
503Hig""""'"T"eoγ"

（1959） 1550.

6) A.A.EmelynovandD． S. Chernavsky: J.
Exp,TheorPhys.37(1959) 1053.

7) C. Iso,K・MoriandM.Namiki: Pro9.Theor.

3) J・Gierula,M.MiesowiczandP・Zielinski: Acta

Phys．Pol. 19(1960) 119.

4) S，Z.BelenkyandL.D，Landau: Usp.Phys.

Nauk.56(1955)309.

5) A.A.Emelyanov: J.Exp・ TheorPhys.36 Phys.22(1959)403

DiscIJssio"

Zatsepin,G.T. : TheideaofEmelyanovandRosental isverynice,but thebasic
ideaofLandau'shydrodynamical theory(,/s=1/3) hasnoexperimental foundation.
ExperimentsshowthatP/e<1/3.

Zhdanov,G、B. : Yes, Iagreewithyou,butthemainpointoftheauthorswasto
showthatthere isnodirect contradictionbetweenthepredictionsof theLandau

theoryandtheexperimentallyobserveddistributions.

Namiki,M､ : IwOnderthattheconstancyofとwasassumedoverallprocessesfrom
veryhightemperature tovery lowtemperature. Canweconsider theresultsto
haveonlyaqualitativemeaning？

Zhdanov: Isupposeyourpointof viewtobecorrect.Theauthorsgetonly
qualitativeconclusions.

Yamaguchi,Y､: Are thereanydifferencebetween 7r-Nand〃Ⅳinteractionsin
thistheory？ Forexample，dotwo fire－ballsoccuralsoin元-ⅣCollisionswithfair
probability？

Zhdanov: Isupposethattheremustbenosignificantdifferencebetween7T-JVand
〃Ⅳinteractionsinthisrespect.
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)s is interpretedandan- part of highenergy interaction i
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romthe

inshort
The$@fireball'' observedinmultiplepro-

ductionofparticles is interpretedandan-

alysedasacorrelatedassemblyofproduced
particles likesuperfluid. It is shownthat
themomentumspectrumofproducedmesons

hasaform"/"2assumingス'4 for the final
meson-meson interactionHamiltonian. A

possibilityof themany fire-ballmodel is
brieflydiscussed. Beforediscussingthese
problemsapossiblereductionoftheS-matrix
elementor thecross sectionoftheoverall

process is presented, inwhich its final

§1. Introduction

AbouttwentyyearsagoHeisenberg') and
othersexpectedthatthemultipleproduction
ofparticlesinsuper-highenergyphenomena
wouldinformusabout the interactionme-
chanismatashortdistanceamongelement-

aryparticlesorthefundamentalprincipleas
symbolizedbythe $iuniversallength''. Ne-
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vertheless, suchanaiveanticipationhasnot

beenachievedyet・ Itistruethatthepresent

accuracyandstatisticsofexperimentaldata

arenotenoughtoderivesomedefinitecon-

clusionsfromthephenomena, butonemay
saythat theessential reasonof theabove

situationisthesmearingeffectof thetrou-

blesome final-state interactionsamongpro-
ducedparticles. Itseemstousthatthefinal-

stateinteractions,beingrather lowenergy

interactions, smear the trueaspect ofthe

elementaryinteractionsatsuper-highenergy
andthenareresponsibleforthefinaldistri-

butionsofproducedparticles・Anotherreason

maybethatconsiderablepartsof thephe-

nomenaarefairlywell explainedbysemi-

kinematical arguments2) . If all the phe-

nomenawereunderstoodthroughthefinal-

state interactionsandsemi-kinematics, we

couldderivefewknowledgesoftheelemen-

taryinteractionsatsuper-highenergy*. In
ordertoseethecharacteristicfeatureofthe

elementaryinteractionsatsuperhighenergy,
weshouldseparate thekinematical effects

andcleanupthesmearingeffectsofthefinal

interactionsfromtheexperimentaldata.
Asan important effectsofthefinal-state

interactions,Fermi3)andLandau4) considered

thattheybringproducedparticlestobein

equilibriumor in local equilibrium・ Niu2)

alsoassumed inhismodel thatmesonsin

eachfire.ballaresubjecttoPlanck'sdistribu-

tiOnlaw. FollowingLandau,themesoncloud

atthefinal stagemaybeconsideredtobe

inafrozenstatewithavery lowtempera-

ture. This isconsistentwith theassump-

tioninNiu'smodel. Nowonemayexpect
thatthemesoncloud(or the fire-ball)with

avery lowtemperature is inacorrelated

statelikethecondensedoneofsuperfluid.
Inthepresentnoteweshall studythecor-

relationeffectsofBogoliubov's typeonthe

finaldistributionsofproducedparticles・The
purposeofthiswork is to increasethede-

tailedknowledgeofthefinal-stateinteraction
effects.

Beforeentering intothiswork,weshall

writedownapossible reductionof theS-

matrikelementandthecross sectionofthe

overallprocess.

§2. Apossiblereductionofcrosssection

SupposethattheHamiltoniangoverningthe
overallprocesscanbewrittenasH=Hb+H',

inwhichHb is theHamiltoniangoverning
theasymptoticprocessescontainingthefinal-

stateinteractionsandHノstandsforthesuper-
highenergyinteractioninthecollisiontime.

Wedonotknowwhethertheinteractionsin

thecollisiontimecanbedistinguishedfrom
others and described inthe conventional

Hamiltonianformalism. However, if the
collisiontimeismuchshorterthanthe6nal

interaction time, then itmaybepossible
tomakeuseof theaboveschemeofde-

scriptionat least inanasymptoticsense.

NowbydenotinganeigenstateofHbe-

longingtoitseigenvalueEfby"f(±) , theS-

matrixelementoftheprocess (I→F) isde-

finedbySFI=<W.F(-) |"I(+)>orby

SFI=-27r"(EF-EI)<のF(-) IH'|"I(+)>, （1）

whereのj(±) istheeigenstateofHb belong-
ingto itseigenvalueEf・ Thesuperscript
(±)correspondstothewell-knownboundary
conditions. Equation(1)canbemodifiedas

SFI=-27r"(EF_E,)<の､)IT|のI(+)>, (2)

whereTisthemodifiedT-matrix・ Assum-

ingaseparatedmotionofnucleonsandmeson

cloudsaftercollision,wecandivideHb into

twopartsasHb=Hk+H｣vandfactorizeのj(+)

inthewayのj(±)=Xi(±やf(±) . HereHkIDf(±)=
Ef(燕)僻(±) andH｣vXj(r)=Ef(N)Xfe),where&=

Ei(")+Ej(N). It isnoted that foi(+)=Uk(0,

－．o)'‘ andい(-)＝U流↑(oo,0)ji,Uh beingthe
timeevolutionoperatorgovernedbyHband
'f thefreemesonstate. Nowwemakea

plausibleassumptionabout theformofT,
that is, T=2cIAI (")ﾉi(N),whereAI(") isa

j

combinationofmesonoperatorsandji (N) of
nucleonoperators, respectively, andcj isa
c-number・ Thuswecanwrite therateof

transitionprobabilityas

Z"F1=27r6(＆一EI)

XlZCI<'FIUh(oo,0)AI (")I/M(0,-oo)|'1>
J

x<xF(-) |〃』v) |xI(+)>|2 （3）

where'FisafreemesonstatecontaininglV
mesonsand｡[ thefreevacuumstate.

It isplausible that the6nal-state inter-

actionsbringeachproducedmesoncloudin-

* It isnotedthatoneextrameson,whichhas

extremelyhighenergyintheso-called f4d-group''

observedbyTokyogroupofjetstudy, isevidently

non.thermalandneversmearedbythefinalstate
interactions．
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toamodelstate, saylpmod, insensitivetothe

initialstateandtheproductionmechanism.

Thereforewecanput

<'FIUM(00,0)AI("}UW(0,-00)|',>

＝<’F|鴎(00,ｵ0岬mod〉

×<やmodlUk(ｵ0,0)A‘(両】鴎(0,-oo)|'I> (4)

Heretheseparation is tobe insensitiveto

thechoiceoff｡ inabroadrange, sothatro

isputzerointhe first factorandput in-

finityinthesecondfactor inanasymptotic

sense・ UsingthedefinitiOngivenbyGell-

MannandGoldberger5) forU､oo,0)and the

randomphaseapproximationfor itsmatrix

element,wecaneasilyobtaintheformula

<jFIUW(CO,0)|い､｡｡＞

(*)(E,,"-E…+孟孟)~'<･"'"…>,
～

whereEmodandTmodare, respectively, the

energyandthelifetimeofthemodelstate.

Thenz"F,becomes

"F1=27ra(EF-EI)

[:'(EF",-E"")K'｡'､]×

×ZCl<やmodlU流(｡。,0)AI(派)鴎(0,-C･)|'I>
、

&

2

x<x､) |〃｣v' lxI(+'>| , (5)

wherewehaveusedtheapproximationof

thelonglifetime・ Themodelstatemavbe

amixedstate. Insuchacasethecorre-

spondingmodificationshouldberequiredin

Eq. (5). Inthecaseof twoormorefire-

balls, Eq． (5) becomesasumofthecorre-

spondingterms.

Nowwecanderivethe final distributions

ofproducedparticlesfromEq.(5).Themo-

mentumspectrumisdefinedby

（"鵬十員"崎-EIn｡d）"(k)=CZ"2 6
Ⅳ k2,・・・ ,脆〃

xl<k,"2,…，k』V|甲mod>'2 1 （6）

whereCisanormalizationconstantandの北＝

theenergyofafreemesonwithmomentum

",andwehavewrittenjFinamoredetailed

formlkl,"2'…,k">. Discarding the con-

servationlawofenergyinEq. (6),weobtain

thespectrum

"0(k)=Z |<","2,…,""llom｡d>|2
〃2， ･･･'たⅣ

=<?m｡dlak↑αkl?m｡d>, （7）

where dzk istheannihilationoperatorofa
freemeson. Thusthe final distributionsof

producedparticlescanbecalculatedonlyby

themodelstatevectoriom｡drepresentingthe

fire-ball・ Therelativeprobabilityoffinding

agivenmultiplicityandinelasticitydepends

uponthelastfactorofEq.(5),thatis,the

productionmechanismofthefire-ball. It is,

however, remarked that even in the last

factorofEq.(5)theelementaryinteractions

aresmearedtosomeextentbvthefinal-state

interactions.

§3． DistributionofproducedparticleS.

Wemayconsideramodel stateof the

fire-balltobeananalogueofthecompound
nucleusstate inthe theorvofnuclearre-

actions. Mesons ina fire-ballmove ina

limitedvolume, collidewitheachotherand

subsequentlyHyawayas freeparticles・ It

isacceptablethat the lineardimensionsof

thefire-ballmaybeoftheorderof(1/")IV'/3,

"beingthemultiplicity. First letuscon-

sideranidealizedprobleminwhichboththe

volumeand thenumberofmesonsarein-

iinitebutthemesondensityremainsfinite.

Sincetemperatureof thesystemis solow

that thenumberNb ofmesonswithzero

momentumisverylarge,wecanderivethe

modelHamiltonianfromHkbykeepingonly

itsfirst two leadingterms intheorderof
Nb. ThemodelHamiltonianhasastructure

similartothatintheproblemsofsuperfluid,

whichcanbediagonalizedbythe famous

Bogoliubovtransformationa化＝"たα脆十沙化aLk.
Hereafkand"kare,respectively,theannihil-

ationoperatorsofaquasi-particleandafree

particlewithmomentum旅． 〃北andUkare

realevenfunctionsofkandsatisfythere-

lation〃ん2=1+汐化2.

Hereweidentifythefire-ballwithamixed

stateof lowlyingstateswithtemperature
of theorderof themesonmass. Inthis

case the expectationvalueof themeson
numberbecomes

N=Nb+Zり"2+図”k[1+2"た2] , （8）
k≠0 k≠O

where"" is thePlanck'sweight factor.

Equation (8) implies that themomentum

spectrumisasuperpositionof theground

statedistributions,the first twoterms,and

thePlanck'sdistributionofquasi-particles,

thelastterm・ Takingintoaccountthefini-
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whosemomentadistributeoveradiscrete

spectrumbecauseofasmall volume. The
numberofmesonstransportedbyonequasi-

particlewithmomentumkisl+22ノル2,which
isunitv for ">Tandseveral for 片≦T.

(Notethat りん isacoefficientof theBogo-

liubovtransformationtoatemperaturede-

pendentnormalmode.) Nowletussuppose

thatimmediatelyafter thecollisionasmall

andhotmesoncompound is leftat restin

thecenter-of-masssystemandsubsequently

freemesonsareemittedfromitthroughthe

quasi-particlemodes・ Suchaschememay

beconsistentwithan interestinganalysis

recentlygivenbyHasegawa7). Sinceexcita-

tionofthequasi-particlesathightemperature

originates inconsiderablyhighenergy in-

teractions, onemayexpect toderivesome

knowledgeofhighenergyinteractionsfrom

theexperimental dataofHasegawa'stype.

Interpretation is, of course, opentoother

possibilities.

tenessofthesystem,weshouldreadbyNb

thenumberofmesonswiththeminimum

momentumoftheorderof("/JV'/3). Forin-

teractionofthetypeス,4, itiseasytoshow

that zﾉk2 isafunctionproportional to片4for

々>". Byapproximatingthesummationby

theintegral,it isconcludedthat themo-

mentumspectrumhasaformof("/h2)for

R西働 P R面x

Fig.1.Momentumspectrum: Solidlineforthe

resultant curve, broken line for theground

statedistributiOnanddottedlineforthequasi-

particledistribution.
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片>". ThespectralcurveisgiveninFi9． 1.

Thecut-offat"maxoftheresultantspectrum

comesfromthe6-functionofEq. (6). One

mayregard"maxasamomentumoftheorder

of脾Ⅳinthe center-of-mass systemof a
6re-ball.

1）

2）

§4． DiScuSSionSonanotherpoSSibility

Wehavesofardiscussedthesystemwith

alargevolumebut lowtemperature・ Here

wediscussbrieHyemissionofmesonsfrom

thesystemwithasmall volumebuthigh

temperatureT・ Becauseofhightemperature

wenolongerassumethatNbislarge.The

methodsuggestedbyBogoliubovandZubarev6)

permits us todefine the temperaturede-

pendent normalmodes of quasi-particles,
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Disc"ss"〃

Zhdanov,G､B.: Havevouanvconsiderationaboutthelifetimeofthefire-ball (in

theframesofvourmethodofcalculations）orshoulditbetakenfromtheexperiment？

Namiki,M､: Ihavenotcalculatedthelifetimeofthe6re-ball,but itcanbecal-

culatedintheframeworkofourtheory， Certainly the life timeof thefire-ball is

IongerthantheComptonperiodcorrespondingtothefire-ballmass.
Ithinkthat, ifthemassesofthe6reballsdistributeovercontinuousspectrum, it

ishardtodeterminethelife-timefromtheexperiment.




