to be found. However, the analytical description of the time-dependent evo-
lution can be developed in advance, as it happened with many commonly used special
functions.

(b) Asformany standard special functions, it is possible to connect asymptotic behavior of our
solutions at r — +o00. At least several other properties, such as the presence of a specific
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Figure 16. The ‘cube 43’ graph.

number of exact eigenvalue crossing points, are possible to prove analytically. It is
also likely that a solution for arbitrary time can be found in terms of contour inte-
grals, as it was shown for multistate LZ models that are related to the Gaudin magnet
family [2].

(c) The Hamiltonian (2) is sufficiently simple, so that one can use it as a compact definition
of the set of free parameters.

(d) The simplicity of an analytical solution usually matters for applications in physics. The
transition probabilities in the models from the MTLZ families are expressed in terms of
elementary functions of the model’s parameters [7]. In this sense, behavior of our sys-
tems are often much easier to understand than, e.g., physics of stationary models that are
solvable by the Bethe ansatz.

By no means the MTLZ family exhausts the class of solvable multistate LZ models. A sim-
ple counterexample is the Demkov—Osherov model that belongs to a family whose all other
independent Hamiltonians depend nonlinearly on time-like variables [2]. The present article
shows rather that by restricting the multi-time dependence of the Hamiltonians to relatively
simple functions of all time variables, it is possible to fully classify and achieve a very detailed
understanding of the scattering matrix for any given number of interacting states. The pro-
gram that we described can be, in principle, fully automated using mathematical software for
symbolic calculations.

Interestingly, even after achieving a complete classification up to some finite N of interact-
ing states, it remains hard to identify the cases with presently useful physical interpretation.
Thus, even for a square graph, the physically interesting y-magnet Hamiltonian appeared at
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a nontrivial value of the rapidity variable. We did not explore how to separate such particu-
larly interesting models from the rest of the family. Historically, most of the commonly known
special functions were studied for the possibility to understand the equations that had these
functions as solutions. Only later found this many applications in physics. Therefore, we sug-
gest that the new families of integrable models must be studied for their own sake, as they
define new special functions that will be needed for the future research on strongly interacting
quantum systems.
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Appendix. Properties of good MTLZ families of integrable Hamiltonians

Let n be a loop of the connectivity graph. From the property equation (27), we prove two
properties of the good MTLZ families.

Property ii. For a good family the associated graph 1" does not have loops of length 3.

Proof. Suppose that there exists a length 3 loop (a, 3, ), with « = {a, b}, 3 = {b,c}, and
p = {c,a}.If the set of forms A”, A7 and A" is linearly independent, then so is the set A" ® A”,
A" 9 A" and A" @ A", which contradicts the statement

SabAab ® Aab + SbcAbC ®Abc 4 ScaAca ® Aca _ 0’ (Al)

obtained by applying equation (27) to the cycle with only three edges. If only two of them, say
A" and A“ are linearly independent, then so is the set, represented by A @ A A @ A,
and A @ A“ + A @ A”. Let A = \, A" + \.A“, for some numbers )\, and ).. Then
equation (A1) leads to

(Sab + 56cA5) A @ A + (Sca + 56 ML) A“RTAY + spc M Ae (A @ A% + A“ @ A”) = 0.
(A2)

Obviously, at least one coefficient in the linear combination in equation (A2) is nonzero,
which contradicts the linear independence of the three quadratic forms in equation (A2). So we
are left with the only option that any pair of forms among A, A”, and A" is linearly dependent,

which contradicts the good family assumption. Therefore we conclude that a length 3 loop
does not exist. (]

Property iii. Let (o, v, 3, 11) be a loop of the good family graph T of length 4. Then the
vector space spanned by the set {AQ,AB,A”,AV} has dimension 2.

Proof. We denote a={a,b}, v={bv}, B={v,u}, and p={u,a}. Applying
equation (27) to our cycle, we obtain an analogue of equation (A1)
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SabAah ® Aab + svabu ® Ahv 4 SvuAm} ® Am; 4 SuaAau ® Aau _ O, (A3)

we see that all four forms may not be linearly independent. Suppose now that exactly three,
say A, A", and A" are linearly independent. Then we have A"’ = A\,A“ + A\A” + A,A”,

and equation (27) then reads:
(Sab + 500 X5) A @ A + (500 + 50u3) A @ A+ (50 + 50 Ny) A" © A
+ SouraAa(A%? @ A™ + A" @ A) + 5, A0 Mp(A™ @ AP 4+ APV @ A™)
+ S A Mp(A™ @ AP+ AP @ A™) = 0. (Ad)

Since at least one of the coefficients in the linear combination of 6 quadratic forms in the
rhs of equation (A4), which are linearly independent by assumption, is nonzero, we obtain a
contradiction. Therefore we are left with two options: the vector space spanned on four linear
forms {A”,A‘B,A“’,A"} has dimension 1 or 2. Dimension 1 contradicts the assumption of a
good family, so that the dimension of the aforementioned space is 2, which completes the
proof.

Property ii restricts the geometry of the connectivity graph of integrable models to have no
loops with only three edges. Property iii is important because according to the integrability
condition (28) every node should belong to some 4-loop of the graph. (]
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