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Abstract. The transformation connecting transition densities of the diffusion process with the 
respective Feynman-Kac kernels, induces the local field of accelerations which equals the gradient 
of the Feynman-Kac potential and becomes the straightforward analog of the Ehrenfest theorem. 

Let us consider[l,2j a Markovian diffusion X(t) in Rl (space dimension one is 
chosen for simplicity) confined to the time interval t E [0, T], with the point of origin 
X(O) = Xo. The individual (most likely, sample) particle dynamics is symbolically 
encoded in the Ito stochastic differential equation, which we choose in the form: 

dX(t) = b(X(t), t)dt + v'2D dW(t) (1) 

with X(O) = Xo, D a diffusion coefficient, W(t) a normalised Wiener noise, and the 
drift field b(x, t) is assumed to guarantee the existence and uniqueness of solutions 
X(t). They are then non-explosive i.e. the sample paths of the process cannot escape 
to spatial infinity in a finite time. The rules of Ito stochastic calculus imply that 
the transition probability density of the process (its law of random displacements) 
p(y, 5, X, t), 5 ~ t solves the Fokker-Planck equation with respect to x, t 

OtP = D6.",p - \1 ",(bp) (2) 

1imt ..... sP(y,5,x,t) = 6(x - y) 5 < t 
Following Stratonovich,[3] let us transform (2) by means of a substitution 

exp~(y,5) 
p(y,5,x,t)=h(y,s,x,t) ~( ) exp x,t 

(3) 

which under the assumption that b(x, t) is the gradient field 

1 b2 
b(x, t) = -2D\1~(x, t) => 2[2D + \1b] = D[(\1~)2 - 6.~] . (4) 

This allows us to replace (2) by the generalised diffusion equation 

1imt_sh(y,5,x,t) = 6(x - y) 
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Its (to be strict positive) solution can be represented in terms of the Feynman-Kac 
(Cameron-Martin) formula, which integrates the exp[- f: O(x, u)du/2mD] contri
butions from the auxiliary potential O(x, t) 

with respect to the conditional[4] Wiener measure 

hey, s, x, t) = J exp[- 2~D J.t O(x, u)du]dW[ylx] . (7) 

Since, as a consequence of (1), (2), hey, s, x, t) must be strictly positive, we recognize 
it as the integral kernel of the dynamical semigroup operator exp[- 2~D f.t (2mD2 6.
O)du] with the appropriate restrictions (continuity, boundedness from below) on 
O(x, t), and hence <P implicit. All this is valid under the assumption that the process 
respects the natural[16] boundary data where the density of the diffusion (hitherto 
not explicitly introduced) vanishes, with boundary points at infinity. 

Given p(y, 5, x, t),we can utilise the Ito formula [1,2,5,8] which for any smooth func
tion of the random variable states that its forward time derivative in the conditional 
mean, reads 

limAtJ,o ~t [J p(x, t, y, t + b.t)f(y, t + b.t)dy - f(x, t)] = . (8) 

(D+f)(X(t), t) = (Ot + bV + Db.)f(X(t), t) 

with X(t) = x. Then, for the second forward derivative (in the conditional mean) 
of the diffusion process X (t), in virtue of (4), (6) we have 

1 
(D!X)(t) = (D+b)(X(t) , t) = (Otb + bVb + D6.b)(X(t), t) = - VO(X)t), t) (9) 

m 

This formula is a precise embodiment of the second Newton law (in the condi
tional mean) governing all Markovian diffusions consistent with (1)-(7), albeit it is 
"Euclidean looking". The auxiliary potential O(x, t) plays here the role of the corre
sponding force field potential: a bit surprising outcome for anyone familiar with the 
large friction (Smoluchowski) limit of the phase space Brownian motion, however 
definitely[15] an inevitable one 

Our previous discussion refers to the individual (sample) features of a parti
cle propagation in contact with the randomly perturbing environment: the Wiener 
noise is superimposed on the systematic field b( x, t) of local drifts. By attributing 
an initial probability distribution po(x) = p(x,O) to the random variable X(t), we 
pass to the statistical ensemble (hence collective) analysis. Because of (1), (2) the 
forward dynamics of the density p(x, t) = f Po(y)p(y, 0, x, t)dy is uniquely defined. 
The microscopic law of random displacements p(y,s,x,t),s::; t generates all possi
ble random propagation scenarios (sample paths) from each chosen point of origin 
X(O) = xo, for the flight duration times t > O. The statistical outcome (prediction 
about the most likely future of an individual particle) is casually considered as in
dependent of the assumed probability distribution p(xo). However, once introduced 
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this density sets a statistical correlation between individual members of the ensem
ble, even if there are no mutual interactions to be accounted for. An interesting 
ensemble characterisation of the random motion is here possible by introducing (for 
Markov processes only) the transition density P.(y, s, x, t) 

p(x, t)P.(y, s, x, t) = p(y, s, x, t)p(y, s) (10) 

which allows to trace back the most likely statistical past of particles conditioned to 
comprise the evolving statistical ensemble with the distribution p(x, t). One should 
consult Refs. 6,7 to realize that any realistic diffusion (free Brownian motion in
cluded !) admits (10): it has nothing to do with a physically realizable reversal of 
the generally irreversible process. In this case[5,S] we can define the backward time 
derivative of the process X(t) (now supplemented by the distribution p(x, t», which 
in the jointly conditional and ensemble[6,7] mean reads: 

limt::l.tlO ~t[x - J P.(y,t - ~t,.x,t)ydy] = (D_X)(t) = b .. (X(t),t) (11) 

with the corresponding Ito formula for 1(.x, t) 

(D_J)(X(t),t) = (at + b. V- D~)I(X(t),t) (12) 

Because of (10) the drifts b(x,t) and b.(x,t) are not mutually independent, and 
indeed[5,S,9] on domains free of nodes (p vanishing at the boundaries) we have 

b .. (x, t) = b(x, t) - 2DVlnp(x, t) . (13) 

Consequently, the current velocity[5] field 

1 
v(x, t) = "2(b + b.)(x, t) (14) 

can be viewed as the supplementary to p(x,t) (it induces the osmotic velocity[5] 
notion u(x, t) = DVlnp(x, t) = ~(b - b.) in turn) characteristic of the stochastic 
flows. This time, elevated to the macroscopic (statistical ensemble) level. In terms 
of the local velocity fields u(x,t),v(x,t) both of which are gradient fields, one can 
explicitly[lO-12) demonstrate that 

1 
(D~X)(t) = OtV + vVv + -VQ = (D:'X)(t) 

m 

~pl/2 
Q(x,t) = 2mD2 pl/2 

(15) 

which extends the identity (9) to (D:X)(t). With the density p(x, t) in hand, we 
can evaluate the mean (ensemble expectation) values of (15) and (9) 

E[(D~X)(t)] = E[(D:'X)(t)] = 2.. E[VO(X(t), t)] 
m 

(16) 
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where because of (cf. the original version of the Ehrenfest theorem[13,14) in quantum 
mechanics, which exploits the previously mentioned property that the probability 
density vanishes at the boundaries of the integration volume 

E[V'Q(X(t), t)] = 0 (17) 

there holds a classical Liouville equation in the mean, with the "Euclidean looking" 
potential (in view of the minus sign absence) 

1 
E[(Otv + vV'v)(X(t), t)] = -E[(V'fl)(X(t), t)] . 

m 
(18) 

On the other hand, in virtue of the continuity equation, we have 

E[X(t)] = J xp(x, t)dx ::} 

d 1 
dt E[X(t)] = "2(E[D+X] + E[D_X]) = E[v(X(t), t)] (19) 

and furthermore (see also Ref. 15) 

d2 d 1 
-d 2 E[X(t)] = -d E[v(X(t),t)] = E[(8tv + vV'v)(X(t), t)] = -E[V'fl(X(t), t)] (20) 

t t m 

hence the "Euclidean looking" second Newton law is found to be respected by the 
diffusion process (1) both in the conditional (9) and the ensemble (15), (20) mean. 

Notice that the auxiliary potential in the form fl = 2Q- V where V is any Rellich 
class (to allow for the Feynman-Kac formula for the seruigroup kernel) representative, 
defines drifts of Nelson's diffusions, for which E[V'Q] = 0 ::} E[V'fl] = - E[V'V] i.e. 
the "standard looking" form of the second Newton law in the mean arises. 

Our previous discussion associates an a priori given drift (control) field b( x, t), t E 
[0, T] with a potential flex, t). Clearly, we encounter here a fundamental problem 
of what is to be interpreted by a physicist (external observer) as the external force 
field manifestation in the diffusion process. Let us invert our previous reasoning 
and take not b( x, t) but fl( x, t), t E [0, T] to be given a priori as a primary dynamical 
control for the Markovian diffusion (1), (2), which we are in principle capable of 
manipulating (the role attributed to the external observer). Then, we shall say that 
the diffusion respects the second Newton law in the conditional mean, if 

(D~X)(t) = ~V'fl(X(t), t) 
m 

(21) 

holds true. 
The evolution in time of the gradient drift field b(x, t) and this (given a priori) 

offl(x,t) are compatible if 

1 
8tb + bV'b + D6b = - V'fl 

m 

bo(x) = b(x, 0) . 

(22) 
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It is a sufficient compatibility condition, which allows us to derive the drift dynamics 
from this O(x, t). In the time-independent case there is no real freedom in the choice 
of the initial Cauchy data for Eq. (22), and an identity Oo(x) = m(D'Vbo+!bg)(x) = 
O(x,O) must be satisfied. 

Eq. (22) sets a well defined Cauchy problem for b(x,t) in terms of O(x,t). If 
we associate an initial probability distribution Po(x) with X(O), then our (sufficient) 
compatibility condition (22) can be equivalently (!) written as the coupled Cauchy 
problem 

atp = -'V(pv) 
1 

atv + V'VV = -'V(O - Q) 
m 

po(x) = p(x,O),vo(x) = v(x,O) 

(23) 

where bo(x) = vo(x) + D'Vlnpo(x), with the initial data essentially unrestricted, 
except for the time-independent case. 

Remark 1: One should not be misled by the seemingly complicated form of the 
nonlinear coupled Cauchy problem (23). It is precisely Eq. (22), which guarantees 
its solvability. Indeed, by virtue of the standard path integral identity[l]: 

1 n-l 

exp(- D~ ~)Zk+l - ZIc - b(Z/c,tlc)~t]2) 
471" t 1:=0 

t-s 
~t = --,Zo = y,zn = x,to = s,tn = t 

n 

(24) 

it suffices to know the time development of the drift b( x, t) to have uniquely specified 
the time evolution of p(x, t) = J p(y, s, x, t)p(y, s )dy, once po(x) is given. 

Remark 2: Since 

n-l 

p(y, s, x, t) = limll.tlO J dzl ... J dZn II p(Zk, tic, Zk+1, tk+d (25) 
k=o 

we can perform the Stratonovich substitution (3) for each entry separately, and 
observe[3] that 

n-l 

p(y, s, x, t) = exp[~(y, s) - ~(x, t)]limll.tlo J dz1 ••• J dZn II h(Zk, tl:, Zk+l, tk+d . 
1:=0 

(26) 
The semigroup composition property is here clearly seen. It in turn justifies the 
procedures of Refs. 10-12, see also Refs. 15-17. 

Acknowledgment 

The present note is an excerpt from Ref. 16, which was completed during my stay 
at the University of Kaiserslautern. I am willing words of gratitude to Professor J. 
Kupsch for hospitality. 



62 P. GARBACZEWSKI 

References 

1. H. Risken, The Fokker-Planck equation, Springer, Berlin, 1989 
2. Ph. Blanchard, Ph. Combe, W. Zheng, Mathematical and physical aspects of stochastic me

chanics, Lect. Notes in Phys. vol. 281, Springer, Berlin, 1987 
3. R.L. Stratonovich, Select. Transl. Math. Statist. and Probability, 10, (1971), 273 
4. J. Glinun, A. Jaffe, Quantum physics-a functional integral point of view, Springer, Berlin, 

1987 
5. E. Nelson, Quantum fluctuations, Princeton Univ. Press., Princeton, 1985 
6. P. Garbaczewski, Phys. Lett. A 162, (1992), 129 
7. P. Garbaczewski, J.P. Vigier, Phys. Rev. A 46, (1992),4634 
8. F. Guerra, Phys. Reports, 77, (1981), 263 
9. M. Kac, Probability and related topics in physical sciences, Interscience Publ., NY, 1959 

to. J.C. Zambrini, Phys. Rev. A 33, (1986), 1532 
11. J.C. Zambrini, J. Math. Phys. 27, (1986), 2307 
12. P. Garbaczewski, Phys. Lett. A 172, (1993), 208 
13. H.E. Wilhelm, Phys. Rev. D I, (1970), 2278 
14. P. Ehrenfest, Z. Physik, 45, (1927),455 
15. P. Garbaczewski, Phys. Lett. A 178, (1993), 7 
16. P. Garbaczewski, Relative Wiener Noises and the Schrodinger Dynamics in External Force 

Fields, Univ. Kaiserslautem preprint KL-Th-93/12 
17. Ph. Blanchard, P. Garbaczewski, Natural boundaries for the Smoluchowski equation and 

affiliated diffusions, to appear in Phys. Rev. E 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<


    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>



    /HUN <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 6.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200036002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 6.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>


    /SKY <>

    /SUO <>
    /SVE <>
    /TUR <>

    /ENU <FEFF004a006f0062006f007000740069006f006e007300200066006f00720020004100630072006f006200610074002000440069007300740069006c006c0065007200200039002000280039002e0033002e00310029002e000d00500072006f006400750063006500730020005000440046002000660069006c0065007300200077006800690063006800200061007200650020007500730065006400200066006f00720020006f006e006c0069006e0065002e000d0028006300290020003200300031003000200053007000720069006e006700650072002d005600650072006c0061006700200047006d006200480020>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


