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Quantization of Equations of Motion
D. Kochan

The Classical Newton-Lagrange equations of motion represent the fundamental physical law of mechanics. Their traditional Lagrangian
and/or Hamiltonian precursors when available are essential in the context of quantization. However, there are situations that lack
Lagrangian and/or Hamiltonian settings. This paper discusses a description of classical dynamics and presents some irresponsible
speculations about its quantization by introducing a certain canonical two-form Q. By its construction € embodies kinetic energy and forces
acting within the system (not their potential). A new type of variational principle employing differential two-form Q is introduced.
Variation is performed over “umbilical surfaces* instead of system histories. It provides correct Newton-Lagrange equations of motion. The
quantization s inspired by the Feynman path integral approach. The quintessence is to rearrange it into an “wmbilical world-sheet*
Sfunctional integral in accordance with the proposed variational principle. In the case of potential-generated forces, the new approach

reduces to the standard quantum mechanics. As an example, Quantum Mechanics with friction is analyzed in detail.

Keywords: quantization of dissipative systems, umbilical strings, path vs. surface integral.

Dedicated to Tulka.

1 Introduction and motivation

A detailed understanding and description of quantal and
classical phenomena has attracted the attention of many
mathematicians and physicists for a long time. Quantum
and classical mechanics are the best elaborated, understood
and examined parts of physics. Their mathematical setting
is concentrated around powerful artillery, which includes
differential geometry, spectral calculus, functional analyses,
group and representation theory, (co)homology techniques,
and so on.

The problem of how to get directly from classical dynam-
ics, represented by the system of second-order differential
equations of the Newton-Lagrange type,

i =Fl(x, % 0)

to the corresponding quantum dynamics was articulated
by Feynman, see Freeman Dyson’s editorial comment [1].
Standard approaches are based on canonical quantization
(Heisenberg-like and/or Schrédinger-like equations) or on
the Feynman path integral technique. All of these procedures
require in some sense Lagrangian L =T -U and/or
Hamiltonian H =T + U functions, such that

oL OH

i’ :]Fi(x, x,l) < — =0 and / or — =0.
X ox

Here we have imprecisely denoted the functional deriva-
tives of the underlying classical variational principles by %
and/or %’CH The fact that kinetic energy T is a time-independ-
ent quadratic form in velocities and/or the corresponding
momenta is absolutely crucial for the classical and quantal
descriptions. It provides an intimate connection with the uni-
versal mechanical property known as inertia. The question of,
whether there exists a Lagrangian and/or Hamiltonian for the
given set of forces for the initial Newton-Lagrange system has
been studied by many authors, for more detail see for exam-

ple [2—4]. This problem is known as the inverse problem of
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the calculus of variation. In many applications, requirements
such as the quadraticity and time-independence of T are sup-
pressed. For example, for a one-dimensional free particle
driven by friction proportional to the actual velocity, one can
assign to any real number a the Lagrangian function L, as

follows:
ca+1 at

#aﬂ) , for @ e R/{-1,0}
Lo(xxt)=<xInx—-x—-x, fora=0

- Inx, fora=-1
then 2La _ h =i

0x
No two of the Lagrangians listed above are equivalent, i.e.

L, —constL,. # %f(x, {). This simple observation in the

simplest example under consideration has very strong physi-
cal consequences in general. The non-equivalent Lagran-
gians lead to non-equivalent quantum mechanics (this is
unrelated to the problem of ordering), i.e. the transition
amplitudes computed according to them are different,
though their classical limit is the same. This problem is called
quantization ambiguity. It is possible to say which Lagrangian
provides the “genuine” quantum mechanics only after per-
forming a suitable experiment, but the role of quadraticity
and time independency of T will surely be essential there.

The aim of this paper is to try to find an answer to
the Feynman problem, and, at the same time, to provide a
geometrical picture of classical and quantum mechanics for
physical systems, where a proper Lagrangian and/or Hamil-
tonian description is missing. The central object in our
approach is a certain canonical two-form €, which is defined
in an extended tangent bundle. Its main properties are nar-
rowly studied in section 2. The differential two-form €2 serves
as a guide for a new type of variational principle. In section 3
we introduce the notion of an “umbilical world-sheet.” It
generalizes the concept of the history of the system and there-
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fore it becomes important in the context of quantization. Vari-
ation uncovers the desired classical trajectory and, as a bonus,
also some kind of minimal surface. In section 4 we will
see how “umbilical strings” can be used to rearrange the
Feynman integral over the histories of the system to the sur-
face functional integral. String formulation has the big advan-
tage that it concerns components of the forces rather than
their potential. In section 5 we are able to compute the transi-
tion probability amplitude for a quantum system with friction
explicitly performing the surface functional integration. For
potential-generated forces, the “umbilical world-sheet” ap-
proach reduces to standard quantum mechanics.

This paper follows up ideas presented in my previous
work. Many facts briefly mentioned here can be consulted in
detail in [5, 6].

2 Lagrangian mechanics and the
two-form €2

The physical content of classical mechanics is represented
by Newton’s dynamical law. Its formulation in general curvi-
linear coordinates (after resolving e.g. the initial holonomic
constraints) coincides with the Lagrange equations [7-10]:

afer) or_o
de\ag' | ag 1)
i =1,...,n (=number of degrees of freedom).

is the kinetic energy of

Here, T(g,q,0) =5 T,(q, ) i'qd

u
the system and Q;(q, ¢, ) :Fﬂar—i is the i-th component
a

of a generalized force. In the special case when forces are

GTU d
aqi dt 6q

one can introduce the Lagrangian function L =T -U

potential-generated

Q;=-

and write down the celebrated Euler-Lagrange equations.

Generalized coordinates {qi} cover some open patch of the
configuration space (n-dimensional manifold) M.

Let us trace out the importance of kinetic energy T in a
geometrical description of mechanics. Components 7,;, can
be interpreted as some Riemannian metric on M. Here the
fact that T is the quadratic function in the generalized veloci-
ties is absolutely crucial. After introducing a RLC-connection
V for such a metric (kinetic energy), one can rewrite (1) in the
closed form:

Vdp’ Q;, where p;:= i

= @
We immediately realize that for the free case the system
evolves along a geodetic specified by the Riemannian connec-
tion V. This, hopefully, sheds some light on the phenomenon
called inertia.
In the Lagrangian picture, the space of all physical states is

the set of all admissible initial conditions for the differential
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system (1). The initial condition specified at time ¢, by the
generalized position ¢ (¢;) = ¢y and velocity ¢ (¢y) = v, defines
apoint (g, v, ty) in an extended tangent bundle 7M x R. For
the extended tangent bundle coordinates we will use the
(2n + 1)-tuple {ql,...,q",vl Lottt

Let us express from (1) generalized accelerations as func-
tions of the remaining entries:

-1
3T
393'0g"

oT  8°T ., o°T
Q ( s s ) t— = - .
{ (@4 a" g aq" 1 ag ot

i'=1"q4.tQ) z[

When identifying ¢’ with o/, we get instead of (1) the
system of (2n+1) first-order differential equations in the ex-
tended tangent bundle:

i'=v', o' =fg0.10Q), i=1 3)

The system above can be interpreted as a coordinate ex-

pression of a vector field on 7M x R; down-to-earth, accord-

ing to (3) one can assign to any physical state (g, v, ) a tangent
vector

]
at\w,v,t) +v aql

+fi(q,v,t,Q)6vi

r ‘(q,v,t) = ;
(gd) (4)

€ T(q’v’t)(TM x R).

(‘]W‘)

The time evolution is represented by a curve in the ex-
tended tangent bundle (see Fig. 1)

y:R[r]—)TMx R, 1 y(r) =q =¢q(7), v =0(7),

such that y(r)‘y(” ‘y(r).

SN TM Y TMxR

: ’ o
v
PM S M xR
q
'R
t

Fig. 1: Time evolution in the Lagrangian picture is bedded in the
extended tangent bundle. At each physical state (¢, v, ¢)
there is a uniquely prescribed vector F‘ )’ which de-
fines the dynamics. Following its 1ntegral curves the com-
plete time evolution is recovered

We have just observed that classical dynamics is deter-
mined by the extended tangent bundle vector field I'. Having
the function T(¢,v,?) and the components of the generalized

force Q(q,v,t) we can establish the two-form
Q:={Q;dg'} Adi+ d{]L de+ (3, L){dg’ - vidz:}} )
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Its main properties can be summarized as follows:
o itisa differential two-form on the extended tangent bundle

e for any point (¢, v, t) , it provides the linear map
AT g0y (TM X R) > Ty, 1 (TM x R),

wh a:=w,)=wdQ
o if T is nonsingular {<:> a?ﬂ-va (T) 1s invertible}, then the

kernel 7 of the above contraction is one-dimensional and it
is spanned by the vector F‘ ; the subspace / is called
(g.0.t)

the null-space of ©

o whenever Q is potential-generated
ou d(oU
en Qis exa%t, ie. Q% L»> where

Q]L =dt + (av,' ]L){dqz - 'Ui dt}
is the Lepage one-form on the extended tangent bundle
that is associated to the Lagrangian L. =T - U.

o the two-form € and also the one-form 6, are invariant with
respect to the group of diffeomorphisms of the “space-
-time” M x R, which are of the form:

(¢ 0 (Q'=Q' 0.7 =1)

So we can claim: Lagrangian mechanics is determined by the
null-spaces of the distinguished two-form Q. Finding them, it is
enough to pick up at each null subspace ¢ a vector w for which
wddt =1. Doing this, we are point-wisely reconstructing the
dynamical vector field (4). Its integral curves are solutions of
the Lagrange equations.

3 Variational principle and “umbilical
strings”
Suppose there are given Newton-Lagrange type equations
of motion with forces of any origin:

qi =o', 7 =Fi(q,v,t) & kernel of Q
O
(made of the ingredients T :ééabvavb and Q; =F")

In what follows we will provide a variational principle for
the above set of differential equations just in terms of the dis-
tinguished two-form Q introduced above. Variation will be
carried over bit peculiar objects, namely the surfaces in the
extended tangent bundle.

Down-to-earth, let us fix
e two points in the extended configuration space M x R, ini-
tial and final events (g, ¢) and (¢, ¢;)
e any extended tangent bundle curve
Vret:T €(to, 1) > (g =q (1), v =0(7),t =7) e TM x R,
such that ¢ (¢)) =¢¢ and ¢ (¢;) = ¢
The space of admissible “umbilical surfaces” of the ref-
erence curve y ..r is defined as follows:
Umb (¥ ef): = {2 :(7,0) € {lp, 1) x (O]) > Z(7,0)
=(¢=¢(r,0),v=0(1,0),t =7) eTM x R,
such that for all values
of the parameter 0 :¢(t ={,,0) =q, (T =1,0) =q
of the parameter 7:2 (7,0 =0) =y,£(7)}.
Here 7 € <t0,t1> is the time parameter, o is some “world-

sheet” distance coordinate from the unit interval and the
second edge curve y(7):= 2(t, 0 =1), see Fig. 2.

/

d
o) = B¢

Yref = 5(7,0 = 0)

\

(Ql}tl)kﬁXd
[§]

Fig. 2: Oriented “umbilical surface” £ connects the reference curve y..¢ with the “history” y(7) = Z(t, 0 =1). Sideways boundary curves

Ao(0) = Z(1y, o) and 4(0) = Z(1}, 0) are located within the n-dimensional submanifolds (¢, ¢y) = fixed and (¢, ;) = fixed of the

extended tangent bundle. In the figure, these edge submanifolds are schematically represented by two-dimensional “D-branes.”
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In the above class of all admissible “umbilical world-
-sheets” a stationary surface of the action
S:Zl—)S(Z);:IQ (7)
>

satisfies the following two equations:

boundary term: 0= diyA Q, 8)
T
d d
bulk term: 0 :dQ(—Z, — 2, j 9)
Jat  do

The first equation states that tangent vector %y
lies in the kernel of Q. This means that the second edge
2(7, 0 =1) of the sought stationary surface satisfies the initial
Newton-Lagrange differential system (6). By its definition,
it should be a classical trajectory y.,e that connects the
space-time events (g, {y) and (g, ¢). The genuineness of
Y class = 2(7, 0 =1) is obvious, and it does not depend on the
chosen auxiliary reference curve y .-

The complete solution of the variational problem pro-
vides as a bonus also some stationary (also called minimal)
surface X, ;. Itis anchored to the curves y of and y ., and is
trapped in between the “D-brane type” submanifolds (¢, ¢,) =
fixed and (¢,4) = fixed in the extended tangent bundle.
Whether such a stationary “umbilical” surface exists depends

on properties of the physical system under consideration.

4 Quantization: path versus surface
integral

In the case when classical dynamics (6) is “derivable” from
the Lepage one-form 0y, i.e. Q =dfy, one can use for quan-
tization the Feynman prescription [11, 12]. According to

Feynman, the probability amplitude of the transition of the

TM x {to}

system from the space-time configuration (¢, {() to (q;, ¢1) is
given as follows:

A(qo,to,ql,tl)mI[Dy]exp %IGL . (10)
g 4

The “path-summation” here is taken over the class G of all
admissible curves in TM x R, as drawn in Fig. 3. The expo-
nent in (10) is the standard curve integral of the one-form 6y,
over y. The questions of the measure [Dy] and the proper
normalization of the probability amplitude are discussed in
the next section.

We have already noted that classical mechanics is only
Q sensitive. On the other hand the sensitivity of quantum
mechanics on its one-form potential precursor 0y, is ultimate-
ly evident from the Feynman prescription. In what follows,
we propose some modifications to (10), leading to the re-
placement of 6y, by the two-form Q. This will enable us to
“quantize” dissipative systems as well.

Our main trick is a simple rearrangement based on the
Stokes theorem. Down-to-earth, in the class G that enters the
“path-summation” in (10), there is one specially distinguished
curve, the classical trajectory. Using it, for any other y within
this class we get an oriented loop (cycle):

0Z:=y + A1 —Vdass — 4o

Here Aq and A, are arbitrarily chosen curves within the
“D-branes” (qq,ly) = fixed and (qy,t;) = fixed, see Fig. 2. The
restriction of @y, to any of these edge submanifolds is trivial,

therefore we can write:

IGL— IGL +J.9]L—I9L:I0L:Id9m,
4 b4 A Ao EM) b

Fig. 3: Schematic picture of the class G = {y:r = (g = q(7), v ="20(7),t = 7), such that ¢(¢y) = g and ¢(¢;) = ql}
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Let us remind the reader that
o the integral of 0f, over the curvey ., gives the value of the
classical action S,
o the existence of the “umbilical” string = that connects y

and y . 1 determined by the topological (homological)
properties of the extended tangent bundle

e define Vol, as the “number” of surfaces in Umb (y o,g)

containingy and y s as the subboundaries, assuming that

all elements of G are homotopically equivalent, Vo]y be-

comes y-independent

Motivated by the trick (11) and assuming no topological
obstructions on the side of 7M x R we can slightly rearrange
the transition amplitude (10) as follows:

A(q0, o3 g1, 1) o< CXP{ dm}

Jorreni [-]
g

Y Vilass

(12)

oC

1 i
VO] €xXp h ddbb

£{[D y]Voly}exp %IBL

)
i
o €Xp { 7 ddbb}

[ P37 fjdel ,

Umb

(13)

Here in the last line we have included the numerical
prefactor Vol, ! to normalization and, because the integrand
is only boundary dependent, the path integration was ex-
tended to the surface integration over the umbilical class

Umb =Umb(y ¢jus) -

From formulas (12) and (13) we get the transition proba-
bility amplitude in the product form of the classic phase and
quantum corrections. In general, the role of dfy, is played by
the distinguished two-form & and therefore we can presume
to express the contribution of the quantum corrections in any

case (including dissipativity) as follows:

Q.C.x J. [DX]exp %jQ . (14)

Umb b

If we also have a suitable candidate for the classical phase,
we will be able to write:

A(qo, tos 1, 1) o« C.P.x Q.C.
. . (15)
1 .Q i
:exp{ngass} I[DZ]exp %IQ .
Umb 2
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In my two previous papers [5, 6] I proposed for C.P. the
following procedure: first find the classical solution y,s of
the problem (6), then split the forces into the potential-gener-
ated and the non-potential-generated parts, i.e.

— d rest
Q; _{_6qu + 5(81’7»[[}) +Q;™,

at third introduce subsidiary-like Lagrangian T — U using the
potential U and express the C.P. term in the form:

C.P. —exp{ Sass} =expy— IGT ur-(16)

V class

This procedure, however, seems not to be absolutely cor-
rect. Lack of the classical limit becomes more-or-less apparent
here (see the results in the next section). When varying of the
above term we do not get back the initial differential system
(6). The classical limit, or equivalently, the classical time evo-
lution of the expectation values of the corresponding physical
operators (Ehrenfest theorem) is achieved only in the regime
where Q}°*" can be treated as small perturbations to poten-
tial-generated forces. Thus, (15) with the C.P. term of the
form (16) can serve as a type of effective perturbation theory
when the perturbations are not potential-generated.

5 An example: quantum mechanics
with friction

Let us focus on the perturbation-like quantization of
the dynamics of a unit mass particle moving in M =R[x],
which is driven by the conservative force F = - U(x) along
with the friction Q""" = —k v. The extended tangent bundle
TR[x,v]x R[¢] corresponds to an ordinary three-dimensional
Cartesian space. The distinguished two-form takes the simple

form

Q=—+xvdxdi +d{vdx—{;v2 + U(x)} dt}.

Our aim is to evaluate the transition amplitude as a func-
tion of the initial and final events. Suppose we have chosen
a solution ¥ 145 (7) = (Xlass (7),
Newton-Lagrange equation of motion:
x=F(x)
Xlass (o)

Uclass (T) = kclass(r)’ t =7) of the

— k x, which respect the initial and final conditions:
=40 and Xclass (H) = q-

Direct application of formula (15) then leads to the follow-
ing expression:

A(q()’ tO q1» t]) Ocexp{ class}

| (17)
J.[DZ]exp ;{I{v dx —{;v2 + U(x)}dt}—/cj-vdx /\dt} .
P

Umb Iz
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T =tg T=10
to +aAr
o=0 © N4 < N4 N4 O b=o0
Drmmmmme- @---------- I. --------- -Q' ---------- @---------- @---------- @ --------- b=1
5 i (a,b)
bAo e g & —@r—r W @ - <
: : Ao
Qommmmee R Q- @ --------- QUG V- @ --------- q
: i -~
- E . Ar
rommeeeee- R SRRREEEEE & - L L SURRREEEES L L
o=1 o ® o ® ® o O O b=1L
a=0 a=1 a=K

Fig. 4: Schematic picture of the nodal grid, points marked with empty circles are constrained by (18).

To evaluate the world-sheet functional integral entering the above formula, let us introduce a grid in the underlying para-
metric space <t0, t1> X <0, 1> c R2[T, ol
{@.0)},  geit = {(to + aAT,bA0) € R¥[1,07;
time index « runs from 0 to K and distance index b runs from 0 to L}
h—ty 1-0

We get rectangular tiles, each of which encloses the infinitesimal area AtAo = . At the end the numbers K and

L will be sent to infinity and the volume AtAc — d7 do.
After this splitting has been performed, any “umbilical” string
> R2[r, gl ]Rg[x, v,t], (1,0) > 2(1,0)=(x(t,0),v(7,0), (1,0)=T)

1.e.

can be discretized by evaluating its coordinate functions at the nodes of the considered grid {(a, b)}rlo des? 1

2 :{(a,b)} > {Z(0,0) = (Xa,5) Ya, 0 Lo + AT }.

Here, to keep the ensemble X (a,b) Rg[x, v, t] within the considered “umbilical® class Umb =Umb(y ., ), we must

nodes

impose:

Va =0,...,K {x((l,()): Xclass (to + alr), X(a,0)= Xelass (Lo + aAT)} < {Z(T’ 0 =0) =7 dass (T)} (18)
vb=1,...,L {x(o,b) =40, X(K,b)= ‘]1} < {Z(r =1y, 0) and X(7 =1},0)  “D — branes”}
Therefore, formally, the functional integral over all possible string configurations is a formal limit of the ordinary integrals
taking them over all unconstrained variables in the ensemble {2 (a, b)}, Le.:

© 0 K] L
DSk= lim J'J' dx g ) Ao ) Ao 0
J[ ] Jm HH (a.b) 9V(a,b) AV(0,h) QUK b)

Umb L—>o0 -0 —oo 4=1 b=1

When step-wisely discretizing the integrals in the exponent of (17), taking into account the constraints (18), we get for the
bulk term (everything is done with respect to the chosen orientation of the “umbilical“ world-sheet X):

o ox & X(a, b+1) ~ ¥(a,b)
vdxAdt:Jdr do{v 1,0) — r,a}: lim ATAGS vy, gy — L D)
I ( )ao( ) K—)oozz (a.,0) Ao
b ty O L ¢=06=0
K-=1L-1 K-1 b
= Iym At v(a,b){x((l,bH) - x(a,b)} + ZAT Ua,0) ¥(a,1) [ — J. AT{0 1055 (T) Xelass (7)}
T e la=1 b=1 a=0 o

and similarly for the boundary term:

(;L{vdx—{;v2+U(x)}dt} = J- {vdx—{;1)2+[[}(x)}dt}— j {vdx—{;v2+U(x)}dt}

3(r,0=1) 3(r,0=0)
K-1 h
= lim {U(a L){X(au L)~ Xa L)} - AT{IU(Qa L) T U(x, L))}} - I (Jlf{l(vclass(f))2 + U(xclass(r))}-
K0 &= ’ ’ ’ 2 ’ 2

lo
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Putting everything together, integrating over all variables apart subensemble {x( a L)} and returning back to the continuum
limit, we get the following expression for the transition amplitude:

4 4
) i 1.
A(q0, to; g1, 1y) cexp EJ‘ dT{K Uclass xclass} J. [Dx(7)]exp % I dt{§ i# - U(x) -k x Uclass} . (19)
lo to

Q

Jass and from the world-sheet

The phase factor in front of (19) comes from the definition of the classical action S
functional integration. The second term is the standard Feynman path integral, which is taken over the histories
{t > (x(7):=x(r,0 =1),t =7)} in the extended configuration space R[x]xR[¢]. However, in comparison with the standard for-
mula, a new term appears here. It is an external source generated by the classical velocity v, -

Let us remind the reader how to treat ugly infinite constants emerging in the functional integration. If the entering infinities
are functionally independent of the coordinates of space-time events, then one can easily neglect them. The only important
term inside the functional integral is the phase factor, which depends on the coordinates of (¢, f) and (g, {;), i.e. we need to
seize the following quantity:

1
A(qo, to; g1, 1) exp {%Phase (40> o3 q1, tl)}?

anything else is just an inherited rudiment. The proper normalization of the amplitude A(q, fy; ¢1, t;) 1s dictated by its physical
meaning. The square of its absolute value answers the question about the probability density of observing a particle in a suffi-
ciently small neighborhood of the configuration (¢y, ¢;), when before it was observed in a neighborhood of the space-time posi-
tion (g, {y)- This implies the desired normalization conditions (since we are dealing with the space-time continuum, the
normalization to a d-function should be employed):

{ti = to = Alqo, to; g1, 1) = (g1 —qo)} < {at time ¢ the system occupies definite position ¢}

qul A(Go» to: g 1) A (G L3 10 1) = (gl — qo) < {conservation of the total probability }

Having everything at hand, let us compute the normalized probability amplitude with the presence of friction in the cases
when U(x) =0 (free particle) and U(x) = % wx* (linear harmonic oscillator).

It preserves its Gaussian shape, and its main characteris-
tics, the mean value of the position <x> and the actual width of
the wave-packet =2, vary with time according to

5.1 Free particle with damping

Putting together all fragments that enter formula (19) and
taking into account the required normalization conditions, we

. o e . ) 9
arrive at the followm{3 plobablhty. amplitude: (x)=0g4 and =2 g2, 2:% 2
4 2
Alqos los 1) = o= eXp{ 5.7 (@ = q0) }
2 ih 4, 20 (20) The velocity of the center of the wave-packet

2 {Ic d 4yge ™! _
where A ==tanhy —( —to)}- ) =—9" oy e ™ | ie. it decreases for {31 expo-

K 2 di < > 1+ e—:ct)z 0 p

A short inspection of (20) discloses that if k — 0, then
A = ({ —ty) and the above amplitude A(q, ¢y; g1, ;) coincides
with the ordinary quantum propagator for a free particle.

Let us perform an analysis of the time evolution in terms
of the transition probability amplitude (20) From the point of
view of quantum mechanics, the best fit of a unit mass particle
with the classical initial condition (g =0, v = vy, ty =0) is the
Gaussian wave-packet

2
W(x) ocexp —g + o X

with some initial width &. At a later time ¢, the system under
consideration will be characterized by the convoluted wave-
-packet distribution

W(x,t) oc J.dq W(g) A(q,0;x,1) .

—00
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nentially, as one would predict on classical intuition.

5.2 Damped harmonic oscillator

The probability amplitude for a damped harmonic oscil-

lator with unit mass requires a solution of Newton’s equation

¥ =—0’x — KX

K
_k. _ .
Xlass (T) =€ 2 {Ae@r + Be*’gr},

2
where the new frequency © =, w® — KZ

When substituting the general U(x) in (19) by the oscillator
potential %waQ and doing simple algebraic manipulations,

we arrive at:

http://ctn.cvut.cz/ap/
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A(q0, to; 1. 1) =K (4 — 1)

LR T I
exp{h 25in{®(t1 —to)} [(1]1 + f]o)cos{G)(tl to)} (21)

=2(q190) chix/2(4; - to)}]}:

where the normalization factor

| ©ch{&(n —1o)}
Kt =t) ‘\/ 27 ihsin{©(ty 1)} -

It is clear that
o taking the limitw — 0; the above amplitude reproduces the
free particle result (20),
e in the limit £k — 0; the Schrédinger propagator for a har-
monic oscillator with frequency w is recovered.
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