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AnSTflACT. The concept of squeezing is diseussed for multimode quantnm light with the consiu-
eration of po!arization by using the polarization gauge SU(2) invariance of free electromagnetic
fields

1
the related concept of polarization quasispin (P) and appropriate ullcertainty relations.

As consequenre1 we obtain wit.hin quantum optics new non-classical states of unpolarized light
generated by specific two-photon exeitations (unpolarized biphotons).

RESU!o.1E;':. Discutimos el concepto de compresión (squeezing) para el caso de luz cuántica
multimodal con respecto a su estado de polarización mediante el uso de la invarianza de norma
SU(2) de polarización de los campos electromagnéticos libres. Asimismo1 los conceptos relacionados
de cuasi-espín (P) j' las relaciones de incertidumbre apropiadas. Como resultado obtenemos nuevos
estados no clásicos de la luz no polarizada generados por excitaciones específica." de dos fotones
(i. e., bifotones no polarizados).

PACS: 42.50.-p; 03.70.+k

1. It\TIIOOUCTIO;'¡

For the !ast severa! decades, polarization properties of light \Vere widely investigated in
both theoretical and applied aspects (see, e.g., ncfs. 11-14) and references therein). Specif-
ical!y, some fundamental problems of quantum mechanics, related to "hidden" \'ariables,
llel!'s ine'lualities and Einstein-Podolsky-nosen (EPn) paradox, quantum chaos, different
topological phases etc., are intensively examined with the hel" of quantum polarization
optics (see. e.!).. ncfs. [1.2,5,6,12-141 and rcfrrences therein).
Howe\'er, as a rule, the polarization structure of light has ben described in terms of the

field correlation functions, associated Stokes parameters and the Poincaré sphere which
are \Vel! adapted to classical optics experimeuts [3-5,13-141 but are not quite adequate
to specific quantum ones (photon counting) [3]. Such a description also ignores a polar-
ization SÜ(2) symllletry [14-191 of light fields though it has bren widely tlsed implicitly
-thorough the Stokes parameters Sa which determine, in particular, the polarization
degree drg P = [s; + sj + s5]!/2/s0 of monochromatic plane wa\'e light beams [3,4,7,20].
Furthermore, the physical meaning of the Stokes "arameters aud their couIlections with
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the spin properties of light fields are sufliciently studied only for plane wave light beams [3-
61 although in Ref. [7] sorne generalized Stokes pammeters were introduced for examining
light beams with arbitrary wave fronts withill classical statistical optics.
Recently, however, a new formalism [16-191 was proposed for a descriptioll of polariza-

tion structure of multimode quantum light ficlds using the polarization SU(2) symmetry
and a related concept of the P-quasispin which generalized the Stokes wctor notion at
the quantum level ami is closely rclated to the Stokes operators defined in Ref. [20]. This
approach enabled us to gain a new insight into the polarization structure of light and
quantum mechanisms of its depolarization.
At the same time, at present, so-called sCjueezed states of light are intensi,'ely exam-

ined within quantum optics by many investigators (see, e.g., Rcfs. [21-25] and references
therein) since these states have attracti,'e properties of the "noise reduction" in measure-
ments of sorne Cjuantum mechanical observables that provides certain prospects of their
applications, particularly, in optical cotlltllunication theory, ill precise and non-detllolition
measurements, etc. However, we note that squeezed states are sufliciently studied only for
the single-mode fields 121-251 whereas for tIlultimode ficlds it is not the case since even
the definition of the coucept of multimode squeezing is not unique that is due to a variety
of the choice of measnrable quantities [26,27].
The aim of this paper is to give an analysis of the cancept of squeezing of the mul-

timode light related to polarization degrees of freedom by using the abo,'e melltioned
formalism of P-quasispin. Specifically, we \Vill sho\V (Sects. 2 and 3) that there exist new
quantum states of light beams exhibiting, in a sense, an absolute squeezing in polarization
degrees of freedom. Such states are generated by specific uupolarized biphoton clusters
and have all characteristics of usual unpolarized light, but unlike the latter one ne\V
quantum states of uupolarized light are "polarizationally noisless" 116-19,28]. I3esides we
discuss briefiy some generalizations and applications of new nou-classical states of light
(Sect. 4). Prelirniuary results of the \Vork were reported by one of us (V.P.K.) at the
Third Intemational Workshop on Squeezecl States and Uncertainty Relations (I3altimore,
August 10-13, 1993).

2. POLARIZATION SU(2) INVARIANCE AN P-SPIN OF ELECTRmlAGNETIC F¡¡;LDS; UN-

POLARIZED mPIIOTONS

Iu quantum optics the free transverse electrornagnetic ficld with In spatiotemporal modes
described by the ,'ector potential [1,3,19,20]

m (2 Íi) 1/2
A(r, t) = e f; W;~ O=~.3 {c,,(j)o,,(j) exp[i(k)r - Wjt)] + h.c.}

(2.1 )

\Vhere ao(j) (a¿(j)) are destruction (creation) operators for j-th spatiotemporal and
a-th polarization modes of the field, co(j) are the polarization unit vectors adapted



(2.2)
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to the helieitv basis, e3(j) = k]/wj. V is a qllantization volume, etc, \\'ith the help of
Eq, (2,1) one'determines eorrelations tensors [:l]

G~:".Lljp({ra, ta); {r~, t~}) = tr [pEL- )(rl' ti) ... EL- )(r" t,)EJ~)(r'l' t;) ... EJ:) (r~. t~)],

E(") = ~DA(")
e Dt

whieh eorrespond to difrerent physical '1uantities, measurahle in optieal experiments, and
are expressed in terms of quantum expeetations of arde red polynomials in operators [[o(j)
and a;;(j) [121. The most important of such measurahle <¡uantities is the field Hami1tonian
lIr which determines the time-evolution of other fidd ohservahles [31.
The starting point of our next analysis is the evident invariance of standard expressions

m

}fe = :L Wi :L a¿ (i)a" (i),
j::::l 0=+,-,3

m

Pr = :L ki :L a¿(i)ao(i)
i=l n=+,-,3

(2.3)

for the Hamiltonian !l¡ and the momentum
under the transformations [15-19)

an(i) --> ao = :L II".~a~,
~=+,-

Pr of the transverse electromagnetie field

(2"¡ )

o- = +, -, 1l = [[lIoBII E U(2).

\\'e note the Eqs. (2.3) admit, in faet, the more ,'ast graup U(3) ::> U(2) of polariza-
tion transfonnations [17]' hut in '1uantum optics it is reduced to the above mentioned
U(2) group. It is due to the faet that we calculate <¡uantum expeetations of any physical
quantities by averaging on the space Ll'hy, = LF( II!) spanned by basis veetors

m

J{1lfl) = N({llil) 11 11 [lli!rl/2(a:(i)r~10),
i=IO"=-,+

(2.5)

whieh are generated by the ereation operators a;; (i) of photons with trans,'erse (o-= +, _)
polarizations (helieities) only (that corresponds to a standard fonn of the gauge eondition
for transverse radiation fields in quantum eleetrodynamies [19,20]).
The transformations (2.4) correspond (o the U(2) "rotations" of the polarization un;t

veetors eo(i) [15-20) in a "polarization spinar" space [20]:

c,,(i) --> ",,(i) = :L lI~oc~(i),
/3=+,-

(2.G)
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and, therefore; may be interpr('ted as sp('cific polarization gauge transformations. \Ve note
that thls contlllllous pola:ization grollp 5U(2) is closely f('lated to discrete symmetri('s of
hght fields: nmror reflectlOns and spatial ill\.ersion [17].

The generators of this polarization gauge grollp U(2) are of the form

1 m
Po= 2¿["t(i)n+(i) - ,,~(i)] =¿Pu(i),

i::::l

no

PI =¿"t(i)",,(i) =¿PI(i),
;=1

no

N =¿ ¿ ,,~(i) ",,(i) = ¿ N(i),
i::::¡ n=+,-

(2.7)

wliere ~Y is the tot.al piloton llllmhrr oprrator and oprrators Po are gCllrrators of the
5U(2) sllbgroup defining tbe polarization (1') (quasi) spin [15-19]. tbe operators 1',3 and

S satisfy commlltation rclatiolls

(2.8)

alld in 1h(' case In = 1 coincide IIp to tlll' factor 1/2 with Stokf's operators ~o [20]. As
is clear from Eqs. (2.7) ti", total 1'-quasispin of tbe e\Pctromagn<'tic: fi"ld is obtainl'd
by addillg of tlH' appropriatc quasispin qllHntit.ics fol' sillglr spatiotf'mporal modcs. 'Ihis
allm ....s lIS to considl'r along witll tite "global" polarizatioll ill\'ariancc t.ransforlllatiollS (2..t)
aIso their "locar' analogm's rp1atpd to P-qn<l:-;ispill and appropriatc indepcndclll "po-
larization rotations" of tbe tYI)(' (2 ..1) for eacb single spatiotemporal mo(jp. Howewr,
from tbe experimental viewpoint tbe glohal polarization 51..i(2) inyarianc(' and th" total
P-quasispin of the r1ectromagnpt,jc fit'ld ('Hahle \lS to examine IJ{'\\' illtrrrsting physical
phcnolllrna ('onnected w¡th ('olTclatiolls of diffrrt'nt lllodf'S. in particular, with so~callrd
"C'utangled states" which are \videl)' disCllSS('d in l11nltipartidc intrrofrrollletry [11.2°1.

\Ve note that opcrators p.~do 1I0t cotnlllute wil h rompollt'llts Sn of t he gaugc IlOl1-

inyariant (an<1 benc" locally non-ohsen.ahle) ordinary spin S = (SI. S2, 8:,) of th" dectro-
magnetic field, wicb defines lbe field transformations with res¡)('ct lo tlI(' 50(:\) e SL(2C)
group of rotations in the usual spac(' thollgh we have the rf'latioll

(2.9)

in<1ecd, the components S" are expressed in terms of tlH' A(r. t) Fonri('r components as

follows [20,19]:

Sa = -i 2::= 2::= ("bcA~-)(j)A~' )(j).
) b,C'

,(+)(.) , (.) ..laH(J.) = (..Ia(+)(].))+.na J = Le"" J •
n

(~.I(J)
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\
vllere, , is lhe fullv antis\"lumetric teusor ('123 = 1), Con(i) is the projectiou (directing

nue . , • f' J' E, (? 1)cosine) of eo(i) on the a-th axis of a fixed spatia] frame o re,ereuce. 'l"om 'e¡s. _. ,(2. i) and (2, lO) Oue gets

[PO,Sa] = t I)C+n(j) [aI(j)a+(j) +a~(j)a3(j)]
j

+ c_a(j) [aI(j)a_(j) + a+(j)aI(j)]};

[Pie,Sa) = :¡:I) 2c3"U)a~U)a'f U)
)

(2.lIa)

(2.lIb)
Then Ee¡. (2.9) follo\\"s iUJIIH'diatel)" from Ee¡s. (2.5) and (2.lla), \Ve also uote lhat iu
lhe case of plaue \\"a\'e beams, \\"heu all c:¡aU) = b:¡". ([ = 1,2,3 and C",lU) = n, fron,Er¡. (2,11) one [iuds a re]ation

(2.12)o = 0, :!:,

definiug transformations of P-spin components uuder rotations arouud the ]ight beamaXIS.

Without d\\"('lliug here ou a more complete anal)"sis of olher iuterrelationships bet\\"eell
ordinary spiu 5 and P-spiu \\"eonl)" uole ¡hat the ordiuar)" spin 5 has some advantages as
agaiust lhe P-e¡lIasispiu for describiug of "rotatiou" properties of light fields aud appro-
priate experimeuts [13}. 5pecificall,v. fronl Er¡s. (2.1) and (2.10) one easi]y [iuds reialions

(2.13a)

(2.13b)

(2.13c)

[S,,, a~U)] = :!:a~(j) c:¡a(j):¡: aI(j) e"a(j),

[S"' aiU)J = -a~U) e+nU) + at(j) "-"U),

[Sa,A¿-JU)] = -iI>abe,'I;-)U),

specif)"iug "rotatiou" properties of appropriate field operators . .\IoreOl"Cl". t he ordinary
spiu formalism allo\\"s liS to expano familiar correlaliou tensor, G(~~::")(( ... ; ... }) from
Ee¡. (2.2) iu sums of the 50(3) irreducible leusors (spin and higher mult ipo]e operators)
\\"hich possess \\"ell-defiued lransfonnatiou pro¡H'rlies \\"ith respect lo lhe "spatiar. 50(3)
group (see, e.y., ncr. [7], \\"l,ere a similar ('xpansion \\"as gi\'en for Gi:~'¡)( ... ) in order lO
define some generalized 510kes parameters).

At the same time. as it follo\\"s from Ee¡s. (2.7), (2.10) aud (2.11), the P-r¡uasispin
formalism has evideut ad\'autages in comparison \\"ith Ihe ordinar)" spin for describing
properly polarizalion properties of ligllt since its components have a clear physical mean-
ing ano are measllrable in e¡nantum optics polarizatioll eXIH'riments related lo connting
phOlo

us
\\"ith definite polarizatious [19]. In particular, tlJe total helieit}" 2Po of Ihe fidd
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FIGURE 1. A principal schclllc of th(' llleaSlIren1C'nt of P-qlli\."ispin ('ompOllents.

is the differenre (N+ - N_) of the right- amlleft-handed photon numbers and Hermitian
operators 2P1 = (P+ + P_) and 2P2 = i(P+ - P_) determine (cL [.1,12]) differences of
photon numbers with orthogonallinear polarizations which are connected with the helicitv
basis by the unitary transfonnation •

atU) = Jz {a2:U) - a¡U)},

"tU) = Jz{at(j) + atu)}.

atU) = J2 {aW) + a2:(j)}.

ilt(j) = Jz {-atU) + atu)}.

(2.14a)

(2.14b)

implemented, for example, with the help of phase plates and polarization rotators (for
Eq. (2.14b)) [4,121. \Ve note that from the formal \'iewpoint components PI and P2 <:orre-
spond to the choice of different subgroups SO(2) e SU(2) unlike the helicity suhgroup U(l)
for Po. ~Ioreover, linear polarization basis functions related to Eqs. (2.14) are eigenstates
of operators describing the abo\'e mentioned dis(T('te symmetries of ¡ight fielcls. :\ typical
principal scheme [281 of the measurement of components Po of P-quasispin is presented
on Fig. 1, where we use the fo11owing notations: PP denotes phases plates. PLS stands
for polarization light heam splitters, PA" and PD" are, respeeti\'ely, polarization analyz-
ers and photodetectors for polarization modes a. This scheme can be realized in both
single-mode (m = 1) ami ll1ultimocle (m > 1) regimes. lIo\\'e\'er, as it wi11be seen later.
the use of 1l1111timode rcgim('s cllahlf's tlS to n'veal 11('\\1' illtC'rf's1.ing p!Iysical pllcllolIlCni1,

in particular. an absolutel)' unpolarized quantum light [16-10].
Bcsidcs, in thc case of the mOllochromatic planc waw's quantulll eXIH'ctatioIlS (Po)

are proportional to the Stokes paranwl<'rs S,,: SI = 2(['2), 82 = -2(['0). "3 = -2(['1)
(cL [3,.I,í,20]) which are expectation \'alues of the Stokes 01)('rator5 ~Q [201. Therefore.
one can consider that in geucral cases qUi1nt.iti('s (Po), (lY) determine t}¡e polarizatioll
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degree deg l' of light beams \\'ith arbitrary \\'al'e fronts and freq\lencies by the relatiou

(2.15 )

geueralizing the defiuition for oue-mode light beams [31. At the same time the q\lautum
al'erages (11'21) ofthe SU(2)1'01 Casimir operator 1'2 = t(p+p_+p_p+)+p¿ are connected
by the relation

(II,21)= 2:= [a" + ((lPol)n
0=0,1,2

(2.16)

\\'ith the \'ariances ao = (11';1) - ((II~.1))2 determining "polarization noises" [3,li,19,2Sj
and a "radiar' uIlccrtaillty rclatiolls for angular mOlllcntulll operators [30-32).
Furthcr, calculatiug the cigem'alue 1'(1' + 1) of th" operator 1'2 ou the subspace of

one-particle states \\'e find 1'(1' + 1) = 3/4. i.e., th" photon should be ascribed the
"alue l' = 1/2, as against 5= 1 for tIJe ordinary spiu as it follo\\'s from Er¡s. (2.5) and
(2.10) [17,191. This faet allo,,"s us to identify P-spin of oue-photon states \\'ith the so-called
effeeti\'e spiu (see, e.g., Hefs. [5,12,33]) simultaneously clarifyiug a physical lIH'aning of
the latter oue.
Therefore one may use P-spin (Po) as an ader¡uate tool for studying proper polarizatiou

properties of quant\lm light fields iu parallel to the \Isual apparatus of the correlation
functions aud Stokes I'ectors [:31.I3\1t \Inlike the latter one \Ise of tIJe P-spin forlllalislll
allows lIS to gain a mDre decp insight. ¡lito tlle iHllcr untllre of tIte polarization structllH'
of light beallls \\'ith arbitrary wave fronts.
lndeed, as it \\'as sho\\'n iu flefs. [16-19), one eau decoInpose tIJe Fock space LFfm)

spanued by lhe vectors (2.4) iuto lh" dil'l'ct SUIn

LF(III) = 2:= L(p,,)
P,1r

(2.li)

of infinite-dimensional s\lbspaces L(P,,) \\'hich are SI)Ccifi('d by eigem'alues p." of the
P-spin and Po respectively aud spauned by basis vectors 11',,: n, A) of the form

11',,: n, A) =
EQ¡""'2j1r1

~,3;j=2(P-I ••1)
~ "'ij =••-21'

i, j

For exalllple, iu the cases 111 = 1 and m = 2 \\'e ha\'(, tIJe following expressions [a4]:

II',,) = [(1' - ;r)!(I' + ;r)!j-1/2

x (at(l) )"1+' (a:::(l) )"1-. (Y1t(-I.IIO), (2.19a)
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/p" = :tp; n 1) = [(11 + 1)'(11 - 2P)'(P - I)!] -1/2
, (21' + 1)'

x (a:I;(I)(+'(a:I;(2)(-'(X¡';)"-2/'10), 1 = n(l) -n(2), (2.1%)

for some sueh veetors. In general, tlJe co('ffieients G( ... ) in (2.18) are determined from
the defining equation

P
2
/P,,; n,.\) = P(J' + 1) IP,,;n,.\);

Po IP,,; n . .\) = 7r jP7r; 71,.\),

N Ir,,; n,.\) = nlr,,; n,.\),
(2.20)

and some equalions for fixing an ('xlra (\'eetor) label .\ (see flefs. [17,10) and refereneesthereiu) .
The operalors

(2.2Ia)
and

(2.21 h)

iu (2.18) are lhe solutions of the 0lll'rator e<¡ualions

n = 0.+,-, (2.22)

and may be interprctcd as creation operators of Po~s('alar and P-scalar biphotol1 kine-
malie elusters respeeti\'Cly. rrom Eqs. (2.21) aud (2.22) one easil)' obtains that <¡uantum
expectations (1',,), a = 0.1,2, in states gen('rated by actious on the vacuum \'('etors 10)
operators (-\j)"OijJb onl)'; for exampl(', simplest states of such types are spanued by
vectors (2.10) with 1r = O. Iu g('neral, 11j(' sU\tes (2.18) descrihe light beams reprrsenting a
mixture of both usual photons and unpolarized P- and Po-sealar hiphotous [IG-10]. \Ve.
howcvcr, note that biphotons }'~j ('xist rOl' HU)' tlumber 111 of timr-spatial modf's~whereas

-\j # O onl)' for m:::: 2. \Ve also emphasize that iu eonlrast lo the usual pholou operators
+( ') (') I . \'..- (\'+)+ \'+ }' - (}r+)+ }'+ . "f' J. '. Ian

) , no J t lC opcratOls .. 1) - • ij ,. ij' ij - ij . ij satIs,} Bot t le CdJ101llCd

commutation rclations but trilincar COlllll1l1tat.ioIl rciatiolls for qllanta of parastatistical
ficlds [17). ¡¡owever it is possible to eoustrnet from them some operators obe)'iug eauouieal
commlltatioll rf'latiol1s (s('c Hcfs. (17,191) alld rC'pres('Iltillg pC'c¡iliar "optical atolllS" (ef.
Hef. (331). Ther('forc, in a s('ns(>, sllch construction yield a f(>alization within qnantlltn
opties of Ihe method of fllsion by L. de Ilroglie for eOllslrneting composite fields from
some simple ones [35].

FllrthC'r, t!Ic dC'colllpositioJl (2.17) is illvariallt with rcsI)('ct to the Lic algC'bra SO*(:~111)
gl'llerated b)' biphotoll operalors Xi} alld xij [17,10). Th('r('fore, stal('s 11/)) brlongillg lo a
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subspace L(1',,) with given 1',,, at iuitial time will be iu it for the time evolution governed
by the interaction Hamiltonians 11;nt = Ji; ({ Xij, Xii}); examples of such !IamJltomans
are gi,'en by those of sorne parametric processes 11G-1a]. Extendiu~ the algebra ~o*(2m) by
adding operators Yij, }~j we get the algebra "(171, m) assocJated WJth !IamJltomaus 11;n' =
11!' ({y. y+. y .. y+}) (describiug for example, light propagatiou in Kerr media [3G])mt 1) ~ I)!" 1)'" 1J 1

which keep iuvariant for time cvolution subspaces L'(1f) = L1'21<1 L(1',,) [la).

3. SQUEEZli\'G Ji\' POLAIlIZATIO;'; QUA;';TU~l OI'TJCS. U;';POLAIlJZ[f) QUA;';TmJ L1GIIT

The decomposit iou (2.17) implies a IH'Wc1assifiration of t he polarization statt'S of quantum
!ight fields from lhe physical viewpoiul [1.,la). This c1assifiratiou is c1ose!y related lo a
specific sort of squeezing of multimode ligbt I,,'ams wilh consideratiou of po!arizatiou.
In fact, a definition of squc('zillg in qllantllIll mcchanics is bas('d 011 an analysis of

diffcreut uncertainty relatious of a set {Ai, i = 1, ... , l' > 1} of non-comtnuting !Iermitian
operators .'1i representing sorne quantum ob,,'rvable, [21-27,:JO-32,:J7-3a]. Then, unlike
lhe case of c1assical mechallics, t here ('xist 50n1(' rf'stricliollS 011 a possiblc accuracy of
rcsults of joint mcaSUrClllellts of all quantities A¡ in a gin'll C}uantulll statc I ) that is
expressed in the form of different "uncerlainty relalions" fOl' expectations (I(Ai)'I) [32].
Thcse re!ations represenl sperific meaS1ll'e of admissibl" quantutn f1uctuations ("noises")
for observables Ai in Ihe state 1 ).

Specifically, the most wid"spread uucertainty relation (of the I1cisenberg tYI"') has the
f01'ln [1,5,:JO-32)

(3.1 )

wbere ("'.'1)2 == 0',4 = (I(A)21)-((IAI))2. Tben Ibe prob],.¡n ofs'Iu"ezing consists iu finding
<¡llalltlllll statcs minimizing bot.h t.he product ~¡'\¡ D.Aj of t\\'o U11('Prtainty llwaSllrt's alld
one of them. Ir the right hand sirle of in('<¡ua!ity (3.1) is a c-111Imber Ihis proi>lem is easily
sol""d and lear! to definitiou of Ihe usual coucept of squeezing related to generalized
coh"reut states of the group Sü(l, 1) [21-2;;]. For example, it is the case for single-mode
electromagnetic field \\'hen \\'e use as oi>sel'\'ai>les Ai t\\'o quadrature componenls of the
field expressed by linear com bina t ion of t he field opera tors of crea t ion and dest ruct iou [21-?-]_o.
l/o\\'e""r, for multimode fields the situation beeomes more complica!ed since in this

case we have a more vast set of obspr\'ablps which ohey HOIl-trivial commlltation 1'('la-
tions [2G,2., 17, 18]. Therefore, \\'e have many possihilities of definition of s'lue('zing re-
lated lO a choice (from physical considerations) some subsets of observabks for which a
so!ution of this problem is romparati,'e!y simple. For example, as \\'e established aboye,
in polarizatioIl C{uantum optics as SlIC}¡ sui>sets it is natural to take ('ompoIlcllts of thc
l'-quasispin ob"ying the commutation rt'!ations (2.8) ofthe sn(2) algebra as \\'ell as subsets
of llnpolarizl'd hiphoton 0Iwrators of .Y- and Y -types. T}¡at t'lIahlf's lIS to define a spl.'cific
polarization squpczing whic}¡ is closely ff'lat<'d to a IH'W physi('al phf'IIOlIlCnon of <juHntlllIl
unpolariz"r! light [la].
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Specifically, for the states !po;n,.\) E L(PO) e L'(" = O) and [OO;n,.\) E L(OO) from
(2.7), (2.10) and (2.18) we find (!Po[) = O, (/Sol) = O for all a that is a characteristic
property of unpolarized light (cL Refs. [3,4)). Besides the calculations [I7J showed that cor-
1 . (1,1)

re atlOn tensors G;j (r, t; r, t) have for t.hese stat.es a form corresponding to unpolarized
light beams wit.h, in general, arbitrary wave fronts [7J.

l3ut unlike classical (chaot.ic) unpolarized light, for the states 100;n,.\) amI ¡PO; n,.\) we
have addit.ional characteristics of light depolarization which follow fmm Eqs. (2.17)-(2.21)
and are expressed in tenns of higher moments for Pa; for example, we have

(I(Po)'1) - (([(PoJl))' = O

([(Po)21) - ((I(PaJl))2 = O,

far [) = [PO; n, A),

a = O, +, - for 1) = [00; n, A),

(3.2a)

(3.2b)

showing the abscncc of appropriatc polarization "noiscs" of auy arder measllrcd by ap-
propriate noises of difference photocurrents in schemes of Fig. 1; herewith, as it follows
from Eq. (2.12), for axiallight beams results of measurements do not depend on rotations
of analyzers around beam axis.

Thus, for states [ ) E L(OO) all proper polarizatiou properties are ideutical wilh those
for vacuum state 10), but unlike the latter the light intensity in these states (measured
as the quantum expectation of the lIamiltonian (2.3)) is not equal to zero. Consequently,
they may be recognized as states describing absolutely unpolarized light, while the states
I ) E L'(O) have a hidden polarizat.ion structure revealed in measurements of linear polar-
ization noises. Moreover, the states [00;n,.\) minimize both the aforementioned "radial"
uncertainty measure (2.16) as well as uncertainty relation of the (3.1) t.ype far angular
momentum operators [30-32J; besides these states form the infinite-dimensional space on
which three non-commuting operat.ors Pa behave themsclves as c-numbers exhibiting an
"absolute squeezing" in polarizatiou degrees offreedom (that it is of interest for designing
different experiments rclated to the EPl1-paradox and "hidden variable" theories [1,5,11)).
However, we have not analogous relat.ions for components So of the ordinary spin as one
can see it from Eqs. (2.10) and (2.13).

Therefore, states [<;6)E L'(O) generated by biphotons y;j, x;j and [¡ji) E L(OO) e L'(O)
generated only by biphotons x;j describe new types of unpolarized light due to strong
quantum phase correlations rather than random mixing light beams as it is the case for
the classical unpolarized light [3,41. Examples of such states are yielded by generalized
coherent states related with iuteraction Hamiltonians Hint = Hin' + Hi~" where

and

Hi~t = ¿(g;jX;j + g;jX;j)
i<j

Hi~t =¿(J;j Yij + J;} Y;j)
i,j

(3.3a)

(3.3b)
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describe sorne specific parametric processes [1i]. In particular, generalized coherent states
of the SU(I, 1) group orbit type

la)p = exp[aXl2 - a' xii] [O) (3.4)

discussed together with sorne related models in Rcfs. [16-18] are generated by Hi~,"
whereas H2 produces generalized coherent states of the graup Sp(2m, R),m'

coinciding in the case m = I with two-mode squeezed states introduced in ReL [23].
\Ve also note that acting by the group displacement froll1 Eqs. (3.4) and (3.5) on usual
multimode Glauber coherent states [{at,aj}) = ITiexp(atat(i)+aia:::(i)-at'a+(i)-
ai' a_ (i)) 10), at oJ O, we get in general cases states of partial!y polarized light which
contains (for special values of parameters at) a subclass of states corresponding to un-
polarized ligh!. In particular, al! states related in such a manner to I{nt, ni}) display
praperties of usualunpolarized light when Intl = lail [8,28].
Thus, our analysis displays inner lI1echanisms of the light depolarization at the quantum

level (cL ReL [40), where a conjecture was uttered about a quantum nature of unpolar-
ized light) by contrast to the general!y accepted viewpoint [4] that randomization is the
only way of obtaining unpolarized light. 13esides the P-spin formalislll yields sorne new
natural measurable quantitati\'e characteristics of light depolarizatiou, namely, degrees
depl' = (1- 2P /fii) and dep?o = (1 -12irI/i\') of the content of P-scalar and of Po-scalar
biphotons, where P, ié, ]V denote expectation values of appropriate operators; herewith
P = -~ + [i + (IP2I)jl/2 is detennined fram Eqs. (2.15) and (2.16) as a function of deg P,
I,' and variances (Jo. Evidently, dep!,o is connected with the wel!-known degree of circular
polarization I(N +) - (N -) 1/ (N), whereas del' l' pravides a new quantitative characteristic
of polarization structure of light rclated to lI1easurell1ents of polarization noises.
\Ve also nole that analysis abo\'<' can be extended by considering modifications of the

decomposition (2.1i), where instead of Po any other Hermitian "perator Po,n = 1,2
corresponding to a linear polarization basis is diagonalized [19). Such extensions lead
to new states of quantum unpolarized light generated by p¡- or P2-scalar biphotons of
the (2.2Ia) type am! having characteristics similar to those described by Eqs. (3.2) but
with some peculiarities concerning their "ratation" properties determined by Eqs. (2.1)),
(2.12), (2.15) and (2.16).

4. GENERALIZATIONS, APPLICATIONS AXD COXCLUSIOX

In the previous sections we have shown that in the Fock space LF(71l) of multilllode light
with consideration of polarization (lile can select with the hclp of Eq. (2.1 i) subspaccs
(L(P = O" = O), L'(" = O) and someones related to them) of quantulll sates dcscribing
different new types of unpolarized light and, simultaneously, manifesting specific forms of



238 V.P. KARASSIOV A~D ~l. CEH\'A~TES

1 P¡-sealar
light beum

Classieal
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Po se alar
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FIGURE 2. Schemcs of production of qnantnm 1111polarized¡¡gllt (QUL).

sc¡ueezing in polarization opties. Physieal realizations of sueh states are eonneeted \Vith
aetions of Po- and P-sealar biphoton sc¡ueezed operators,

(4.1a)

and
(4.1b)

on the vaeuum vectors 10) that is r"l)J'esente(l schematieally on Fig. 2. \Vhere OPG stands
fOl' parametrie oscillatOl' generators eorresponding to the operators (4.1) and other no-
tations are the same as on Fig. 1. \\'e note that, in praetice. it is easier to realize ,neh
sehemes eOl'responding to Ec¡. (4.1a) rather than Ec¡. (,l.Ib) beeanse the latter rec¡nire
parametrie oscillator erystals ",ith highly anisotropic properties, Therefore, fOl'production
of P-sealar light it is preferable to combine more simple schem('s of prodnetion of Po-sealar
light together \Vith some interferometric sehemes [28].

AIl other snbspaces L(Pr.), r/(r.), r. > O, in the decomposition (2.1.) describe. generally
speaking, states of partially depolarized c¡nantnm light (see flefs, [lG,l.], ",here \Ve also
exa mine<1 variolls typrs of polariza 1 ion gPlwralizpc\ ('o11('[('nt st at f'S of l¡ght ~ iUf 1ud ing t hose
which are cigeuflll1ctions of the 01)('rato1'5 p2. POl ~\jjl Yij and grl1rralize the' .:\garwal's
pair cohereut states [39]). 1I0\Vever, in real ph)'sical experimental sitnations states of light
bcams do not belong to a single snbspaee L(P7r) bnt are snperpositions of statl'S from
differcnt subspaees L(Prr). Thnefon'. il is of inll'n'SI to stud)' polarization equecziug
properties (\Vith using ml'aSllI'cment ,\evices of sehemes on Fig. 1) of partially polarized
light beams obtainl'd by actions of the biphotou sqneezed operatOl's (4.1) togethcr \Vith
the "propcr" (relatpd 10 gf'llrralizrd ('011('1'('111 stat<'s of tlw polarizatían invarianc(' gronp
SU(2) [17,30.:31]) polarization ;;'1U<'l'zl'dopcratOl's SI'(() = exp((P+ - (' P_) on etatl'S
of 50111e input light bcallls that is pn's('Ilt('d ~dlcmatically OIl Fig. 3. As a rrsu1t \\'c can

obtaill ne\\' c1ass('s of llon-c1a:"sical statt's of partially polariz('d light.
Thc P-spin formalism and 110ll('la:,,~i('al stat('s of light (lcscril)('d above havf' also sev-

eral potl't1tial applicatiolls. one, for C'xalllplc. is in optiral (,Ollltllllllication t}¡('ory 141-43].
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FIGliRE 3. Principal sehernes oC prodlletion oC partially polarized s<¡ueezedlight (PPSL).

Speeifieally, the deeomposition (2.1,) ane! the propertie, (3.2) oC states 1';') E L(OO) ane!
19) E L'(O) appear to be promising for d"signing the quantnm ehannels of communieation
systems [.11,42]. Sneh eommunieation challlH'ls al''' realizee! by light beams using mainly
both the amplitne!e and phase modulations for eneoding transmittce! information. 13tH
polarization mcthods of its encoe!ing appear to be more preferable beeause of certain
(mainly energetie) reasons [.12]. "'c sketeh a scheme of nsing quantum unpolarizee! light
within such an approach following [41,10].

For diserete channels their ef!ieiency is usuaIly estimatee! with the aid ofthe conditional
error probahility Pelr" # m] (where lit is an input message and Ji, is the appropriate
O\ltput one) [41). Then, using states f'1 E L'(" # O) for transmitting the logical "1" in
binary discrete ehannels, we can use the aboYe results for optimizing l~.[... ] (eL Ref. [41]).
Far thiR end it is aIso of int(>rrst to estimate thc informatioll capacity (43] of the states
11J) E 1/(0) as eOlnpared with that of other quantum states.

From other Iines of pos,ib'" applications of the results aho"e, "'e point out pl'('cise
lIlcasurcmcnt.s in sprctroscopy of alli~ot.ropic lIlrdia [28J and stlldics of intcractioll of light
in different new polarization states with opticaIly aeti"e hiologieal maeromolecules [44].

Iu conc!usioll. wc cmplJasizc 1hal t JI('ahoye results giy(' a mol'{' dpcp imdght into polar-
izatioll structurc of light f'llahlillg to dctenllill(, IIrw nOllusual states in (}lIHntlllll optics, In
a sense. the reslllts ofSects. 2,3 ",~d thoS(' ofpapers [16-10] yield al!necessary prereqllisites
for dc\'C'loping a qllautlllll dCf.;criptiotl of llllpolarizrd lig}¡t \\'a\'cs \\'hosc cxistencr has 1101
yet an a""qnate solntion within tIJe c1assical optics [4.4:;]. 13esides. \Ve established Some
interrelations bet\Veen proper polarization (related to the P-spin) aud rotation (cOlmected
with liJe ordinary spin S) charactcristics oflight fields [E'1s. (2.11) and (2.12)) that cnabb
lIS to examine a hehaviour of polarizatioll charactrristi('s of lig)¡t beams in drpcndcnce
on rotation of measllrement ,!P"ices (on sc1u'mes of fig. 1) with respect to light beam
directions.

Al! this opens some possibilities in set ting new oplieal experiments relate", in particu-
lar, to "hidden" ,'aria bies, "cntangled statp," ami EPR paradox [1,2,5,11,20]' polarization
chaos, spontanpous symmetry breaking and bistability [6,8.40,42). "optical atoms" and
polarization solitous [0,33]. redllction of qllantum noises [1O,12,20J. cte. \Ve are plauning
lo disclIss thesc topies as ,,'('11as SOlllC practical s('hcm('s and lllcchanisms of producing
new ljllanlum polarization states of light (inc1uding those obtained \Vith dp\'iees of both
Fig. 1 an" Fig. 2) in fortheoming paper,.
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