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Abstract. The Husimi @) function is used to describe the quantum evolution
of the field state in the nonlinear process of second-harmonic generation. The
@ function for the initial quantum state is used as a given distribution for
generating classical random numbers that play a role of the initial values for
the classical equations of motion. The evolution of classical and quantum
fluctuations is compared for a particular initial state with only two photons
in the fundamental mode. It is shown that some features of the quantum
state that has no classical counterpart can be recognized from the evolution of
classical fluctuations.
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1. Introduction

Nonlinear optical processes are known to produce optical fields with nonclassical
properties [1]. One of the best known nonlinear optical phenomena is the second-
harmonic generation observed in 1961 [2]. The classical treatment of the problem
allows for closed-form solutions, while for quantum fields the closed-form analytical
solution has not been found. It has been shown, however, that the quantum states
produced in the second-harmonic generation exhibit a number of unique quantum
features such as photon antibunching [3] and squeezing [4,5] for both fundamental
and second-harmonic modes (for review see [6]). A nice tool to study properties of
the quantum fields are the quasiprobability distributions such as the Wigner func-
tion or the Husimi @ function. The latter is always positive and can play the role
of the classical probability distribution. Nikitin and Masalov [7] have calculated
numerically the @ function, and suggested a possibility of obtaining a Schrédinger
cat type of state in the process. The @) function, however, has disadvantage of not
leading to correct marginal distributions, and in this respect the Wigner function
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is more appropriate, but it has another disadvantage of taking negative values for
nonclassical states, which precludes its use as classical probability distribution. For
coherent states or vacuum both the Wigner and the @ functions are Gaussian distri-
butions with different dispersions (the Wigner distribution is narrower). It is easy to
simulate random variables with Gaussian distributions, and quantum fluctuations
of the field can be simulated by classical random variables that define initial condi-
tions for the classical trajectories. This method has been used by Bajer et al. [8,9]
to explain the sub-Poissonian photon statistics in the second and third-harmonic
generation in the no-energy exchange regime. If the initial field has nonzero coher-
ent component (nonzero mean value) the classical trajectory approach reproduces
quite nicely the shape of the @ function [6]. How does it work for highly nonclassical
initial states? In this paper we give an example of the second-harmonic generation
with the initial Fock state with just two photons in the fundamental mode which
evolves into the state with one photon of the second-harmonic mode. In this par-
ticular case the exact analytical solution is known, and the analytical expression
for the @ function can be compared with the classical trajectories approach. We
show that even for such a drastically nonclassical state, the classical trajectories
reproduce some features of the quantum evolution.

2. Classical Simulation of Quantum Noise

Classical equations of motion for the fields in the second-harmonic generation, with
the amplitude of the fundamental mode given by o = |a|e’?> and the amplitude of
the second-harmonic mode 3 = |3|e*?#, have the following form [6]

d d 1
d—T|a|=—\/§|a||5|sin19, d—T|ﬁ|:7§|a|2sin19,

d d 1 |af? (1)
d_T¢a—_\/§|ﬁ|COS’l97 d—T¢b——EWCOS§,

where ¥ = 2¢, — ¢ and 7 = V2 Kkt is the scaled time (k is the coupling constant).
The system (1) has two integrals of motion

Co = |a]* +2|8)?, Cr = |af?|B| cos¥. (2)

Equations (1) are solved numerically to find the classical trajectories.
The exact quantum solution for the initial state |2,0), with 2 photons in the
fundamental mode and no photons in the second-harmonic mode, has the form

[(7)) = cosT|2,0) —isinT]0,1), (3)
and it leads to the exact analytical expressions for the ) functions for the funda-
mental and second-harmonic modes

1 |o*

Qla, 1) = —elal? (TCOSQT+SiH2T) 4)
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QBT = %e—‘ﬁf (cos® 7+ |B|* sin® 7) (5)

For 7 = 0, Q(«, 0) represents the @ function for the Fock state with 2 photons while
Q(8,0) is the @ function for the vacuum. For 7 = 7/2, the fundamental mode is
in the vacuum and the second-harmonic mode is in the one-photon state. The @
function for the vacuum has Gaussian shape with the maximum at zero, contrary
to the Fock states |0) and |1) for which there is a minimum at zero. These are quite
distinct shapes.

In Fig. 1 we compare the classical simulations represented by a cloud of 1000
points to the quantum evolution represented by the contour plots of the @ func-
tions given by (4) and (5). The left-hand side figures show the initial states for the
fundamental and second-harmonic modes, and the right-hand side figures represent
the states at 7 = /2. The initial clouds of points have been obtained by gener-
ating random numbers with Gaussian distribution by using the standard computer
function for the second-harmonic mode, and using the rejection method for the two-
photon state distribution represented by the function Q(a,0). The initial random
points have been used as the initial values for o and § in the classical equations of
motion (1) and the evolution was found by numerically solving (1) up to the time
7 = w/2. The solutions are represented by the clouds of points in the right-hand
side figures.

Im o
Im o

Im B
Imp

T T R R
Re B Re B

Fig. 1. Contour plots of the @ function and the results of classical simulations
for the second-harmonic generation with the initial state |2,0) (see text)
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It is clearly seen from Fig. 1 that, at time 7 = 7/2, the initial minimum at the
center for the fundamental mode disappeared, and the resulting distribution has a
maximum at the center, but this distribution is much broader than the distribution
for the vacuum, as it is seen from the contour plot of the corresponding @ function
(compare also to the lower left figure). For the second-harmonic mode we see the
appearance of a minimum at the center as it should be for the one-photon state,
but the distribution seems to be too narrow in this case. To be more precise let us
evaluate the variances

Ja?(7)

/ lo?Q(a, 7) A = 2cos® 7+ 1 = (aTa)(r) + 1, (6)

BE(r) = / BPQ(B.7)d28 = sin? 7 + 1 = (b+B)(r) + 1, (7)

where (ata)(r) and (b*b)(r) are the mean numbers of photons in the two modes.
Thus the quantum results are: |a|?(0) = 3, |af?(7/2) = 1, [8|2(0) = 1, and
|32(7/2) = 2 with the constant of motion Cy = 5. The classical averages obtained
from 1000 trajectories give us the results |«|?(7/2) = 2.6 and |3|2(7/2) = 1.2. The
results based on 1000 trajectories are not very accurate but they are repeatable.
They clearly illustrate the difference between the quantum and classical evolutions
of fluctuations in the nonlinear process of second-harmonic generation with this
special choice of the initial state, for which the exact analytical solution exists. The
quantum evolution in this case is perfectly periodic with quite deep changes of noise
while the classical evolution leads to rather shallow changes of noise. However, even
for such highly nonclassical states the classical evolution of noise reproduces some
features of quantum evolution.

References

1. J. Pefina, Quantum Statistics of Linear and Nonlinear Optical Phenomena,
2nd ed., Kluwer, Dordrecht, 1991.

2. P.A. Franken, A.E. Hill, C.W. Peters and G. Weinreich, Phys. Rev. Lett. 7

(1961) 118.

M. Kozierowski and R. Tana$, Opt. Commun. 21 (1977) 229.

L. Mandel, Opt. Commun. 42 (1982) 437.

L.A. Wu, H.J. Kimble, J.L. Hall and H. Wu, Phys. Rev. Lett. 57 (1986) 2520.

R. Tana$, in Modern Nonlinear Optics, Second Edition, ed. M. Evans,

Advances in Chemical Physics, Vol. 119, Wiley, New York, 2001, p. 1.

S.P. Nikitin and A.V. Masalov, Quantum Opt. 3 (1991) 105.

8. J. Bajer, O. Haderka and J. Pefina, J. Opt. B: Quantum Semiclass. Opt. 1
(1999) 529.

9. J. Bajer, J. Pefina, O. Haderka and A. Miranowicz, Czech. J. Phys. 50 (2000)
717.

O Gt W

=




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /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 /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 290
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 290
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 800
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /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 <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [7200.000 7200.000]
>> setpagedevice


