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Abstract

A connection is made between the formalism of stochastic optimization of a certain class of control systems and
the semiclassical evolution generated by a quantum non Hermitian Hamiltonian. The non-Hermitian dynamics of
Gaussian wave packets is described by a system of equations for the motion of the center and metric associated with
the wave packet. We propose a new method of solving the system of equations that is able to simplify the calculations.
This method is based on the inherent Kdhler geometry of coherent states in phase space. An example of a quadratic
Hamiltonian is explored where we show the existence of the infinite time limit of the center and the metric of the
wave packet. The optimal control systems studied in the present paper are used in reinforcement learning algorithms

as the policy improvement with path integrals proposed in
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1 Introduction

In Physics, one is usually interested in analyzing a given
subsystem of the Universe and such a system is never
fully isolated. One often then has to turn to the theory of
open quantum systems (OQS)?. Nowadays, this theory
serves as the backbone to modern research in quantum
mechanics and its applications. OQS are very important
for example in the fields of quantum information and com-
putation. Here, although results are usually derived using
the regular closed system quantum mechanics, one needs
models that take into account that a quantum computer
is an OQS and may have unwanted interactions that may
change the dynamics.

One possible way to mimic the behavior of OQS is to
consider an effective Hamiltonian that contains an imagi-
nary term used to model the exchange of energy with the
environment. This approach is called non-Hermitian
quantum mechanics, which is a field that has been at-
tracting a lot of visibility in recent years. Non-Hermitian
Hamiltonians (NHH) naturally appear in several contexts
like in the field of quantum optics and topological pho-
tonics 10,1216

One particular area of interest is the semiclassical limit
of non-Hermitian dynamics” . Starting first by studying
how NHH behave in the coherent state approximation it
has been shown that, for both the state?, and for the
Wigner function of the state”, one gets a generalized sys-
tem of equations that describes the phase space evolution
of the center of the state and of the associated metric®. In
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a recent work '™ a new method of solving this coupled
system of equations has been proposed.

In the present work an equivalence between a class of
stochastic optimal control systems and a class of non-
Hermitian Hamiltonians has been found. Stochastic con-
trol theory has a wide range of applications nowadays, be
it in robotics to accurately calculate a robot’s course of
actions?? or even in finance, to model the dynamics of
financial markets'. In particular, for a certain class of
control systems it is possible to describe the dynamics of
the value function using the formalism developed in this
work. This study thus shows new methods to study these
controlled systems under a new perspective, that of the
non-Hermitian quantum formalism.

1.1 Symplectic and Kahler geometry

Symplectic manifolds?? provide the natural setting for
the Hamiltonian formulation of classical mechanics. They
also provide the appropriate setup to study the semiclassi-
cal approximation of quantum dynamics. A symplectic
manifold is a smooth manifold, M, with a closed non-
degenerate 2-form w, called the symplectic form. For the
case of classical dynamics on M = R?" this symplectic
form is defined as:

w:dq/\dp:quj/\dpj.
j=1

(1)

Before moving forward we introduce the concept of
Hamiltonian vector fields. Given a function from the



manifold to the real numbers, f: M — R, we can obtain
a unique vector field Xy, called the Hamiltonian vector
field corresponding to f. In canonical coordinates, (p;, ¢;)
, this vector field is represented by:

“Of 0 <Of 0
Xr=— .
! ;3(11 8pi+iz=;3]9i 0q;

We can also consider complex structures J on the
symplectic manifold (M,w)'®. At every point, J is a
linear transformation of the tangent space such that J? =
—1,, i.e. the identity at point p € M. Algebraically, this
complex structure J : T,M — T, M plays the role of the
imaginary unit, where T,M is the tangent space at p.
Note that, for a manifold to have a complex structure,
it is required that the manifold is even dimensional. As
symplectic manifolds are always even dimensional, that
restriction does not pose a problem. Since J? = —1,, it
has eigenvalues +i that define conjugate eigenspaces of
holomorphic and anti-holomorphic directions.

The symplectic form and the complex structure are said
to be compatible if we require that the complex structure
is a symplectic transformation, i.e. iff:

(2)

w (Ju, Jv) = w (u,v),Vu,v € T,M. (3)
For the matrix representation of the complex struc-
ture on canonical symplectic coordinates this means that
JTQJ = Q with Q being the matrix of the symplectic

form, defined as:
0 -1
(1 9)

in the basis (pj,q;). For the remainder of the present
work we will, unless otherwise stated, always assume we
are in the ordered basis (p;, g;).

Note that Eq. (3) implies that the tensor g defined as:

()

is a symmetric tensor, defined on T,M. If g is positive
definite, i.e a metric, then (M, w, J, g) is called a Kéhler
Manifold®. In a Kihler Manifold, the above three
structures exist in such a way that they are mutually
compatible with each other. Thus, knowing any pair of
them allows one to determine the third.
Equivalently, in the matrix representation we have
that:
(6)

with G being the matrix representation of the metric g,
J the complex structure and €2 the symplectic matrix
defined above.

(4)

g(u,v) = w(u, Jv),Yu,v € T,M,

G =QJ,

1.2 Wigner Distribution

In this work we will study non-unitary quantum dynamics
in the semiclassical limit. For an harmonic oscillator, a
coherent state is defined to be the unique eigenstate of the

annihilation operator a with associated eigenvalue o €
C. It is a state with minimum uncertainty, that is, it
saturates Heisenberg’s uncertainty principle. Thus, they
are often used as a good bridge between classical and
quantum physics.

Since their proposal® coherent states have been gen-
eralized for arbitrary Lie groups. A good review can be
found in Ref.!”. Here, however, we will only consider co-
herent states for harmonic oscillators. An n-dimensional
normalized Gaussian coherent state in the Schrédinger
representation is defined as:

1

blo) =B e [ (P (0= Q)+ 30— Q) Bla— Q)]

(7)

where the vector Y = (P,Q) € R™ x R" is the center of

the state, and the matrix B € M,,(C) is symmetric, with
Im B > 0 to ensure the state is normalizable.

It is possible to pass to a phase space representation

of the state using the Wigner representation?, originally

proposed by Wigner?2!:

W)= [

— 00

dyy* (q + y)v(q — y)e* v/ (8)

The Wigner representation is fundamental to study
phase space quantum mechanics. The role of the Wigner
representation is analogous to a probability density func-
tion, as expectation values for functions of position and
momentum can be calculated from it. However the
Wigner function cannot really be a probability density
function as it can be negative-valued. It worthy of note
that, for Gaussian states, the Wigner distribution is al-
ways positive and Gaussian.

This approach to quantum mechanics is interesting be-
cause it makes quantum mechanics as similar as possible
to classical Hamiltonian mechanics. As we will see, in the
semiclassical limit we will obtain behavior very similar to
the classical Hamiltonian dynamics.

It can be shown that the Wigner function of a Gaussian
coherent state of the form of Eq. (7) is”:

. 1
W) = (o) " exp |~ - V) G- V)], )
where y = (p,q) and Y = (P, Q). The matrix G is ob-
tained from B by:

o= (Cres D0 )6 71)

(10)

We note that G is nondegenerate, positive and sym-
metric and can be seen as describing a constant metric
on phase space”. Furthermore, it can be seen that it is
also a symplectic metric, i.e., GQG = Q where (Q is the
symplectic structure on phase space defined in Eq. (4).
Due to this, using Eq. (5) it is possible to define a complex
structure J, with J2 = —1 and QJ = G. Consequently,
every coherent state (Eq. 7) endows the phase space with
a flat Kahler structure.



1.3 Stochastic Optimal Control

The idea behind optimal control is that, for a given sys-
tem that can be controlled through some variables, we
want to find the optimal choice of control in order to
maximize or minimize a given cost function. These sys-
tems can range from robotic arms trying to open doors to
airplanes trying to lower their fuel consumption by con-
trolling the thrust of the engines.

Stochastic optimal control is the extension of optimal
control theory where we take into consideration the fact
that both the measurements as well as the control can be
affected by noise, which usually takes form of a Gaussian
random variable.

In this work we will study systems whose evolution is
described by a stochastic differential equation of the form:

&y = fae,t) + Gla) (wr + &) (11)

where xz € R" is the state of the system, f(x¢t) €

R™ describes the passive dynamics, G(x;) € R"*? is the

control matrix, u; € RP the control variables and finally

&: € R? is Gaussian white noise with variance matrix X¢.
The differential form of the above equation reads:

dxy = (f(xe,t) + G(xr)ur) dt + G(z)dW, ,  (12)
where dW; is a Wiener process. A Wiener process, Wy,
is a continuous random process such that Wy = 0 and its
increments, W, — W,, are Gaussian and independent,
that is, they are independent of past values of Wy, s < t
and they follow a Gaussian distribution with mean 0 and
variance u.

For simplification, on the remainder of this section the
index ¢ indicates a dependency on the time and state of
the system, i.e. u; = u(ay,t). Our objective is to opti-
mize a given predefined cost function of the trajectory T;
of the system that at time ¢; is in the state x;, and ends
at time ¢y in the state x;, . This cost function is defined

as: .
R(Tl) = ¢t1\7 +/ Ttdt 5
t

i

(13)

where ¢;, = ¢(x¢, ) represents a final cost/reward at
time ¢ty and where r; denotes the instantaneous cost at
time ¢.

The idea of stochastic optimal control is to minimize
the above cost function through the control variables w;.
We define the value function as the minimum of the ex-
pected value of the cost function:

V(wtl) = V;fz = min ET«; [R(Tl)] )

Ui, tpn

(14)

where this expected value is taken over all trajectories
that start at x,,.

It can be shown that the value function satisfies the so
called Hamilton-Jacobi-Bellman equation (HJB)?18:

0V = min 1+ 0aV)" Bt 3 ((02,V) (@36T)]
(15)

where we have the boundary terminal condition V' (tx) =
E[p(tn)], 0.V is the gradient vector of V, 92,V is the
Hessian matrix of V and F; = f(t, ;) + G(x)us.

As we will see, from the HIB equation (Eq. (15)), it is
possible to derive an equation similar to the Schrédinger
equation for a given class of controlled systems. For a
given Hamiltonian the solution of the Schrodinger equa-
tion for a Gaussian initial states can be found, in the
semiclassical approximation, by solving a system of equa-
tions which we present in the next section, which yield
the motion for the center and the metric associated with
the Gaussian state.

2 The semiclassical approximation for
non-Hermitian Hamiltonians

In their paper on the evolution of wave packets” (de-
scribed by Gaussian coherent states), Graefe and Schu-
bert derive a system of coupled equations for the time
evolution of the Wigner function of a NHH given by
H=H-—i. They start by inserting a Gaussian ansatz
for the time dependent Wigner function:

Wit = (oo exp (=l = V()-GO - V(0
(16

Arriving at the following system of equations for the time
dependent parameters a(t), G(t), Y (t):

Y =QVH(Y) - GIVI(Y)
G =H"(Y)QG — GQH"(Y) +I"(Y) = GI4(Y)G,
&= 2y - S rha]

(1)

where (2 is the usual symplectic matrix as defined in Eq.
(4), the vector Y (t) is the center of the Wigner wave
packet, the metric G(¢) which is obtained from the com-
plex matrix B(t) (see Eq. (10) ), T'¢, := Q'T"Q and the
notation A” denotes the Hessian matrix of A(y) at y.

Upon further inspection of Egs. (17), we can see that,
for the evolution of the center of the Wigner state, we
have a regular Hamiltonian flow for the Hermitian part
of the Hamiltonian but with an added contribution from
the non-Hermitian part. This contribution from the non-
Hermitian part is a gradient flow into the minima of I'7.
This implies that, were we to choose I' with no minima,
for example I' = —¢? — p?, then the anti-Hermitian term
would drive the motion of the localized state away from
the origin and exponentially so. As for the metric, we see
that its evolution equation depends on the center Y'(¢),
making this equation coupled if the Hamiltonian is not
quadratic. Lastly, for the coefficient «(t), we can see that
its magnitude will in general no longer be unitary and
this corresponds either to an increase or decrease in the
overall probability due to the non-Hermitian term of the
NHH. This is further corroborated by the fact that the
dynamics of «(¢) only depend on I" and has no dependence
on the Hermitian term of H.



Notice that the system of equations in Egs. (17) is
highly coupled and this makes finding its analytical solu-
tion difficult except for trivial cases. However, noticing
that this evolution takes place in a Kahler manifold, we
can rewrite the first dynamical equation for the center of
the wave packet using Eq. (6):

Y(t) =QVH(Y) - G7IVI(Y) = Xx(Y) — J(t)Xp(Y).
(18)

Notice that J has to depend on time because the met-
ric depends on time and the symplectic structure does
not. We see from Eq. (18) that, if the Hamiltonian was
Hermitian, we would have obtained the classical Hamil-
ton equations as the classical limit for the evolution of
these quantum states. However, in the presence of a non-
Hermitian term we can see that this evolution no longer
corresponds to the flow of a simple Hamiltonian vector
field. Instead, the evolution has a component which is
mediated by the metric/complex structure. We note that
this dependence on the metric for the evolution of the
center is unprecedented in unitary quantum mechanics
and is an effect only observable when studying NHH.

One important simplification is achieved by decoupling
in Eq. (17) the equation for the center from the equation
for the metric. One rewrites the above equation in terms
of functions z that are J(t) holomorphic'*, and for those
functions z we have that:

z= XH(Z) - J(t)XF(Z) = XH(Z) - ZXF(Z) = XH(,?) )
19
That is, a equation solely dependent on the time depen-
dent function z. We define ¢; from Y; = ¢¢(Yy), where
Y (t) is the solution of Eq. (18). Then, solving equa-
tion (19) would allow one to obtain the pullback ¢;(zo)
that defines the time evolution for the center Y'(¢). The
pullback ¢} (zo) is defined from:

2zt = 200 ¢y = @) (20) - (20)

Then, using @7 (z¢) one can calculate the time-dependent
complex structure and thus the metric, G(t). Doing so,
we are able to obtain the Wigner function W (p, ¢,t) ex-
cept for the factor a(t) which can be found by solving the
last equation in Eq. (17). In the next subsection 2.1, we
go into more detail on how to obtain both the motion of
the center as well as the motion of the complex structure,
in the two dimensional phase space.

2.1 Alternative method of decoupling the

equations for the center from the
equations for the intrinsic geometry
of the state

One option of solving the system of Egs. (17) is by di-
rectly solving all the coupled equations for the intrinsic
metric and the center of the Wigner function. Another
option, which we propose, is to make use of the Kéhler
structure underlying the system to rewrite the equation
for the evolution of the center into Eq. (18).

It follows from '!+!'* that a solution to the coupled sys-
tem of equations for the center and the intrinsic geometry
of the Gaussian coherent states can be found as follows:
First, we calculate the flow in C? of the complex vector
field — X4 : (pt, q¢). Then, we find the unique, if it exists,
diffeomorphism @; ** : R2 — R? such that:

(#7%) Golp. @) = e~ X% 20(p,0) = 2(p,0) = 20(pr-a1)
(21)

where zy denotes the global complex coordinate defining
Jo. After that, the solution of Egs. (17) is given by

—1
Yy = (QE;X’H) s le.:

Y: = ¢; (Yo) (22)

Gr=Q (e ) (o)

The intuition behind this method is that we evolve the
state using the complex vector field —X%. However, for
the centers of the state, the opposite is true i.e., they
should evolve not with — X4, but in the opposite direction
of the evolution of the state, which corresponds to Xy,
as seen in Eq. (19).

We remark that, for real Hamiltonians we have:

()

however, for complex Hamiltonians the same cannot be
said. Arguments from geometric quantization'!!'* seem
to indicate that, for non quadratic Hamiltonians, the
equations for the motion of the center as described by this
methodology might give a better approximation than the
ones described in Eqgs. (17).

(23)

1
— X

=% (24)

2.2 From holomorphic coordinates to .J
and G

To apply this method we need to choose an appropri-
ate complex coordinate such that we reobtain the ini-
tial complex structure and, consequently, the initial met-
ric. We know that, if we were to choose the complex
J—holomorphic coordinate z = x + iy then, in the (z,y)
basis, the complex structure is:

0 -1
J= (1 5 ) |
The method to calculate J is by noticing that, from the
definition of z and Z, we have:

dz = '
2 da:-l—z.dy - <dz> M (dm) 7
dz = dx — idy dz dy
where M is the matrix encapsulating the transformation

from dz,dz to dx,dy. And so, we can expand the defini-
tion of J:

(25)

(26)

J:i2®dz—ig®d2,

0z 0z (27)



to obtain the standard complex structure. To do that, we
note that:

(a2) =0 () = (i) =2 () -

However, in order to obtain the expressions for 0., d; we
need to consider a test function, F(z,y) = U(z,y) +

(28)

i1V (z,y). The differential of this test function is given
by:
_OF OF 1 0F 1 OF
aF OF BF 8F
dz | Myy' — + My'— | = ——dz+ ——dz
* Z( 12 gy T M 8y> 9z T 9z %
(29)
and so we have that:
az . —-N\T am
()=o)

Using the above we can now, for example, see how J
is written in the basis (p,q) when we have the complex
coordinate z = p+ (—a —ib)g. Substituting Eq. (28) and
Eq. (30) into Eq. (27) thus gives:

a ar"’er2 1 _a
J:(_Q b ) :>G:<b n) e
-t 3 5 by
where in the last step we used Eq. (10). Notice that
we obtain precisely the form for the metric matrix as in
Eq. (6). With this calculation we are able to pass from

a given complex structure to its corresponding complex
coordinate and vice-versa:

zzp—i—(—a—ib)q(:)G:(ll’ 3:2) . (32)

in the basis (p, q).

We remark that scaling the entire complex coordinate
by a real factor does not affect the resulting metric nor the
complex structure. Moreover, a global scale by a complex
number also does not change the inherent complex struc-
ture. This in turn means that we can either start with
a complex coordinate of the form z = p + (—a — ib)q or
with w = — a+sz+q as they correspond to the same met-
ric and complex structure. This remark may be helpful
in certain examples where a given choice of initial com-
plex coordinate might simplify the process of obtaining
the solution.

3 Connecting Stochastic Optimal Con-
trol with non-Hermitian Hamiltonians

3.1 Deriving a Schrodinger-like equation
from the HJB equation

Following !°, we consider an instantaneous cost of the

form:

1
re = q(@t, t) + §utTRut , (33)

which has a state dependent part and a quadratic term
on the control and where R is a positive definite matrix.

Substituting this cost function in (15), taking the gra-
dient of the part we want to minimize with respect to w;
and setting it to zero enables us to get an expression for
the optimal control:

u(z;) = —R'GT (8,V) . (34)

Moreover we can substitute the expression for the op-
timal control in the HJB equation (15) to get:
1 _
—&gV =gt — 5 ((%V)T GtR

LGT (0,V) + (0.V)T fit

o ((03,V) (@=aT)) |
(35)

which is a second order nonlinear partial differential equa-
tion.
By making a change of dependent variable!?

Vi = —Alog vy (36)

as well as using the assumption that AR~! = X we obtain

the following linear equation for ):

—0np = § Tr (93, (1) GG + f (Vathr) — 3t

(37)
with the terminal boundary condition 4, =
exp (—¢(tn)/A). The assumption used is the state-

ment that a high variance control input implies cheap
control cost whereas small variance control yields high
control cost!?. By relabeling the parameter A — A and
multiplying (37) by & we can see that the above equation
has a Schrodinger-like form for a real wave function with
a non-Hermitian Hamiltonian associated with it:

—hopp = $h2Tr (92, (V) GeRTI'GT) + IR (Vo) — qutdy -
(38)

In the next subsection, we identify the Hamiltonian
corresponding to Eq. (38) and we study several examples

of controlled systems under the NHH formalism.

3.2 Deriving a Schrodinger-like equation
from the HJB equation - 1D case

In one dimension, for both the state and the control, equa-
tion (38) reads:

0 1 0
- haw = §h2AtA (1) + Bfy <8a:wt> —q(x)Ye , (39)

where 4, = G4 R™'G; and A = 88722. We remark that,
in this section, the index in order to time means that
a variable may depend on the state x; and/or explicitly
on time. The above equation can be rewritten with the

change t — —s as:

gt = A G0+ 1) (5000 ) e
(a0



implying that the wave function at an instant s is given
by:

vo=exo |2 (P22 ngo, o)) |

We can identify a non-Hermitian Hamiltonian in the
above expression by rewriting it as:

ve=exp |3 (info. +i (RA@)F ~ @) ) |
42)

Thus the non-Hermitian Hamiltonian is given by:
A(z)(p)* .
A @)

A= (-1 (19
in the next section we will see how to obtain a classical
Hamiltonian from the above NHH.

3.3 Obtaining the classical Hamiltonian

To be able to apply the formalism presented in the pre-
vious section, we must be able to obtain the classical
Hamiltonian from the quantum one to solve the semi-
classical dynamics. In order to do that, we will assume
that the quantization of a classical observable is given
by the symmetric quantization scheme i.e., we assume
that the quantization of a classical function f(x)g(p) is
F(@)9(p) — L (f(2)9(p) +g(#)f()). Under this choice
of quantization we get that functions of solely the posi-
tion or momentum variable correspond to operators that
solely depend on the position or momentum operator.

In the Schrodinger representation, we assume that the
quantization of the function F' = f(x)p is thus given by
the symmetric quantization, i.e.:

. 1 . ih s G,
F = =5 f(2)ihd, = 0,0 f(z) = f(#)p = T ['(&) (44)

Thus the quantization of the classical observable G =
f(@)p+ L f(2) is given by:

G = f(2)p

It remains to be shown which classical observable gives

(45)

us the operator A(z)p?. We note that the quantization of
the classical observable f(z)p? under our choice of quan-
tization scheme is:

(F@)?) = — 5 f ()0 — 5102 o [(a) =
= F@) — ihf (3D W F(2)

Thus joining the previous result it follows that the
quantization of the following classical observable is:

O = f(x)p® +ihf'(x)p = O = f(&)p’

And so our quantum Hamiltonian arises from the quan-
tization of the classical observable:
ih i . .
H=—flx)p— —=f(z)— = (A(Jc)p2 + zhA’(x)p) —iq(x) ,
(48)

(46)

(47)

from where we identify:

H = (n#f) -
_ A’
= ()217)

f@)p
+ (hfé””) + q(x))

The evolution of the above system of equations can
be thus evaluated using the formalism developed in the
previous sections. In the next section we explore a simple
example, with a complex quadratic Hamiltonian.

(49)

4 Example - Quadratic Hamiltonian

In this section we will work with following stochastic dif-
ferential equation:
t=—axr+ (u +§) , (50)

where & has variance § so that we have A; = §. The
parameter « controls the linear drift and the parameter
d controls the noise. We can think of Eq. (50) as an
exponentially decaying system that can be influenced via
the control u; and its associated noise .

Moreover, we also take as a cost function a quadratic
function of the following form:

B o

re = q(x) + Ruffa:Jr (51)

2 6
With the above assumptions, and following Eq. (49),
we get the following classical Hamiltonian function:

H = azxp
D=3p*+ 52—

Looking at Eq. (36), if the value function at ¢ = 0 is
quadratic then we must have an initial state that is local-
ized and purely real, i.e., a Gaussian which is centered at
a point Y = (0, z):

Ps = (wbh> % exp [ 2bh(x - mo)Q] :

Furthermore, by evolving this Wigner function using Egs.
(17), we are able to obtain the evolution for the value
function as well, which will be given by the logarithm of
our wave function.

Looking at the Hamiltonian in Egs. (52) and at the sec-
ond equation in (17), assuming an initial diagonal metric
of the form:

G(t=0) = (gl(to 0) gz(toz 0)) ,

then we obtain the following equation for the metric com-
ponents:

(52)

(53)

2
)

g1(t) = 0 +2ag:(t) — By (t
Ga(t) = B — 2ags(t) — 6ga(t)* .

~—



One can then verify that if we define g2(t) = 1/g1(¢), we
obtain the second equation from the first one and vice-
versa. This implies that if the initial conditions for the
metric are such that its determinant is equal to one, then,
for all time t, the same is true, and the components are
inverse of each other. This also implies that we only need
to solve one differential equation to get the complete time
evolution of the metric.

The above remark is valid only in the case of quadratic
Hamiltonians of the form of (52). For example, if we had
a real component quadratic in position, then we would
not only lose the above property but metric would no
longer be diagonal for a generic time ¢ .

For the rest of this section we will analyze the Hamil-
tonian in (52) in three different cases:

e First the case « = § = 0 with § # 0;
e Secondly, the case « =0 and 5 # 0,9 # 0;
e Lastly, the case where a #£ 0, 8 # 0, § # 0,

and for the last case we shall see what is the role of the
several parameters on the behavior of the metric and po-
sition of the center of the wave packet. To avoid confusion
with the parameter « of the Hamiltonian, for the rest of
this section we will denote the multiplicative factor, de-
scribed by the third equation in Egs. (17), by N(¢).

4.1 Quadratic only in momentum

We consider the system of (52) where we put a = =0
and § # 0. Thus, our classical Hamiltonian is given by:

{H—O
52
r—

(54)

This is a purely imaginary quadratic Hamiltonian that
only depends on momentum. We take an initial Gaussian
state which is centered at a point ¥ = (0, z):

b\ 1 b
Ve = <7Th> exp {_Qii(x - 550)2] )

from where we see that B = ib € iR. Thus, the Wigner
function for this wave function ha§ initial center at the

; —_ (v
and with G = (0 b

In this case the equation for G is independent of Y and
is an equation of the following form:

: 0 0 0 0

6= 0)-¢( )¢
where, as the Hamiltonian is quadratic, this implies that
one of the components of the metric is the inverse of the

other. It thus suffices to calculate the momentum related
component:

(55)

origin Y = (0, x¢)

(56)

1
g(t) =0 = dt+ —,

5 (57)

where we already took into account the initial conditions
for the metric. This result implies that the metric is given

by:
’ . ot + ¢ 0
”—( 0 <&+w*)'

Furthermore, the center’s equation of motion is given
by:

(58)

Y = -G@t)~'VI(Y), (59)
which can be written as:
) 1
L (60)
p t+ 5
t=0. (61)
Integrating the above equations thus give us:
p(0)
t) = 2
PO =T 5m (62)
z(t) = z(0) , (63)

where the initial conditions for the position and momen-
tum are taken into account. As we have that the initial
center is Y = (0, zg), we see that the center will not move,
remaining constant for all time.

Moreover, for large time we observe that the metric
tends to the matrix:

_(+o0 0
e (3 0).
Furthermore, knowing the evolution of the metric and
the center it is thus possible to calculate the evolution of

the multiplicative factor of the wave packet using (17).
In this case it is of the form:

N(t) =

(64)

_No
Voot +1°

where Ny is the initial multiplicative factor (normaliza-
tion constant).

(65)

4.2 Quadratic in position and momentum

We now consider the system of (52) in the case where
a=0and 8 # 0,6 # 0. Thus, our classical Hamiltonian

is given by:
H=0
r-ig o

Again, this is a purely imaginary Hamiltonian and its
dynamics can be seen as the purely imaginary time evo-
lution of a regular Hermitian Hamiltonian. We take as
the initial state the following Gaussian which is centered
at a given point:

1
b\* b 9
o= () oo [gpte=a]
from where we see that B = ib € i{R. The Wigner function
for this wave function has initial center at the point Y =

1
(0,z0) and with G = (b 0).

(66)

(67)

0 b



In this case the equation for G is independent of Y and
is a Ricatti equation:

o3 3)-c (2 e

Once more it suffices to solve the differential equation
for the momentum component of the metric:

(68)

g(t) =0 — Bg(t)*, (69)
whose solution is:
o) = bé sinh (t/Bd) + /B3 cosh (t+/B9) (70)

~ by/Bd cosh (t/BJ) + Bsinh (t\/B3)

where the initial conditions were already taken into ac-
count.
The metric is thus given by:

0= (") )

Furthermore, the center’s equation of motion is given
by:

(71)

g = 5 (gt (72)

T

2 — _Balt

—=—By(t)
Integrating the above equations and using the initial

condition that ¥ = (0, z¢) thus give us:
p(t) =0
o bJEO\/ ﬁ(g
~ by/Bé cosh (t\/ﬁé) + [ sinh (t«/ﬁ&) ’
For large time we observe that the center Y tends to

the origin Yo, = (0,0). Moreover, the metric tends to the
matrix:

(73)

(74)

z(t) (75)

(76)

4.3 Quadratic with linear mixed term

We now consider the system of (52) in the case where
a=0and 8 # 0,6 # 0. Thus, our classical Hamiltonian
is given by:

H = axp

_op® | B2® _ ah
P=%+5-5

(77)

Where the Hamiltonian is now no longer purely imagi-
nary being instead complex. We again take as the initial
state the following Gaussian:

b\ 7 b
Ve = <7Th> exp {_Qii(x - 550)2] )

from where we see that B = b € iR. The Wigner function
for this wave function has initial center at the origin Y =

Lo
- —(®
(0,z9) and with G = (O b)'

(78)

Let us now solve this problem using the method de-
scribed in subsection 2.1 instead of directly solving Egs.
(17). We have that:

— X3 = (ap —iBx) 8%) + (i0p — ax) % . (79)
And so, we have:
pr=e “Mp — p = e X (= Xyp) = ap, — ifay
rp=e Xty = & = e X (—Xy2) = —az; +i0p;
(80)
which can be written in matrix form as:
Dt _ [« —if3 Dt
-G =)@ e

This is a matrix differential equation of the form ¥; =
Mwv;. The solution is thus given by the matrix exponen-
tial, v, = eM*vy. The matrix exponential can be obtained
by diagonalizing the matrix M = UDU ! and calculating
eMt = UePtU~1. In this case, the matrix has eigenvalues:

A ==

o+ B3, (82)

and so, denoting by A the positive eigenvalue, we obtain
the following matrix exponential:

Mt _ (cosh(/\t) + % sinh(At)

—i2 sinh(\t)
i$ sinh(At) ’

cosh(At) — & sinh(At)
(83)
Taking into account the starting metric G = diag(%, b)
we have the following initial holomorphic coordinate:
20 = p —ibx (84)

and so applying the flow of the Hamiltonian vector field
we get:

2 = p (cosh(A) + 253 sinh(\t)) — iba (cosh()\t) 4 Blb=a sinh(At)) ,

(85)
which, when we note that z; := p; — ibx,, gives:
~_x, _ (cosh(At) + %bé sinh(\t) 0
L 0 cosh(At) + 22522 sinh(xt)
(86)

From the inverse of the above we thus conclude that
the center motion is given by:

_ P(0) _
{P(t) T cosh(At)+2E sinh(At) 0
x(0)

B _ AbX (0)
X(t) = = Xboosh(M)+(B—ba) sinh(A)

(87)
Finally, we can obtain the metric by first obtaining the
complex structure directly from Eq. (85). And so, as
mentioned in subsection 2.2, a scaling of the holomorphic
does not alter the inherent complex structure. In this case
we can divide the entire equation by the real factor of the
x coordinate to directly obtain g(t) as the coefficient of
the p coordinate. We thus have:

cosh()\t)JrM%a sinh(At)

= Acosh(At) + (o + bd) sinh(At)
9t) = bA cosh(At) + (8 — ba) sinh(At) ’

(83)



where A = y/a2 + B6. We note that we can reobtain the
previous equations by simply setting any of the «, 3, to
ZET0.

For large time we observe that the center Y tends to
the origin Yoo = (0,0). And for large time the metric
tends to the matrix:

a?2+Bi+a 0
B
GOO = ( (x2+B§+O¢>_1 Y (89)
0 B

where the dependence in b is not present. Thus, in the
infinite time limit, the system forgets its initial geometry,
which is related to the b parameter.

4.4 Center and metric behavior with
change of parameters

In this subsection we shall see the role of the parameters
a, (3,0 on the time evolution of the momentum component
of the metric and of the center’s position. In all the below
images the darker the coloring of the curve the smaller the
value of the parameter being used to plot said curve.

4.4.1 Influence of parameter o

The parameter « is associated with the linear drag on
equation (50). In the next image we can see its influence
on the momentum component of the metric, where we
see that it controls the limit to which this components
tends to, while maintaining all the other parameters fixed.
The bigger the parameter the larger the limit this metric
component tends to.

Time evolution of the momentum component of the metric (g(t))

20 h
150 i o
— 01
= — 05
o 10+ .
—1
—5
S5¢ ] 10
ol H 1 1 .
0 1 2 3 4

Figure 1: Momentum metric component g(t) for different values of
a where =0=b=1

Whereas on the center’s position, displayed in the next
image on the left side, we can see that the parameter «
controls the height of the peak of maximum distance from
the origin that the center has before tending to the origin.
As for the role of the parameter o on the evolution of the
multiplicative factor we see that it is similar to the one in
the position case, being responsible for a deviation from
the origin, for big enough values of «.

Time evolution of position (x(t)) Time evolution of multiplicative factor (N(t))

(a) Center’s position x(t) for differ-(b) Multiplicative factor N(t) for
ent values of a where 8 = 6 = b =different values of a where 8 =§ =
z9 =1 b=x9g=Nog=h=1

Figure 2: Influence of the parameter o on the time evolution for
position of the center of the wave packet (left image) and for the
multiplicative factor (right image)

4.4.2 Influence of parameter

The parameter 3 is associated with the quadratic term on
the position, that appears due to our choice of the cost
function in (51). In the next image we can see its influence
on the momentum component of the metric, where we see
that it controls the limit to which this components tends
to. This limit is smaller for large values of this 3.

Time evolution of the momentum component of the metrjc (a(t)
20 ]

— 05

at)
5

Figure 3: Momentum metric component g(t) for different values of
S wherea=0=b=1

Whereas on the center’s position, displayed in the next
image on the left side, we can see that the parameter g
also controls the height of the peak of maximum distance
from the origin that the center has before tending to the
origin but in a manner opposite to the parameter a. The
smaller [ is, the bigger this peak becomes. The same
can be said for the influence of 8 on the evolution of the
multiplicative factor.

Time evolution of position (x(t)) Time evolution of multiplicative factor (N(t)

(a) Center’s position x(t) for
ent values of 8 where o = ¢
xo =1

differ-(b) Multiplicative factor N(t) for
= p =different values of 8 where a = § =
b=x9o=Nog=h=1

Figure 4: Influence of the parameter 5 on the time evolution for
position of the center of the wave packet (left image) and for the
multiplicative factor (right image)



4.4.3 Influence of parameter ¢

The parameter § is associated with the quadratic term on
the momentum. It is associated with the stochastic noise
in equation (50). In the next image we can see its influ-
ence on the momentum component of the metric, where
we see that it controls the limit to which this components
tends to. This limit is larger for large values of § although
it only grows with the square root of the parameter.

Time evolution of the momentum component of the metric (g(t))
45~

40}

— 0.1
— 05

Figure 5: Momentum metric component g(t) for different values of
6 wherea==0b=1

The role of § on both the evolution of the center po-
sition and of the multiplicative factor is to regulate the
decay present on the curve, the larger the value of § the
faster both curves tend to zero, as one can see on the
below figure.

Time evolution of position (x(t))

Time evolution of multiplicative factor (N(t)

00

(a) Center’s position x(t) for differ-(b) Multiplicative factor N(t) for
ent values of § where a = 3 = b =different values of § where o = 8 =
3?():1 b:xoiN():hzl

Figure 6: Influence of the parameter § on the time evolution for
position of the center of the wave packet (left image) and for the
multiplicative factor (right image)

5 Conclusions and future work

In this work, we introduced a new method of handling
the system of equations (17), which describes the motion
of the center, the motion of the intrinsic metric of an ini-
tial coherent state and of the multiplicative normalization
factor. The proposed method allows one to decouple the
equation for the center from the equation for the intrin-
sic metric. This turns a potentially complicated system
of equations into a simpler one, where after solving the
complexified motion of the center, we can algebraically
extract both the motion of the real center as well as the
motion of the intrinsic metric of the state.

We also saw that it is possible to relate the time evo-
lution of the value function for a given class of stochas-

10

tic control systems to the time evolution with respect to
non-Hermitian Hamiltonians. We studied the dynamics
of initial Gaussian wave packets, which corresponds to
having a given final cost that is a quadratic function of
the state.

For the specific case of quadratic Hamiltonians we
found the exact solution for the motion of the center and
the metric of the wave packet and showed that both tend

to finite values in the infinite time limit.

One interesting aspect to be further explored is the
fact that the Schrodinger like equation describes the evo-
lution of a wave function that is real valued with respect
to a complex valued classical Hamiltonian. Furthermore,
more work needs to be done in order to assess the useful-
ness of the NHH paradigm on the context of stochastic
optimal control.
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