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ABSTRACT: We consider a set of non-stationary quantum models. We show that their
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Zumino-Novikov-Witten model, where equations for correlators of primary fields are de-
fined by an extension of KZ equations and explore the links to dynamical systems. As an
example of the workability of the proposed method, we provide an exact solution to a dy-
namical system that is a specific multi-level generalization of the two-level Landau-Zenner
system known in the literature as the Demkov-Osherov model. The method can be used
to study the nonequilibrium dynamics in various multi-level systems from the solution of
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1 Introduction

There has been considerable interest in nonequilibrium dynamics of quantum systems (see
e.g., refs. [1, 2]) over the last couple of decades that surged again recently in connection with
quantum information problems [3—19]. These include the dynamical discrete-state Bardeen-
Cooper-Shriffer (BCS) pairing models [5, 20-33], where for example the interaction strength
can be made time dependent, and various multi-level Landau-Zenner tunneling models and
their many body generalizations [34-46].

The cornerstone in the integrable properties of the discrete-state BCS hamiltonian is
Richardson’s exact solution [20, 21] and its extensions to a class of models with far-reaching
applications in the theory of strongly correlated quantum matter. The exact solution is
achieved by employing the connections to an exactly solvable Gaudin magnet [47]. The
connection is established upon rewriting the bilinears of spinful fermion operators in s = 1/2
operators using Schwinger fermion construction. As a result, the Richardson Hamiltonian
is mapped to an exactly solvable spin-1/2 magnet with mutually commuting integrals of
motion. Notably, the number of the integrals of motion is equal to the number of degrees of
freedom in the system, a property that guarantees integrability. Moreover, these integrals
of motion of the Richardson model are a linear combination of the corresponding integral
of motion of the Gaudin magnet and S; component of the corresponding s = 1/2 operator.

Another important connection is between the Gaudin magnet and a two-dimensional
conformal theory [48] (CFT) associated with the SU(2) group, namely the Wess-Zumino-
Novikov-Witten (WZNW) theory. Generally, it is well established that theories, where



current algebra is a fundamental symmetry, are governed by WZNW action, which has
topological properties. The connection with magnet is through the correlation functions
of the primary fields in CFT that satisfy a series of Knizhnik-Zamolodchikov (KZ) [49]
equations involving constants of motion of the Gaudin model. The correlation functions
in SU(2) WZNW have been obtained from the solution of KZ equations with constants of
motion of the Gaudin model by one of us and a collaborator in refs. [50-52]. This approach
was further developed in ref. [30], where a boundary SU(2) WZNW model was identified
and it was shown that the correlation functions of the primary fields there satisfy the series
of modified KZ equations, where the Gaudin operators are replaced by constants of motion
of the Richardson model. The approach was also used to obtain exact solutions to a variety
of dynamical systems in ref. [30]. Notably, in ref. [53] the method of refs. [50-52] was ap-
plied to a broad class Gaudin magnets with spin operators, S, being the generators of most
simple complex Lie algebras.! A different method for diagonalization of Gaudin Hamil-
tonians was developed in ref. [54]. Here one employs a bosonization approach (using the
bosonic representation of the corresponding affine algebra) and treats the diagonalization
problem and KZ equations on the same footing. As revealed in refs. [54, 55], certain ordi-
nary differential operators called opers could encode the spectrum of the quantum Gaudin
Hamiltonians corresponding to a simple Lie algebra. Amazingly, the opers that carry all
the information about the spectra of the Gaudin model are in direct correspondence with
the Langlands dual/twisted Lie algebra (rather than the simple Lie algebra itself). This
can be regarded as a particular case of the geometric Langlands correspondence [56-58]

Other profound implications of KZ equations in gauge theories and quantum spin
chains have recently been reported in refs. [59, 60]. Bethe states and KZ equations were
thoroughly investigated for generalized sl(2) Gaudin models in [61, 62]. Moreover, a rela-
tion between integrable Kondo problems in products of chiral SU(2) WZNW models and
affine SU(2)Gaudin models was recently reported in [63]. Another relationship between the
quantum Gaudin models with boundary and the classical many-body integrable systems
of Calogero-Moser type was established in [64]. More interesting correspondences between
Gaudin models, conformal field theories, and BCS -Richardson pairing models are reported
in refs. [65-70].

In the last 30 years, interesting, purely mathematical approaches have been developed
to construct integrable models linked to loop groups and current algebras. In refs. [71-73],
a momentum map, namely a Hamiltonian (Lie) group action on a symplectic manifold,
was used to construct conserved quantities for the action in the context of KZ equations.
It gave a dual formulation of integrable Hamiltonian systems as isospectral flows in the
two-loop algebras. The momentum map of Poisson manifold of rank-%£ perturbations of a
fixed n x n matrices to dual of pairs of loop algebras gl(k) and gl(n) presented a base for
generating integrable Gaudin type of models linked to current algebra.

In refs. [74, 75], a holonomic system of differential equations with rational coefficients
was found, which are compatible with an extension of the rational KZ equations by an
element of the Cartan subalgebra. These equations were termed rational dynamical differ-

IThe statement applies to all simple complex Lie algebras except those of Es, Ga, and Fj.



ential (DD) equations. Note that the first such extension of KZ equations by ¢* in SU(2)
case was formulated in ref. [76] for the Maxwell-Blokh system. Further, in ref. [75] it was
shown, that (glk, gl,,) duality, which plays an important role in the representation theory
and the classical invariant theory, [77, 78], gives rise a duality between KZ equations (for
the Lie algebra gl,) and DD equations for glj.

A comprehensive study of dualities between various quantum and classical many-body
systems, including dualities of KZ equations, with application to the calculation of inte-
grable probabilities in the stochastic process are presented in ref. [79]. The probabilities in
the stochastic process are treated within the conventional machinery of integrable models,
including transfer matrices and Bethe ansatz equations. An interesting K7 interpretation
of duality in stochastic processes is discussed in [80].

Therefore, strikingly it turns out that the pairing Hamiltonian and a boundary WZNW
CF'T are related to one another in a nontrivial manner via the modification of KZ equations
for primary fields in CFT that include integrals of motion of the pairing Hamiltonian. Con-
sequently, it is expected that analytic properties of the correlation functions of conformal
field theories and the spectral and dynamical properties of the pairing Hamiltonian can be
explored on the same footing. One of the aims of the present work is to manifest this rela-
tion explicitly. To this end, we discuss the precise modification of the KZ equations and that
these are satisfied by the correlation functions of primary fields in the boundary WZNW
model. The main goal of the present work, however, is to study several dynamical systems
that can be solved employing the connection through modified KZ equations, where time-
dependence is explicit, but can be treated exactly upon solving the set of KZ equations.

As we see, through nontrivial correspondences, seemingly disconnected domains of the-
oretical physics are linked one with another. Following the same prescription above, several
dynamical systems discussed below can be mapped on a variant of the pairing Hamiltonian,
with the interaction parameter playing the role of a function of the time variable. Then,
it can be shown that the Schrodinger equations for wave functions in these models lead to
the specific extension of KZ equations for correlation functions of primary fields in SU(2)
current algebra. Using the relation to the KZ equations, one can find the solutions of such
dynamical models leading to various incarnations of the modified KZ equations in different
situations. To this end, in the second part of the paper, we consider first the multi-level
generalization of the two-level Landau-Zenner system, namely the Demkov-Osherov model,
and its alternations. We show that the Demkov-Osherov model and its partner generalized
bow-tie models are linked to an extension of KZ equations, which can be solved exactly.
We present this analytical solution and discuss its implications.

The remainder of the paper is organized as follows. In section 2, we construct the
boundary WZNW model, which leads to an extended version of KZ equations. In sec-
tion 3, we consider the dynamical multi-level Landau-Zenner problem and its simplest
realizations: the Demkov-Osherov model and its modification. A class of exact solutions
to these dynamical systems is presented. In the appendix, we present the details of the
construction of the boundary term in the WZNW model.



2 KZ equations for boundary WZNW model

Another connection is between the gapless generalization of the Heisenberg model to spin-
s [83-85]. Specifically, it was shown by Affleck and Haldane, [86] that the connection reveals
itself in identifying the quantum field theory corresponding to the critical point with the
WZNW model with action [87, 8§]

k _ " ik Y
Swznw(g) = Ton /dzdz tr [(%gT(‘) g] ~ 54 /d?’a:e“ Ptr {gTauggTﬁ,,ggTﬁpg} ) (2.1)
5’2 23

Here integration in the first term is over a two-dimensional manifold, S?, corresponding to a
compactified complex plane parameterized by (w,w) and group elements g(w,w) € SU(2).
Integration in the second topological WZNW term is over a three-dimensional manifold ¥3,
with z = (w,w, &) € X3, whose boundary at ¢ = 0 is the aforementioned sphere, S? = 933
and the function g(w,w;¢ = 0) is extended into the interior of the ball £ € [0, 1] in a
non-unique way. The parameter k in eq. (2.1) is an integer number, which is the level of
the corresponding CFT and linked to spin s of the chain model as k = 2s. The WZNW
action is invariant under conformal and non-Abelian current algebras.

In the seminal work ref. [49], Knizhnik and Zamolodchikov have shown that N-point
correlation functions, G(w; ... wy | w1 ... WN) = < B(wy, wr) ... g}fj(wN,@N)>S of
primary fields with spins 0 < s; < k/2, i = 1,--- N of the WZNW model eq. (2.1)\:Vggﬁsfy
a system of first-order differential KZ equations. In the holomorphic sector these equations
can be written as

[(k+2)dy, — HE| G ({wr}) =0, (2:2)
where o
. S-Sy
oG =" =2 =7 2.3
! l;ﬁzl’ w; — wy ( )

are the integrals of motion of the Gaudin magnet model [47] with S, being a set of gen-
erators of SU(2) with [ = TN. Gaudin model Hamiltonian H¢ is integrable and is linear
combination of integrals of motion HE = 2N w, H . As we pointed in the introduc-
tion, a class of models including the celebrated Richardon’s pairing Hamiltonian [5, 20-33],
whose conserved integrals of motion can be regarded as a generalization of those of the
Gaudin magnet [89-91]

Aft =St B [P A =0 (2.0
leading to extended by AS} term KZ equations (EKZ). Namely,
|(k+2)0u, = HE| G ({wi}) = 0. (2.5)

Below we will follow the idea put forward in ref. [30] and show that EKZ equations (2.5),
with [ = 1... N, are satisfied by the primary fields of the boundary WZNW CFT.



2.1 Boundary WZNW term

Consider left and right boundary terms of the WZNW model based on left-flowing and
right-flowing currents J%(w) = tr[S% (w)dug(w)], J*(w) = tr[S?¢t(0)dpg(w)] a = 1,2, 3,
with spin-s generators of SU(2) algebra, S%, and

St wa(€) = o é dwwJ?(w),
Sht (€)= a ji dwwJ? (w). (2.6)

Here the coefficient o € R is real. Then, upon adding these currents to the action of the
WZNW model, Sywznw(g), we obtain the model dubbed boundary WZNW (BWZNW):

Sewznw(9) = Swznw (9) + Stound (C) + SE 1na (€). (2.7)

We show below that the primary fields in this boundary theory satisfy EKZ equations
eq. (2.5). In eq. (2.6) contours C and C are largest contours encompassing complex numbers
w; and approaching Cse. Contour C have clockwise rotation. Both contours should contain
all points w; of the correlators, which are under consideration (see figure 1). Note also that
due to conformal invariance, the left currents J*(w), a = 1,2,3, do not depend on w and
likewise the right currents, J%(w), do not depend on w.

Generally, we are interested in calculating a correlation function of arbitrary spin
0 < s; < (k/2) primary fields [48] at points w;,i = 1... N in the SU(2) boundary WZNW
model (see figure 1). Namely G(w,---wn) = (¢s, (w1) ... sy (2N) Spwanw, Where func-
tional averaging is defined in a standard way

(s (1) - by () = [ [D6] s (1) -+ Gy (s ) Swmw—Soomal©). - (2.5)

Due to this relation, one can evaluate any correlator in the boundary model via its relation
to the a correlation function of the same primary fields multiplied with ® [C] = e~ beuna(C)
but with average in the bulk WZNW model. Namely,

G(Zlv T ZN) = <(I) [C] P (zl) o Psy (ZN)>SWZNW' (2'9)

With this rearrangement and conceptually new averaging procedure, one can show that
the primary fields satisfy the EKZ equation following the standard procedure of deriving
the KZ equations in the ordinary WZNW model. We present a detailed discussion of the
outlined procedure in the next subsection.

2.2 KZ equations in the presence of the boundary term

The emergence of ordinary KZ equations in CFT is the consequence of the fact that by
definition, primary fields ¢4(w) are null vectors in current algebra SU(2). Namely the
primary fields fulfill constraints [Lo — H%JLJ{}] ¢s(w) = 0, where operators J§ and J¢;
are 0 and —1 coefficients of the Laurent series of the current J*(w), while Ly = 9, is the



Figure 1. Boundary contour C corresponds to the limit of large distances. It shrinks to the sum
of contours Cj;, i = 1,--+ N encircling points w;: C = |_|;V:1 C;.

zero component of the Virasoro algebra. When they are acting on any field at w € Cf,
then one has
J(u)

LU — W

Jg = JYu)du, J :j{ du. (2.10)
C

Ch
The null vector condition is the same also in the boundary model. Therefore its gives the
following equation for correlation functions

1
<[aw1 - MJEIJ(()Z] ¢31 (wl) te ¢3N(WN)>BWZNW =

1

(0 [awl - MJ%J;;} Gon (1) Go (0N )wanww = 0. (2.11)

Here we consider equation for the first primary field with argument w1, therefore operator
J,J§ is acting on ¢s, (w1). This means that in the integral representation of these oper-
ators, eq. (2.10), contours should circle w;. As one can see, in eq. (2.11), there are two
terms: the first term is the derivative, 0,,,. The second term is J;J§. By definition, the
primary fields are those that are eigenstates of the current operator, J%(u). Namely, they
fulfill the following operator algebra relation

T (W) s; (wi) = ———g, (wi) + - - . (2.12)

Upon using this relation, the direct calculation of two terms in the null vector condi-
tion (2.11) for the first primary field at w; gives (see details in appendix A)

<€a fc dwwﬂ(w)am G5y (W1) -+ Psp (WN) ) wanw = O, (€° Zﬁil wis?ﬁba (w1) -+ Psy (WN)) wznw
(2.13)



and

<€a ffC dww.J3 (w) JEIJS¢S1 (wl) e QSSN (wN)>WZNW

N Saga N .
=3 L a2 WS (G (wh) - ey (W) wanaw (2.14)
=2 w1 — w]'

N
teraSPe® 22 S (g (wr) -+ By (WN)hwanws

where ¢; = S{S{ and the summation over repeating indices, a = 1,2,3, is assumed (see
appendix A for all pertinent calculations of the present subsection). Combining these two
equations into the null-vector condition, eq. (2.11), for the correlation function

G(wy, - wN) = (Ps, *+* Ps, ) Bwznw = (60{2’]'\]:2 wis?(lsa(wl) o @sn (WN)) wanw, (2.15)

where we have used operator algebra (2.12) for primary field, we arrive at following EKZ

equations
N 59s¢
(k+2)0u, — AS} =Y —L—|G(wy, - wy) =0. (2.16)
=2 w1 — U]j

Here the coefficient A = acq. Such an equation was established in ref. [76] for the Maxwell-
Bloch system. Below we consider a class of nonequilibrium systems whose dynamics can
be studied from the exact solution of the corresponding EKZ equations.

3 Multi-level Landau-Zenner problem and its descendants

In a related context, certain integrable aspects of models with time-dependent Hamiltonians
have recently been studied in refs. [30, 42, 44, 46]. Here we present the solutions of the
Demkov-Osherov [34], bow-tie (BT) [35] and generalized version of the bow-tie (GBT)
models [36, 37]. This is achieved from the exact solutions of the associated EKZ equations.
We show that GBT contains a set of integrals of motion, which form EKZ for correlation
functions, where n — 2 spins should be considered classical or, equivalently, large-spins
s > 1. Using the off-shell Algebraic Bethe Ansatz (OSABA) technique developed in
refs. [51, 52, 76], we find the solution of this EKZ for correlation functions in GBT.
In its general formulation, the multilevel LZ problem is defined by a time-dependent
Hamiltonian of the form
HLZ:A+Et, (31)

where A and B are (n+1) x (n+ 1) Hermitian matrices. In general, for arbitrary A and
B matrices, corresponding time-dependent Schrodinger equation,

— iU (t) = Hpz¥(t), (3.2)

can be solved formally via utilizing the T-exponent representation of the wave function.
The latter however is practically not very useful for computation of observables and other
applications. Though, in some simple cases, a solution can be found. The most simple
case is when matrix B has n coinciding eigenvalues, bs, and only one is different, by # bs.



Then the unitary matrix U, which diagonalizes B, is degenerate on a subgroup of n X n
unitary matrices. The latter can be used to diagonalize n X n minor of the matrix A. To
simplify the described t-dependent Hamiltonian, one can subtract from the Hamiltonian
eq. (3.3) the diagonal matrix, bot x id, and rescale the time by the factor by — by. After
this procedure, the Hamiltonian Hy; acquires the form

t+apo vo1 - - - Uon
Vo1 aol 0o - . 0
V02 0 ap2 0 . 0
Hpo = . . .o . . , (3'3)
Vop—1 0 - - app—1 O
Von 0 s 0 aon

which was first defined in ref. [34] and subsequently dubbed Demkov-Osherov (DO) model.
BT model (parametrized by a set of constants {r;}) is equivalent to the DO model and
their Hamiltonians are linked by the following linear transformation:

ag; = it + 1. (3.4)
These models and their generalizations were discussed in refs. [41-43].

3.1 The solution of Demkov-Osherov and bow-tie models

We look for the eigenvalues and wave functions of the Hamiltonian, Hpo | 2, (t)) = E%,(t) |
Zm(t)), in the form

| o) = 3 — | k), (3.5)

where

| k) =(0,---1,---0)T, and k=0,1,---n. (3.6)

Here in ket | k) the unity entry stands at the k’th place where the leftmost entry has number
zero and we have introduced a set of yet unknown parameters, (vo;{7v}), i = 1,..., N.
Now, we assume that the energy eigenvalues corresponding to wave function, | z,,(t)), are
of the form

oy pp— @)

M e (t) — € '

where the functions x,,(t) and the connection between 7, and €, and parameters entering
the DO Hamiltonian eq. (3.3) are yet to be determined from self-consistency relations. This
so far is an ansatz, which will simplify the final result considerably. In this basis, the DO
Hamiltonian (3.3) acquires a simple form

Hpo = (t + ao0)[0)(0] + Y aoili) (il + > voi(0)(i] + [1){0]). (3.8)
=1 =1



We substitute now the expressions in eq. (3.5) for eigenstate and eq. (3.7) for energy into
the Schrodinger equation. This yields

Hpo | am(t)) = Ep(t) | zm(?)). (3.9)

Consider the equation corresponding to basis element |k = 0). The equation thus will
acquire the following algebraic form:

2
70 Voi7i 70 70
ago + 1) — i+ > = : : 3.10
(ao0 )xm(t)—eo — () — € Tm(t) — €0 Tm(t) — €0 (3.10)

For basis elements |i), with ¢ = 1,...,n, the Schréodinger equation eq. (3.9) yields

ao;"i V0iY0 o 78 i

wm(t) — €5 {L'm(t) — €0 - xm(t) — €0 (L‘m(t) — Gi.

(3.11)

It is straightforward to check that the eigenvalue equations egs. (3.10) and (3.11) will be
fulfilled if the original parameters vg1, - - - vo, and ag1, - - - agn are self-consistently connected

with v; and ¢, —¢p fort =1,...,n as
Y074
Vo; = ——»
€0 — €
2
agi = —2—, di=1,---n. (3.12)
€ — €

From eq. (3.10), the parameters agp and the time variable, ¢, are bound with relations

app = Z L, (3.13)
p=3 — T (3.14)

Eq. (3.13) yields a condition under which the eigenvalue equation has a solution, while
eq. (3.14) for time gives polynomial equation of n + 1 order for x,,(t). That polynomial
t-dependent equation defines m = 0,---n solutions in the form of functions for x;,(t).
Importantly, the relation eq. (3.14) appears when we equate the time dependent terms in
the left and right hand sides of eq. (3.10).

From egs. (3.12) and (3.13), one can find

R e T (3.15)
ao; Y0
no 9
agy = 3 0, (3.16)
;. Q0i

These equations directly relate parameters in the DO Hamiltonian eq. (3.3), with the set
of new parameters (y0;{7}). Note that the relation (3.16) does not essentially restrict
the DO Hamiltonian (3.3). Upon starting from the Hamiltonian with arbitrary diagonal
entries, ag,;,, ¢+ = 0,1,--- ,n, and making a constant shift ag; = a(; + a, one will always



fulfill the condition eq. (3.16) by solving the polynomial equation of n + 1 order for a.
This procedure is equivalent to shifting the Hamiltonian by a constant, which does not
change anything. So for the general class of polynomials that support real solutions for a,
eq. (3.16) does not limit the general DO model and its solution.

Relations (3.12)—(3.14) show that we can always absorb the parameter ¢ into €;, i =
1,--- ,nand x,,(t) as ¢, —eg — €; and z,,(t) —€9 — x,,(t). Nevertheless, we keep it for com-
pleteness. After these remarks, it is clear that transformation of parameters (ag;, voi,t) —
(€i,7i,Y0) is essentially exact and retains the correct number of degrees of freedom.

3.2 Demkov-Osherov model and its alternations: the link to KZ equations

DO, and BT models can be altered by redefining the properties of eigenvalues of the
matrix B. Let us assume that the matrix B has n — 1 identical eigenvalues, b2, and two
other eigenvalues, b;. Then the diagonalizing unitary matrix, U, will have degeneracy
over subgroup of SU(n — 1) matrices, which will allow diagonalizing (n — 1) x (n — 1)
diagonal minor of A. Then, subtracting from the Hamiltonian eq. (3.1) the diagonal matrix,
bot x id, and after appropriate rescaling of the time by the factor b; — bo, one arrives at
the following alternation of Demkov-Osherov model (ADO) given in the form of a simple

matrix Hamiltonian:

t+wvoo o1 Vo2 - Voj - - Uop
vor t+wi1 Vi2 - V1 - 0 Vln
Vo2 V12 a 00 - . 0
0
H = 3.17
APO Voj V1j 0o - aj - . 0 ( )
c Ap—1 0
Von, Uln 0 -0- 0 ayp
Since the Hamiltonian is Hermitian, all parameters, v;; and a;, j = 2, - - - n, that are present
in it, are real. In the bra-ket notations, the Hamiltonian eq. (3.17) reads
n
Hapo = Z (t + vkk)’k><k| + Zal’1><z|
k=0,1 i=2
n
Foor(I0) (L[ + [1)OD + > wwi([k) il + |i) (k). (3.18)
k=0,1;i=2

In ref. [43], the model was studied semiclassically for n = 3, within the independent level
crossing approximation.

Below we are going to link the time-dependent Schrédinger equation —i0y W = Hgpr WV,
with U = (2o, 1, - --¥n)T, with EKZ equations and show that the solution of the latter
satisfies the former. To this end, after Fourier transformation, the Schrédinger equation

~10 -



acquires the form of w¥ = H,W¥. The latter in detailed form reads

wipo = (B, + voo)vo + vor91 + »_ voktk
k=2

wipr = (=10, + vi1)Y1 + vorvo + > viktk (3.19)
k=2

W, = apy + vopo + vip1, k=2,---n.

The solution of the last set of equations for ¢, with k = 2,---n is straightforward, and

yields
vok¥o + V11
w—ap

Y = k=2,-n. (3.20)

Substituting these expressions for v into the first two equations in (3.19), we obtain two
equations for g 1. The latter can be simplified further by the following transformation of
the wave functions v 1 = eiw?/ 21;071. After this transformation, the linear in w term can
be eliminated from the equations. Finally, we see that these two equations reduce to the
following 2 x 2 matrix equation

 Stbi ] @ = (o, )" (3.21)

i0,® = Z [bﬂsﬂ + Z

where the matrix S} = (1,01,092,03), u = 0,1,2,3 is given by the unity and the set of
three Pauli matrices (the presence of the unity operator in the set of spin operators implied
that we have algebra u(2) instead of su(2)). From now on, we will assume summation over

repeating Greek indices p, v to run from 0, ...,3. In (3.21) vectors by are found to be
Voo + V11 Voo — V11 -
by = (voo +o11) 5 ) py = (o0 — o) 5 ), bf = by = vor, (3.22)
2 2 2 _ .2
y0 — (Vo ;Ulk)7 y — (Won . Ulk)7 bt = by = voruik.

One can see that eq. (3.22) is surprisingly similar to one of the EKZ equations,
eq. (2.16), but instead of the full set of n quantum spin generators, we have only one
spin generator S| associated with energy w as a spectral parameter. Other n — 1 spins,
associated with spectral parameters a;, k = 2,3, -n, are classical vectors, bg . They can
be treated quasi-classically as large quantum spin limits. The b}'S]" term corresponds to
AS? modification in EKZ equations (2.16).

Now it is natural to ask whether there is a sufficient number of integrals of motion for
the Hamiltonian in the Schrédinger equation (3.21), namely

n S#bﬂ

Hy = by St + 3.23
! kz:Q w — ak ( )

to be integrable? One can expect that the set of operators
n bﬂ b#/ bﬂ SM
Ko kPl

Hp=)Y_

k' >k

k=2 n (3.24)

ap — Qg ak—w’
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are candidates of integrals of motion, since they are large spin quasiclassical limits of
the operators H; in the set of EKZ equations (2.4)—(2.5). Indeed, it appears that their

commutators are equal to

1
H; H;| = by Sy, Sy
[ ’ ]] (ai_w)(aj_w) i 3[81’81]
3 bV €apeSS

- 2 (a; — w)(aj — w)’

a,b,c=1

i, j=1,2,--n. (3.25)

These operators will commute if all n classical limits of spins, b, k = 1,2, - - - n, are parallel:
by| by . A straightforward analisys of expressions in eq. (3.22) for b shows that the parall
property will be fulfilled if

’Uij = 'yﬂj, ’i,j = 0, 1, e n. (3.26)

Then we have a compete set of EKZ equations, where w plays the role of the first spectral
parameter while others are ag, k = 2,---n. Moreover, EKZ equations, eq. (2.5), with this
set of Hamiltonians have a solution because zero curvature condition is fulfilled

6aiHj—8ajHi— [HZ,H]] :0, i,j:0,2,~-n, (327)

where a, = w. Hence, the solution of the ADO model, with “parallel” conditions eq. (3.26)
on parameters, is defined by the solution of the EKZ equations with one quantum and
n — 1 classical spins. Wave function of ADO model, ®(w, as, - --a,), thus can be treated as
correlation function G(w,a;) in EKZ equation.

Interestingly, parallelism of b, vectors indicates that the 2x 2 matrix b* S} = b1+byS;
has rank one and the interaction term in egs. (3.23)—(3.24) coincides with the momentum
map in refs. [72, 73]. The latter gives a dual characterization of integrable Hamiltonian
systems as isospectral flow in the two loop algebras.

3.3 Solution of KZ equations

The solutions of KZ and EKZ equations based on OSABA were formulated in refs. [51,
52, 76]. The situation in the ADO model is simpler. Since all vectors, b; are parallel it
follows that all matrices b} S}" are commuting. Therefore, one can work with them as with
ordinary commuting numbers.

Due to this commutativity property, the inspection yields that

b Sy

w — a;

B (w — ag)¥'51 = (w — a;)?"51. (3.28)

Therefore, one can derive the general solution of EKZ equations based on the Hamiltonian

H; given in eq. (3.23) and integrals of motion H;,i = 2,---n given by eq. (3.24). Namely,
the solution of

0w ®(w,{a;}) = —iH1P(w, {a;}), 00, P (w, {a;}) = —iH;®(w,{a;}), (3.29)

- 12 —



we construct in several steps. As the firs step, one can look for ®(w, {a;}) in the form

O(w, {a;}) = [[(ai — a;)~ Y5 B0 (w, {a}). (3.30)

J>i

Here vectors bl are defined by expressions provided in eqgs. (3.22) and (3.26). For the new
“wavefunction” &y we obtain a new equation that is similar to eq. (3.29), wherein the r.h.s.
of the second equation in the operator H; one retains only the second term. As the second
step, in the same second equation one can separate the y = 0 component of vectors b“ by
from the rest in terms that contain them. This gives

LR ", bxS
H0 Y — 30 k 0 )
@ (w, {a;}) z(bl +biS+ E P + g w—ak>q) (w,{a;}),
k=2 k=2
by b;S
.(I)O ; = — L ! q)o L f ). 31
0u,0°(w, {ai}) z(%_w+%_w> (@ {a:}) (3:31)

Here we define the S = (o!,02,03), where 0/, j = 1,23, are Pauli matrices. For ®° one

will then obtain

Po(w, {a;}) = 7N H B) T (w, {ai}), (3.32)

where ®4(w, {a;}) is still unknown. After this one arrives at the equations for the function
®,(w,a;) of the form

Oy(w, {ai}) = <b18+z L > w,{ai})
b;S

a; —

00, By = —i By (w, {ai}). (3.33)

Earlier we have observed that commutativity of the Hamiltonians H; for different i leads
to the condition of all vectors b; being parallel to each other, i.e.

b; = fin, (3.34)

where n is an arbitrary unit vector and (; are the norms of vectors b;. Below all these
norms will be linked to the parameters of the ADO Hamiltonian.
Let us now rewrite egs. (3.31) using the newly introduced notations:

mms)@xw{wn,
a

Oy (w,{a;}) = —i (ﬁlnS + Z

’Binsw)cps(w, {a:}). (3.35)

(e {oi}) = —i

a; —

The eigenvectors and eigenvalues of nS here are defined as

nS&, = mém, (3.36)

~13 -



where &, represents a two component spinor eigenvector with eigenvalue m = £1. One
can directly compute &, by solving eigenvalue equations directly in components. Using
this fact we are now able to finally write the solution ®7* in the form

n

O = exp(—iwPim) H (w — ag) "B, (3.37)
k=2

As the last step, we collect all parts of the solution and putting them together obtain

" = expliw(B) + fim)] [[(a; — a;) 7O
j>1
n
x [ (w — ap) " C+Ame, (3.38)
k=2
As our equations are linear, the general solution will be a linear combination of the two
different solutions corresponding to two eigenvalues with m = +1.
One can express final answer in terms of parameters {v;}, i = 1,...,n by use of
the expressions in egs. (3.22) and (3.26) ensuring parallelism of b vectors. In terms of
parameters -y, the b vectors have the following form

= ok = B0 b =nom,  (339)
B % ;’Y%ﬁ’ p3 = il 57%7,3, biy = YoMks
from where it follows that
B = b(l) _ % ‘;712’ (3.40)
ﬁk:bo_%%+7%%37 k=23-.-N

Finally, by use of egs. (3.39) and (3.40), one can simplify the expression in eq. (3.38).

Taking into account the factor eiw?/2 [we remind the reader about the transformation we

introduced in the text below eq. (3.20)],the exact solution of ADO model acquires the form

B(w, {ai}) = e T[(as — a3) 255 x [ (w — ay)~Pi+miwmrtieme,
j>1 j=2
with m = £1. (3.41)

This is one of the key results of the present work. Fourier transform of eq. (3.41) for
m = =£1 defines the real-time evolution of the wave function

o0 .
D(t,ag, - an) = / dw®(w, az, - - - ap)e™". (3.42)
—0o0
Appropriately normalized wave function gives the system’s evolution starting from the
initial state at t = —oo. Namely
D(t,az,---an) = G(t, a2, - ap)P(—00,a2, - an), (3.43)

— 14 —



where G(t,as, --a,) = Texp{i[' _dt'Hapo} is the time evolution operator where T
stands for time ordering. It defines the amplitudes of transmission probabilities between
diabatic states at t = —oo and t = co. We can see from here that the state with m = —1
has trivial w dependence, ®(w) ~ €™’/2, which translates into a similar oscillatory time-
dependence of the wave-function ®(t) ~ e~ /2 that gives zero transmission probability

between diabatic states.

The analytical form of Fourier transformation of the wave function for arbitrary n is
cumbersome. However, for the simple case of n = 2, it is straightforward, yielding the
extract transmission probability P of the Landau-Zener problem

P = e 27063 (3.44)

This is in full accordance with Landau-Zenner result of two band crossing [92], for parallel
levels.

4 Conclusions

We have presented a set of quantum dynamical systems, which are linked to modified
Knizhnik-Zamolodchikov equations and can be solved exactly upon employing this connec-
tion. Those are the BCS paring model (based on Richardson’s exact solution), multi-level
Landau-Zenner tunneling models, and their realizations as a generalization of Demkov-
Osherov and bow-tie models. In these systems, interaction couplings can be considered
to be time-dependent linearly, leading to the extension of KZ equations. This link is sur-
prising and based on the fact that all these models contain integrals of motion of Gaudin
magnets. This inherent property of integrability leads to EKZ equations. Using the link
and integrable properties, we solve ADO and GBT models exactly. We believe this link of
dynamical systems to EKZ equations is not limited and can be extended to other systems
with time-dependent Hamiltonians.

Moreover, it is known that KZ equations are written for correlation functions of WZWN
models. Here we have revisited the question posed in ref. [30], namely what is the CFT for
which EKZ defines correlation functions? Using a different method, we have shown that the
corresponding model is the WZWN model with a boundary term discussed first in ref. [30].
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A First term with derivative in the null-vector condition (2.11)

From the operator algebra eq. (2.12), where the current J(u) is acting on primary field at
the point w;, we have

Roatw) = § dur @) = § g (w) = Stouw). (A1)

C; U — Wy

Here we have used the fact that since J%(u) is acting on the primary field at w;, the contour
C; is circling the position w;, after which Cauchy integration is applied.

The first term in eq. (2.11) reads

k k
« desz(w) w . w — af ww w w e w
(e, 00 o) = (5 0@ ) D) s )

(A.2)
Using eq. (2.12), it is easy to calculate the linear in the current term in these series. Since,
according to CF'T, singularities in this operator product expansion may appear only at the
positions w; of the primary field, we can shrink boundary contour C into the sum of circles
C; around those points: C = | |; C; (see figure 1). Then each term defined by the contour
C; gives the action of the current on primary field ¢s, (w;). Using eq. (2.12) for the action
of current on the primary field, we obtain

N
& 740 0w T (), 60 (1) - (1)

N 53
= 30§ 0wy (g, (1) Gy ()
i=1 B

N
=3 Oy [wiSH s, (1) -+ By (wi))] (A.3)
=1

Higher-order terms of current .J(w) will produce series, where >-; ¢, dww.J?(w) is replaced
by 3, w;S? and, therefore, one will get

(e e 09,y (w1) G (W) = Doy [T 5 gy, (wn) -+ Gy (wn )] (A)
It is important to notice that the anomalous contractions J3(w)J3(w') ~ k/(w — w')?
between different currents in higher-order terms in the expansion of the exponent does not
contribute into eq. (A.4). This happens because after regularization of multiple integrals
($p dwwJ 3(w))P by introducing infinitesimal shifts of p contours, which is equivalent to the
normal-ordered form of operators, one will not have poles within the smallest contour and
thus the Cauchy integral will produce zero.

Eq. (A.4) reproduces eq. (2.13) of the main text.
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B Second term in the null-vector condition (2.11)

After expanding the exponent and using expressions (2.10) for the currents, the second
term in (2.11) reads

I = (®(C)(J*1J§) ¢s, (w1) - - dsp (wi))

oo )

= — wwJ3 (w U a

_I;k!(ﬁd 73 )) ) sy
X¢sl(wl)"'¢sN<wN)> (Bl)

Here we have used the relation eq. (A.1) for the action of J§ on primary fields and expression
eq. (2.10) for J%;. Eq. (B.1) shows that besides primary fields at w;, there are also currents
J%(u) with which J3(w) in the exponent will have contractions according to SU(2) current
algebra relations

J* (u)

w—u

J3(w)J*E (u) = +

(B.2)

Therefore contour C will include singularities not only at w;, ¢ =1--- N, but also in u
(see figure 2). Hence boundary contour again will shrink into the sum C = |_|§V:1 Cj. Asin
eq. (A.4), the contribution of the contours Cj, 2 =1,--- N is equivalent to the replacement
of YN, o, dwwJ?(w) by SN, wiS3. As a result, from eq. (B.1), one obtains

o k k a
e 3 ) o,
I_?%M(QMWJWO amﬂ;W%

X€a2§i2 wiSf(ﬁSl (wl) e ¢5N (wN)> <B3)

The situation with Cy is different. According to the CFT rules, the order of currents .J3(w)

and J%(u) defines the size of the contours in their integrals, namely, C; D Cf, see figure 2.
Now, let us first analyze the linear term in the series of exponential in eq. (B.3). After

using the current algebra relation eq. (B.1) and Cauchy integration over w, one obtains

?{ dww ¢ duJ?(w) () =x¢ dww ¢_ du )
Ch C1 u—w Ci & (u—wi)(w—u)
=+ ¢ duum. (B.4)
Cq (u - wl)

Hence, for the exponent in eq. (B.1), one will have

a wwJ3 (w + tu 7+
o $o, dww I (w) duJ(“):]{ P O] (B.5)

& (w—w) Jo (u—w)

and the entire second term eq. (B.1) becomes

au 7+ — —au J— +
=4 du JT(u)S] +e I (u)S]

1 u — wi

N Sl Wil g (w1) -+ psy (wn))  (B.6)

Using the extension of the relation eq. (2.12) for primary fields to their product
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Figure 2. Boundary contour C shrinks to the sum of contours C;, i = 1,---N. Here C; and
Ci, i =2,--- N are the contours in the integral expression of the operators J%,, which they act on
the primary fields, ¢, (w;), at points w;, ¢ = 1,--- N. We have that C; D Cj.

N ga
T4 ()gsy (wn) -+ s, (wn) = 3

=1

Gs; (Wi) -+ s, (W) (B.7)

U — w;
and after Cauchy integration over u, one obtains

N e GHGT 4 emawi G- G e SF ST + e ouSy St

I =

+ du

= wy — w; ol (u —wq)?
N .53
X 2ui=2 " Gy, (wn) -+ Gy (wn)) (B-8)
Now, after using the identity
SireFown = gFeowis (B.9)

and performing Cauchy integration, one arrives at

N
S¢S¢ N
I = {Z i 21 r—i—aSi‘Si‘Sf X eaZi:2w15i3<¢sl(w1)...d)SN(wN). (B.10)

=2 W1 7 Wi
After defining ¢; = S23_, S¢S¢, we see that eq. (B.10) coincides with the relation eq. (2.14)

of the main text.
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