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Abstract  

Meson and Y－Shaped and△－Shaped baryon sYStemS Of finite   

Size are constructed as the monopole－VOrteX SYStemSin the   

nonabelian gauge models． These are naturalgeneralizations of   

Nielsen and OlesenIs s01ution of vortex ofinfinitelength． The  

boundarY COnditions ofHiggs scalars◎（i）（x）＝F（i）u（Ⅹ）－1T（i）u（Ⅹ）．  

andD◎（i）（Ⅹ）＝O are assumedatspatialinfinitY．U（Ⅹ）is the     リ  
Singular unitarY matrix whichis the one adopted bY Arafune et al．   

for SU（2）case，andits SU（3）generali2：ation． After the singular  

gaugetransformationU（Ⅹ）lthe fieLdtensor FaCquires an  
叩   

additionalnonzeroterm－（i／e）U（aリ∂リー∂v∂リ）U－1whichcorresponds  

叩 ★ toDirac．sstripgtermGforA…and／orA8vectorp。tentials・                                          U  
These string singularities glVe the vortex solution of finite ●   

1epgth・ Our magnetic monop01es result from the field top0logY  

asin the －t H0Oft－Polyakov monopole． The finite－Size solutions  

in our su（3）nonabelian 

the color－Chemical－bond－1ike modelfor the quark confinement．  

Our solutions．glVe a rlgOrOuS fpundation to Nambuls conコeCture ●●   

On the quark confinement by vortex model・The possibility of  

COnStruCtion of some exotic hadronsis also discussed．   
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§1． エn七roduc七土on  

The various phenomena of hadron physics can be explained by   

quark model． But quarks have not beep observed． Quarks are  

believedtobe confinedbySU（3）color l）・2）gaugefields．One  

of the most promising and simplest quark confinement model is the 

magnetic vortex modelof nonabelian gauge field analogous to   

Landau－Ginzburg－Abrikosov modelof superconductor． Nielsen and  

olesen3）presentedvortexmodels ofhadronsr whichgive string－  

1ike structure to the hadronic matter and also Yield the confining   

force・between quarks． ＝tis quite unsatisfactorY that their   

arguments are based on the solution of infinitely long vortex. 

Nambu 4）・5）proposedamodel，inwhichamass termof thevector  

POtential（London current）is added to Dirac－s magnetic monopole  
6） 

theory・                            ●  

’ 

£N触ら“ ＝量冊。 十仰若月言′  （1．1）  

and proved thelong－raPge COnfining force between the monopoles  

（quarks）． This modelmakesit possible to discuss the mesons of   

finite extent，but Nambu assumed the Dirac string singularities   

as a source′ Without the explanation ofits singularities．  

Broutetal・7）presentedanothermodelformesons，byintroducing  

three Higgs scalars． The relation of this modelto Nielsen and   

Olesenlsoneisunclear．  

The aimofthispaperis toshow8）thepossiblityoffinite  

Or Semi－infinite monop01e－VOrteX SYStemS aSSuming no Dirac string   
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singularitiesin SU（2）and SU（－3）nonabelian gauge models and  

furthermore  to discuss the quark confinement in the hadron, 

especially to construct Y－Shaped and△－Shaped barYOnS・We   

impose the boundarY COndition for Higgs scalars at r＝＝00′  

◎（i）（Ⅹ）＝F（i）u－1（Ⅹ）T（i）u（Ⅹ）．whereU（Ⅹ）is singular gauge  

transformation．The U（Ⅹ）corresponds to exp（ih？）of Nielsen－  

01esen班Odel．We show that by the sing・ular gauge transformation   

U the Dirac string singularitY naturally appears a＄ a reSult of   

the formula  

（∂l∋ユーヨユ3．）糾≡㍍定一（拍））ニ班ざ（ズ）g（苫〕．  （1．2）  

Our modelis a naturalgeneralization of Nielsen and OlesenTs   

● model，and glVeS the mathematicalfoundation of Nambu－s  

conjecture 4）′5）onthe quarkconfinementbYVOrteXmOdel．We  

Show′in SU（3）case′ that the baryon systems of Y（Orム）shape   

Can be constructed． Furthermore exotic systems such a＄ a  

2－2 baryonitm q q can be also constructed similarly．  

Our idea and general formulation for deriving the vortex 

SOlution of finite sizeis brieflY Surnmari2：ed as follows．  

considerthe］tHooft－PoIYakovmonop01e9）1forexaunple．The  

lines of magnetic force extend radially from the monopole to the   

infinities（Fig．1（a））． ＝n the case of the monopole－antirnonopole  

systemlO）ltheselines originatefromthemonopoleanaterminate  

at the antimonopole（Fig．1（b））． Since thelines of magnetic   

force extena over the whole space ana arB nOt SqueeZed／VaCuⅦ鳳Of  

these systemsis a normalone（i．e．′ nOt a  SuPerCOnducting vacuum）   
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The energY E of the mopop01e－an七irnopopole’SyStemis a decreasing   

function of the distance L between these poles． We can separate   

these poles far from each other by only finite energY．Therefore   

these monopole・and antimonopole are not confinea．1n order to   

derive confining force between these p01es，We muSt ernbed these   

SYStemSinto a superconaucting vacuum，becausein this vacuum   

the magnetic fluxis squee2：ed and this squeezed magnetic flux   

tube（vortexline）1eads to the confining force between these 

POles（Fig・2）・The energies of these systems per unitlepgth  

are constant： E／L＝ COnSt．（except for the vicinities of the end   

POints）・  Thus we can．get thelinear confini叩POtential  

E ＝ COnSt．×L for the monopole－antimonop0le sYStem Of the distance   

ム．  

We now formulate the aboveidea bY meanS Of a suitable   

Classicalnonabelian ga叩e theorY・The Lagrangian that we adopt  

土s  

K  
（i） 

ご＝一如ポ十∑下里D吋’－レ（引′                言＝J  
（1．3）  

where◎ （i）areKHiggs scalars．ThenurnberKofHiggs・scalarsis  

Chosen so as to break spontaneousIY the gauge sYrnmetrY Of（1・3）  

COmPletely（complete班eissner effect）． The Euler equations are  

K 鞘ん∨＝－嗜r重くt：Dp軒）〕．  
げ年季‘i’＝嶋a現垂－り． i＝′ノ・・・．K．  

（1．4）   
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whereD （i）＝∂u◎ （i）－ie【A 
リ 

Euler equations（1．4）．weimpose boundarY COndition at r＝＝  

昏（；之ス）＝干（i）誼けりu呵  i＝／．‥・．K．  

（no summation overi）  

（1．5）  

where F （i）arerealnumberconstants andtobedetermineabythe  

minimum of Higgs potential・U（Ⅹ）is SU（N）matrix which depends on  

X帥rough certain angles．e・g・，SPhericalangles O andY），and thusis  

singular七ransformation because of豆1．2）．T （i）are constant nor－  

malizedgenerators，e・g・，T（i）＝Tl／2for SU（2），入1／2for SU（3）． ●●  

We see from simple energetic considerations that the Euler  

equations（1．4）have no static solutionin the semi－infinite and   

finite monopole－VOrteX SYStemS Without anY eXPlicit external   

boundarY COndition（1．5）． The dYnamicalsolutions，however，may   

exist，e．g．，for the rotating sYStemS．1n our modelmonopole or   

antimonopole of the system is assumed to be attached at the ends 

Of vortex（or of the si叩ularline of U）bY the boundarY COndition  

（1・5）・This boundarY COndition provides the superconductivity   

current which is necessary to enclose the vortex line of any 

Shape． The number K of：一王けggs′SCalars，and the tYPe Of the  

matrices T （i）of（1．5）are chosen so astoproduce vortices，  

Otherwise，t H00ft－PoIYakov－1ike monopole willbe obtained，   

豆hich willbe unnecessarY for the confinement． As explained   

later，itis quiteimportant to choose an appropriate form of U   

in（1．5）in order to create the supercurrent whichis necessarY   

● to preserve the vortex sYStem Of glVen Shape． The choice of U   
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determines the shape of monopole－ⅤOrteX SYStem・  

Furthermore′if neededr weimpose the following ansatz for   

the Higgs scalars of r ≠00′  

蹄J＝プ‘～お′冨）晶げりu勘 i訂′．…．Kノ  
′   

（1．6）  

where p≡（Ⅹ享＋y2）l／2andf（i）areL・fomfactors・・endtheY耶騨（迫血the  

皿StantmluesF（i）atr＝甲．Someofthe◎（i）（Orf （i））rnustwish  

the singularlineofU（Ⅹ）becauseof thecontinuityof◎ （i）on  

thisline・The f（i）aretobedeteminedbyEulerequations ana  

their values near the vortex system must be solved numerically．  

From the requirement of finiteness of the energy of the  

sYStem，WemuStaSSure 
ll）・12）  

年季‘1㌔）＝0′iニ′．…．K  （1．7）  at ）～㌧こ＝00．   

After the transformation u，the condition（1．7）is reduced to  

【で’（i） 

，Aこ】＝OwhichleadstoA・＝OIPrOVidedthatthegavge                               リ  
SymmetrYis completelY broken（complete Meissner effect）．  

Therefore our boundarY COnditions at r＝00for the＝iggs scalar  

and the gauge potentialare surnmarized as follows  

卓（J；スノニF（りuてユ汀仙u（ス）． む曇ト′… 
′K′  

ヽ  

バ〃（スj＝－吉㌔u‾仁丹U（X）．  
（1．8）   

●■ 土n orlglnalre9ular gauge and  



ー 6 －  

‘÷） 李（÷）ム）＝アナり．iこ′．‥・．K．  

／  

パ〃（J）＝b′  

（1．9）  

in singular nvortex gauge1．，reSPeCtivelY．  

Ztis most convenient to solve Euler equations（1．4）after  

the unitary transformation U．BY this fransformation，SuPerCurrent  

（土） ヘ ス（i）  

（exceptforLondoncurrent），iei≡1【◎、⊥’・au◎、⊥J］vanishes・but  
insteadDirac string appears・ThetransformedfieldtensorF 

v  

is  

U 
′ F什∨→Fpv記叫ご－∂ソパトe叫ノ月わ十年芦u，  

（1．10）  

轟≡一組隼．aソ〕U∴                         ヽ   

☆  

Where thelastternG 
叩  

hasin 

because of the singular nature of U，namelY eXPlicit？dependence  

Of U． String singularities are derived from the formula（1．2）．   

Correspondingly transformed A，has一ユノp sinqularity alopg the  
p  

Center Of vortexline，but originalA has nol／p singularitY，  
リ  

because the singularity of vortex and that of the pure gauge  

term－（i／e）純一1・UcanceleachotherlO）．TheEulerequations  

in the singular gau宙e are  

′  

K 動声二夷汗㌍′r軒iこ′4誹．           声J  （1．11a）   



－ 7 －  

ヰが垂 i＝′．‥・ （i）′＝－⊇現計）二 ノK．  （1．11b）  

The solution must be obtained numeriqally． Butits approximate   

SOlution can be obtained easilY aS follows． BY aSSuming the   

minimunOf Higgs potentialfor the Higgs scalars  

委（ご）長）ニF（ヤーr） 
′ i＝′ノ‥・ノK．  （1．12）  

the Euler equation（1・11a）is written bY   

K  掬Jニe2ZF（i）キT（～ごけど三ヰ〕プ．               ；こJ   （1．13）  

The righトhand side of（1・13）gives the mass term of the 

POtential・For the singular ga早ge tranSformations that we shall  

adopt・’・belowj the・；■七ensor  

★  
兜   G叩isalwaysdiagonalmatrix′   

3 
e・甘‥G12（Ⅹ）＝（4¶／e）（T／2川Ⅹ）6（y）8（－Z）知theU（0′？）of§3－1・  

Thus by setting  

パ′巧ス）＝：。  β＝Ofトd土叩Onalco叩。nen七S∫ （1・14）  

土n（1．13）we ob七a土n  

鵜〃パJα－aレパ㌍十辟）＝仰み）パ㌍ノ  （1．15）  

Where ct takes diagonalcomponent（s），i．e．．α＝3 for SU（2）and  

α＝3・8for SU（3）・Gauge potentials with off－diagonalcomponents   
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can be set equalto zerolbecause they have no string sources  

Themv（α）isthemassofthegaugepotentialsAαandoftheorder リ  
eF（i）．The equation（1．15）is easily solvedas  

パ欝けノニ0ノ  

J れ＝語長尋～  
ム  

勒剛′緑J  
（1．16）  

／ぎー引  

α ＝diagonalcomponent（s）   

Where the Diracmonopole and antimonopole of the strengthg 
α  

一     J arelocated at a and b respectivelY，and thelineintegralis  
iic takenalopgthe singularline ofG・TheAOf（l・16）isvortex  
叩 

SOlution and its singular partis expressed by DiracIs formula  

拍車 
藩唇（  

ノ′ 〕′   

（1・17）  

J憲一封  

★  

Which has thel／p singularitY along the singularline of G 
、． VV  

Afterperforminq theinverse transformationu－1r weobtainthe  

fieldsin the orlglnalgauge                                                            ●      ●  

昏（fキ‡）＝F（～）u－tズ汀rJJu叫ノ  i芸才′‥・．K′  （1．18）  

パ∂（ユ）＝0ノ  

J  

一帖訃か折αu（紆上詣x苛f パ（ズ）ニエ                        も  

刊Ⅴ抑言一ぎJ  （1．19）   

J言－ざJ  

ヰ意吉山トい封ノ  
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Which has nol／p singularity．・Thel／p singularities canceleach   

Other between the first and second terms on the right－hand side  

of（1．19） 10）．The fields（1．18）and（1．19）are solutions of the  

Euler equations（1．11）under the assumption（1．12）． These are  

also considered to be solutionsin the r9glOn far away from the ■  

VOrteXline． The approximation（1．12）where the Higgs scalars   

take their vacuum expectation values over the whole space is 

justifiedinthe‖Londonapproximation一・7），・Where  

O（入s／入Ⅴ）＜く1・Here the penetrationlength入v of them叩netic  

field and the coherencelength入s of the Higgs scalars are  
－1 －1  

defined bY入Ⅴ＝mv and入s＝ms reSPeCtively and themv andm s  

arethetypicalmasses of theA・and◎ （i）afterthe spontaneous  
リ  

Symetry・breakdown．  

The singular gaTlge tranSformaticns usedin this paper，for  

u（1）andSU（2）cases．are（i）u（や）＝e－i叩fortheinfinite  

VOrteX－1ine sYStem，（ii）u（0・？）＝eXP卜iYZ3）exp（ie＝2）e】q？（if＝3）forthe  

Semi－infinite monopole－ⅤOrteX SYStem and（iii）u（6，？）＝  

exp卜i？＝3）exp（i6＝2）exp（i？＝3）for the finitemonop01e－VOrteX  

SYStem・The sihgular 

wereusedbYArafune etal・ 10）▼inordertofindthel・point  

S01utims‖for the －t Hooft－P01yakov monopole and monopole－  

antimonopole systems・TzeandEzawa ll）have alreadypointed  

OutthatthelasttermofF Of（1・10）is equalto（2甘n／e）6（X）6（Y）  
v  

in the case（i）ofノthe singular gauge transformation U（？）．1n  

＊  

this paperwe also showthatthetensorGv（Ⅹ）≡  

－（i／e）囲ぃ∂v－∂v∂いげ1・           1S equalto＝3（4T／e）6（Ⅹ）6（y）8卜Z）and  

工3（如／e）6（Ⅹ）6（y）‡0（a－Z卜8卜a一三）‡ねrU（0′？）andU（6′軌respect土vely・   
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Furthermore，in su（3）caselWeintroauc？the following  

Singular gauge transformations：（iv）u（O，や）．and U（6，里 defined  

in§4－1for the semi－infinite and finite monopole－VOrteX SYStemS  

respectively′and（Ⅴ）S＝UlrlU2r2U3・Of§4－2for theY－Shaped  

and△－ShapedbarYOnS，Whereui（Ⅹ）≡U（6 （i），？（i））withthevertex  

angle6（i）ofthetria叩1eformedbYtheobservedpointandthe  

two end points of the（i）vortexline of the sYStem and the  

azimuthalangleq）（i）aroundthis（i）vortexline（seeFigs．7and  

8）・TlandT2areSuitablematrices・TheGニvforU（6，？）of（iv）  

is（2T／e）ト3B（入3／2）＋乃（α－Y）（入8／2））6（Ⅹ）6（Y）（0（a－Z卜0卜a－Z）‡and  

Similar expressions are obtained for the U（0，？）of（iv）and the  

S（Ⅹ）of（Ⅴ）．The details willbe presentedin §4．  

★  

Our tensorG（Ⅹ）corresponds to DiracTs one・Whichis  
叩  

introducedinhis abelianmagneticmonopoletheorY6）．＝t should  

beemphasizeathatDiracintroducedhistensorGvexplicitlyin  

hismagneticm。nOP。IetheorYbyhandbutourGvisderivedfrom  

the non－COrnmutativity of the derivative operations for the  

Sing●ular gapge transformation． Monopole or antimonopole source  

Of our moaelis considered to beintroduced externally through  

the singularity of the U matrix．  

This paperis organized as follows・1n §2，theinfinite   

VOrteX－1ine sYStem Willbe discussed． A relation between the  

染  ＊  

☆ ＝iggscurrentie（¢a¢瑚¢）andthe”Diraccurrent・一∂VG  
リ り  リV  

under the singular．gauge transformation u丹）is pointed out．  

Atlarge distances，the Nielsen－Olesen u（1）modelin the London  

approximation7）′With theaidof the singulargaugetransformation  

U（？）′yields theNambumode10f tムeinfinite Dirac string with   
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Strength of n Dirac units． We・Obtain the same expression for the   

gauge potentialas that of Nielsen and Olesen，bY tranSforming   

from f．vortex gauge一一 to the orlglnalgauge． 二  

＝n §3，Semi－infinite and finite叩OnOPOle－VOrteX SyStemS  

willbeconstructedintheNielsen－01esenSU（2）Higgsmode13）．  

We adopt this modelas one of the simplest nonabelian Higgs   

models from which the nonabelian vortexlines appear． This  

J ＿J  

modelhas twoisovector Higgs scaleLrS4）and車For the semi－  
－J  

infinite case of §3－1，Our eXPreSSions for the Higgs scalars4）  

andゆare closely relatedwithMandelstam・shomotopY13）．The ＿J  

Parameter βin his homotopyis assumed to depend on the spatial   

COOrdinates，i．e．′ β ＝ TT － O with the zenith angle O． We   

investigate the behavior of fields near the axis of symetrY and   

atlarge distances from the vortexline． The Higgs scalars have   

the nodallines on the negative z－aXis and then we can check the  

complementaritYll）oftheDirac stri叩Sandthenodallinesof  
the Higgs scalars． Furthermore we see thatin the 一一vortex gaugelr，  

theEulerequationf。rAヨintheLondonapproximationisidentical  
With that of the Nambu model・The magnetic monopole at the end  

POint of the vortexline have the strength of two Dirac units・  

There exists no Dirac stripgin our monopole－VOrteX SYStem Of  

the original regular gauge. A finite monopole vortex system of 

this modelwillbe discussed in §3－2． Similar results as in   

§3－1are obtained for this sYStemr PrOVided that the singular  

gauge transformation u（6，？）is usedinstead of U（O，tP）in §3－1．   
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＝n §4．we shallextend the argument of §3to the SU（3）gauge  

group・Finite and semi－infinite monopole－Ⅴ？rteX SYStemSin our  

A3and  SU（3）Higgs modelare presentedin §4－1．The potentials  

Aニ80f  Our 一一vortex gaugel－ have the Dirac string singularities  

With the strengths  

（1・20）  
お≡誓岬′  鮎≡ズ（才一d）．  

The α．βand Y are parameterS Which characterize the sipgular  

SU（3）gauge transformation U（Ⅹ）and have quantized values owing   

to the conditions   

Jα′叩．Jぎ′αザノP一葺ノオーα   ＝土nte押S・・（1・21）  

Which are derived from the single－Valuedness of the Higgs   

SCalars． Some of the nontrivialvlaues of α．β and Y arelisted   

in Tab・1（a）and（b）・We get two kinds of quantized magnetic  

VOrteX fluxes（charge）（1・20）．But thereis one difficultY that  

Aこ3andA 8  are mixed by gauge transformation．1n order to overcome  

this′ We define the following gauge－invariant field strengths  

（∫そ（2）㌔） 

2甜2デー壷ぐきろキソ，孟頑壷針つちu ノ 
（1・22）  

whicharereducedtoF＝aAα－∂Aα・G 
v v ・ 

α＝3・8inour  

・・vortex．gauge・一・Thp◎（i）are theHiggs scalarsinoursu（3）model  

andthe忘（i）arethei士，。itablYn。rmalizedfields．TheAxA  

temsofF：vanish，because‘onlYthediagonalc。mPOnentSOfthe  
gauge potentials remainin our approximate solutionin this gauge．   
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普1eSe temS Can nOt be neglectedin the exact solution，however・  

Thefieldstrengths（1・22）whichweshallden。te3芸vand訝≡≡  
can be used to define the magnetic fluxes of vortices or  

equivalentlY the magnetic charges of monopolesin a gauge－  

invariant way．．Color－ of monopoles（quarks）is defined by these  

landl＝fluxes（Tablesl（a）孤d（b））・Red quarkis aefined by the  

one from which both vortices ＝ andlエ Origlnate． Blue quarkis   

defined bY the oneinto which vortexIcomes and from which   

VOrteX ＝＝ origlnateS． Green quarkis defined by the oneinto   

Which vortex ＝＝ of two units of fluxes comes． These two magnetic   

VOrteX fluxes glVe いchemicalbonds一一 between red′ blue．and green  

quarks（monop01es） 5），18）．ェtis acciaentalthatthelcolorlof  

monopoles of Tab・1coincideswith the elgenValues of入3and入 8  

0f SU（3）group・The origin of this］color－is the topologY Of  

the fields・We shalldenote thisIcolorlbY adding quotation  

marksin oraer to discriminate！it from the c。nVenti。nalc。1。r‡）′2）  

＝n §4－2t Y－Shaped and△－Shaped barYOnS are PreSented．As  

explained previously′ We Canintroduce the singular SU（3）matrix  

S（Ⅹ）which gives desired Y－OrムーShaped Dirac string singularities  

totheAこ3andAこ8gaugepotentialsinthe・Tvortexgauge”・1nthe  
Y－Shaped barYOn，the each sum of fluxes of the two kinds of  

magnetic vortices z andllis assumed to be2：erO at the］unCtion ●   

Of three vortices；Otherwise we would not obtain．genuine barYOn  

SYStem qqq・The Y－Shaped baryon may beim甲ined to be constructed ノ  

from the three meson sYβtemS RR′BB and GG of§4－1by gatheri叩  

i■■i■∵ their three antimonopoles Rr B and G at the〕unCtion of this ■   

barYOn SYStem，Where the each sum、of the twomagnetic charges of   
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衰′ 豆and己must vanish（Fig．7）・・The difference between the Y－  

shaped and△－Shaped baryonsis pointed out・  

＝n §5，We Shalldiscuss Gauss．theorem on our squeezed  

magnetic flux・・Thisis examined under the London approximation  

andin theI一ⅤOrteX gaugelIof our modelsr where only the diagonal   

COmPOnentS Of the gauge potentials remain． We can express the  

dualtens。rF 
vI WhereFvv＝∂vAv－∂vAv＋GニvforAv≡Aこ3or  

Aこ8′土n  
a transparent form for phYSicalinsight．We see that．the  

magnetic flux orlglnateS from the monop01ein two distinct forms． ●●  

For the semi－infinite system of §3－1，for example′ One eXtends to  

m石1alon9  infinityin the form of squee2：ed flux tube of radius   

the negative 21－aXis． The other part extends from the origin  

l 
srbrica11YlikeYukawaforcewiththerangem；l・ Forr＞＞m；，  

thelatter part vanishes，but the former extends toinfinitY and   

PreSentS the origin of confining force between quarks・Magnetic  

flux ◎of the squee2：ed flux tubeis equalto the magnetic charge  

g of the monop01e at the orlgln，i．e．′ ◎＝－gin our notation． ＝＝   

Similar results can be obtained．for the sYStemS Of §§3－2 and4－1．  

rn §6，the quark confinement willbe discussedin our su（3）  

Higgs model・Our＝ and＝Z vortexlines correspond to the vortex  

bonds of Nambu・s phenomenologicalchemica王bondm。delf。r hadr。克と：18）  

These bonds a1low only TcolorlessIstates such as RRt BB and GG  

meson systems and RBG baryon sYStem aS finite－energy StateS・By  

lcolorless7 states，／We Shallmean such systems with no magnetic  

－color，charge． The allowed statesin our su（3）mod．elare   

（i） 一colorless－ mesons：RR，BB′ GG，  

（土土） －colorless－ baryon（an七土ba士yon）：RBG（豆5己）′   
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■lll1－＝＝＝二   222 
（iii）・colorless－exotic states：RRBB，RBGetc．（Fig．10），  

（土Ⅴ）pomeron 5）け土9．11）．  

＝tisinteresting to note that some exotic states are allowed  

in our model．・Allthe other systems 声uCh as －c0loredlmesonst   

Icoloredlbaryonsldiquarks′isolated quarks′ andIc010redl   

exotic states，e．g．，RRBB are excludedin our model． We see that   

the confinement of quarks，in this chemicalvortex bond model，   

Can be explained atleast for TcoIorless－ states，but does not   

necessarily select thelcolor－ singlet hadron states． ＝tis   

interesting to study experimentallY the difference between the   

－colorless－ statesin our modeland the cblor singlet statesin   

the conventionalcolor model・Further analYSisis required on  

七his po土n七．  

Thelast section，§7，i已 devoted to conclusion and some   

f土nal remarks．   
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§2．TheNielsen－01esenU（1）modeland theNambumode1 
8），＊）  

zntheNielsen－01esenU（1）mode13）theLagrangianis given  

by  

ご＝－去〔∂小 一叫ナナ／ra仁一叫）畔一岬′  

レ坤）＝Pユ／刺ユ十貴酬ヰ．叫2く∂ノス〉0〕  
（2．1）   

The Euler equations for the gauge potentialA and the complex  
リ  

Higgs scalar ¢ are  

ざ（叫ん－れ卑）ニie（や＊ar巨中aげ）十抒扉卑ノ（2・2）  

毎一札卑）蟄やニー西一月仲J2¢．  （2・3）  

The Nielsen－01esen ansatz for¢and A is4）（Ⅹ）＝eXP（in乎）f（p）， V  

・－1 O ⊥   

A（Ⅹ）＝OandA（Ⅹ）＝eやg（p），WhereY＞istheazimuthalangle′e？ J   

is the unit vectorin the direction of？and nis aninteger・  

The f（p）and g（p）are realfunctions of p≡（Ⅹ2＋y2）l／2．  

Substitution of this ansatzinto（2．2）and（2．3）1eads to   

differentialequations for f（p）and g（p）． Thisis NieLsen and   

OlesenIs procedure．  

We now appIY Our generalmethod summariヱedin §1to the  

★） The tem Tfsingular gauge一一 usedin §§2 and 3maY also be  

Substituted by”vortex gauge－l． Thelatter willbe usedin 至4   

and the subsequent sections．   
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Simplest Higgs model（2．1）． We take the same ansatz for the  

Higgs scalar中asNielsen andblesenTs one：¢（Ⅹ）＝eXP（i呼）f（p）・  

We remove the phase factor exp（inY＞）of中through the singular  

gaugetransformation＊）u（y）＝eXP卜inY），SOthattherealHiggs  

scalar4）．＝f（p）is obtained and the diggs current vanishes・  
★  

ThetransformationU（y），however・yields anewtermGV（Ⅹ）to the  
リ   

Euler equations（2．2）：  

抑∂ド月ニー毎牢）＝準晶十2♂ナユ宥ノ  （2．4）  

（ロー叫A中）f＝一再∴対3′  （2．5）  

Where  

本 ＝ルー正力極∪・∪‾′㍉卑一叫年中ノ  

（2．6）  
ヽ  

轟ノ≡－きU（争aレーaレ叫げ′ニ苦年∂リー坤旭   

★  

Thenonzero components of Gv are glVenbY  
l.rv 

ポ（‡）ニー成田主管餌）決れ  （2．7）  

＊） BY Singular gauge transformation，We Shallmean gauge trans－  

／  

formationU forwhich a∂U＝∂∂U fails to hold onlines or  
リv vv  

po土nts．   
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Where we have used the f01lowing relation：  

－ユ  

寄港＝2佃柑ノ声明ノ0）・  
（2．8）  

we see that the ve。tOr言／p2is divergenceless。。tSide the z－aXis．  

＝n orderto estimate the守・（言／p2）on the z－aXis，Weintegrateit  

Xy糎Jdxdy苛・（言／p2）＝∫呼＝2細（2・8）土s  

土．        A more rlgOrOuS treatment Wi11be provided with the   

distribution theory． See Ref．14）．for example．  

★  

The tensor G仰Whichhas nonzero components Go3＝ －G30（＝G12）  

can be expressedin terms of DiracIs string variables Yリ＝Yリ（T．Cr）：  

年侮＝越庄〔捌り］Sヰ虹れ  

［折田≡虔針ぜ－ぜ盆ノ       すで1灯′＋1犯㌧匂て  

（2．9）  

0  1  2  3  
with y ＝T′ Y ＝y ＝ 0，y ＝0，and督l・＝－2Trn／e（n Dirac units）・  

貴  ThetensorGin（2・4）canbe regarded as theonederived from  
リリ  

the Dirac string extended on the z－aXis from z ＝ －00tO Z＝00・  

AppIYingPatk6s－argument 15）to（2・4）and（2・5），We See thatthe  

Higgs scalarゆ一 ＝l中Ihas the zeros on the whole z－aXis，Which  

implies the continuity on the z－aXis of the Higgs scalar 中 ＝  

exp（inr）Ⅰ射intheregulargauge・Furthermorethecomplementarity ll）  

Of the Dirac stringsin the singular gauge and the nodallines  
′  

Of the Higgs scalarsis satisfied・  

Compared（2．4）with（2．2），We find that the Higgs current  

乗  

★ ie（¢aゆ－¢∂り中）in（2・2）isexactlyreplacedbythe一一Diraccurrent’l   
リ   
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V 
aG。土n  

V 
∂Gリ  

（2．4）． Note that the Dirac current  1S nOnZerO  

Onlyin theinfinitesimalregion around the z－aXis（theinfinitesimal   

S01enoidalcurrent）and，in contrast，the Higgs currentis not s0．  

Next weinvestigate the behavior of A．atlarge distances   
リ  

from the vortexline・1n th弓temPOX：algauge A占＝0，the equation  

（2・4）yields the followingintegralequation for A：：                                                                   1  

墟）＝叫ね（喜一緑壕（エリd完′  

十2辣（妄動糎）JL仲刷り新旭妄：  

（2．10）  

where we haveimposed the condition守・五・＝0，Which willbe proved  

latertobe？OnSistentwithourfinalresultforA・＊）・The function  
リ  

G（；一芸l）＝（1／4T）｛exp卜mvl妄一芸t暮）／l妄一芸T（｝istheGreenfunctionfor  

the massive vector fieldwith mass mv＝eF．in which Fis defined  

bY（¢（co）I＝F／Yq．Theinteqralequation（2．10）can be s0lved，  

formallY，bY theiteration． Thisiterative expansionis justified  

f。rlargedistancesp＞＞m；landintheLondonapproximation＊＊）as  

★）1n the derivation of（2．10）we have assumea the relation  

【∂リ′aV】現＝  0・ ＝ts〕uStificationis glVen bY Single valuedne・SS  

OfAJwithrespectto the space－timepointxリ・See Ref・16）・  

＊＊）According toBroutet al．7），We refer totheneglect of the  

terms O（mv／ms）＝0（入s／入Ⅴ）as the‖London approximationf7・Here  

mvandmsarethema去sesofA andゆafterthe spontaneous リ  
21／2 sYmetrYbreakdown；rnv＝e（－2リ／入） ・ms＝（旬2）1／2・The  

Penetrationlength入v of the magnetic field and the coherence  

－1 length入s of the Higgs scalarゆare defined by入Ⅴ＝nb and  
－1  

入s＝ms r reSPeCtivelY・   
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Shownin the following．  

The first zeroth－Order term of the right－hand side of（2．10）  

is equalto the gauge potentialinthe Nambumode1 4）′7）  

榔）ニ羞j⊇呵  ‡ニち昔Ⅶ叫物ザ）ノ（2・11）  
ぽ－ヲ／l   

Where thelineintegralis taken along the whole z－aXis．After  

iteratibn the first－Order term for A！is obtained as  
エ  

り 
＝苦ⅦⅤ   

風紳輔軸㈲梱鵬′d∠′ぬセ′（2．12，  
1 2 wherep・＝重言・I，う・＝（Ⅹ一，Ⅹ・，0）and芦＝1盲J・l．Themagnit。d  

of the Higgs scalarIゆ（妄・）暮differs fromits vacuum expectati。n  

Valueonlyin the regionof O・・一三PI≦入s・Thereforewe can  

roughlY eStimate theintegralin（2．12）bY aPPrOXimating the  

2 

differencelゆ軸2－I中（妄・）一2bYthestepfunction陣）I0（入s－PT）：  

碑り全署恥眉郎叫2克醐K笹鵬′d抽ね．（2．13，  
0≦′望ん  

Since the condition p＞＞入Ⅴ＞＞入sis satisfied atlarge distances  
and under the London approximation．we get   
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肘）≧串署叫岬Xオほ）1  （2．14）  

Where we have replaced Rl（mvpI）of（2・13）bYitsmost dominant  
part（mvpリー1・From（2・11）and（2・14）weobtain  

＿J／ パぼ）ニ新宝）／0）十片ほ）（り  

望ち冨鞠妬画画一け0伯ぶ施）り‡  （2．15）  

。PtOthe first。rder。f忘l（遠）．Th。Sitisコ。Stifiedt。S。1ve  

（2．10）iteratively forlarge distances andin the London  

★） approximation・Weconcludethatlforlargedistancesandin  
the London approximation，the Nielsen－01esen U（l）modelin the   

Singular gauge（（2．4）and（2．5））can be approximated bY the   

Nambu model  

蒔声一旬ヰ十轟）＝戒卑  （2．16）  

and the constant Higgs scalar4）T ＝F／′言．  

Finally we show thatif we perform theinverse transformation  

★） We may expect，SaY，a term Of the order of magnitude  
ノ  

（入s／入Ⅴ）1n（入s／入Ⅴ）in thehigher－Order expansion of（2・10），but  
theY do not change the result of（2．15）under the London   

approx土ma七土on．   
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－1 
u（P）tothesolution（2・11），Wegetthesameexpressionthat  

Nielsen and Olesen obtained bY treating［¢】as a constant・After  
－1 

performingu（P）tothevectorpotential（2・11），Weget  

如；ちト葦十嘗瑚物ゲ）） 
ノ   （2．17，  

and the Higgs scalarisゆ（Ⅹ）＝（F／花）exp（in？）・Thisis the  

result of Nielsen and Olesen：TheY Obtained（2．17）bY SOlving  

the Euler equation（2．2）in whichl中Iis treated as a constant．  

We could reproduce the same result as that of Nielsen and Olesen   

through a different path from them, which indicates the consistency 

Of our treatment of the singular gauge transforma七ions．   
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§3． The monopole－VOrteX SyStemSin the Nielsen－Olesen SU（2）  

H土管gS mOde18）  

§3－1． A semi－infinite monop01e－VOrteX SYStem  

We now dealwith the semi－infinite monop01e－VOrteX SyStem．   

Our methodin §2 can also be applied to this system． We adopt  

theNielsen－？1esenSU（2）Higgsmode13），Whichcontains two  
J  ★） 

isovectorHiggs scalars中and．TheLagrangianis glVenbY  

よニー轟后十下甲D竹中十下町甚呵－∨（中ノ軌  

レ掬朋＝2射げ十4句れげ十2d之下やユ十射押印ザ  

十2e2御中十弗招仲げ  （3－1・1）  

（c2′d2く0′ Cヰ′dヰ，eヰ〉0）  

☆）Broutetal・Choseamultiscalarmode17）containipgthree  
－」l  

Higgs scalarsq＞i・for convenience・However／in SU（2）case onlY  
3）  

twoHiggs scalarswithnoncollinearvacuumexpectationvalues  

are sufficient for deriving the vortexline． Thisis the reason  

一 一  

for our chice of themodel（3－1・1）・・Higgs scalars9＞i（orゆand  
＿▲  

X）of Ref．7）which varYin space keeping a pYramidalsymetry   

in their gro11nd states are replaced bY（3－1．4）in this paper   

Which variesin space keeping the configuration（3－1．5）with  

f土Ⅹed rela出ve angle鴇・   
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Here V（¢′ゆ）is the Higgs potentialand the Euler equations are  

琳レ～   －－ie〔中ノD〃中〕－ie〔れ恥サ〕ノ  

靭中＝瑠ノ  肌叫＝瑠′  

（3－1．2）  

（3－1．3）  

Where＝ApaA‾ie【A・ 
v vvリ リ 

㌔］，Dリ¢＝aリ¢‾ie【Aい′ゆ〕t  

A ＝（Ta／2）A a etc．andギare the Paulimatrices．  リ          リ  
Consiaer a static axially sYrnmetric semi－infinite vortex   

line whose energYislocalized about the negative 2：－aXis（Fig．3）．   

CorrespondinglY We PrOPOSe the following ansat2：for the Higgs  

J ＿＿．ゝ  

SCalars ¢ andゆ：  

有明＝f00ぶ紬5年十抑沖′仏s∂－り∽5甲S明′－帥如拙轟軋  

中岡＝f∽融5鞠S（甲一因十∫呵S柄（中一仇↓  

ひ5紬岬∽S叩一侮）一山叩g肌咋一勒）．  

ー帥紬5咋一中¢）坊耽れ  （3－1．4）  

Where Ois the zenithaTlgle・Here乎ois aconstantdetermined  
3） fromtheHiggspotentialV（中′帖andweassumetObe％≠0・¶・  

Thean丘are sbme functions（the”formfactors1．）・ェn  

（3－l．4）．we have explicitly fixed only the directions of the   

Higgs scalarsin theisospln SPaCe analeft their rnagnitudes／ ●   

申 ゆ i・e・′fana funfixed・Butthese㌔andf中areChosensoas   
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to satisfy the suitable boundary conditions compatible with this   

VOrteX l土ne．  

The Higgs scalarsin our sing・ular gauge are expressed as  

恥＝（′′ 0′ 0）ち服）ノ  

ー／ 岬＝（ひS％′S略′0）中尺れ  （3－1．5）  

The above Higgs scalars（3－1．5）are connected with those of  

（3－1・4）in the regular gaTlge through the singular 

formationu（8，？） 10）＝eXP（－iy＝3）exp（io12）exp（iy＝3）・i・e・・  

－l・ －1 
¢＝U（0，？）ゆTu（8′？）andゆ＝U（O，9）ゆIu（0胡・TheHiggs scalars  

一 ¢一and苛．leadtothevanishingHiggscurrents；－ie町′ ∂u¢l］＝  

－ie［ゆl′∂りやl】＝0， 

－ Of the ansatz（3－1・4）・Note that¢Iandマーare on the12－Plane  

in theisospln SpaCe and the angle between themis the constant ■  

？0・  

一   On the positive z－aXis，the Higgs scalars中andすof（3－1．4）  

agree with those of（3－1．5）having constant directionsin the   

isospln SpaCe． On the other hand，the Higgs scalars around the   

VOrteX line near z ＝ －00 are  

録J陣＝ト∽S神′一郎れ2乎ノ0）かp′芝）′  

申叫脚＝トぴ〔叩一吼一帥（叩－‰）′叫咋′れ （3－1・6）  

⊥ゝ We see from（3－l・6）that，When a point P（Ⅹ）in the phYSicalspace  
＿ユ  

turns once around the vortexline near z ＝ －∞，the 中 and  

＿ユ  

V）rOtate tWice around the third axisin theisospin space．   
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＿＿1 －  

There do not exist such contiTluOuS H皐ggs scalars 4）and中aS tO  

agree with（3－1・5）at o ＝O and，at O ＝＝ TT，rOtate旦堅遅 arOund  

the third axisin theisospin space when the point P（妄）turns  

OnCe arOund the vortexline near z ＝ －∞． For example．in   

（3－1．4）．the many－Valued Higgs scalars appear at theinterval  

O＜0＜7Tif we replace9byり2，though we get desired fields  

at e ＝ O and・汀． We return to this problemlaterin this section．  

Note that our ansatz（3－l．4）is connected with M．andelstamts  

homotopy 13）throughtherelations㌔＝¶－α′？＝2¶－¢and  

O ＝Tr － β・The angle ¢ denotes Mandelstam’s azimuthalapgle and  

also the parameter β characterizes his homotopY．  

AppIYing the singular．ga†1ge tranSform卑tion U（8′？）to（3－1・4）′  

We get the Higgs scalars（3－1．5）and then the Euler equations   

（3－1．2）are given by  

妬ニ㌔か㌻ヰ ・輯  （3－1．7）  

Where  

パ㌻㌔（0ノ堆ギ）   

and   

耳ネ痢雄一明神職種ノー朝潮湖相和埠ノバn．  

★  

ThefieldtensorFaCquires anewtermGin the singular  
仰  vv  

gau甘e：   
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バ声ニリバトU‾∫－‡斗U・U‾′ノ  （3－1．8a）  

′ 斤ソニ年月ご－au宥－；e仁パ言′ん］十年芦u．   
、  

感㍉    －一言U〔a㌣ヨレー∂レ3〃）U‾t  

（3－1．8b） 
★）  

（3－1．8c）  

★  

ThenonzerocomponentsofGaregivenbY  
叩  

G㌔（ズ）ニー舐刷  

ニ管絃1羊十ぎ阜十ぎ（ト封）紬ざ（冴）  

－ぎ筈8（明）帥g）′ eXCePtfortheorigin，（3－1・9）  
Wherer≡園′and（2・8）andtherela七ionJ（Ⅹ）≡（av－av）O＝0  

叩 

（exceptfortheorigin）havebeen。Sed’＊！Thec。rreSP。nding  

dualtensor GCanbe expressedbYDiracIs stringvariables   
仰  

（3－1・10）  

蹄）＝轟鼻Jを肌U〕鮎き）  

★）This expressionwas alsowrittenbYTze andEzawa11），but  

they did not refer to the explicit foms of singular gauge   

transformations in the semi－infinite and finite cases．  

＊＊）TheJv（Ⅹ）mayhave singularity attheorigin・＝tiseasily  

checkedthat・inparticular，theJ叩（Ⅹ）hasno63（Ⅹ）singularitY・   
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with the YVin§2and with g＝：（4Tr／e）（two Dirac units）・  

consequentlY，thenewtermGニvinFユリcanber9gardedastheone  

derived from the Dirac string with the strength of two Dirac  

▼■ units extending・On the z－aXis from z 〒－00tO the orlgln・  
一J ⊥  

WenowinvestigatethebehaviorofAこtゆ一andゆ’inthe  
Singular 

☆  

breakingis recovered・BecauseG（Ⅹ）isproportionalto  
叫  

（T3／2）6（Ⅹ）6（Y）0卜z），WeCaneXPeCtthatAぜbehaveslikel／p  
near the negative z－aXis，Thisis コuStified below，if we can  

expandthegaugepotentialsA占a（p・Z）anaA．言（p・Z）inLaurent  
series around p ＝ 0（with the fixea z）・We must extend the  

argumentofPatk6s 15）fromhis abeliant00urnOnabeliancases・  

We require the finiteness of the energY Per unitlength of the   

VOrteXline，Whichleads to the following conditions：  

ホ＝0（FPJ′Pく】知ア→0・ 頻れ中十 （3－1・11）  

Then the third component of the．，一magnetic fluxes一一is evaluated   

bYintegrating over aninfinitesimaldisk of radius E arOund   

the z－aXエs：  

垂3＝J約dデ   

2一戸 

＝皐煩慮－ejd璃毎去月言十埠埠卜令姉矩0（Eん  

く3－1．12）  

血ereHl ai≡－（1／2）EijkFTajk・SubstitutionoftheLaurentseries  
OO  ヱ 

A主a（p′ヱ）＝∑ヱ＝＿00α工a（ヱ・Z）p（＝＝P′？土nd土ces）土n七0（3－1・12｝1eads  

to   
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α蔓（－∫ノ貢）ニ言鈷ヱ）′  

α毒（－2ノ冨）ニαらト3ノ言）＝‥・＝：0ノ  
（3－1．13）  

and・inaddition・SOmereCurSionrelationsamongαza（L，Z）・s  

behaveslikel／p near the negative  are obtained． As a result   

● Z－aXIS：  

for′→0・ 帆14）  
バ鉢冨）ニ毒∂叫十叫0）   

WesimilarlYfindthatAT；andAプhavenotermswiththeinverse  
powers of p．  

Subsequently we appIY the conditions（3－1．11）to the Higgs  

＿上－ SCalars 4）IandゆT．Their covariant derivatives have．saY，the   

following components：  

（かゃつ言＝eパ鉢ノ  

（伊やつらニーeパ憲み呵。．  
（3－1．15）  

From（3－1．11），（3－1・14）and（3－1・15）′ We．get the asYmPtOtic  

forms of the form factors of the Higgs scalars nearlthe n9gative   

● Z■－aXIS：  

中′才）～ち勘P 
U亡君） 

ノソ“り〉0ノ  

ん帆言）～C押〆g：レね〉O for鼠〃㌧アう0．（3－1・16）   
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一 ＿＿ゝ  

The Higgs scalars ¢一 andゆ．h早Ve ZerOS On the negative z－aXis，  

Whichimplies the continuitY On the n9gative z－aXis of the Higgs  

SCalars（3－1・4）in the r9gular gaヮge・Furthermore we see the  

complementarity ll）oftheDiracstrin9Sandthenoda11inesof  

the Higgs scalars．  

＿1 一 ＿．ユ  

NextweinvestigatethebehaviorofA，¢■and小一atlarge  

distances from the vortexline・The Higgs scalarsin this region  

havetheirvacuumexpectationvalues：l盲）＝F中and蘭＝F 
坤・  

where㌔≡（－C2／2c4） 1／2and㍉≡（Md2／2d4）1／2・Equation（3－1・7）  
implies that alltheisospln COmPOnentS Of A－a behavelike the   

リ  

Yukawa－tYPe★）forlarge distances・Byassumingtheminimumof  

Higgs potential for the Higgs scalars 

れ＝（ル0鵜′  

折りこ毎勅ノ叫。．0）Fやノ  （3－1．17）  

the Euler equations（3－1．7）is vritten bY  

⊥や か扁ニe雫月㌻中＋♂励声．   （3－1．18）  

＊）The eigenvalues of themassmatrix forA1 1  

リ  

42  the equation（m2）2，－e2（言2＋石2）m2＋e（盲毒）  

0fm2ha苧Onerealpos損veroo七土り盲l＝潮  

0七berwise bas 七WO realpos土七ive roots．  

andAこ2sa七isfy  
O． This equation  

＿ユ＿」 andゆ⊥車′ and   
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Gaugep。tentialsA・吉andAl≡canbesetequaltozerobecause  
theYhavenOStringsources and（3pl・18）isreducedto ＊）  

3 
叫ん3－a叫十年声㌔）叩‡パ㌔′  （3－1．19）  

wherem ＝e2（F言・F言）・Theequation（3－1・19）hasthesameform  

asin the Nambu model，and we have the following solution  

月？rユ）＝0  

叫憲一釣  

ーす  
ロ  

d言′x壱  

¢く）   

山＝  （3－1．20）  ば－ま′I   

Thisis also approxima七e solution of（3－1．7）in the region far   

awaY ffom the vortexline．  

So far we have investigated the behavior of the fields in 

the singular gauge． We now translateitinto the regular gauge．  

To this aim，WePerformtheinverse transformationU－1（O，9）to  

thefieldsAa，¢一aandゆ一a・FortheHiggsscalars宣andマwe  

Obtain（3－1・4）・ForthegaugepotentialA≡wehaveA言（Ⅹ）＝O  
and  

ヽ  

第；（ズ）ごUも乎）芸瑚（ゎu輔－を組織抄U〔β′軋                              －J  

（3－1．21）  

＊） The equation（3－1．19）corresponds to Eq．（8）of Ref．7）in  

＿ユ 

Singular gauge where field xis real． Our（3－1．19），however，  

★ takes accountofDiracIstermGvvexplicitlY，incontrasttoRef・7）・   
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weeasilYSeefrom（3－1．21）th？tthel／pbehaviorofAlisjust  

－1 
cancelleabYthepure．gapgeterm・i・e・r－（土／e）∂iU・U・Thegauge  

p。tentialAもinther9gulargauge has n。l／ptermnearthez－aXis・   

－1 
Atlargedistances（r，P＞＞m）farfromthevortexline′  

v  

the first term of the申ght－hand side of（3－1・21）rapidlY  

decreases′ SO that Aリapproaches the expression  

〟玩＝－告汎√～錮川吼射ノ  
（3－1．22）  

七hat 土s′  

－ i   

ペ仰＝O and擁ノニ招廟残ぎど増エ   （3－1．23）  

＝f（3－1．23）is also used near the symetry aXis of vortexline′  

weseethatonlYthecomponentAもhasthesipgularlineonthe  
ne．gative z－aXis，Whichisin fact cancelled with the first term   

Of the right－hand side of（3－l．21）．Moreover a11the other  

corv。nentSA言′A…（a＝l，213）andAミp（a＝1・2）donothave  
■ Singularline，but singular points at the orlgln．  

At theinfinite point P（p，？，Z）where z＋－∞and pislarge  

（p＞＞mv‾1 ），OnlYthecomponentAsurvivesandthenweget  

A＝2／ep・  We thus see that，through the singular gauge trans－  

formationu－1（8′？）′the singularpartofthegaugepotential  

A・亭－  2／ep near the′negative z－aXis has been transferreainto  

Aち＝  2／ep of the regular gauge  the tailof the gauge potential  

atlargeaistanceswherez＋－   

Thetailofthegapgepotenti五1A㌔＝2／epyieldsthe   
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‖magnetic fluxIT of4Tr／e（two Dirac units）．On the other hand′  

in the case ofinfinitelY－long vortexlinelthe smallest flux   

is 2TT／e（one Dirac unit）（see（2．7）or（2．17））． According to  

Tze andEzawa・s ll）argunent，OnlYthe．topol？gicallyunstable  

VOrteXlines who’se fluxes are（in the SU（2）case）integral   

rnultiples of 47T／e admit the singularitY－free end points． Our   

resultis consistent with this argument． Our semipinfinite   

monopole－VOrteX SyStem has no Dirac stringin the regular gauge・   

Note that the flux 4Tr／e arouna the vortexlinein the regular   

gaugeis equalto the strengヒh of the magnetic monopole at the   

Originin the singular gauge（see（3－1．9））． Further studY On   

● this point willbe glVenin §5．   
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§3－2． A finite monopole－VOrteX SYStem  

We proceedin the same way asin §3－1by replacing the  

singulargauge・tranSformationu（0，y）vithU（6，V）・ 10）Theangle  

⇒・ 6is the one from which the monop01e a＋＝（OtO・a）and the anti－  
－1 2 2 monopole言＿＝（0，0，－a）are seen：6＝tan（2ap／（r疇a）‡  

（Fi匂・4）・The U（0押）is a specialcase of U（6，争），thatis，if  

the monopoleis placed at the orlgln and the antimonopole at the 「  

POint（0，0，－2a）′ the angle 6 approaches O by thelimit a＋∞   

（Fig．5）． Therefore almost the same results asin §3－1are   

Obtained also in this finite case．  

We sha11consider an axially symetric static finite monopole－   

VOrteX SYStem Whose energYislocalized about theinterval－a＜z＜a   

On the z－aXis，Which we denote with ＝in this section． our ansa   

for the Higgs scalarsis given by（3－1．4）where Ois replaced by 6  

in the regular gauge and（3－1．5）in the singular gauge，and these   

are connected with each other through the U（6，9）．  

Near the z－aXis with12：．［＞．a，the Higgs scalars have constant  

directionsin theisospin space，i・e・．theY are given by（3－l．5）．  

Near theintervalエ†the Higgs scalars are・岳qual・to the righトhand  

Side of（3－1．6）．Similarly to the Higgs scalars bf 苔3－1，th．eお   

rotate twic台 around the third axisin theisospln SPaCe When the                                                                                                                                                                                                                    ●  

point p（意）tutns once・arOund thモVOrteX・1ine．  

After the singular gauge tran：sformation U（6－，曾）：，We．get：：the  

fliggs scalars（3－1．5）and the Eulbr equatibns（r3ユ1’／2）are・giyen bY  

（3－1．7）and（3－11．8a）～（3－1．8c）． ＝n this case the nonzero components  

★  

Of G are  
リV   



－ 35 －  

G（‡）＝一年r‡）   

ニ警甘欝 十㌻欝十宕車 霊〕i紬言切   

二三ミ晋紬鞠）匝一言トβトα旬‡         2  

す except for the points a＋′  （3－2．1）  

wherer±≡l嘉一言＋l・and（2・8）andtherelationLvv（Ⅹ）≡（av∂v  

r∂v∂早）g＝0（exceptforthepoints言＋）areused・ ★）Thecorrespond－  

ing dualtensor GトリCanbe expressedbYDirac－s stringvariables  
as（3－1．10），Where the Dirac string extends on the2＝－aXis from   

Z：＝ －a 七O Z ＝ a．   

＿ユI＿ゝl JI  

ThebehaviorofAリ′中 and中 near the z－aXisisobtained  
from arguments similar to those givenin §3－1． The gauge potentials  

A－a near the z－aXis are   

パ錐亨）ノバ7卵）＝○（PO）  
（3‾2●2a）  

パ釦‡）＝毒（∂如）一机可十碑）知ヂう0・（3－2・2b）  

★）TheLpv（Ⅹ）maYhavesipgularitiesatthepoints言＋・＝tis  

easily checked 七hat，in particular，the L’                   （Ⅹ）hasno  
叩  

6（Ⅹ）6（y）6（z 士 a）singularities．   
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We also see that the Higgs scalars have zeros at theinterva11t  

whichimplies the continuity at theintervalエOf the Higgs  

scalarsin the regular gauge． Furthermore we see the complemen－  

tarity 11）oftheDirac strings andth学nOda11inesoftheHiggs  
SCalars．  

Unaer the London approximation，We get the Euler equation  

東 （3－l・19）withG叫Of（3－2・l）andthegaugepotentialAI3・                                                                          1S リ  

solvedasAム3（Ⅹ）＝Oand  

トⅦvI完－ま1）  

砧）ニ（㈲上   
（3－2．3）  

ば一三′I  

Fina11Y We return tO the orlglnalregular gauge bY meanS Of ■■  

U‾1（6rY）・Asin§3－1・WeSeethatthel／PbehaviorofA’∂near  

theinterval＝is removedin the regular gauge・Atlarge distances  

from the vortex line, we get the following boundary expressions 

for A：  
リ  

〝叫＝－か町宜伸U（お′甲）毎々》明言′′ （3－2．4）  

Where R stands for r＋，P and r＿，aCCOrding as the reference  

POintisin the reglOnS Z ＞at a＞z ＞－a Or Z く－a．From ●   

（3－2・4）′七he p－′？－′and z－COmpOnen七SOfA・a                      l are Vritten as foILows：   
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ヽ  

ちガ十島パ‡＝まC咄声∂ノ 
（α＝′′2′3）  

J2qエ乱  
パ昌 一   ノ   （αニJノ2）  

e 捗にf  

J停に－㌣Lαユ  
e   特にf  

ノ  

（3－2．5a）  

Where  

郎＝一品繕 轟明一 最 
・ （3－2・5b）   

Zf（3－2．5a）is also used near the symmetrY aXis of vortexline，  

weseethat。nlythecomponentA尋hasthesingularlineatthe  

intervall to be cancelled in fact． Moreover all the other  

components do nothave singularline・but singularpoints at言 
＋・  

Forthelongvortexlinewherea…′OnlvthecomponentA孟  
9e七A survives at large distances and we ＝ 2／ep． ェtleads to  

flux4Tr／e，（two Dirac units）・Our finite monopole－VOrteX SYStem  

has no Dirac stringin the r甲ular．gapge・Our finite sYStemis  

＿ユ ＿」L  

dynamically unstabl白if the Higgs scalars4）and坤are treated as  
dynamical fields, because the monopole and antimonopole of the 

SYStem Can annihilate wi七h each’othe’rinto the vacuum state．   
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§4・The monopole－VOrteX SYStemSin an SU（3）Higgs model   

§4－l・Finite and semi－infihiternOnOP01e－ⅤOrteX SYStemS  

We now extend the argument of §3 from the SU（2）gauge group  

to the SU（3）one・Our SU（3）Higgs modelcontains the three Higgs  

scalars◎ （i）（i＝1，2，3）eachtransformingastheoctetofSU（3）．  

BY3 × 3－matrix notation our Lagranglanis glVen bY                                                                                                                                                                                 ●  

J よ＝丁轟¢1計り♂鯛（÷しレ動  
（4－1．1）  

Where  

みレニ車ん－∂坤一両ルノ相ノ  

卵 に〕＝車重〔；しre叫ノ昏彗ノ   

伽  

バ〃＝ノ  
歩行ノ節  

with the Gell－Mannmatrices入α・We七ake the Higgs potentialV（◎）  

土n（4－1．1）as  

他浸紳）ミ抑 
ノ 

（。－1．2，  

where｛◎（i），◎（j）｝＝◎ （i）◎（j）・◎（j）◎（i） 

andc喜cli。 denotescYClic   

Summation over the set ofindices（i，j，k）＝（1，2，3），（2，3，1），  

and（3，1，2）． The Euler equations are  

串レ J ∴鴇［壷（三’畔労〕 
ノ  

鞠香山＝一石％垂r‡） 
ノ i＝′ノユ′3．  

（4－1．3）  

（4－1．4）   
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We have chosen the Higgs potentialV（◎）so as to be one of the  
（i） permutation－invariantforms ofthe threeHiggs scalars◎・  

Thus our Lagrangian（4－1．1）has an additionaldiscrete sYmmetrY   

as wellaslocalSU（3）symmetry・ We assume this sYrnmetrY OnlY   

from aesthetic reasons．  

We consider a static axiallY Symmetric finite monop01e－   

VOrteX SYStem Whose energyislocalized about theinterval  

x＝y＝0，一a≦z≦a．weimpose the boundary conditions at r＝CO  

一 垂（′り。別′垂¢）ギ∪一風ノ◎（ヨ）ニ町豹ノ （4－1・5）  

andDリ◎（i）＝0・Weseethat（4－1・5）isanabsoluteminimumstate  
Of the Higgs potentialV（◎）（≧0）since this state yields V（◎）＝0・  

Furthermore，｝in the unitarY g■auge，eightunPhYSicalmassless   

Goldstone bosons are absorbedinto thelongitudinalcomponents  

of the gauge potentials Aαand consequentlY there remain onlY  
リ  

massive particles：eight massive vector fields and sixteen massive   

SCalars． More details willbe presentedin Appendix B． Singular   

SU（3）matrix u＝＝U（6，？）is given bY  

＿‡≡＿l三：ニニ三  

（4－1．6）  
∪（餉）＝  

Where c ≡ cos（6／2），S ≡ sin（6／2），and α′ β and Y are COnStant   

ParameterS． Weimpose an additionalcondition α＋ β ＋Y＝ O   

Withoutloss of generalitY．The matrix（4－1．6）gives the finite   
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う・ monopole－VOrtex SyStem With a monopole at a＋and an antimonopole at  

言（Fig．6）．For the semi－infinite sYStem，the angle6is onlY  
－1 

replacedbY the zenith angle8＝tan（p／z）．  

★  

The singular tensor GOfthis casehasィthe components  
叫  

年霊（ズ〕＝一年諾閃   

二捨印ぎ十等叫劇糾紳姉御可ノ  
ーナ                except for the points a＋・  

（4－1．7）  

When weimpose the following ansatz for the Higgs scalars of   

r ≠00  

嬰‰ニfマも糾〃‡）如〔Ⅹ）ノ ーJ   

卓％ニ掲扉♭風（エ）ノ  

蹄）＝チ翫）舟刷ノ  

（4－1．8）  

these fields，after the transformation u，become  

蹄㌍増′ 李像エアヂノ 垂雪もニF豊1 （4－1・9）  

in the constant f （i）approximation correspondingtothe London  

AIα   

リ  

approximation． Allthe octet components of  have constant  

nonzero masses and behavelike the Yukawa－tYPe forl畠rge－・  

distances・TheEulerequati。nSforAニ3andAこ8arelinthe  
3 temporalgaugeAこ＝Aこ8＝0，glVenbY   
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（ロ用言）ズ／3ニ誓卜準露戒）ざ（ユ）柳純一きぃ∂砕れ  

血＋明言ノ那二重 （α一紺尋滝）鉛）廟鋸ト音トβ←…）‡′  

（4－1．10）  

2  22★）  血ere㌔＝（3／2）eF  All the other components of potentials 

Can be set equalto zero′ because they have no string・SOurCeSr   

SuCh as（4－l．7）． The equations（4－1・10）are solved as follows・  

摘記雲（輔＃亨′  ／ま－ま′J   ′  

（4－1．11）  

摘三宝（叫軌菟碁′  上意－まノJ  ′   

where芸’＝（0，0，ZT）・NotethattheA？andA一？of（4－1・11）  

have singularline at theintervalx＝Y＝Ot －a≦ z≦a・When  

I wegauge－tranSformAuintotheorlglnalAリbYtheU－1，WeSee  
that thisline singularitYis cancelled by the pure gauge term  

＊）Any two of the three Higgs scalars（4～l・5）ar畠 sufficient to  

makealltheocteモCOmPOnentSOfAmassive・Howevertheygive  

unequalmassesforA3andA雲・WhilethethreeHiggsscalars                    p  

（4－1．5）give an equalmass． Thisis one of the reasons for   

Our Choice of the three Higgs scalars（4－1．5）・   
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一（i／e）∂リU－l・U・ThegaugepotentialA91ntheregulargauge  
have no Dirac string singularitY．   

Themonopolesatthepointa十OfvorticesofA13－and ．．J   

AT8－POtentialshave strengths  

（軋12）  釦≡讐x3β． き旨…竿（ジーα）ノ  

forA13andA18respectivelY・The quantization conditions of  

Af3andA18magnetic charges are obtainedfromthe conditions  

（4－1．13）  Jα／3／∋／3豆ノかβノβ－れぜ－αニュ止egers，   

Which are derived from the single－Valuedness of the Higgs scalars  

◎（i）．some of the nontrivialvalues ofα′βandYWhich fulfi11  

（4－1．13）and the conditionα＋β ＋Y＝O arelistedin Tablesl（a）   

and（b）．   

Thereis a difficultY that A言and A雲・VOrtices  
are mixed bY gauge tranSformation，thatis，they are not gauge   

invariant．1n order to overcome this we define three gauge－   

invariant field strengths  

り 

。㌣ソ ＝確㍉りらrv ＝潅㍉∨．Crソニ凄も∨・ 
（4＿1．14，  

These are notindependent，because the sunOf them vanishes：  

仇十blトC て＝0  （4－1．15）   
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The壷（i）arenormalizedHiggss。alarsasfollowsTr毒（i）2＝l／2．  

From these three dependent fields，We define twoindependent  

13）   
fieldstrengths殖and革 asfoll。WS   

毒＝2（ら一叫レノ  ポ＝孟血石斗）ノ （4－1・16a）  

丘）r the case（a）of Tableland  

革：ニ孟如心c小′ ギ＝2（b－C）卜∨．  （4－1．16b）  

for the case（b）of Tablel，reSPeCtively． Through these field  

strengthsヰand群′WeCandefinetwogaugepinvariant  
＿ゝ magnetic fluxes垂1and嬰＝＝Ofthemonop01eatthepointa＋   

屯＝†如ヨ′   鮎 ニJ砧・d吉′  困∴17）  

where 
：（＝I） 

＝（il・電2，3言3） ：（：＝）andSistbclosedsurface  

enclosingthepointも・In。ur一，vortexgauge7－r the◎ 
：（：1）  

◎ 

＝＝（1） 

fluxes（4－1・17）coincideswiththecoefficientsof   

and  

入3／2  

and入8／20f（4－1・7）forthecase（a）（（b））of地1el・The垂＝  

and垂＝＝arerelated七Otheparametersα・βandY aSfollows  

垂Ⅰニー誓x叩．  鮎二（α－ぜ）′  （4－＝8a｝  

for 七he case（a）and   
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重工二（α一才）．  鮎＝岬筈メ叩ノ  （4－1．18b）  

for the case（b）of Tablel，reSPeCtivelY．More detailwillbe   

givenin §5．We see from Tablesl（a）and（b）that the sma11est   

fluxes are  

哲工＝土ノ   垂丑＝士ノ  （4－1．19a）  

for the case（a）and  

重工＝士苧 
ノ  鮎＝土管ノ   

（4－1．19b）  

for the case（b）of Tablel，reSpeCtively．  

ThelandI＝magnetic vortex fluxes（4－1．17）with the values  

ofα．βana Y of Tabiesl（a）and（b）defines the two magnetic charges  

gl＝－◎＝ana g＝＝＝－ ◎11 
for red′blue and green quarks respec－  

tivelY，PrOViaed quarks areidentified with monopoles attached   

to the ends of vortices（Fig．6）． Red quarkis defined by the one   

from which both vortices ＝ and ＝＝ originate． Blue and green   

quarks are aefined similarlY（see取blesl（a）ans（b））．BY this   

definition we can defineIcolor－ chemicalbonds between red，   

blue and green quarks． Thus we succeedin the construction of  
ノ   

TcolorT chemicalbondmodel． 5）ェti芦aCCidentalthatthe Tcolor，  
3 8 

ofmonop01esof華中1e。Icoincideswith入and 

●■′■■●ヽ●■■■■■● The orlgln Of thisIcolorIorLgln早teS from the topologY Of the   
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fields． ＝n what follows，We ＄halldenote this TcolorT bY adding   

quotation marks in order to discriminate this from the conven－   

tional color．   
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§4－2． Y－Shaped and △－Shaped barYOnS  

＝tis verYinteresting that our dynamicalmodelenables us  

to construct Y－Shaped（or△－Shaped）b早ryOn・Weirnpose the boundary  

condition at r＝00 analogous to finite monopole－VOrteX SyStem：  

否（り＝Fg恥 辱r2）＝付添′ 垂（3）＝行事． （4－2・1）  

Matrix Sis defined by the unitarymatrices Ul，U2，U3，rland T2・  

β＝∪帯扶晶U3．  （4－2．2）  

Ul・U2，and U3are Similarmatrices as（4－1・6）′Whichgive the  

finite Dirac string■S With orientations O ＝ 0，U，－V andlengths  

2a，2b′and2c respectivelY（Fig・7）・rland r2areinserted so  

as topreserve the入3and・入8forms of vortexline．otherwise入 3  

and入8woulabe changedintoA入3A－1，andA入8A－1with some SU（3）  

matrixA・＝twillbe also showp that rland T2Can be so chosen  

as to have no9dependence，and thus give no Dirac string．Matrices  

Ui・sarecharacterizedbYangles6（i）and4i）asfollows．  

扶＝U（ざ亡；：チ＝ノ．  （4－2．3）   

Where  
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S（り＝㌫′〔呵／紆げ＋（…アーチ2iJノ  乎‘りこも読′指／れ  

ざ（コ）ニ㌫悔払仁一轡デ豆‡触轡一品㌦斬廟卑血隼舟紺ノ  

軒端摘出轡一拍隼）i 
ノ  

ざ（ヱ）ニ㌫烏ci（‡∽机ヱs困アナ∂漕匝sリ刷仙ヂ＋詮㌔トエざ郁ナ鮎川ヰc軋  

？刷ニ㌫悔／（Ⅹ伽5ソ十才ぶ仇U）‡  

（4－2．4）  

Theangles6（i）and乎（i）arethevertexangle6fthetriangle  
formed bY the observed point and the two end points of二、．the（i）   

VOrteXline ana the azimuthalangle around this（i）vortexline′   

res芦CtivelY （Fig．7）． From（4－2．2），（4－2．3）and（4－2．4），Dirac  

stringis easilY Calculated as follows ＊）  

ie号音レ＝βr軌∋u一叫）∫‾‘  

ニU∫隼ノヨu〕Ur一十U′汀r仏叫′り∪；∫i打‘u「‘  

ナし描U描出朗斗ノaソ〕U言り肯′u；∫閂‾′u∴  （4－2・5）  

★）＝tis toberemarkedthattheoperation f∂Jl・av］obeYSthe  

COnVentionalruleofdifferentiation・namelY［aJ′∂v］（AB）  

＝【ap′av】A・B＋A工∂リ′∂v】B・   



－ 48 －  

rlis chosen so as tomake Ulrl＝皿on the axis（2）・and r2is  

also chosen so as to make UrUr＝皿on the axis（3）・We here  
ll22  

Ch00Se them  

苫＝U‾t£〔′：？（′ちoJノ  花二爪古（2）ノ？勘ニ0） （4－2．6）  

TheseTlandr2haveno〆’dependence，andthusgivenoDirac  

String・Thenonzerocomp。nentSOfG：varegivenbY  

年′…（ズノ＝一年羞槻  

＝〃′紬瑚）す的功一き）一路即1  

川2加平・g（郎尊）∫飢鮎－㌢巨∂トさつ）  

十〃3録5ソ・押鞘両極一言つ－∂←さつブ 

α）ニー（‡）  

＝怖飾丹・拙戦壇硯－きつ－∂トき／））  

‾軌跡＝牒呵両極－2つ－∂トさつ‡ノ  

（4－2．7）   

Where  
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怖≡拷坤）ぎ i＝′ノ2ノ3ノ  十苧ヤーわ劉 

ェ′＝Ⅹ払5竹一郎潮ナノ   ヨ′ニ恥n什十紬5什′  

ェ〝ニェ00Sゝ卜＋茎5Jれリノ  ぞ〝＝一文がれレナ紬∫リノ  （4－2・8）  

andαi・ βiandYiareCOnStantParameterSWhichcharacterize  
the ma七ご土Ⅹ U．．                 1  

attheコunCtionofthreevorticest theeachsumofA T3  
工n Flg．7，  

andA18magnetic fluxesis assumed tobe zero・＝norder to  

fulfillthis requirement，the parameters cLi，βiand YiOf（4－2・8）  
are restricted to certain values． We now derive these COnStraints  

● by calculatingthe∂1Giofromwhichthepositionsandthestrengths  
ofmonopoles areirnmeaiately seen．From（4－2．7）weobtain ★）  

ざ毎（Ⅹ）ニM∫紬ざ（ぎ）∫（ヌー叫十M2ざーカぶ研ぎ（〆幼）  

招3拍り訂（が（冨軋叫一鮎…・ 紆巧  （4－2・9）  

wher e 

j  

お肌C・≡∑怖 Jこ／   

ぞ十字（αエーわ計 （4－2・10）  

＝差掛3βi）  

Note that the totalm？gnetic flux（or charg白）申tot  of this Y－Shaped  

貴｝ Wehereassume（∂∂－ ava）6（i） 
uv 

＝0・forsiTqPlicity・   
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SyStemis automatically zero because ofits construction，that   

is  

鮎＝－お此  
≡．0  

（4－2．11）  

We also see that thereis no magnetic monopole at the〕unCtion   

Of three vorticesif the following conditions are satisfied．  

∂ J J  

孟αこニ0ノ  即こ＝0′  畠才L＝0ノ  
（4－2．12）  

Where we have used the relations  

αと十勘十ぜiニ0 ′ iニ／／2ノ3．   （4－2．13）  

We see that the parameters α，βand Y Of Tablesl（a）and（b）  

SatisfY the conditions（4p2．12）．provided we choose them as  

（α㌧β′′才り こ 巨」ノ1ノ 0）．  

（αまノ βま′オユ） ニ（0′  －Jノ  り′  （4－2．14）  

（α3．侮ノぬ）＝（J．  0． －り′  

for the case（a）and as  

（ぬノ戸㌧－れ）＝（掲ノ 拓ノ ー％）．  

（d之ノ戸望ノ払）ニ（」弛ノ 施ノ  毎）ノ  

（α㍉桝′ぜ3）ニ（尭′⊥％ノ  施）ノ   

（4－2．15）   
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for the case（b）′ reSPeCtivelY．Thus the Y－Shapea barYOn maY  

beimaglned to be constructed from the three meson systems RR，  

BB and GG of 54－1by gathering their three antimonopoles R′ B  

and G at theコunCtion of this baryon sYStem′ Where the each sumof ■   

two m9gnetic charges of R（B and G must vanish・  

For the 一かshaped baryon shownin Fig．8．singular SU（3）matrix  

Sis given by（4－2．2）where U．一s are the matrices which give the l  

finite Dirac strings with orientations O＝ 0，Tl，V andlengths  

2a，2b and2c respectively・Matrices uiIs are characterizedby  

6（i）anqや（i）：thevertexangleofthetriangleformedbythe  

Observed point and the two end points of the（i）vortexline and   

the azimuthalangle around this（i）vortexline′ reSPeCtivelY・  

Tland r2Can be chosenr analogousIY tO the Y－Shaped baryon′SO  
as to preserve the入3ana入8forms ofvortexlines・  

Note thatin this △－Shaped barYOn nOne Of the three vortices   

Can have the unit fluxes of Tab．1（a）or（b）but theY have at  

least two times of the unit fluxes・For example the monopoles  

at the three vertices of the △－Shaped barYOn Of Fig．8，Which we   

denote R7，B－ and G一．have twice color fluxes of R，B and G．1t  

maY be concluded that Y－Shaped baryon havipg〕unCtioni＄mOre  
ノ  

Preferable than△－Shaped baryon with no〕unCtion． ztis shown  

that our monopole－VOrteX mOdelenables u声 tO di＄Cu＄S ha，drons of  

19）   
any shape bYintroducing・aPPrOPria七e matrix u and theコunCtion・                                                                                                                                                                                                                            ■  
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1tis quite aninteresting problem to discuss the recentlY  

discoveredresonancesri・e・，lbarYOniums20）anddibaryons 21）  

from the view point of our vortex model．   
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§5． Gaussltheorem on the squeezed magnetic flux  

Here we discuss GaussT theorem for our squeezed magnetic   

flux with the magnetic chargeatiヒS erld points． Thisis most   

easilY eXaminedin the”vortex gaugelT of our models：  

初出ノ5・1a）  よ＝ゑi 
瑠 

綴（Ⅹ）欄鮎刷頗一跡加れ  （5・1b）  

Whichis obtained from the Higgs models of §§3 and 4 under the  
★  

London approximationinour singular gauge，butthe Gis  
叩  

expressed bY the gauge transformation u as follows  

ヽ  

轟㍉－ま∪隼ノ∂リコU∴  （5．2）  

First we consider the semiTinfinite monopole－VOrteX SyStem  

of§3－1，Whereg（≡g3）＝一如／eandthe stringvariablesyVof  

（5．1b）are given by the normalframe  

苫0＝でノ 旨l＝ヂ＝ 。ノ 33＝α・  （5．3）  

TheEulerequationofA ≡A13・          リ リIS冒1Venby  

㌢みり＝仰書卑‘′   （5．4a）   
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みv…車ん－れ牛十轟∨．  （5．4b）  

4）  
solvingthisforAリ′WeObtain  

月㍉）＝一万（Ⅹ呵瑚ソ（エつぬ′′  

（口十明言）』（Ⅹ－ェ′）ニー8ヰ〔エーⅩ′）．   

（5．5）  

★  

Herewe shallexpress the dualtensorFinatransparent  
仰  

fom for having a phYSicalinsightand forproving Gauss－ theorem．   

From（5．1b）′（5．4b）and（5．5）we obtain  

串は）＝－ どruが怖か憎刷  

一書恥甘£和郎∂P∂∝存在一串蝉つぬ′一年㌣（エ）  

＝∂㌣餌‡上古レB押ノ十戒Kトソ（X） ノ  
（5．6）  

Where   

坤≡き♪（‡一言）藷血ノ 卑（で）≡糾でノ0）ノ （5・7）  

隼＞（エJ≡Jd（ズー‡り絢（‡り㌔ェ′・  （5．8）   
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We have usedin（5．6）a calculaticn：Similar to Ref．6）． The▼T   

integration of（5．7）is taken along the worldline of the  

monopole・Notethatthe expression（5・7）for theB（Ⅹ）is  
リ  

modified from the Dirac－s one owing to the nonzero mass of A  

and consequentlYit has short－range Yukawa－tyPe behavior，e．g．．   

for the monop01e at rest  

仁∂）ざれγ㌣  
β0（Ⅹ）＝享有・丁′  （5．9）  

in contrast to thelong－range Coulomb potentialin the Dirac  

mon。POletheroY・ThenewtermmKVin（5・6）whichisabsent  
い  

in the Dirac monopole theory presents the confining force between   

the monopoles． Thisis easily seen bY reWriting the action   

integral  

企拒ニー摘ドリ紺dヰ文一オ噌ねドリK竹兢． （5・10）  

The secondintegralglVeS the short－range Yukawainteraction ●  

between the two surface elements of the world sheet swept out   

bY the Dirac string（the nodal．1ine of the vortexline）：  

ー姜戒跡油′醐）叶∂つ州寄りノ  

抑乳ぬ如パ好㌫紆ね1 （隼嘲三相pノ訪ソ〕′（5・11）  

Which glVeS the confini叩force加b佗en th、e mOnOPOles and further－ ●  

4） morethe action for dualstri鴫mcfde1．oh七heotherhand，the   
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flrst 土nte曾ralof（5．10）9土ves  

揉斥㍑一幻針′d抽′′  

キ≡極〟で′  達言三叫／dで′′  （5．12）  

Whichis a Yukawainteraction between magnetic currents．  

Now we shalldiscuss Gaussltheorem． m the same mmer as the   

Dirac monopole theorY，We Obtain from the definition（5．4b）of  

F仰  

咋ネ（‡）＝－きJ浄血一班七．  （5・13）  

Note that this equationis also derived from（5．6）．By setting   

V ＝ 0 土n く5．13）we ob七a土n  

尋・貢ニー∂貧て）′  （5．14）  

貴 大 ★  

＋ Where H≡（Fol，Fo2，Fo3）・Thus magnetic Gaussltheorem takes  

七he follow土ng form  

舟粛ニーき，  （5．15，  

β  

Where the surface S／甲CloSeS the monopole at the o工ヰgln・1tis  

to be emphasized that anY Closed surface S encIosipg the monopole  

at the orj－gln Can be taken・From（5・6），（5・8）and（5．9），the  

magnetic field違is expressed as f01lows   
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〆＋（才一きつユ  

百三孟守ヂγ㌧ 
濃緑長吉   

（5．16）  

アユ＋（ヌー芸つ之   

from which（5．14）is again checked．  

Fr。mthe argument Of§3－1andthe expression ofin（5．16）  

We See that the magnetic flux orlglnateS from the monopole at ■  

the orlglnin two distinct forms． One with squeezed flux tube  

withradiusm盲Ialongthenegativez－aXisextendstotheinfinitY  
Z す－00．The other  extends spherically like Yukawa force of 

1 
rangem 

・ 
Theindependenceof（5・15）ofthesurfaceSis  

explicitlY Verified by evaluating theleft－hand side of（5．15）  

about a smallsphere SE and alarge sphere SR Centered at the  

origin（Fig・9）・ForthesphereS。（0＜E＜＜m；1），Wehave  

J輯・一露  
各  

‾」－－   ＿＿．   

4乱   
掃適  
量  

（5．17）  ＝－き．   

ForthesphereSR（R＞＞m；1），thefirsttermof（5・16）canbe  

neglected and we obtain  

明〟声福＝喜平  

向き＝新艇現 品  （5．18）   

βユ十（喜一きつユ  
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Since the main contribution tQ the surfaceintegralcomes from  

theregionw≧8≧m石1／RaroundthesouthpoleoftheSR・Weget  

J射ぎ＝透徹言J叫J  
cl 

（5．19）  

0≦p∫例言′   

Where we havelegitimately replaced the surfaceintegralon the  

SR bY the one on the plane z＝－R andintroduced the new variable  

Of theintegration：u＝R＋ Z一．Theintegralof（5．19）is easily  

evaluated bY eXtending the reglOn Of theintegration to the whole   

region of the variables x′ y and u． Finally we get  

古笥J‡ユーヂ＝ユ  

明言∫芸紳  
－・OP   

各  
．：     ＿「  

4先  
品d言  
箱  

耳ユ十音ユナ㌦  

＝‾き．  （5．20）  

Thus we can コuStify that the flux orlglnateS from the monopole at                                                                                                                                     ●      ■  

■● the orlgln and extends along the negative z－aXis to theinfinity  

ー1 mv・Sim土1ar  
Z ギー∞in the form of squeezed vortexline of radius  

result can be also obtained for the finite sYStem Of §3－2．  

So far we have used the singularl］vortex gaugeIT． ＝n order  

to make the gaTlgeinvariance of our argument manifest，an  

appropriategapge－ipvariantfieldstrengthvmustbeintroduced  

and the magnetic flux should be defined with this．gayge－invariant  

fieldstrength・FortheaboveSU（2）case・the範vcanbedefiムed  
aS   
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み＝∂qポ′   這≡銅′  （5．21）  

whichisreducedtoFこ≡＝aJAこ3－∂vAこ3・Gこミinthe一一Ⅴ。rteX  
gaugenof§3・TheAXAtermofFこ3vanishes・becauseonlYthe  
diagonalcomponentof the gaugepotentialA13remainsinthis                                          早  

gauge． This term can no七be neglectedin the exact solutionr   

however．  

Next we discuss the SU（3）finite system of §4－1． We have   

Obtained，in our．一vortex gaugeH，the approximate solution（4－l．11）  

whereonlythediagonalcomponentsAこ3andAこ8remain・Znthis  
SU（3）case′ tWO magnetic fluxes are definedin（4－1・17）thr？ugh two  

gauge－invariant field strengths（see（4－1．14）and（4・－1．16））  

ネご＝ヱ≠（が一拍斤り′  

ポー釦（2針戸一針デー折恥  （5．22）  

for the case（a）of Tableland theindices ＝ and 工1areinterchanged  

in（5．22）for the case（b）of Tablel．1n what follows′ We Shall  

mentiononlythecase（a）of鱒1elforsimplicitY・BY轄and  

祀wedefinethe－colorlmagneticchargesg＝＝－◎1andgI＝－◎工＝  
for red，blue and green quarks（see（4－1・17）and軍率Iel）．When the  

Higgs scalars⑳ （i）take thevalueβ  

′  壷左）一書′ （5．23，   一 之  
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inthe‖vortex．gapge・・′thesefields軋and鰭■arereducedto  

3 3 
ギ＝ポ＝中パこ一両十ぷノ  

（5．24）  

/8 ポニポ＝∂p月㌘－叫十年㌍ノ  

from which we obtain（4pl．18a）．  

The magnetic fields of the SU（3）finite system are  

期γ何卒  

e e 

良二諾一石㌢㌣ 
十昌明音ガ冨  1 戸十撞一書つユ ′   

く5．25）  

と壱㌣1量呵責苫′  
居げ－α）  

百Ⅱ＝   
2ee ′ユ十（ぎーぎつヱ  

From similar argument tO the SU（2）case．we see that the two  

．．う・ fluxes◎z and◎I＝Orlglnate frQm themonop01e a七a＋and are  

squeezedint。thefluxtubewithradiusm；1alongtheinterval  
⇒←  

Ⅹ＝Y＝ 0，－a壬Z三a and terminate at the anti叩OnOPOle at a＿・  

＝n order to define the SU（3）gaTlge－invariant field stre叩ths  

whichcanbereduceto∂Aα－aAα・・ ≡，α＝一3′8without  

anYaPPrOX⊥mation，WemaYaddcertainp01YnOmialofD苗（i）to リ  

therighトhana side。fthe field strengths（5．22）‡7）   
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§6．The quark confinementin・Our SU（3）Higgs model  

Zn the previous sections §§4pland4－21We have constructed  

the meson sYStemS RR，B云and G己and YTShaped（or△－Shaped）barYOn  

system RBG・Twoimportant properties for confinement by magnetic   

VOrt土ces are   

（i）vortices start from positive －color－ magnetic charge and  

terminate at negative Tcolor－ magnetic charge．   

（ii）the energy storedin the magnetic vortices per unitlength  

ls cons七ant．   

From these properties of vortices，We Can COnCluae that for the   

finite energy sYStem（equivalentlY finite－Size sYStem）the two   

kinds of ＝ ana ＝＝vortices arelclosedT withinits sYStem・By   

Whatis －closed一，We mean that the vortices start from one quark  

（antiquark）with＋卜）一color－ charge and terminate at another   

quark（antiquark）with－（＋）lcoIorT chargein the same sYStem．  

For RR′B云and Ga meson sYStemS and Y－Shaped（or△－Shaped）RBG  

baryon sYStem Of §§4－1and 4－2，．the vortices are closed and the   

● energleS Of these systems are finiter contrarY tO theselhowever，  

the diquark andisolated quark・SYStemS haveinfinite energleS／  

because atleast one vortex must extend tdinfinitY・For example  

in RB system，tWO＝＝vortices start from R and B toinfinite pointst  

because both R and B have pluβ Charge for ＝＝vortex．．＝t can never  

be realizedin any process of finite energy・  

We thus see that our ＝and＝Ivortexlines correspond to  

the vortex bonds of Nambu－s phenomenologlCalchemicalbond model ■  

forhadronsラ）′18）Theseb。ndsall。☆。nlY－c。1。rless7statesβuCh   



ー 62 －  

as RR，BB and GG meson states and RBG barYOn State aS．finite－  

energY StateS・BY．COlorlessIstatesT We Shallmean such systems  

as those with no magnetic ■c010rlcharge・＝t should be noted  

that our model can allow some exotic states such as baryonium 

R真東（M≡）anddibary。nR2B2G2（D芸）（Fig・10）・Thefinite－energY  

StateS are   

（i） ．c0lorless－ mesons： RR．BB，GG，   

（ii） Tcolorless－ baryons（antibarYOnS）： RBG（RBG），  

222 
（iii）lc010rless・exotic states：RRBB，RBGetc．，  

（土Ⅴ）pomeron5）（叫．11）．  

Al10ther sYStemS SuCh as －colored■ mesons，一colored－ barYOnS，   

diquarks，isolated quarks，and －c0lored．exotic states，e．g．，   

RRBB are excltlded in our model． We see that the confinement of   

quarks，in this chemicalvortex bond model，Can be explained at   

least for －coiorlessIstates but does not necessarilY Select   

the －colorT singlet hadron states． Ztisinteresting to studY   

experimenta11Y the difference between the －coIorless－ statesin   

Our mOdeland the co10r Singlet statesin the conventionalcolor   

model・ Further analYSisis required on this point・   
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§ウ． conclusion and finalremarks  

We have shown that NambuIs conコeCture On COlor chemical ■   

bond can be justifiedE3bY the vortex＄01ution of SU（3）nonabelian  

gauge field with Higgs scalars・ One of the important  

tasks to construct a chemical－bond－1ike modelfor hadron，is to   

find the vortex solution of finitelengthin the SU（3）nonabelian  

gauge field with Higgs scalars. We have succeeded in finding 

a vortex s0lution of finitelength，thoughin London approxima－   

tion．The first problemin constructing the vortex solutionis to   

ask how to construct the supercurrent which preserves the magnetic   

VOrteX Of finite size．we can construct such supercurrent by   

introducing a singular hnitarY matrix U，namely the supercurrent of  

Higgs scalars of the tYPeT（i）u－1T（i）u．oneof the easiest  

way to find the vortex solution of Euler equations is to apply the 

unitary transformation u・The Euler equations become much  

SimplifiedT and further a Dirac string・SingularitY aPPearS throug・h  

thega？getermU－1［∂h，av］U・dlidhisastringsourcetemforthevorbx  
solution. This equation of gauge potential is just what Nambu 

has conコeCtured to derive his chemical・七ond－1ike model．Thus  

Our VOrteX SOlution glVeS the mathematicallY rlgOrOuS foundation ■   

to NambuIs conコeCture・One of the advantages of our modelis to  

derive the aualstring action quite naturallY・Weintfoduce two  

ga S（1）2  ）FpvandTr（2  
． 

一言（2）2一芸（3）2 By these twoIcolor†（m叩netic）fluxes we  

Can define redt blue′ and green quarksr and thus we have  

SuCCeededin constructing a Tcolor一・・－Chemical－bond model．   
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One of the problems left unsolved is how to attach the fermion 

（anti－）quark at each end of magnetic vortex． Our modelis quite   

different from other confinement models，in that our modelselects   

Onlylc010rless－ statesin the sense definedih §4．  

Note that the vortexlines of ouf meson and baryon systems   

Of §§3 and 4 have no topologlCalstability′ because the monopoles   

（antimonopoles）at their ends have no Dirac string singularitY  
l）  in thereg。1ar ga。ge，and．a。。。rdingt。TzeandEzawaTsargument  

Only the top0loglCally unstable vortexlines admit singularitY－free   

end points． Thisis also checked by evaluating explicitly the  

玩  dxU），Where Cis the  nonintegrable phase factor nc（2Tr）＝Texp（ie  

closedlo。p。ftheradiusp＞＞m；1encirclingthevortexline・For  

the completelY broken SU（N）／ZN gauge Syrnmetry・the vaユue of nc（2T）  

is restricted to the discrete elements of the SU（N）center ZN and  

discriminates the topoIoglCallY distinct classes of vortexlines・ ●   

EspeciallYnc（2¶）＝丑correspondstothetopologicallyunStable  

class・Sincewecanobtainn占（2¶）＝且forthevortexlinesof§§3  

and 4，theY belong to the topologicallyunStable class・ ＝n anY   

CaSe，however，the topologlCalstabilitY Of our finite meson as ●  

a whole cannot be derived since the total topological charge of 

the sYStemis alwaYS ZerO・ Furthermore′ for our barYOnr We CannOt   

Obtain anY nOnZerO tOtaltopologicalcharge（e・g・，the barYOn   

number），and therefore their top0logicalstabilitY does not seem   

to exist・＝n this paper we have restricted ourselves only to the  
′  

monop～01e－VOrteX SYStemSin which no Dirac string singularitY eXists  

in the regular gauge・Consequently we have obtained the topologlCaコ  

1yunStable vortexlines・We can extend our argument to the case  

of topologically stable vortex lines by introducing explicitly 
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the Dirac string singularity which cannot be removed bY anY  

singular gauge transformations．For a moreIdathematica11Y Suitable  

treatmentof these sYStemS，We CanuSeWuandYangTstheorY 22）of  

magneti。m。n。P。1esbased。nthe the。rY。f fibreb。ndlesヲ3）in  

Which no string singularityisintroduced．  

Our model can be easily generalized to construct vortex 

SOlutions of any shape・We have onlY tO find an appropriate singular   

unitarY matrix U，Which generates the supercurrent that preserves   

the vortex of glVen Shape． These generalized solutions enabLe  

ustodiscuss therecentlydiscoveredresonancesri・e・Ibarymiu爬 20）  

and dibarYCnS2I） ztis averYinterestingproblemto testwether  

Our magnetic vortex modelis more favorable than others，SuCh as  

susskind－slattice model． 
24）  

Our model is the only simple quark confinement model which 

Can eXPlain the dualstring action． Thelattice gauge modelis a  

Very PrOmising onein this respectr but at present this modelis  

not successful in explaining the dual string action. 
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Appendix■A：No七at土on  

OurmetricisIgOO＝－gll＝－g22＝－g33 ＝1・Repeated Greek  

indices are su血med from O to 3；Latin indices fromlto 3・  

GenerallYT theindicesllコ and k refer to ordinary spacela tO ■■   

SU（2）space，and q，tO SU（3）space．The totalantisyrnmetric  

tensor E 
ijk 

isnormalizedas E123 ≡1・Thedualofanantip  

symmetrictensorA叫isdefinedbyAニv＝－（l／2）evv。。APO，With  
the totalantisymmetric tensor Eo123 - 1, MagnetiG field H is 

definedasHi＝－（l／2）EijkFjk・i・e・・盲＝（F岩1・F岩2・F芸3）  

＝（F32′F13，F21）・1n our notation・the magnetic flux◎which  

■■－■■■■●■ヽ●－■●● OrlglnateS from a monopole with strength gis glVen by ◎ ＝ －g・   
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Appendix B；The unitary gaug・e Of the SU（3）modelof ≦4  

＝n this appendix，We define the unitary gauge of the SU（3）  

modelof §4・Because of the SU（3）sYmmetrY，itis sufficient  

to restrict ourselves to the Higgs scalars  

垂ご）＝謬ノ  瞑′  貯＝戸書‘′  （B－1，  

instead。f（4－1・5）・Since◎去i）’sof（B－1）satisfYtherelations  

朋（わ三井2ノ  す＝∫′2ノ3．  
（B－2）  

and   

描）ノ季㌘）j＝去F垂よた）  
（B－3）  

With（i，j，k）＝（1，2，3），（2，3，1）′ and（3，1，2）′ We See that  

the◎去i）一sgivetheminimumoftheHiggspotentialV（◎）（之0）of  

（4－l・2），i・e・，Ⅴ（◎）＝0．When we writ畠 th畠Higgs scalars around  

◎よ土）－sas  the minimum state   

卓の＝紆十摘（i） 
′ iニ／ノ2ノj′  （B－4）  

We Obtain 6V（◎）＝ O and，for the second order variation′ We Obtain  

紬ニヰ〔昌礪5蜜ザ   

十客種錮酢脛′酢如ザよ0・（B－5）  

Obviously，frorn the SU（3）invari′anCe Of the V（◎），there always  

exis七thenontrivia16◎ （i）Ts whi坤1ead t062v＝0・Conversely，   
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we canprove thatthenontrivia16◎ （i）IswhichleadtoI62v＝O are  

restricted to those which are占btained bY aPPIYing a suitable SU（3）  

transf。rmati。ntOthe◎云i）一s・Thisisseenasfollows・From（B－5），  

the nontrivia16◎ （i）Tswhichleadt062v＝O must satisfYthe  

equations  

宥緋㌦＝、0 ′ イ＝′．2′3′  

圃ニs魯（喜り十傭三g尋（i）卜去禰㈲＝0 
′  

（B－6）  

（B－7）  

from which we obtain  

摘（∋）J＝－占季（り 
ム  

′  

摘（が＝－ぶ季 の7  
ノ  

絹（が＝細りヰ  
′  

摘（3）イ＝如参rりヨ 
′  

占⑳（つ）JニーS垂（り4 
′  

銅（りヒ0 
′  

g杏（り㌔0 
′   

£季（ユ）㌔ s嬰（り∫  

s垂‘がニー占斬り‘  

g垂（2）ヰニ0   
′  

（B－8）  

ざ季（タJ㌔ざ垂（勾7 
ノ  

ざ季‘3）‘＝0  
′  

絹√蒐 凋の‡吉夢がノ  

ざ季√が＝一指£軒）1  

ざ垂〔2）占＝一如香の3′   

＝一指絹（り占 相田）ぎ   ノ  

whereeightoftheunknowncomponents，i・e・′6◎（1）2～7and6◎ （2）5，7 

cannotbe determined．Ztiseasilyseenthat6◎ （i）一sof（B－8）are   
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obtainedfr。mthe◎去i）．sthroughtheSU（3）transformation   

U＝ゼ学仁狗  （B－9a）  

W土th  

ー 

パ香（‖ミ 2絹‘り7′ 
－2細り 

c; 

げ〕芸ト2S呑（ユ）7 占垂（りミ 
′2g垂（りラ  

ー2ざ垂のヰ′ 志絹r′）2－孟摘ーが） ．  

（B－9b）  

＝n order tointroduce the unitary gauge ，We Parametrize  

theHiggsscalarsaroundthe◎去i）’sas  

杏（りこ圭F鵬巾偏でト押）りレ（わ’ 
ノ  

尋P）＝如㈹碑′十〆？良J2＋躇抽彿碑頗翻軋1。a，  
∋）イ‘∋） 

重科三井招赦イヨ）ニ新‡〆ゲゴカヤ笠メサきJ‡水十ず）‘）  

十月ザ7十月ザり雌テ1  

Where  

鮎頑 釦．  （B－10b）  

The eight ∈■s and sixteen TITs denote the newindependent fields  

whichparametrizetheHiggsscalarsar。undthe◎去i）’s・Wenow  

ノ make the gauge transformation defined bY   
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／   

軒）ニレー′垂〔；ノレノ  iニ／ノ2′3′  

（B－11）  

／ 
、   

＝n this unitary gauge，the fields ∈which correspond to the unphY－   

sical massless Goldstone bosons are gauged away and are absorbed 

into thelongitudinalcomponents of the gauge potentials ATα                                           リ●  

Furthermore allthe Tl■s are massive，Since we can obtain nonvanishing   

determinant for the mass matrix of Tlls．’There remain，therefore．   

Only massive particles：eight massive vector fields and the sixteen  

massive scalars n （l）α，¶（2）α，andn （3）α・   
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Table Caption  

Tablesl（a）孤d（b）．Typicalvalues ofα．βand Y Which fulfill  

（4－1．13）with the conditionα＋ β十 Y＝ 0，  

and the values of g＝and gl＝for red，blue  

and green quarks（monopoles）・The g＝and  

g＝＝ 
Of the case（a）（（b））are equalto the  

g3（8） 
and g 

8（3） 
Of（4－1・12）respectivelY・   



Flgure Capt土ons  

Fig．1（a）． Lines of magnetic forcein the case of．t Hooft－  

polyakov monop01e．  

1（b）・Lines of m早gnetic forcein the case oflt Hooft－  

PoIYakov monop01e－antimonopole sYStem．   

Fig．2（a）． Squeezed magnetic flux tube of semi－infinitelength  

in a superconducting vacuum．  

2（b）． Squeezed magnetic flux tube of finitelengthin a  

SuPerCOnducting vacuum．   

A semi・－infinite monop0le－VOrteX SYStem．   

A finite monopole－antimonop01e sYStem．   

A relation between the semi－infinite sYStem Of Fig．3   

and the finite system of Fig．4． The vertex angle 6   

approaches the zenith angle O under thelimit a す00．   

一ColorlessImesons RR，BB and GG． Solid and dashed   

lines represent ＝ and Z工 VOrteXlines′ reSPeCtivelY．   

A Y－Shaped barYOn． ■（1）－VOrteXline consisting of   

bothlandl＝ vortexlinesis taken to be parallelto   

the z－aXis． The Y－aXisis perpendicular to the paper＿  

A△－Shaped barYOn，Where double arrows represent the  

VOrteXlines of the two units of magnetic fluxes．  

smallsphereSE（0＜E＜＜ mv－1）andlargesphere  

SR（R＞＞／m√1）inthesemi－infinitem。nOPOle－VOrteX  

SYStem，Where the solidlines represent thelines of   

magnetic force schematicallY・  

・colorless・exoticbarYOniumstate感B云（M）and  
222 dibarYOnStateRBG（D）・  

A Pomeron．   

Fig．3．   
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