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A common thread is followed through diverse phenomena: Weak interactions lock seemingly indepen-
dent variables into a collective state of enhanced or depressed energy. A rather novel perspective is thus
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I. INTRODUCTION

Familiar knowledge of the structure of matter centers
on the motion of (quasi)independent particles and on the
(quasi)free wavelike propagation of photon and phonon
fields. In this context surprise has been elicited by the
emergence of phenomena—superconductivity, plasmons,
nuclear deformations—that hinge instead on coordina-
tion of particles and fields.

Treatments of this coordination, developed in the late
1950s, utilize, in fact, a single mathematical mechanism
whose manifestations differ in origin and form
throughout physics. Common to these phenomena is the
role of a dense spectrum of states viewed initially as in-
dependent. The seemingly weak interaction among these
states often condenses into a single eigenvalue separated
from the rest of the spectrum by an energy gap. The
present outline of this mechanism and of its manifesta-
tions has been stimulated by an indication of its possible
role in particle physics, a role that will be touched upon
in a final section but that remains nebulous at this time.

The truly macroscopic phenomena mentioned above,
plasmons and superconductivity, will be seen to hinge on
long-wavelength Fourier components of the Coulomb
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force, which cement multitudes of electrons and/or nu-
clei into extended coherent states of aggregation. This
cementing action emerges when a suitable index ap-
proaches or exceeds unity. Short-range nuclear forces
and short-wavelength Coulomb components play the cor-
responding role for nuclear deformations and for other
localized phenomena.

An index that measures the effectiveness of particle-
field interactions will be developed analytically for the ex-
ample of plasmon excitation. Its relevance to other phe-
nomena will then be indicated through qualitative discus-
sion only. Application of this approach to superconduc-
tivity will allow us to bypass apparent complexities of the
BCS theory, which are rooted in its historical develop-
ment and persist in current texts. It will also stress the
effective strength of interactions over the role of specific
mechanisms. Superfluidity will not be dealt with per se,
but is presumed to differ from superconductivity mainly
in that it concerns mass displacements instead of charge
displacements.

Il. PLASMON EXCITATION IN CONDENSED MATTER

Collective motions of charged particles are readily ana-
lyzed in low-density ionized gases (“plasmas”). Each
electron or positive ion moves through the gas with oc-
casional collisions under the influence of the fluctuating
field from other particles and of its own inertia. The long
range of the Coulomb field provides, however, some coor-
dination. This influence manifests itself through wave-
like departures of the electron density from its average
value N. The frequency

w,=(4meN /m)'/? §)

of these oscillations is inversely related to the electron
mass m, rather than to the larger ion masses. Bohm and
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Pines (1953) pointed out that the density of metal elec-
trons should display analogous oscillations, favored by
their high mobility. The density N of conduction elec-
trons in metals yields, in Eq. (1), values of @, whose cor-
responding energy quantum #iw,—a “plasmon”—is on
the order of 10 eV. Plasma excitations should thus be
readily apparent in the energy-loss spectra of fast elec-
trons traversing metal foils, a prediction that was
promptly verified.

This discovery led to two related questions: (1) How
would interband transitions of metal electrons be dis-
tinguished from plasmons? (2) Would semiconductors
and other nonmetallic materials also display plasmon ex-
citations? Plasmon formation was then shown to emerge
from a more comprehensive treatment of the action of
Coulomb forces, which coordinates pairs of otherwise in-
dependent excitations of outer-shell electrons in con-
densed matter and yields the Bohm-Pines result as a lim-
iting case (Fano, 1960).

A. Empirical macroscopic model

The force exerted on a single electron within matter by
a weak electric field perturbs the electron but little, elicit-
ing a quasielastic response. This consideration underlies
the ““electron theory of matter” developed a century ago
to describe the linear response (‘“polarization”) of bulk
matter to probe fields, e.g., optical radiation (see, for ex-
ample, Crawford, 1965; Fano and Fano, 1972).

The polarization consists of electron displacements
characterized by an empirical spectrum of resonant fre-
quencies {w,} whose (generally small) imaginary part
iy, represents inelastic relaxation. To each w, corre-
sponds an ‘“‘oscillator strength” f,, which represents the
fraction of all electrons that participates in the reso-
nance. The dynamics of resonating electrons is
represented in terms of their energy, conveniently shorn
of irrelevant factors. One such factor is the squared peak
displacement of electrons, which depends on the probe-
field strength; a second one is the electron mass. The en-
ergy thus normalized has the physical dimensions of a
squared frequency. It can thus be indicated by w2 for
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FIG. 1. Diagram of polarization layers in long-wavelength lon-
gitudinal excitations traveling along the ordinate axis. Adjacent
layers repel each other in this case but attract each other for
transverse excitations where all polarization arrows are rotated
by 90° clockwise.
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each resonance and by w? for a free-electron plasmon.
An electric ac field with frequency w thus drives each res-
onant frequency in proportion to the ratio of its response
and the mismatch of squared frequencies,

2

o, f
—z’u—z' . (2)
oh—o ,

Quantum mechanics reproduces this and other results!
and complements them by evaluating the spectra of {w, }
and {f,} for specific atoms, molecules, and crystals. The
(complex) dielectric function €(w), i.e., the squared re-
fraction index n? of the material, is represented in the
basic model through the sum over all contributions (2) of
its spectrum. Differences among the spectra of {w,} and
{f,} pertaining to different materials will matter to us
only in the context of specific applications. Note that the
atomic structures and mechanisms underlying these spec-
tra and the ratio (2) are not relevant to the following
treatment; therein lies its generality.

B. Long-range interactions

The Coulomb potential e?/ lr;—r;| between any two
electrons at positions (r;,r;) correlates their motion in
principle. The net effect of this correlation tends to aver-
age out for all distant pairs in homogeneous isotropic ma-
terials and is accordingly disregarded in quantum-
mechanical calculations of the parameters {®,,f,}. This
cancellation is, however, incomplete for the nonuniform
polarization induced by probe fields with semimacroscop-
ic wavelength. The net effect of long-range Coulomb
correlations remains generally modest in the case of opti-
cal radiation, for reasons to be indicated later, but is in-
stead responsible for the excitation of plasmons by
Coulomb fields.

The polarization pattern generated by a longitudinal ac
field E,exp[i(q-r—wt)], with E, parallel to q and
q =2 /A, is represented schematically in Fig. 1. We con-
sider here the Coulomb interaction of all electron pairs at
positions (r;,r;) in different layers of the pattern, ex-
pressed as a Fourier integral

ez e

2 -2
r__—rj—l=z73fdkk explik-(r;—r;)] .

!Quantum mechanics treats polarizability or dielectric
response by lowest-order perturbation, which introduces a reso-
nance frequency (or energy) difference w, —w in Eqgs. (2)—-(7) in-
stead of w? —w?* Interference between time-dependent factors
exp(Liwt) (or between complex conjugate contributions to po-
larizability in time-independent formulations) yields, however, a
second resonance denominator (w,+w) !, which generates
(0% —w?)~! when combined with the initial one. Small values of
®,, implying close proximity of resonances at ® =+, thus un-
derlie the boost of spectral concentration of low w. Reliance on
perturbation treatment, rather than on an oscillator model of
the zeroth-order states |n ), underlies the classical oscillator ap-
pearance of Egs. (2)-(7).
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Upon summation over all electron pairs, the contribution
from each element of the Fourier integral with k¥q can-
cels out. A net contribution stems, however, from the
single Fourier component with k=q, i.e., with the same
space distribution as the polarization, namely,

<expliq-(r;—r;)] . (3)

This residual interaction, characteristic of a specific po-
larization pattern, is foreign to the definition and calcula-
tions of the parameters {w,,f,} and hence provides an
additional contribution to the material’s response.

The component (3) of the Coulomb interaction be-
tween two electrons splits in turn into separate factors
{exp(iq-r;),exp(—iq'r;)}, each of which depends on the
position of a single electron. Its action can thus induce
two-electron transitions with frequencies (w,,,, ) and am-
plitudes proportional to matrix elements of exp(xiq-r).
Each matrix element depends on q in principle, but this
dependence is negligible as long as each electron’s posi-
tion is confined to a range <<g ! in its calculation. In
the limit of ¢ —O0 the residual interaction term (3) thus
contributes a factor f,}/2fL/%. These circumstances pro-
vide the key to a theory of plasmons that encompasses
metals and nonmetals (Fano, 1960).

C. Dynamics of interaction

The normalized excitation energies {w?} of the macro-
scopic model may be viewed as elements of a diagonal
matrix ©28,,,. This energy is now to be complemented,
for a polarization proportional to expli(q-r—wt)], by
the contribution of Coulomb components (3). This con-
tribution is represented by the nondiagonal unit rank ma-
trix Colf,"2f)/% whose structure is analogous to the
numerator of Eq. (2). The unit rank of this matrix, i.e.,
its dependence on n and m through separate factors,
stems from our dealing with the effect of a single, fully
specified, polarization wave. This feature of the interac-
tion is central to the mechanism discussed here. The
coefficient C has the alternative values

Cl=%7 t:—%: 4)

for the probe-field polarizations parallel or transverse to
q, indicated in Fig. 1, which are generated by electron
scattering or optical radiation, respectively.

The resulting matrix, ©28,,, +Cco12, f2fl2) is diago-
nalized by an orthogonal transformation matrix ay,,
each of whose rows represents the Nth eigenvector of the

equation

02a, +Calf}?S 1, =, | (5)
m

This transformation replaces the macroscopic model’s
parameters {w,,f,} as required by the addition of long-
range interactions: The eigenvalues 0 =Q , of Eq. (5) re-
place the w,, and the oscillator strengths
Fy=|3 0 xnf1?? replace the f,.
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The structure of Eq. (5) enables us to transform it into

C(t)z 172
a, = 217 : 2 Zfrit/zam . (6)
a)n —o m
Multiplication of Eq. (6) by 3, f,./? provides the eigen-
value equation to be solved,

—c@;z%z—c(x(mq . (7
n Op —®

The coefficient a(w)-—equivalent to 47y of Crawford
(1965)—represents the polarizability of a unit volume of
the material in the absence of long-range Coulomb in-
teractions, in which case e(w)=1+a(w). The presence
of these interactions replaces this relation by the
Clausius-Mossotti formula,

_ 1+2a(w)/3

elw) (@) /3

(®)

D. Results and discussion

The occurrence of plasmon-type collective oscillations
in the energy-loss spectrum of charged particles—and of
analogous effects to be discussed later—will now be
shown to rest on comprehensive features of the polariza-
bility function, Eq. (7), illustrated in Fig. 2. These
features involve the density N of outer-shell electrons (a
factor of the coefficient wlz,) and their spectral parameters
(w,,f,). We shall first indicate significant features of
a(w) in spectral ranges where the oscillator-strength den-
sity is either very low or very high, and then point out
their interplay when high and low densities prevail in ad-
joining spectral ranges:

(a) A frequency range in which the density of oscillator

strength is low is characterized by
2
oy f
—5 <1 9
lwn —-wnill

Equation (7) has in this case a perturbative solution,
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FIG. 2. Qualitative representation of the polarizability function
a(w) and of graphic solutions of Eq. (7) as described in the text.
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namely, o*~ Q2 = +Cw§fn, since terms of a(w) with
m#n contribute negligibly at w?’~w2. The frequency
shift Qf, —a)f,, however small, combines the density N,
the charge and the mass of electrons, through wz, and the

oscillator strength f, which couples each resonance to a

probe field.
(b) In the opposite case
2
1)
_ @S >>1, (10)
l0f — @)1l

a root of Eq. (7) also occurs near the middle of each inter-
val between w, and w, 4, where a(w) traverses its whole
range — o <a(w)< . However, the 3, f1’%a,, in Eq.
(6) includes in this case contributions of comparable mag-
nitude and opposite sign from terms with m <n and
m >n, respectively, whereby the magnitude of the
relevant eigenvector, > f, ,} / 2a,,, is sharply reduced by des-
tructive interference.

(c) The feature of Eq. (7) directly responsible for a ma-
jor collective phenomenon results when Eq. (10) holds
throughout a limited spectral range o, <® < ®,, whereas
Eq. (9) holds in adjoining ranges. Whichever fraction of
the overall coupling among initially independent oscilla-
tors, as represented by cof, s =S n» lies in this range, des-
tructive interference prevents its local manifestation. In
contrast, its contribution :

a(rs)(w):a);iL (1n
n=r(‘)%z -’

to the total polarizability a(w) proves decisive where the
terms of the sum in Eq. (11) interfere constructively, that
is for > w, and for w < w,.

The magnitude of | (w)| remains > 1 for a consider-
able spectral range above o, and below ®, (provided
®,70). Throughout this extended range, its contribution
to a(w) remains dominant and may be fitted approxi-
mately to that of a single “effective oscillator” with fre-
quency w.q and strength foe~>7 _ f,,

2
@ €
a(w)~a('3)(w)~~2—pf——ﬁ7 . (12)
a)eﬂ‘_"a)

On this basis, Eq. (7) predicts the occurrence of a high-
intensity ‘“‘collective” normal mode with the eigenfre-
quency

Qip~ ot Cw;feff ) (13)

which “peels off”” the range w, <w <w,; where Eq. (10)
holds. The plasmon frequency is predicted by this for-
mula with the “longitudinal” value C=2; more precise-
ly, this frequency is the value of w at which the Clausius-
Mossotti €(w), Eq. (8), vanishes. A corresponding trans-
verse normal mode occurs at the w < w, value where €(w)
diverges.

The plasmon frequency often exceeds w, by far because

the values of a(w) and e(w), initially large and negative
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at w ~w,, decrease in magnitude slowly as » increases.
By contrast the eigenvalues Q, of Eq. (7) for transverse
modes (C, = —1) appear to depart from the spectrum of
o, much less than do the longitudinal eigenvalues.
Several circumstances, including the sign and magnitude
of C, /C;, may contribute to this phenomenon.

In metals, the valence electrons contribute a spectrum
{0w,} lying at very low frequencies, with ®,=0, thus
yielding a longitudinal mode with the plasma frequency
(1) and no opportunity for a transverse mode. In semi-
conductors and insulators both a longitudinal and a
transverse plasma mode may occur, provided Eq. (10)
holds over a sufficient range. An important aspect of this
condition is that details of the spectrum of (w,,f,) are ir-
relevant. The condition itself may be cast in terms of the
mean value,

o, d(w,
Lo dlonl) o, (14)

w;,—w, Yo, d(w?)

of the oscillator-strength density in space and squared
frequency. The spectral density of the oscillator strength
of outer-shell electrons meets this condition for some but
not for all nonmetallic condensed materials. Since the
spectral-density operator d/d(w?) in Eq. (14) is
equivalent to (2w) 'd /dw, it boosts the density at low
frequencies and depresses it at high frequencies. Accord-
ingly, condition (14) holds mainly for chemically unsa-
turated materials that absorb light heavily at rather low
frequencies; it does not hold at all for inner-shell elec-
trons.

Ill. CRITICAL FEATURES OF
THE MODEL EQUATIONS (6)—(8)

The mathematical model used above to describe the
formation of plasmon resonances may also deal with any
base set of states |n ) that are stationary with energies
fiw, in an initial approximation. The nature and locali-
zation in space of these states is not relevant. Equation
(5) introduces a Coulombian coupling between these
states represented by the factored matrix Co} f/*f /%

Equation (5) itself may be viewed as the Schrodinger
equation for a set of coupled states of a system held near
equilibrium by linear restoring forces (Crawford, 1965,
Chap. 3).! This treatment is appropriate to systems
whose energy variations are small as compared to their
total energy, even though these variations entail conspi-
cuous effects. [See, for example, Sec. II and Egs.
(12)-(19) of Fano (1956).] Alternatively, Eq. (5) may
represent the long-range equation for normal modes of
coupled oscillators. Equation (6) represents the solution
of Eq. (5) in terms of the single ‘“‘collective variable”
Fy=3, fi/%a,; Eq. (7) formulates the relevant eigen-
value problem.

Under the condition (14) the value of |3, f1a,,|
peaks for a single isolated eigenvalue of Eq. (7) and is
quenched for the other eigenstates, which thus become
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hardly observable. The alternative values (4) of the fac-
tor C in Eq. (5) boost or lower the total energy, respec-
tively; they correspond to interactions between dipoles
lying nose-to-tail or side-by-side, respectively (Fig. 1).

The most critical element for the formation of
plasmons—or of analogous states—lies in Eq. (14)’s re-
quirement that there be a high spectral concentration of
the coupling among base states, that is, that there be a
high density of quasidegenerate states interacting through
the Coulomb field. This requirement hinges in turn on
the value of a dimensionless index, namely, the integrand
of (14) or its analog in other phenomena. Notably such
indices may take alternative forms depending on the
choice of alternative sets of independent variables, as il-
Justrated by replacing the set [cop, f,w} that occurs in
Eq. (14).2 Such alternatives provide different perspectives
on the same phenomenon.

Regardless of the perspective, a value of the critical in-
dex comparable to—or larger than—unity implies a
strength of interactions that causes the initial description
of a system to be replaced by a new one. That perturba-
tion of a (quasi)degenerate base yields eigenstates of
different character is, of course, familiar. That a single
eigenstate is readily observed and most strongly shifted in
energy is instead a feature of factorable perturbations [i.e.,
of interactions that link the amplitudes a,, and a, in the
second term of Eq. (5) through a product coefficient

f1/2fl/2]
n m 1
IV. MOLECULAR AND NUCLEAR ANALOGS

Whereas plasmons in condensed matter result from the
interaction of a macroscopic number of particles,
plasmonlike spectral features also occur in modest-size
aggregates of particles interacting through Coulomb or
nuclear forces. Dimers of flat dye molecules, bound to
one another face-to-face by a weak van der Waals force,

2An alternative form of the integrand in Eq. (14) replaces the
oscillator strength symbol f, utilized in earlier equations by its
quantum-mechanical expression in terms of the matrix element
for a dipole transition with frequency w,, directed along the
vector q of Eq. (3)

Fo=2ma,|(n]q-c]0)2/% .

When we enter this expression, for example, in Eq. (10), its fac-
tor m cancels the electron mass in the denominator of cof,, and
the ratio 2w, /|w? —w? 4| reduces to 1/|w, —w,+,|=1/Aw,, if
Aw, <<®,. The ratio on the left of Eq. (10) becomes thus

47N |(nleq-r|0)|*/#Aw, ,

an expression equivalent to the integrand in Eq. (14). Its
numerator represents the electrostatic potential energy of a pair
of dipoles at a distance ~N ~!/3; its denominator represents the
interval of adjacent spectral levels. The ratio itself thus
amounts to the interaction energy of a pair of dipoles whose
strength is normalized per unit energy.
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afford a notable example. Incident light drives electron
oscillations within the parallel planes of the two mole-
cules, generating dipole moments that repel each other
by oscillating in phase but that would attract each other
if out of step. Each excited level of a single molecule
thus splits into a doublet of the dimer’s spectrum, with
excitation amplitudes that add up for the higher energy
level and cancel for that of lower energy. The enhanced
frequency and enhanced intensity of the dimer’s main ab-
sorption line parallel the plasmon features®; they reflect a
correlation between electron distributions in the two mol-
ecules of opposite sign to the correlation that prevails in
their ground state and generates the van der Waals (Ka-
sha et al., 1961). Dye polymers of increasing size display
higher and higher concentrations of photoabsorption in
the highest frequency line of a band regardless of the
integrand’s value in Eq. (14). This phenomenon becomes
even more conspicuous in molecular crystals, where it
has been studied early and in detail (Davydov, 1962).

Joint enhancement—and alternative depression—of
frequency and intensity in photoabsorption occur also in
the prototypical joint excitation of the helium electrons.
Alternative configurations, (nl,n’l’) and (nl’,n’l), are
quasidegenerate in energy in this case. Electron repul-
sion replaces them by superpositions (nl,n’l’)x(nl’,n’l)
(Madden and Codling, 1963, and Cooper et al., 1963).

In atomic nuclei, photoabsorption by the familiar di-
pole process failed to be observed until ~20 MeV pho-
tons became available. It was then pointed out that this
high energy is indeed required to separate the center of
mass of the protons from that of the neutrons (Goldhaber
and Teller, 1948). Independent particle models suggest-
ed, on the other hand, that lower-energy photons would
suffice to induce a dipole transition of a single proton.
These two approaches were later reconciled by observing,
in effect, that excited levels of a single proton correspond
to the |n ) states considered here; their coupling by a di-
pole component of nuclear forces Vf,)/2f)/? generates
the previously predicted higher-energy collective oscilla-
tion of protons and neutrons analogous to the plasmon
(Brown and Bolsterli, 1959).* The selection of this single
multipole component, appropriate to the interaction of a
long-wavelength radiation with a small nucleus, corre-
sponds to the selection of the polarization component
(q,w) appropriate to plasmon excitation by scattering of
a fast electron in a homogeneous material.

This view extends to most excitations of nuclei,
classified by their multipolarity and governed by factor-
able  multipole  operators such as  P(7;7;)

3The factor of C of Egs. (4)—(7) pertaining to long-range dipole
interactions with Fourier comp#nents exp(iq-r), does not occur
in the case of small aggregates where q-r <<1.

4Figure 2 of Brown and Bolsterli (1959) may be viewed as a
schematic plot, analogous to Fig. 2, of the a(w) in Eq. (7), as
may the plot on p. 31 of Schrieffer (1964). This coincidence
gave rise to the present essay.
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< P Y (7)Y (7;). Much of the spectral density for
each multipolarity is indeed concentrated in a “giant 2%-
pole” resonance analogous to that first envisaged for the
oscillation of neutron and proton centers.

Multipole moments of nuclei are studied not only in
connection with transitions to excited states but also as
observable parameters of ground states. Attention was
directed by Bohr and Mottelson long ago to nonzero nu-
clear quadrupole moments, i.e., to anisotropy of the iner-
tia tensor in a freely rotating reference frame. Here
again one may expand the nuclear potential into factor-
able multipole components; a major contribution accrues
from the Coulomb repulsion between protons, which
favors a prolate nuclear shape. The action of each mul-
tipole component on an initial base set |n ) of Hartree-
Fock states can thus often generate a collective eigenstate
> |n Ya, with energy substantially lower than the lowest
®,, depending on the magnitude of the integral in Eq.
(14). A suitable formulation of the relevant parameters
utilizing hyperspherical coordinates has been developed
by Filippov (1973), but apparently with scarce implemen-
tation.

V. SUPERCONDUCTIVITY

London and London (1935) have attributed phenome-
nologically the onset of superconductivity in condensed
materials to the formation of macromolecules,
throughout which valence electrons can circulate freely,
that is, without dissipating any kinetic energy to the
motion of atomic cores. Recall, in this connection, some
relevant characteristics of familiar molecules, such as
benzene: (1) The spins of valence electrons are paired
into singlets, thus enhancing the flexibility for each pair
to optimize the bonds among atomic cores. (2) The
stronger are these bonds, the higher their vibrational lev-
els within the molecule and the less likely their excitation
by electron motions. (3) The onset of a magnetic field
generates a circulating current, directed so as to reduce
the magnetic flux through the molecule. The BCS theory
of superconductivity has shown how long-range correla-
tions of valence electrons and atomic cores, mediated
within metals by long-range elastic (“phonon”) interac-
tions, extend these properties to macroscopic volumes.

The initial step of the BCS analysis usually deals with
circumstances that favor the pairing into spin singlets of
electrons in Bloch states with wave vectors +k of equal
magnitude and opposite direction (“Cooper pairs”).
Departing somewhat from this precedent at the outset,
we treat here the pairing of electrons with momenta Tk
and with independent spins as energetically neutral, that
is, as a mere rotation of Hilbert-space coordinates. This
rotation replaces each pair of two-electron wave func-

tions
(rl2k,m;=+1) X (1| Fk,m;=F 1), (15a)

conjugate under time reversal (=— F ), by the pair of
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singlet and triplet functions

(r;—r1,||k|,$=0) < cos[k-(r;—1,)] ,
(15b)
(r;—r,||k|,§=1) <sin[k-(r;—1,)] .

The singlet wave function has an antinode at r,=r,,
which allows both electrons to lie at a position of lowest
potential as they do in a molecular bond. It also
represents a state of zero velocity of the pairs’ center of
mass, whose position thus affords easier correlation with
slowly oscillating atomic cores. (The triplet wave func-
tion no longer concerns us.)

Following this preliminary modification of a key
feature of BCS superconductivity, the theory may follow
a course parallel to that of plasmon theory. Each state
|n) of the initial approximation is now the product of a
singlet two-electron state (15b) and a phonon state with
wave vector K, ie., |n)=||k|SK). Pairs of states
(In),|n’)) with S=S’ are then coupled by plane-wave
components [Eq. (3)] of the Coulomb field, where (r;,1;)
indicate here the positions of an electron pair and of an
atomic core instead of the positions of two separate elec-
trons. Diagonalizaton of the resulting Hamiltonian then
proceeds through an equation analogous to Eq. (5). An
obvious difference lies, of course, in the predominance
here of the attraction between electrons and atomic cores
over the electron-electron repulsions. This predomi-
nance, represented by a negative value of C; in Eqgs.
(5)—(7), pushes the BCS correlated level of the singlet
submatrix (S =0) below the spectrum of uncoupled levels
®,. Common to the theory of metal plasmons is the role
of near-zero frequencies that boost the spectral concen-
tration d (a),z, f)/d(w?*) of quasidegenerate uncoupled lev-
els. Indeed the low values of T, in BCS superconductivi-
ty imply that condition (14) holds only for an extremely
narrow range of frequencies, from w, ~0to o, ~kp T, /#.

A departure from the factoring of interaction in Eq. (3)
is suggested for BCS theory by the clustering of electron
states near the Fermi surface. The Fourier analysis of
the Coulomb interaction is replaced conveniently by its
multipole analysis in wave-vector space, as presented on
p- 29 of Schrieffer (1964). This variant appears, however,
inessential.

The original BCS formulation has been primarily con-
cerned with the structure and transformations of the
spectrum of zeroth-order states, possibly for historical
reasons. It has also relied heavily on field-theoretical
analysis to demonstrate the energetic instability of the
zeroth-order spectrum {w,} [see chapters 5-7 of
Schrieffer (1964)]. The plasmon formulation presented
here stresses instead effective parameters of the interac-
tion, such as appear in Eqgs. (12)—(14), whose values de-
pend mainly on the spectral concentration of the interac-
tion but only weakly on its spectral details. No evalua-
tion of the analogs of Eqgs. (12)—(14) for the theory of su-
perconductivity is attempted here.

The present variant of BCS theory views the “energy
gap” as a spectral feature of the electron + phonon sys-
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tem, rather than as a result of the system’s instability at
low temperatures. We have dealt here only with the
system’s spectrum, anticipating that the electrons will
condense at low temperatures into the isolated and
depressed ground state, in thermal equilibrium with the
spectral levels above the gap. (These contrasting aspects
of the present variant and of the original BCS theory
have come into focus through a conversation with G.
Strinati.)

The BCS theory succeeded rather quickly in relating
quantitatively the energy gap and other main properties
of the superconducting state to the electron and phonon
spectra of simple metals. The corresponding endeavor
for high-T, superconductors has not yet been successful.
Efforts to identify and evaluate the analogs of Eqgs.
(12)—(14) for the far richer and more complex spectra of
high-T, materials might prove fruitful, by stressing the
spectral density and the average coupling among the |n )
states rather than the role of specific mechanisms. The
wealth and diversity of bonding and of vibronic struc-
tures within unit cells of the high-T, crystals will, of
course, hinder this evaluation. They will, on the other
hand, greatly enlarge the range of factors capable of
boosting T, by an order of magnitude.

VI. RELEVANCE TO QUARK PHYSICS?

The current ‘“Standard Model” of particle physics
deals with three pairs of quarks of different flavors,
namely, (d,u), (s,c), and (b,t), whose effective masses we
discuss here. Values of these masses are estimated in-
directly for the three lightest ones, ‘“down,” ‘“up,” and
“strange;” they lie below 1 GeV/c? For “charm” and
“bottom,” the mass values stem instead directly from the
observed energy of the resonant states J/¢¥ and Y that
decay into quark-antiquark pairs, (c,¢) and (b,b). These
values are

M.~1.5 GeV/c?, M,~5 GeV/c*. (16)

The last, “top” quark has never been detected experi-
mentally, presumably because its much larger mass, on
the order of ~100 GeV/c?, has prevented its detection
by present-day facilities. The occurrence of a mass—
equivalent to an energy eigenvalue—exceeding the other
masses by 1-2 orders of magnitude suggests as a working
hypothesis that it might originate from much the same
mechanism as the plasmon energy. The high spectral
density of hadronic states below 5 GeV, classified by
several multivalued quantum numbers, would provide a
necessary ingredient. A recent scoring of this density
yields 267 meson states and 740 baryon states in the ener-
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gy range between 1 and 2 GeV ( Freund and Rosner,
1991). In this view the quark masses correspond to the
eigenvalues Q y of Eq. (8), rather than to the w,. Note
that the Standard Model parametrizes the quark masses
in terms of observables currently inaccessible to experi-
ment, but does not relate them directly to the rich phe-
nomena observed in the energy range of order 1 GeV.
The interactions among quarks are short range, of
course, as for nuclei, but even stronger and less well
known at this time.

This remark and indeed this whole article originate
from an earlier suggestion by Nambu (1989) concerning
the possible role of a (¢,7) resonance—the flavor partner
of the Y-—as a Higgs boson. This boson field in turn
would follow the model of BCS superconductivity. The
large energy gap separating this resonance from the other
hadron levels would stem from manifold interactions in-
terfering constructively along a single degree of freedom.
Appropriate analysis of the manifold current evidence on
hadron interactions might serve to assess this approach.
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