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Asymmetric incoherent vector solitons
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We introduce a wide class of partially coherent, partially polarized solitons whose second-order statistical
properties include a certain type of reflectional symmetry to be referred to aspéuailarity We describe
generic properties of such solitons in any noninstantaneous saturable nonlinear media. We derive closed form
analytical expressions for the intensity profiles as well as the degree of polarization of specular and antispecu-
lar partially coherent solitons supported by logarithmically saturable nonlinear media.
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The pioneering experiments on the self-trapping of parample of[(2+1)D] partially coherent vector solitons with
tially coherent light beams in noninstantaneous nonlineafSymmetric intensity profiles of the vector compon€ifg|
media[1,2] were quickly followed by the development of and, as a consequence, asymmetric degree_of pqlarization.
several mathematically equivalent theories of such partially*nother feature of such partially coherent solitons is an ex-
coherent soliton§3—7]. The analysis of these theories has plicit dependence of the intensity profiles of their vector

led to the discovery of certain unique features of partiallyC°MPONeNts on the position-dependewist phase which
coherent vanishes in the fully coherent limit. By comparison, the twist

spatial solitong8—11]. To date, partially coherent solitons phase of previously discovered partially coherent scalar soli-

. ) ; ) ; - tons in logarithmic media can only affect the width of such
have been theoretically investigated in a variety of nonl'neagolitons but not the shape of their intensity profis]
media[12]. ' '

) . As a starting point, consider a quasimonochromatic,
Thus far, most of the work on partially coherent spatialj, sy spatially coherent source generating a beam of arbi-
solitons has been performed in the scalar approxim4figh

trary polarization or two such uncorrelated sources that gen-

Nonetheless, since the original discovery of fully coherentyate heams of mutually orthogonal polarizations. For sim-
vector solitons in 1974 by Manakde4], such solitons have licity, we focus on the second case here and assume that

been shown to display a variety of interesting propertiesye o heams propagate close to #axis. The electric field
[12]. At the present time, however, very little is known about ot aach  peam is then of the formE,(p,z,t')

partially spatially coherent vector solitons. To our knowl- =U,(p,z,t')e (o=@ whereU ., is a slowly varying enve-
edge, the only knqwn two—'dlmenS|onE(I2+;)D] partla]ly ' Iopeafunction of the fieldn=x,;, Ko=howo/C, wo andng
coherent vector solitons, which were found in the media W'thoeing the carrier frequency and the linear refractive index at

a thresholding nonlinearity15], are the ones with axially that frequency, respectively. Also’ =t—z/v, wherev,, is
symmetric intensity profiles of the vector components. Thisy,. group velo;:ity atog ’ : :

result prompts the intrig_uing question: Do part_ial!y coherent Since the two light sources are assumed to be uncorre-
;’ec“’? f;)lgonls tp%s?esg,mg Otth?r forth1_s OT Stat'ft:fal S}’Vr?/hmqéted, the second-order statistical properties of the beams
.ryﬂ?ms ' ret_aeb L,:Vr\]/ ametn? tquels lon 1s ";‘? 0 OfWS' h al enerated by such sources are specified by the equal-time
E)nsez;r? dnr;ﬁgslgnofetheein k?taslosulrccaessyrgnmeer;iens Othséjrz’) S_I(_)héorrelation tensol” which has only diagonal elements de-

9 9 g i ined asraa(plip21z):<U2(pllz!t,)Ua(p2127t,)>1 where

latter issue could be key to the experimental realization o he anale brackets denote the ensemble averaging. In a non-
partially coherent vector solitons with desirable statistical, 9 . . . gng.
instantaneous nonlinear medium, each diagonal element of

symmetries. . - . i
The purpose of the present paper is to address these quég-e correlation tensdr satisfies the nonlinear wave equation

tions. To this end, we study statistical symmetries of partially 9 1

coherent, partially polarized spatial solitons in a generic non-  i=-T'au(p1,p2,2)+ Z_I(O(ij_l_VJZ_Z)Faa(pl!I)le)

instantaneous saturable nonlinear medium, which is homoge-

neous and isotropic. In particular, we show that, regardless of Ko

a functional form of the saturable nonlinearity6], there () = (21T aal(pr,p2,2) =0, (1)
exists a class of partially coherent vector solitons whose 0

second-order correlation tensor possesses a certain reflaghich is a generalization of the similar equation derived in
tional symmetry which we refer to as ttepecularity The  the scalar approximatidrb,10]. In Eq.(1) ny (1) is the non-
components of the correlation tensor of such solitons aréinear refractive index/);=1(p;,z) =2 ,—x(|U .(p; ,2)|?),
either specular or antispecular. We also demonstrate that i=1,2, andV, is a gradient transverse to the direction of
the case of a logarithmically saturable medium, closed fornpropagation of the beam. The degree of polarization of such
analytic expressions can be found for the intensity profiledheams, which is defined as the ratio of the intensity of the
and the degree of polarization of the specular and antispecyolarized part of the field to the total intensity, is given by
lar vector solitons. To our knowledge, this is the first ex-the expressiofl9]
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4DetT( 2) antispecular in the source plane, it can be readily inferred
P(p,z)= 1— i 2) from Egs.(1) and (7) that the specularity is conserved on
Tr*I(p,p.2) propagation in a noninstantaneous nonlinear medium irre-

spective of the functional form of the nonlinear refractive
index. This conservation of specularity implies the possibil-
ity of engineering statistical symmetries of partially coherent

The correlation tensaF(p,,p,) of a partially coherent vec-
tor soliton whose diffraction is arrested by nonlinear refrac-

tion does not depend an _ waves in nonlinear media by controlling the statistical prop-
Generalizing the modal theory of partially coherent scalafyfies of the field in the source plane. In particular, provided

solitons[4] to the vector case, we can represent the envelopg,e heam is trapped by its self-induced waveguide, one can
field of each polarizatiorr as a series in the spatial modes: generate a speculdantispecular partially coherent soliton
by launching specular(antispeculgr partially coherent
Uy pzt)=2, aso(t) s o(p,2). (3)  beams into saturable nonlinear media. To demonstrate the
s possibility of self-trapping of specular and antispecular

Her A tial mod larized in the direction beams, we consider the case when the total intensity profile
ere Yis;o(p,2) is a spatial mode polarize € dIreclion .t the vector soliton is circularly symmetric, i.é5 1 (p) and

a, ag,(t") is a random coefficient of this mode, and the look for the soliton modes in the form
index s labels the modes. The second-order statistical prop-
erties of the modes are specified viz.,

<a:;a(t’)as;ﬁ(t,)>=AS:aéss’éaB’ (4)

— ; i B2 2l2K
where\g =0 is the weight of the mode labeled by the index Ynmy(P,2) = Uyl p)Sin(me) €' 0, (10
sin the expansion{3). It follows from Egs.(3) and (4) that

the diagonal elements of the correlation tensor can be ex¥hereSnn is a propagation constant of the mode labeled by
pressed as the indicesn andm. It is easily seen from Eq$8)—(10) that

the mode functions),x and ., are specular and anti-
. specular, respectively. It then follows from Edq&) and (5)
Faa(Pl’PZ):z Nsia Usa(P1:2)¥sa(P2,2), () that the radial mode function, .(p) satisfies

Ynmx(§.2) = Unm( p)COS Mep) € B/ 260, )

which provides a link between the correlation tensors of par- 1d d m? ZkS 5
tially coherent vector solitons and the eigenmodes of their o dp|Pap) —t n_OnNL(I) Unm= BamUnm:
common self-induced, via the nonlinearity, waveguide. P (11)
Let us consider(2+1)D] partially coherent solitons
whose correlation functions possess the following symmetr¥ : . .
, ) . . ogether with the self-consistency condition
with respect to reflections upon, for instance, haxis
I'c(Xq,¥1:%X2,Y2) =T (X1, — Y1 X5,
+(X1,Y1:%2,Y2) +(X1,—Y1:X2,Y2) I(p)=% Nrvel Unen ) |2 (12)

=T (X1,Y1:X2,—Y2)- (6)

We will refer to the equal-time correlation function possess-HereAnn is the modal weight distribution which must be the
ing such a symmetry as being speculB. or antispecular same for both soliton components. Equatid@s-(12) de-
(T'_) because it exhibits perfect correlation or anticorrelationscribe vector solitons with specular and antispecular compo-

at every pair of point€ andawith coordinates X, ,y;) and nents that can exist in saturable nonlinear media \aitly

(Xp,—Y1), respectively[20]. It follows that the correlation functional form of the nonhnearlty_. It is only left to mention
. , , . — that specular or antispecular partially coherent beams can be
coefficient of the fields at such pairs of pointsd6Q.Q)  generated, for example, with the help of a wavefront-folding

=I'(Q,Q)/VI(Q)I(Q)==1. It can be inferred from Egs. Michelson interferometef20]. If a Porro prism of the inter-
(5) and (6) that the intensity of any speculgantispecular  ferometer changes sign of tiyecoordinate of the input field,

soliton satisfies the condition a statistical realization of the output field of such a system is
U(X1,Y1) ZU(Xy,— Y1) whereU(x,y) is the input field and
(X y)=1=(X,~Y), ™ the sign* can be adjusted by an appropriate phase shifter.

The second-order correlation function of the output beam is
then readily seen to be specular or antispecular depending on
the sign.
Do o (XY) = * o (X, —Y). (8) We illustrate these general r(_asults by an explicit exam_ple
' ' of partially coherent vector solitons supported by a nonin-
In accordance with Eq(1), the correlation tensor of a Stantaneous medium with the nonlinear refractive index of
partially coherent electromagnetic beam propagating in 4he form[21]
nonlinear medium is completely determined by its value in
the source plang=0. Further, if the beam is specular or Ny (1) =(An)In(I/1y). (13

and the modes of speculéantispecular solitons are even
(odd) upon reflection with respect to theaxis, i.e.,
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FIG. 1. The dimensionless intensity/l, of the specular com-

FIG. 2. The dimensionless intensity/l, of the antispecular

ponent of an asymmetric incoherent vector soliton as a function ofomponent of an asymmetric incoherent vector soliton as a function

dimensionless coordinategso . andy/o .. The values of the param-
eters aralo2=1, o /o, =1/2.

We begin, following Ref{18], by assuming a circularly sym-
metric Gaussian shape of the total intensity profile

2

p
[(p)=loexp — —|,
p 0 20"2

(14

wherel is the axial intensity, and the constantrepresents
the soliton width. In this case, the solutions of Effl) have
the form

_ 292
Unm(p) = (p/1 )MILIM(p2/12) e P72

whereL'nm|(x) is an associate Laguerre polynomial of order
(n=0,1,2...) with the azimuthal indexm (m=0,
+1,...), andl, is a characteristic width of each mode in
the transverse plane such that= (k3An/nga?) ~ Y4,

We assume that the distribution function ®f,, is the

(19

of dimensionless coordinatedo, and y/o.. The values of the
parameters arao2=1, o./oy=1/2.

Herel', andI'_ stand forl’,, andI'y,, respectively.

These solitons are described by three parameters: the soli-
ton width o, its coherence lengthr., and the twist param-
eteru, which are related via the self-consistency condition

1/2

o (a®—1)/2
—= > , (18)
Oc |1+ y1+uloe(a®—1)

where a?=4k30tAn/ng, and —1<uc?<1. It follows at
once from Eq.(17) that the intensities of specular and anti-
specular soliton components are

It _ 2, 2
I (X,y)= §[1+e 2yoe cog 2uxy)], (19

same for both vector components and is given by the expres-

sion
n! +|m|/2
n+|m m
A mn®™ (n+|m|)! 3 n (16)

Looy)=3l1-e Pt cos2uxy], (20

whereé and » are non-negative constants related to the soli-
ton parameters. Using the explicit expression for the mode
functions and the modal weight distribution and expressing
cosfng) and sinn¢) in terms ofe™'™?, we can obtain, fol-
lowing the method of Ref[18], the correlation tensor of
specular and antispecular vector solitons in the form

PP B B | B B e Y
+(P1,P2 2 40'|2 20_5
(Y1—Y2)?
X4 ex —1—2 cog u(Xay1—X1Y2)]
20¢
2
o - YLtY2)

>—|codu(Xay1+X1Y2)] |-

20¢

17
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FIG. 3. The degree of polarization of the solitons versus dimen-

sionless coordinated o andy/o . The value of the twist param-
eteru is taken to be such thato?=1.
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wherel, =1, exd —(¥*+y?)/20?2] is the total intensity of the ric. Finally, since the total intensity profile of the solitons is
vector soliton. single-peaked and circularly symmetric, their stability fol-

It can be readily inferred from Eq$19) and(20) that the  lows by virtue of the heuristic general criteriaP/dl,>0
intensity profiles of the vector-soliton components dependvhereP= [d?pl is the total power of the solitof22].
explicitly on the twist parameten and on the coherence In summary, we have discovered a class of partially co-
length o, a feature that sets them apart from previouslyherent vector solitons whose vector components are either
reported twisted scalar solitorj48]. As is manifest from specular or antispecular. We have described the properties of
Figs. 1 and 2, this feature of the newly discovered solitonsuch solitons in a generic noninstantaneous saturable nonlin-
causes breakdown of the axial symmetry of the solitonear medium. We have also found explicit analytic expres-
component intensity profiles. It is also clear from E@k9) sions for the intensities and the degree of polarization of
and (20) that the soliton components reproduce the total in-such solitons existing in media with a logarithmic nonlinear-
tensity profile of Eq.(14) so that our solution is self- ity. This work takes what appears to be the first step toward
consistent. On substituting from Eq4.9) and(20) into Eq.  exploring a connection between statistical symmetries of
(2), we obtain the degree of polarization of the solitons as light sources and those of the incoherent solitons generated
by such sources in nonlinear media.

P(x.y)=e"7|cog 2uxy)|. (21 | |
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