


1 .  Introduction. 

Bound states have played a fundamental role in the development of quantum theory. The de- 

scription of the  atomic spectrum by E.Schrodinger signified formation of the  quantum mechanics as 

a consistent theory, and the  description of the  " the  Lamb shift of spectral lines " by H.Bethe became 

the beginning of the creation of recent & E D  and quantum field theory ' 
However, there is a beliei that the consistent theory of bound states is not constructed up to now. 

Another belief is that such a theory is not needed in connection with the  succesful development of 

nonperturbative methods of the lattice calculations. 

The aim of this paper is t o  discuss the recent status of bound states in gauge theories and to try 

to find the additional theoretical and empirical principles of the nonlocal of description of hadrons 

and atoms. 

2.  The statement of problem. 

We begin with the very known example of an atom in the rest frame with the momentum P, = 

(MA,O, 0,O). In the lowest order in the  radiative corrections the  atom spectrum is described by the  

action 

where h' is the  Coulomb kernel 

z, = (z, - y,) is relative space - time. The action (1 )  leads to the Salpeter equation and eventually 

to the Schrodinger equation for an aton1 wave function 121 ~ ( z ) .  

'The first paper on " the Lamb shift theory " with the result, differing from the H.Bethe formula 

by factor - 1.3, has been reported by D.I.Blokhintsev on the Lebedev Physical Institute seminar i n  

1938, ten year before the  experimental discovery of the Lamb shift. Unfortunally this paper has not 

been understood and published [I] .  



The wave function ~ ( z )  can be used for the construction of the bilocal atom field 

that depends on two coordinates : the relative (2, = z, - y,) and total (X, = (z, + y,)/2). 

An important property of this field is the  simultaneity of the elementary particles formed an 

atom. ( A proton yesterday and elertron today do not make an atom (31. ) 

The  radiation corrections, breaking the potential simultaneity, do not break the atom bilocal field 

simultaneity, as i t  has been shown in ref. [4] . 
The main question in the statement of the  problem discussed here is "What is the action (1) that 

describes a moving atom?". The wave function of a relativistic atom ( used for the description of 

the creation of atoms and of their break - down (51 ) is constructed by the usual boost operation 

where 7); is the total momentum PL = ( JPZ+M:,P # 0) = M A .  7:. 

This relativistic atom bilocal field is described by the action (1) with the moving Coulomb kernel 

This m e w s  that we choose the  new radiative gauge depending on the arbitrary unit time - like 

vector 9; ( that one calls by the time - axis of quantization ) and this vector has been chosen parallel 

t o  the total momentum of an atom ( r)' - 7; ). According to  the Love theorem [4] the  old structure 

of the bilocal field (2) cannot be  restored by the radiation corrections. We cannot say here that the 

atom wave function does not depend on gauge. 

So, the uyual boost of the  matrix elements with the atom wave function corresponds to  the  Lorentz 

transformation of field operators accompanied by the gauge change. Just  this field transformation 

law has first been pointed out by Heisenberg and Pauli in 1930 161. Another question is " What is 

the relativistic atom for which we do not change gauge ? " 

The  answer to  this question is given by the  general theory of bilocal fields [7,8]. 

I t  is easy to  see that the  bilocal fields (2) and (3) satisfy the Yukawa condition (71 

which means that the  bilocal field is an irreducible representation of the Lorentz group (i.e. i t  has 

the mass P' = M 2  and a spin ). Expression (5) is a generalized condition of irreducibility of vector, 

tensor and other fields ( a,A, = 0; i3,T,, = 0; ...)[ 81. 

If we shall not change gauge, then the irreducibility condition is not fulfilled and the relativistic 

dispersion law breaks down, P' f M i  ( see for example ref. [9) ). Thus, not only the  wave function 

but also the atom spectrum depend on gauge. 

There are several papers[4,10) devoted to  the  proof of gauge independence of an atom spectrum. 

In these treatments, the  Coulomb interaction is used in the rest frame with the  choice of the  time-axis 

r),, = (1 ,0 ,0 ,0) .  However, all the authors have not taken into account that  the vector r), (contained 

in the Coulomb part of interaction) can indeed be arbitrary, and that a transition from one vector 

r),, to another r): (r):' = 1)  is realized by means of a special change of the  gauge. 

One of the reason of the atom physics dependence on gauge consists in that  the  elementary 

particles in an atom are off mass - shell. 

For example, i t  is easy to see that  the sum of the Coulomb field and transversal photon propagators 

coincides with the Feynman gauge propagator h'F up to the  longitudinal term K L  : 

KL disappears only on the  mass-shell (because of the current conservation law J ~ " ' ) ~ ~  = J,!'"'q;). 

But off the mass-shell for the Bethe-Salpeter equation the  currents ( J )  turn into the  vertices (r) 
which do  not satisfy the  conservation law 

r(b,2)q0 + r!'.2)q., x R ( r )  # ~ - ~ ( r ) .  

We cannot use for the  atom description any gauge and any 7,. From this point of view it  is 

doubtful whether the lattice calculations can describe the Lamb shift. 



We have seen that the real action for the relativistic QED atom in the lowest order in coupling 

constant is given by the action (1) with the kernel (4) where the time - axis v, is the unit eigenvector 

of the bound state total momentum operator (5) 

a 
l(;@(zIx) - -@(zIX). 

ax, (6) 

It is wonderful that the relativistic potential model ( I ) ,  (4), (6) has not been considered until now. 

One of the problems is the inclusion of a rising potential in this model instead of the Schr6dinger 

equation. Another problem is the foundation of the radiative gauge for the description of the bound 

state spectrum in the rest frame and the ~eisenber 'g-~aul i  group transformation. Just these problems 

will be discussed below. 

3. New relativistic potent,ial model ( N.R.P.M. ). 

N.R.P.M. ( I ) ,  (4), (6) has been considered in paper [ l l ]  by the author with collaborators. This 

model gives consistent description of massless quarks interacting by means of a rising pc~tential, i.e. 

it describes the constituent quark mass, spontaneous chiral breaking symmetry, and the massless 

pion as the Goldstone bilocal mode ( v'C' = 0 ). In the rest frame ( for total momentup P' # 0 ) 

our equations for the spectra of quarks and mesons turn into the equations of the model of ref. [9] 

where the meson spectrum has been got in agreement with the experimental data. We have shown 

that increasing quark current masses lead to the Schrodinger equation for the heavy quarkonia 

[ l l ] .  Besides the light and heavy quarkonioio spectroscopy the N.R.P.M. describes also the hadron 

interactions. 

The well known in the nuclear physics the separable approximation for N.R.P.M. leads to the 

Nambu - Jona - Lasinio ( NJL ) model with the definite form factor of the regularization [12]. Thus 

N.R.P.M. contains also the chiral Lagrangian inspired by one of the versions of the NJL model [13]. 

4.Gauge dependence of t,he bound st,at.e pl~ysics. 

First let us recall such notions as "gauge invariance","choice of gauge", and "change of the gauge". 

The gauge invariance of Lagrangian c(A) means that it does not vary under gauge transformations 

of the fields A 

where 

The choice of the gauge is a specific gauge transforn~ation gf depending on the field A , so that 

the new field AJ[A] = gl[A](A t a)[gJIA]]-' satisfies the additional condition 

The quantization of the fields and the Feynman rules are always forn~ulated in terms of a certain 

gauge: f, = 0, f2 = 0, ... . We would like to draw yonr attention to some not well known consequences 

of these definitions. 

i).The explicit solution of gauge condition (8)  gives the physics1 variables AJ as a functional on 

the initial fields A;[6]. In QED this is thr  axial field 

or the transversal field 

and so on.These functionals are invariant. under gauge transforrr~ations of the initial fields in the sense 

of eq.(4). So, any gauge choice is a tmnsrtion from l l ~ r  ~rttlcol fields to the gauge invariant physical 

variables ( i.e. " gauge " (8) is the choice of variables ). 

ii).The change of the gauge ( from AJ1 to Ah ) 1s fnlfilled by the substitution [7] 

All Green functions are invariant under the operation (9)  



Here 

(if anomalies are absent). This substitution contains not only the modification of the  Feynman rules 

(i.e.the gauge change) but also the spurious diagran~s induced by the factor V[Ah] (which do not 

follow from the initial Lagrangian). 

On the mass-shell these additional diagrams do not contribute, and the invariance under the 

gauge change takes place. But off the mass- shell the dependence on the gauge takes place and this 

does not mean the gauge noninvariance (any variables (8) are gauge invariant as we have seen above). 

The experimental value of the Lamb - shift is described by any " gauge " up  to the  spurious 

diagrams. The radiative " gauge " is unique which does not demand these spurious diagrams to 

reproduce the observed Lamb - shift in a to~nic  spectra. 

5. The minimal quantizatio~l scl~eme. 

The Feynman rules in the  radiative gauge applied in the at.omic physics and the  Heisenberg-Pauli 

relativistic group can he justified by the ~ninimal quantization scheme of gauge field theories which 

has been formulated in ref.[l4] as the following two axioms: 

i).The axiom of the choice of physical variables hy the projection of the  Lagrangian and the 

Belinfante energy-momentum tensor I 

upon the Gauss equation solution for the time co~nponent A. = ( 7 .  A) 

a L  

ii).The axiom of quantization of the minimal set of physical variables by the  diagonalization of 

the  Belinfante Hamiltonian Too. 

In QED the first axiom expresses the tensor (11 j only in terms of the  transversal variables AT,+T 

as nonlocal gauge invariant functionals on the initial fields 

The usual Lorentz transf mation of the initial fields in the Gauss equation leads to the Heisenberg- % 
-Pauli transformaton of the transversal functional 

where e~ are the transformation parameters 

The second axiom leads to the same transformation law (13) for quantum fields 

In the  minimal quantization scheme the relativistic transformation of the  classical variables (12) 

coincides with the quantum ones on the operator level. 

This coincidence is the  main difference bet,ween the ~ninimal quantization and the one in the 

usual radiative gauge.Another difference is the phase physics due to the infrared zero modes in the 

exponent of the factor VIA] in eq.(12). 

The same explicit construction of the physical variables for non-Abelian theory[14,15] leads to 

the topological degeneration of these phase factors and to a confinement mechanism as a destructive 

phase interference. 

The third difference from the conventional Dirac approach is the dependence of the bound state 

physics on the  time-axis of quantisation 7, and t l ~ e  i~nportance of one more empirical bound state 

principle, the Markov-Yukawa choice of the time-axis ( 6 ) .  

The minimal quantization with the Markov-Yukawa choice of the time-axis 7, does not change 

the S- matrix with asymptotical free states of elenrentary particles (as this S- matrix does not depend 



on gauge and on 7, ) but these empirical axioms are necessary and really are used in the  atomic 

physics independently of the validity of perturbation theory[4]. 

6 .  New QCD myth. 

The minimal quantization of chromodynamics[l4] up to the  phase phenomenon 1151 is reduced to 

the explicit gauge invariant construction of the Schwinger operator quantization of the non-Abelian 

theory[l6] with the Hamiltonian 
e 

1 1 
.fi(g2D) = / ~ X / ~ ( E ? ( X ) ) '  + i ( F P , ( ~ ) ) 2  + g ( x ) ( i ~ k v r  + mO)q(x)] + 

+ ' 2 / ~ X ~ Y J : , ( X ) ~ ~ ' D ~ ' ( X  - ylA)lJ:,(y) + 
+ nonlocal Schwinger ternzs 

Here 

g is the coupling constant and the function DDh(x - ylA) satisfies the equation 

( Where vfb = babai + gf""~;  ). The Schwinger terms are defined from the Lorentz covariance 

condition [14,16]. 

We shall consider the Hamiltonian (15) as a basis for construction of Q C D  for hadrons. 

Just this Hamiltonian (unlike the Q E D  one) contains a new type of infrared divergences a t  zero 

three-dimensional momenta kZ  = 0. 

The asymptotic freedom formula cannot relnove these static d~vergences and becomes a phe- 

nomenological supposition. The removal of these divergences has not only a purely mathematical 

( theoretical ) character .( Recall that in & E D  the solution of the infrared problem is accompanied 

by including a phenomenological parameter of the type of the dimension of a device.) 

One thing is known: these static divergences bear a relation to the modification of the static 

Coulomb potential a t  long distances (or a t  k 2  - 0 ) and to the physical dimensional transmutation. 

Instead of the asymptotic freedom phenomenology let us take the  form and the parameter of the 

modification from the experiment: i.e. the heavy quarkonium spectroscopy that definitely points 

out the  rising potential[17]. ( This potential can be forced by the  nontrivial boundary condition of 

the Gauss equation[l5] like AqcD appeared in the boundary condition of the  renormalization group 

equations.) 

We would like to draw your attention to the wonderful fact: that the rising potential ansatz 

removes all infrared divergences in a ~e r tu rha t ion  theory in the coupling constant gz[18,19].This 

hadron Q C D  perturbation theory contains in particular the old parton QCD:  the  nonlocal chiral 

Lagrangian for light quarks, and the  ~o ten t i a l  morlel for J/$ spectroscopy. 

We comment hereon some details of the  hatlron Q C D  (QCDh)  [19]. We choose as a test 

the  oscillator one with the  dimension paralneter - 300 RleV In the lowest order in coupling constant 

the  rising potential leads to  the constitl~ent. nbasses of light q ~ ~ a r k s  and glqons and does not change the 

heavy quark masses[ll , l8).  The QCDh per t r~rhat io~l  theory is forrnulated in terms of the  modified 

gluon and quark propagators which in the  licit form depend on the total hadron momentum P,. 

For large transverse momenta I q L J  2300 MeV these rr~otlified propagators turn into the  parton ones 

of the usual Q C D  without confinement properties. 

The modified gluon propagator also modifies the [,Inning coupling copstant in the region of small 

transfer momenta[l8]. The new running conpling constant has no sir~gularities in the  whole re- 

gion of transfer momenta and 1s smaller than O;"~((I) - 0.2.  At large momenta it  coincides with 

the asymptotic freedom formula. QCDh describes the gl~~ebnl l  masses in the  region expected now[l8]. 

7. Phenomenology and theory of confinement. 

In QCD(h) we face with the  continuous qnark and glnon spectra in spite of the  rising potential 

(see also19,20)). This means that  the  quark - g l ~ ~ o n  loops have the imaginary parts which contradict 

the potential confinement, and vice versa, the ahsence of  the imaginary parts contradicts the  phe- 



nomenology of the measurement of quark and gluon quantum numbers that is based on the parton 

interpretation of deep-inelastic process. Its essence consists in that the sum over all hadron final 

states is described as an imaginary part of the correspondirlg elastic amplitude constructed from 

quark-gloon diagrams of the Q C D  perturbation theory 

This description is called the quark-hadron duality ( Q H D  ) and is used in the phenomenology 

as the energy averaging ( the  global Q H D  ) and without averaging, in the energy region far from 

I resonances ( the local Q H D  ). For example, the cross section of the process e+e- into hadrons in the 

nonresonance energy region not only on the average but also at points coincides with the imaginary 

part of quark-gluon loops. 
I 

I The local Q H D  means that the perturbation theory is realy used in  the Minkowski space. To 

get the Q H D ,  it is sufficient to  remove q ~ ~ a r k  and gluon ( color ) states from physical ones in the 

unitarity relation for the S-matrix. 1 In Q H D  there are implicitly used two different types of quarks states : the  physical states (c) 

for which Ti, = 0 and parton states (p) Ti, # 0, which reflect only particular analytical properties of 
I "elastic" hadron an~plitudes reproduced by the imaginary parts of quarks diagrams. 
II 
.I One of the  forqulations of the confinement problem is as follows : Why doesn't the coincidence 

~1 of physical and parton states occur in Q C D  ? Another fornlulation : Why is the probability of color 
I 

particle production equal to  zero , T,, = 0, while the probability of hadronization is equal to unity ? 

1 I t  is wonderful that the theoretical observat,ion of quarks as partons and their experimental 1 nonobservation take place in the same energy region of the Minkowski space. This is the main 

paradox of the parton pheno~nenology and Q H D .  

~ The answer to  the : " How can the perturbation theory in the Minkowski space 

(Ti, # 0) be made consistent with the confinement hypotl~esis ( Tk = 0 ) ? " is given neither by 

asymptotical freedom, nor by the confinement potential. 

The  first explains only the Q C D  perturbation theory in the Euclidean space (where theoretical 

quantities are connected with the realistic cross sections by the dispersion relation,or the energy 

I averaging). 
I 

! 
The argumentation of the  potential version of confinement is based only on different regimes of 

the quark behaviour in different (not the same) energy regions. Moreover, all attempts to  explain the 

non~bse rvab i l i t~  of individual quarks by solving t t ~ e  Dysorl-Sclrwinger equation for quark propagator 

have led not to  confinement, but,  rather to  the spontaneous breaking of chiral symmetry. 

The self-consistent solution of the quark-parton paradox has been given first by the t'Hooft twc- 

dimensional chromodynamics [21] , where the confinement of physical quarks is explained not by the 

interaction potential,but by the process of dressing bare ql~arks.ln this model [21] all physical quarks 

have infinite masses as a consequence of the infrared divergences whereas colorless amplitudes are 

expressed in terms of bare quark propagators with finite masses without infrared divergences. 

The absence of the  amplitude of color particle production does not contradict the unitarity 

condition in the Minkowski space.The point is that wl~erl bound states are present,the unitarity 

relation should not be understood as an identit.y,b~lt rather as one of the self-consistency conditions 

of the theory used for normalizing the bound stat.es anrl lheir interaction constant.If for some reason 

the color states disappear, the probability of other cl~annels increases so that  t he  total probability is 

e q u d  to  unity. 

A similar confinement mechanism of "dressing" bare quarks is contained in the minimal scheme 

of quantization of the  non-Abelian theoryIl4) due lo  t.he topological degeneration of the physical 

variable. (151. 

8. Summary. 

i).Wa have distinguished between the free asymptotic s1at.e S-matrix (SF)  and the bound asymp- 

totical state S-matrix (SB). SB depends on gauge,nnlike SF (we have seen that the gauge change 

does not coincide with the  gauge transformation, and the gauge dependence is not the gauge non- 

invariance). For the proof of the relativistic covariance of the free asymptotical state S-matrix it  is 

sufficient t o  pass to  any relativistic gauge.For the relativistic description of SB , instead of the Dimc 

quantization method with the canonical gal~ge-noninvariant IIamiltonian and an arbitrary gauge, we 

use the minimal method with the choice of t l ~ e  time-axis along the eigenvector of the  bound state 

total momentum operator. 

ii). In the low-energy region we give up the asymptotic freedom formula which in this region 

goes out of the  range of validity and turns into the phenomenological supposition. We decline the 



renormalization group equations as a came of the infrared dimensional transmutation since these 

equations bear a relation to  the  ultra-violet divergences rather than to  the  infrared ones (recall that 

in the ultraviolet finite theories the renormalizahle group equations turn into the  trivial identities 

and do not contain physical information[Zl]). 

Instead of the renormalizataon group dtmensional transmutation we use the rising potential - 

ansatz as the infrared physical regularization of the perturbation theory. 

iii). We have seen that the risang potential leads to constituent masses, hadron spectroscopy, chiml 

Lagmngians but not to confineii~ent 

Instead of the potentaal confinement ure haoc tlre deslr~rcltve tnterference phenomenon [15] which 

is possible in the minimal quantization unethotl and which leads just to the quark - hadron duality 

formula where the parton states differ from the pl~ysical color ones like in the t'Hooft two-dimensional 

QCD[2l l .  

In conclusion we would like to note two intrigelng ql~estions: What is the  real physical cause 

of the rising potential? and What is the time-axis for the Universe as a bound state of all their 

particles? 

It is our belief that the  answer to the first qllestion lies beyond Q C D  and has no relation to the 

renormalization equation. 

As to  the second question, I I  tlie "tinle-axis" q, is a eigenvalue of the  operator of the  derivative 

with respect to the total coordinate of all particles in the Universe including any man, then any 

motion of the man gives a contribution to the "time". 

We finish with the definition of the human freetlom belonging to  the father of the  Byzatine The- 

ology St. Maximus (580-662)[23]:"Any motton, if it makes sense, possesses also a b e d o m ,  and the  

task of it  is the  realization of a good moral existence, the final aim of which will be  the "sense of an 

everlasting existence". 
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k p s y w ~ n  B.H. E2-89-604 
A&ponnan KXA /Cen3annue COCTOUHH~ B Y ~ ~ H ~ P O B O ~ H U X  ~eopunx/  

npeanaraa~cu o6qne npnnqnnu onucanun censannux COCTORHUA B K3P. u KXA 
c qenba npocTpoennn cauocornacoeannoh cxeuu eurncnennn cnenTpa H annnuTya 
~ ~ a n u o ~ e h c ~ ~ n ~  aaponoe. T ~ K H W  npmnqnnamn nanuorcn nenoe pevlenue ypaenennh 
raycca na epeuennyo KomnonenTy, KsanToeanne unnnmanbnoro na60pa W ~ H ~ ~ C K H X  

nePeMeHHUX H ~bl60p BPeMeHH KBaHTOBaHHR B COOTDeTCTBHH C ~ ~ ~ U T H B H C T C K O ~  TeO- 
pueA G ~ n o ~ a n b w x  nonen Hap~oma-O~asu. noc~poenna no ~ T H M  npnnqunau KXA CO- 

aepMnT noeue nn@i)aKpacnue PacxoWuocTn, M e n u w e  noeeaenue KymnoacKoro nonn 
Ha b I l b U H X  paCCTOUHUUX. ~ T H  PaCXOAHHOCTH /KBK H uH@paKPaCHUe PaCXOAHMOCTH 
B K3R/ YCTpaHUoTCU C nOMOu(bo @eHOMeHOiWrHU: B AaHHOM Cnyrae, yUeTOM paCTy- 
uero noTenknana Kau "nenep~yp6a~~enoro"  @Ha Ann nomh Teopnn B O ~ U ~ U ( ~ H H ~ .  

nOKaaaH0, KaK B T ~ K O ~  TeOPHU aAPOHOB B03HHKalOT naPTOHHaR MOAenb, HepennTH- 
BHCTCKaU nOTeH4HanbHaR CneKTPOCKOnHU, KHPanbHUe JlarPaHYHaHU U K O H @ ~ ~ H M ~ H T .  

Me~oa  KeanToeannn Aupana, penopurpynnowe ypaeneumn H eurncnenun na peueTKax 
B HX 061uen~~nn~obi  @opnynupomue O K ~ ~ U B ~ ~ T C R  necocTonTenbnwu Ann onncannn 
C B U ~ ~ H H U X  c o c ~ o n n ~ h .  

Pa60Ta eunonnena B Ja60pa~opnn ~ e o p e ~ u r e c ~ o h  @H3HKH OHBH. 

npenpm 0 6 m e o l o r o  w c n r r y r a k q e p l m  n c c n e a o d .  L I y 6 ~ a  1989 

Pervushin V.N. EZ-89-604 
Hadron QCD (Bound States i n  Gauge Theories) 

The general p r i n c i p l e s  o f  the d e s c r i p t i o n  o f  bound s ta tes  i n  QED and 
QCD a r e  proposed fo r  the aim o f  cons t ruc t ion  o f  the consis tent  scheme o f  
c a l c u l a t i n g  hadron spectrum and i n t e r a c t i o n  ampli tudes. Such p r i n c i p l e s  a r e  
the e x p l i c i t  s o l u t i o n  o f  the Gauss equation f o r  t ime component, the quant i -  
za t ion  o f  the minimal se t  phys ica l  va r iab les  and the  choice o f  the t ime-axis 
o f  quan t i za t ion  i n  accordance w i t h  the Harkov-Yukawa r e l a t i v i s t i c  theory o f  
b i l o c a l  f i e l d s .  QCD constructed by these p r i n c i p l e s  conta ins new in f ra red  
divergences, changing the behaviour o f  the Coulomb f i e l d  on la rge  distances. 
These diverances (1 ike ones i n  QED) a r e  removed out  w i t h  the he lp  o f  phenorne- 
nology, in  t h i s  case, by tak lng  I n t o  account the r i s i n g  po ten t ia l  as the "non- 
pe r tu rba t i ve  background" f o r  a new per tu rba t ion  theory. I t  i s  show how i n  
such hadron theory the par ton model, nonre la t  i v i s t  i c  po ten t ia l  spectroscopy, 
c h i r a l  Lagrangian and confinement appear. The Di rac quan t i za t ion  method. 
renormal i z a t i o n  group equations and l a t t i c e  c a l c u l a t i o n s  i n  t h e i r  coventio- 
nal fo rmu la t ion  a re  proved t o  be untenable f o r  the description o f  bound 
states. 

The i n v e s t i g a t i o n  has been performed a t  the Laboratory o f  Theoret ica l  
Physics, JiNR. 

Reprint of the Joint Inrtitute for Nuclear &such. Dubm 1989 


