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Abstract

Recent studies have expanded the use of the stochastic Hamilton—Jacobi-Bellman
(HJB) equation to include complex variables for deriving quantum mechanical equa-
tions. However, these studies typically assume that it’s valid to apply the HJB
equation directly to complex numbers, an approach that overlooks the fundamental
problem of comparing complex numbers to find optimal controls. This paper ad-
dresses how to properly apply the HJB equation in the context of complex variables.
Our findings significantly reevaluate the stochastic movement of quantum particles,
directly influenced by the Cauchy-Riemann theorem. These insights not only deepen
our understanding of quantum dynamics but also enhance the mathematical rigor
of the framework for applying stochastic optimal control in quantum mechanics.

1 Introduction

Recently, a number of studies ﬁl, , E] have derived non-relativistic quantum me-
chanical equations from the stochastic Hamilton—Jacobi-Bellman (HJB) equation.
Although not explicitly stated in these works, the use of complex diffusion coef-
ficients necessitates that the stochastic equations of motion incorporate complex
coordinates and velocities of the particle, while the intermediate action is a complex
function of the complex coordinates.

In their work, Yang et al. M] introduce the concept of complex quantum mechan-
ics, which also relies on the HJB equation. This study explicitly defines complex
stochastic equations of motion and incorporates complex functions and variables
within the stochastic HJB framework.

In my previous research ﬂﬂ], I extended these ideas by deriving the Dirac equation,
assuming a complex equation of motion and applying the HJB equation to complex
functions and variables.

Despite the innovative approaches in these papers, all assume that the four-
coordinates and the intermediate actions can be straightforwardly replaced with
their complex counterparts in the stochastic HIB equation.

This paper mathematically clarifies the correctness of using complex numbers in
the HJB equation, as suggested in previous studies. It demonstrates that the formal
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replacement of real numbers with complex ones in the HJB equation is indeed valid.
However, this formal replacement needs to be considered as a system of two HJB
equations: one for the real part and one for the imaginary part of the intermediate
action J.

We provide mathematical proof that the equations for finding the optimal control
policy are consistent with those in the real-valued framework. However, for the
complex-valued case, these equations require taking a complex derivative on the
intermediate action J. This proof depends on the crucial assumption that both
the Lagrangian £ and the intermediate action J can be analytically continued into
the complex plane. Additionally, we establish that, due to the Cauchy-Riemann
equations, the diffusion coefficient is purely imaginary, indicating that stochastic
movements are confined to the imaginary components of particle coordinates.

The derivation of the complex HJB equation is based on methodologies outlined
in previous research [6, (7, 8,19]. These works, which derive the HJB equation without
considering complex numbers, establish a starting point for extending the equation
to incorporate complex variables, as demonstrated in this paper.

2 Derivation of the complex stochastic HJB equation

According to the first postulate of the Stochastic Optimal Control Theory of Quan-
tum Mechanics |5], we assume that the particle moves as a Brownian particle in four-
dimensional spacetime, influenced by an external random spacetime force. However,
this motion occurs within the complex plane of each four-coordinate component. The
complex stochastic equation of motion governing this behavior is given by:

dz, = wyds + 0,dW,, p=0.3, (2.1)

where w,, represents the complex velocity and ¢, denotes the complex-valued diffu-
sion coefficients, with dW,, being the increments of a Wiener process that encapsu-
lates the stochastic nature of the particle’s trajectory.
As assumed either implicitly or explicitly in referenced above works, it is consider
a particle moving within a complex plane. The four-coordinates of this particle
are defined as complex numbers, enabling the inclusion of both real and imaginary
components to fully describe its position in spacetime. We express these coordinates
as follows:
2y =Tu + Yy, p=0.3, (2.2)

where x,, and y,, represent the real and imaginary parts, respectively, and the index u
spans the four dimensions of spacetime, aligning with the notation used in relativistic
mechanics.

The velocity of the particle is similarly complexified to account for motions in
both the real and imaginary dimensions of the spacetime:

Wy = Uy +iv,, p=0.3, (2.3)

where u, and v, denote the real and imaginary components of the four-velocity,
respectively.

The real and imaginary parts of the stochastic equation of motion of the particle
are represented as follows:



dz, = uuds +0,dW,, p=0.3, (2.4)

dy, = vuds + oy dW,, p=0.3, (2.5)

where o}, and ¢}, denote the diffusion coefficients associated respectively with
the stochastic dynamics of the real and imaginary components of the coordinates.

According to the third postulate of the Stochastic Optimal Control Theory of
Quantum Mechanics [5], Nature tries to minimize the expected value for the action,
in which the particle’s velocity is consider to be a control parameter of the optimiza-
tion. Formally the complex action is defined as the minimum of the expected value
of stochastic action:

f

S(zi,w(r; = 7¢)) = min </ dsﬁ(z(s),w(s),s)> , (2.6)
w(Ti—Ty) T 2

However, this formal definition encounters difficulties as it is not possible to

directly find a minimum of a complex-valued function. To address this, we redefine

the complex action to separate its real and imaginary components, each optimized

independently:

S(Zi,W) :SR(XiayiauaV) +iSI(Xiayiaua V) (27)

where the real and imaginary parts of the action are defined respectively as follows:

s
Sr.1(xi,yi,u(r; = 75),v(Ti = 7f)) = u(mi}n </ ds Lr,1(x(s),y(s),u(s), v(s), s)>
v(:z—):?g i *i.¥i
(2.8)
where Lr(x,y,u,v,s) and L7(x,y,u,Vv,s) are the real and imaginary parts of
the Lagrangian of the test particle. These functions depend on the real and imagi-
nary components of the control policies u and v, the and four-coordinates x and y
at proper time s. The subscripts x; and y; on the expectation value indicate that
the expectation is calculated over all stochastic trajectories that originate at the
complex coordinate z; = x; + 1y;.
We define the complex Lagrangian of the particle as:

L(z,w,s) = Lr(x,y,u,v,s) +iLi(x,y,u,V,s) (2.9)

such that £(z, w, s) is the analytic continuation of the real Lagrangian of the particle.
The task of optimal control theory [10] is to find the controls u(s) and v(s),
T; < s < Ty, denoted as u(r; — 7¢) and v(r; — 7y), that minimizes the expected
value of the action Sg 1(x;,y:, u(r; = 77), v(Ti = 7f))-
We introduce the optimal cost-to-go function for any intermediate proper time
T, where 7; < 7 < 742

Tf
Jr1(T, %7, yr) = u(gligf) </T ds Lr,1(x(s),y(s), u(s), S)>x_ 5 (2.10)
v(Ti—=Tyf) oo

We define the complex cost-to-go function as:

J(7,2) = Jr(7,x,y) +iJi(7,%,y), (2.11)



assuming that it is also an analytic function in the complex plane.
By definition, the action Sg r(x;, u(m; — 75),v(T — 7¢)) is equal to the cost-to-
go function Jg 1(7i,Xr,,¥r,) at the initial proper time and spacetime coordinate:

Sr1(Xi,yi,a(ri = 7¢),v(1i = 7¢)) = JR,1(Ti, X1, Y7, (2.12)
We can rewrite recursive formula for Jg ;(7,%-,y,) for any intermediate time

7', where 7 < 7/ < 74t

JR,I(Tv X'r;y'r) =

/

Tf

-
min / dSER,I(vasaYSaUSaVs)+/ dSER,I(SaX&YSaumVS)
u(ri—Ty) T T/

v(Ti—=Tyf)

Xr\¥r

/

T Tf
min / dSER,I(vasaYSaUSaVs)+ min </ dSER,I(SaX57YS7u57Vs)>
u(r;—7y) . u(r’'—7y) T/ XY | xy

v(Ti—=Tyf)

min /
u(r;—7y) r

v(Ti—=Tyf)

/

ds Lp1(8,Xs,Ys,Us, Vs) + J (77, %77, yT/)>
X7, Y-
(2.13)
In above equation we split the minimization over two intervals. These are not
independent, because the second minimization is conditioned on the starting value
Z,r, Y-, which depends on the outcome of the first minimization.
If 7/ is a small increment of 7, 7/ = 7 + dr then:

JR,I(Tv Tr, y‘l‘) = u(}’nlg'f) <£R,I(Ta Xr, Y, Ur, V'I’)dT + JR,I(T + dTa Xr4drs Y‘I‘+d7')>x,-,y,-
v(Ti—Ty)
(2.14)

We must take a Taylor expansion of Jz and J; in dx, dy and d7. However, since
<dx2> = o2dr and <dy2> = aidT is of order dr, we must expand up to order dx?
and dy?:

(JrR (T +dT, Xrvar, Yrtdr))y. =

= /dx'rer'rdy'rerTN((x'rer'ra YTer'r) | (X'ra X'r)a JdT)JR,I (T +d7, X dr, Y'r+d'r) =

— [ xrranty N (s )] ey )

X (Jr1(1,%,y) + dr07 JR.1 (T, X7, y7) + datOxn Jr,1 (T, X7, y7) + Ay Oy IR, 1 (T, X7, y - )+

+ dx“dm”%@xuquR,I(T, Xr,yr) + dy”dy”%ay”quR,I(T, Xr,¥r) + datdy? Oxuyr J (T, %7,y7)) =
= Jr1(7,%x,y) +d10; JR 1 (T, X+, ¥7) + (d2t) Oxu I 1 (T, X7, ¥7) + (dy") Oyu TR 1 (T, X7,y )+

1 1
+ 5 <d1.Vd1.M> Oxvxch JR,I(Ta Xr, Y'r> + 5 <ddeyH> ay“y” JR,I(T; Xr, y'r>
(2.15)
Here N ((Xr+dr, Yr+dr)|(Xr,y+), 0dT) is the conditional probability starting from

state (x;,y.) to end up in state (Xr1dr,yr+dr). The integration is over the entire
spacetime for x and y.



We can calculate the expected values of da* using Equation (2.4):
(da") = /dXT-i-d‘rdY‘r-i-d‘rN((XT-i-dTaYT+dT)|(XTaY'r)a otdr)dz"

- / dx‘r-i—d‘rdy‘r-i-dTN((XT-i-dTa yT+dT) | (XT) yT)a O’MdT) (U.MdT + UudWM)

(2.16)
=uldr / dx‘r-i—d‘rdy‘r-i-dTN((XT-i-dTa yT-‘rdT)'(XT) yT)a U#dT)""
+ /dXTerTderrdTN((XTerﬂYT+dT)|(X7'7y7')7U#dT)U#dW#
From this, we derive that:
(dx") = utdr (2.17)
Similarly, we can find the expected value for dy* as follows:
(dy") = vdr (2.18)

Similarly, the calculation of (da¥dx*) is performed using:
<dl-l’dxﬂ> = / dXT-‘rdeyT-'rdTN((XT-'rdT) yT-'rdT) | (XTa y‘r)a O-HdT)ddexV
= /de+deyT+dTN((XT+dT, Vrtdr)|(Xr, y7), otdr) (uPdr + o dWH) (u¥dr + 0¥ dW?)

= / dx‘r—i—d‘rdy‘r-i-dTN((XT-i-dT; yT-'rdT) | (XTa yT)a U#dT) X
x (u'u’d*r + ut o drdWY + ot dWHudr + ot dWHo? dWY)

(2.19)
From which we derive:
(dz"dat) = 0,p# v, {(dz")*) = olokdr (2.20)
Respectively, for the imaginary components:
(dy”dy*) = 0, u # v, <(dy“)2> = ololidr (2.21)

After substituting the above equations into equation ([2I5) , we derive the
stochastic HJB equation for the real part of our system:

— 0:Jr(7,x) = min (Lr(7,x,y,u, V) + uHOxu Jr(T,X,y) + ' OyunJr(T, X,y)) +

3 3
1 1
+ 3 g UgagaxﬂxﬂJR(Ta XT;YT) + ) § Ugagay“y“JR(T; X7, Yr)
n=0 n=0

(2.22)
In a similar manner, the equation for the imaginary part is derived:

— 0 Ji(1,x) = min (L;(7,X,y,u,V) + uOxn J1 (7, %,y) + v*0yu J1 (1,%,y)) +

3 3
1 1
+3 E ot ot Oxuxn J1 (T, X7, Y1) + 3 E olialiOyuyn J1 (T, X7, y7)
n=0 n=0

(2.23)



The optimal control policies u and v, which minimize the expected cost, can be
determined from the following conditions:

auuRe(LZ(wua 2)) + OpuJR(T,%,y) =0

2.24
Ov, Re(L.(wy, 2)) + Oyu JR(T,X,y) =0 ( )

For the imaginary part of the action, the minimization conditions are obtained
from:

au”hn(Lz (wu, Z)) + 8qu](T, X, y) = 0

Oy, Im(L (wy,, 2)) + Oyu J1(1,%,y) =0

These conditions ensure that the stochastic Hamilton-Jacobi-Bellman (HJB)
equations for both the real and imaginary actions are satisfied, leading to the min-
imum expected value of the action across all possible trajectories of the system.
Later, we will prove that the equations derived for the optimal control policies,
specifically equations (Z24) and ([2.25), are equivalent.

By multiplying equation (2.23]) by the imaginary unit ¢ and adding it to equa-
tion ([2:22)), we obtain the combined formal form of the stochastic Hamilton-Jacobi-
Bellman (HJB) equation for the complex action.

(2.25)

- a”"](Ta X) = min(ﬁ(Tv X, Yy, 4, V) + u#ax“ JR(Tv X, y) + v#ay” JR(Tv X, y>+

+ iu”@xu Ji(7,x,y) + it Oy Jr(1,x y))+

+ = ZU”U Oxtxcn JR(T, X7, Y1) 2 Z all Oyuyn JR(T,Xr,¥r)+ (2.26)

3
1
+iz Z 0Ll D 1 (7%, ¥7) + iy > ololOyuyu i (T, %r, ¥ )
n=0

Since the complex intermediate action J(7,z) is analytic, the following equations
are satisfied:

Opn J(7,2) = Oxn JR(T,X,y) + 10xn J1 (T, %, y) = OynJ1 (T, %X, %) — i0yn JR(T,X,y)

(2.27)
The Cauchy-Riemann equations are:
aquR(T,X) zﬁqu[(T,y), ax“JI(Tay) = - quR(T,X) (228)
The second derivative of the intermediate action is:
az#z“ J(T Z) ax“x“JR(T X Y) + Zax#x” JI(T x,y) (2 29)
= — Oyuyu JR(T,X,y) — i0yuyn JJ1 (T, X,y) '
Using the above equations, we can simplify the HJB equation:
—0;J(1,2) = min(E(T,z,w) + W' Oxn JR(T,X,y) + iw"Oxn J1 (1,X,¥))+
+ = ol  Opign J(T,2,) —i= oy oy Ogrgn J(T,2,) =
HZO Z (2.30)

1
=min(L(7,2, W) + w0 J(7,2)) + = E ot Ogugn J (T, 27)
w 2 ¢
#:
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Finally, we can formally write the complex HJB equation:

3
1
—i0;J,(1,2z) = min (Ez (r,2,w) + w0 J(1,x) + = E ot ot Ogugn J, (T, Z-,—)) ,
w 2 ‘
’LL:
(2.31)
where the complex diffusion coefficient satisfies

Bgh — ghoh _ ol gh
ot'ot = olioll —ioloy (2.32)

It is crucial to emphasize again that this formal form of the HJB equation is
conceptually meaningful only when considering the distinct equations for its real

223) and imaginary (222) parts.

It is clear from its definition that the boundary condition for J,(7,z,) is:
J(7f,2+,) =0 (2.33)

Sinces L. (w,,,z) is an analytic function, the derivative operator and the operator
for taking the real part commute. Consequently, equation (Z24]) can be expressed

as:

Re(Ou, L. (Wy,2)) + Opn Jr(T,%x,y) = 0 (2.34)
Re(0y, L (W, 2)) + Oyu Jr(7,%,y) = 0 ’

Similarly, from equation ([223]), we can derive the equations for the optimal
control that result from minimizing the imaginary part of the intermediate action:

Im(auuLz(WuaZ)) + am“JI(TaXay) =0

2.35
Im(0y, L (Wy,2)) + OyuJr(7,%x,y) =0 ( )

We will prove that Equations (239) and (2:38) are equivalent. To do this, we
find the derivatives:

Oy, L(wy, ) = Ou Lz(w,z)% = 8y, L.(W,2)
© © auu ©
o (2.36)
Ov, L(wy, 2) = Ow, L.(W, 2) 3 £ = 10w, L.(W,2)

Vp

If we substitute the above derivatives into Equation (2.39), multiply the second
equation by the imaginary unit, and add it to the first equation, we obtain:

Re(Ow, L2 (Wy,2z)) + iRe(i0y, L.(Wy, 2)) + 0w JR(T,X,y) + i0yn Jr(T,X,y) =0
(2.37)
Similarly, if we substitute the above derivatives into Equation (233]), multiply
the second equation by the imaginary unit, and subtract it from the first equation,
we obtain

Im(Ow, L-(Wy,2)) — ilm(iQy, L.(Wy, 2)) 4+ Opn J1(7,X,y) — i0yn J1(1,%,y) = 0
(2.38)
From the Cauchy-Riemann equation (2:28)), the definition of the complex deriva-
tive (221), and the identities Re(Z) + iRe(iZ) = Z and —Im(:Z) + ilm(Z) = Z,
where Z is any complex number, we prove that both equations can be written as:

aw”Lz(Wp;Z) +aquR(T, X, y) =0 (239)



The equation for the optimal control policy, w = u + ¢v, maintains the same
form as that of the real-valued HJB equation. However, it requires taking a complex
derivative of the intermediate action, as can be observed.

In the next section, we will illustrate this concept with a specific example, ap-
plying a concrete Lagrangian for a relativistic particle in an electromagnetic field.

3 Analytic continuation of the Covariant Relativistic Lagrangian

The relativistic Lagrangian for a particle in an electromagnetic field is given by:

A = omey/ouy ut + gAuut, (3.1)

where ¢ represents the charge of the particle and A,, denotes the 4-vector potential.
The symbol & indicates the sign convention for the metric tensor: it takes the value
of +1 for the metric with diagonal elements (1, —1,—1,—1) and —1 for the metric
(—1,1,1,1), as elaborated in [11].

The components of the four-velocity of the particle are related to the speed of
light by the equation:

uut = Ge. (3.2)

This relation, referred to as the “weak equation” by Dirac, allows us to treat u*
as unconstrained quantities until all differentiation operations have been carried out,
at which point we impose the condition of equation ([B2]) (see [12] Chapter 7.10).
This will be the approach we employ as we seek to minimize the expected value of
the stochastic action.

The Lagrangian in equation [B.) is a real-valued function of real arguments —
the coordinates and velocity of the particle. In complex stochastic optimal con-
trol, we assume that this Lagrangian is the analytic continuation of the real-valued
Lagrangian referenced in equation (31]).

L.(z,w,) = 6me\/Gw,wh + qA, (T, z)w", (3.3)
The “weak equation” should be also analytically continued:
wywt = G’ (3.4)
The derivative of the complex Lagrangian can be calculated using the “weak
equation” ([B3.4):
1

2\/ocw, wh

Ow, L-(wy, 2) = Oy, (Gmey/dw,wh 4 qA, (T, 2)w!) = 2wy, + qA,(T,2),

(3.5)
Finally the complex velocity is:

(O (T,2) + qA,(T,2)) (3.6)

1
Wy, = ——
a m



4 Stochastic equation of motion

In my previous work [5], I demonstrated that to linearize the HJB equation, the
diffusion coefficient must be purely imaginary:

2i€,.h
m

guuauau = - (4.1)

From equation (2.32), it is evident that the real stochastic coefficient is equal to
Zero:
Jupoholl =0 (4.2)

Conversely, the imaginary stochastic coefficient is represented by:

2¢,.h

guua’y‘o’; = 7 (43)

This leads us to the stochastic equations of motion:

dx, = u,ds (4.4)
2h
dy, = vuds + €rguu EdW#’ nw=0.3 (4.5)

This result is particularly interesting because it reveals that only the imaginary
part of the particle’s motion is governed by a random process, while the real part of
the coordinate remains deterministic.

5 Conclusion

In this paper, we demonstrate that it is possible to formally substitute real vari-
ables such as the four-coordinates, control policy, and cost-to-go function in the
HJB equation with complex-valued ones. However, such substitution can only be
performed if we define the complex-valued Lagrangian as an analytical continuation
of the real-valued Lagrangian of the system.

In consequence of Cochy-Rieman theorem we prove that the diffusion coefficient
in the complex stochastic HIB equation is: o¥o = oliol —io}ol.

The last result is quite interesting because in all previous works |1, 12,13, |4, 5] that
derive quantum mechanical equations it is proved that in order to linerize the HJB
equation it is required the square of the diffusion coefficient to be a pure imaginary
number. This result tell us that the equation only for the imaginary coordinates in
the quantum mechnical equations is stochastic.
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