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Preface

A trial wave function W¥(zj,...,zy) of a system of Fermions can always be
expressed as the product of an antisymmetric Fermion factor [, o, _; < y(zi — 2)s
and a symmetric correlation factor G := G(zy,...,zy) arising from Coulomb
interactions. Here, z; is the complex coordinate of the ith Fermion. One can rep-
resent the Coulomb interactions diagrammatically as a multigraph on N vertices
with edges representing the correlation factors. For Jain states at filling factor
v =p/q<l1/2, the value of the single particle angular momentum !/ satisfies the
relation 2/ = v~ N — ¢, where ¢, = q+ 1 — p is the finite size shift. The value of
(21,N) defines the function space of the 2/+ 1 states into which one must insert
N Fermions. This imposes a number of conditions on the correlation factor
G. Knowing the value of the total angular momentum L for IQL states and for states
containing quasielectrons (or quasiholes) from Jain’s mean field composite Fermion
picture allows one to determine the exact conditions G must satisfy. The depen-
dence of the pair interaction energy V(L) on the pair angular momentum L,
suggests a small number of correlation diagrams for a given value of L. We have
proposed an intuitive approach which determines the symmetric correlation factor
G associated with a correlation diagram. In [1-4], this intuitive approach and its
applications are briefly presented. For small values of N, our approach is justified
via the observed agreement with numerical diagonalization studies. For systems in
Jain IQL states, our approach has led to the discovery of ‘minimal (energy) con-
figurations’ corresponding to all filling factor v < 1/2. These minimal configura-
tions are easily appreciated as natural generalizations of the Laughlin configuration
to the case of a general v < 1/2. The main objective of this monograph is to explain
in detail the physics as well as the mathematics of our theory of correlation factors.
Thus, Chap. 1 builds up a careful justification and detailed motivation for our
intuitive approach, while the second builds the mathematical concepts and tools
needed for rigorous proofs. The last two sections of Chap. 2 deal with concrete
applications that focus on the computation of the correlation factors G. The classical
theory of semi-invariants of binary forms is closely related to the mathematical
considerations in our approach. Moreover, the theorems presented in the third
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section of Chap. 2 make a novel contribution to invariant theory, and hence, they
are of interest from a purely mathematical standpoint. Our desire to present this
attractive symbiosis between the theory of invariants and the correlation polyno-
mials G serves as one of the motivations for this monograph. The first Appendix A
is devoted to proving that our intuitive approach is indeed applicable to the
Moore-Read state and essentially reproduces the known trial wave function. In the
second Appendix B, we pose some currently unresolved problems closely related to
the mathematics in Chap. 2 and brought to light by our investigations [3, 4]. The
last appendix records some light computational procedures that we have used. We
have striven to make this monograph as broadly accessible as possible so that it can
be used as a text in an advanced course dealing with the fractional quantum Hall
effect.
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Chapter 1 ®)
Fermion Correlations Check for

1.1 Introduction

Solid state theory developed from Sommerfeld’s realization [1] that simple metals
could be described in terms of a gas of free quantum mechanical electrons that
obeyed the Pauli exclusion principle [2]. The electrical and thermal conductivities,
heat capacity, spin susceptibility and compressibility predicted by this free electron
model agreed with experimental observations in simple metals like Al, Na, and K.
Early work on the effect of the periodic potential of the solid on the single electron
eigenstates [3] led to the concept of energy bands and band gaps, and to some
understanding of why some solids were metals, some were insulators, and others were
semiconductors [4]. During the early decades of solid state theory, the description
of the electronic states rested on the “single particle” picture.

In the middle of the last century, scientists began to question why Sommer-
feld’s simple model worked so well. The model completely neglected the strong
Coulomb interaction V (r) = Y, _; *|r; —r; | " of the electrons with one another.
Treating V (r) in first order perturbation theory added an exchange energy &, (k) =

— (esz /27r) [2—}— %ln <1]§£—fi)] to the free electron kinetic energy £(k) =

h2k? /2m. In these equations, kr is the Fermi wave number, and it is given by
kp = (37r2n0)1/3, where ng is the electron density. The exchange energy ruined
the agreement with some of the experimental results. In addition, going beyond
first order perturbation theory led to divergences. Feynman diagrams depicting the
Coulomb interaction to any order in perturbation theory were used in evaluating the
ground state energy [5]. Summing certain sets of diagrams to infinite order before
integrating over the wave vector removed the divergences that resulted from the long
range of the Coulomb interaction. Several authors [6, 7] emphasized the polarization
of the electron gas by a moving charged particle, following up on the pioneering
work of Lindhard [8, 9]. The “self-energy “of a single excited electron interacting
with the polarization cloud that it induces around itself was evaluated [6]. The effec-
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2 1 Fermion Correlations

tive potential W was evaluated in the self—consistent Hartree approximation, and
the self-energy given by Xy (k, w) = Gy (k -k, w— w’) Wo (k’, w’). Of course, the
right-hand side is to be summed over &’ and w’. Gy is the non-interacting electron
propagator (or Greens function) and Wy and ¥ are the effective potential and electron
self-energy in lowest non-trivial order. It was demonstrated that the self-consistent
Hartree approximation gave the same W, as the random phase approximation (RPA).
Corrections to the RPA, using G in place of G and an effective interaction W in
place of Wy have been studied [10, 11], but the RPA results are only slightly changed.

Landau [12] had already proposed a phenomenological Fermi liquid theory to
describe the effect of short range many-body interactions in liquid *He. The notion
of quasiparticles (QPs), elementary excitations that satisfied Fermi—Dirac statistics
and included interaction with the ground state, gave rise to important new concepts
in solid state theory. Silin [13] made use of Landau’s ideas to study the properties of a
metallic liquid with long range Coulomb interactions. In all of these approaches, the
starting point was still the single particle eigenstates and the Fermi—Dirac distribution
function.

During the last two decades, novel systems have been discovered in which many-
body interactions appear to dominate over single particle energies. The ultimate
example of such a system is the fractional quantum Hall effect. At very large values
of a dc magnetic field By applied perpendicular to the plane on which the electrons
are confined, the massively degenerate single particle Landau levels (LLs) disappear
from the problem of determining the ground state and the low energy excitations
of the system. Only the Coulomb energy scale V, =~ ¢2/), where \ = (fic/eBy)'/?
is the magnetic length, is relevant to the low energy spectrum. The incompressible
quantum liquid (IQL) states discovered by Tsui et al. [14] result from this interaction.

In this chapter, we review the families of IQL states observed experimentally and
how they are interpreted. We concentrate on methods that are essential to our expla-
nation, particularly on Laughlin—Jastrow type correlation functions [15] and Jain’s
mean field composite Fermion (MFCF) picture [16, 17]. The former is obviously
a very good approximation for IQL states with filling factor v equal to the recip-
rocal of an odd integer m. The validity of Jain’s MFCF picture has been justified
by our group at the University of Tennessee and its collaborators [18], but only if
the interaction energy V (L,) of a pair of Fermions as a function of the pair angular
momentum L, = 2/ — R, satisfies certain necessary conditions. Here [ is the sin-
gle particle angular momentum of the Fermion, and R,, the relative pair angular
momentum, must be an odd integer. We present a very brief review of Laughlin’s
remarkable insight into the nature of the correlations giving rise to IQL states, and to
his fractionally charged excitations, quasielectrons (QEs) and quasiholes (QHs). We
discuss Haldane’s idea that the problem of putting fractionally charged quasiparticles
(QPs) into a QP Landau level was essentially the same problem as that of putting the
electrons into the original electron Landau level. We review Jain’s remarkable com-
posite Fermion (CF) picture and demonstrate that it correctly predicts the families of
IQL states at filling factors v = n(2pn & 1)~!, where n and p are positive integers.
These states correspond to integrally filled composite Fermion Landau levels. The
Jain—-Laughlin sequence of MFCF states (with n a positive integer) is the most robust
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set of fractional quantum Hall states observed experimentally. Chen and Quinn [19]
introduced an “effective CF angular momentum” [§ =/ — p(N — 1) associated with
the lowest CF Landau level (CFLLO). For N = 2[; + 1, this level is exactly filled
and a Jain IQL state results. If N > 2[5 + 1, then N — (2[; + 1) particles must be
placed in the next angular momentum shell with [j = [§ 4 1; these are CFQEs. If
N < 2[5 + 1, there will be 2[5 + 1 — N CFQHs in CFLLO. Thus we have lgg = [
and lgg = [{ = Ij + 1. For any given value of /, the single electron angular momen-
tum, one can obtain the number of QEs in the partially filled shell (or the number
of QHs in the partially unfilled shell). The lowest band of angular momentum states
will contain the minimum number of CFQP excitations consistent with the values of
2] and N. The value of (2I, N) defines the function space of the N electron system.

1.2 The Integral and the Fractional Quantum Hall Effects

The Hamiltonian describing the motion of an electron confined to move on the xy-
plane in the presence of a dc magnetic field B = Byz perpendicular to the plane
is simply H = 2u) ™' [p + ¢A (r)]z. The vector potential A (r) in the symmet-
ric gauge can be taken as A (r) = 3By (—y£ + xJ), giving V x A = ByZ. The
Schrodinger equation (H — E) W (r) = 0 has eigenstates W,,,,, (r, ¢) = €/"%u,,, (r)
with eigenvalues E,,, = %hwc (2n + 1 4+ m + |m|), where n > 0 and m are integers
and w, = eBy/pc is the cyclotron frequency. The radial wave function is given by
wam (r) = X" exp (—x?/2) L (x?), where 2 = 1 (r/\)?, L™ is an associated
Laguerre polynomial [18, 20], L(‘]'"‘ is independent of x, and L' is proportional to
(Iml +1-— Xz). It is apparent from the eigenvalues that the single particle spec-
trum consists of highly degenerate levels. The lowest level has n =0 and m =
0,—1, -2, ..., and its eigenfunction can be written W, zml exp (—|z|2/4)\2),
where z stands for ret?®. For a finite size sample of area A = 7R2, the number of
single particle states in the lowest Landau level is Ny = ByA/¢o, where ¢g = hic/e
is the quantum of flux. The filling factor v is defined as N/N,, so that v~ is simply
equal to the number of flux quanta of the dc magnetic field B, per electron. When v is
an integer, there is an energy gap between the last filled state and the first empty one.
This makes the electron system incompressible, because an infinitesimal decrease
in area A can be accomplished only at the expense of promoting an electron across
the finite energy gap. This incompressibility is responsible for the integral quantum
Hall effect [21, 22]. The energy gaps between the single particle energy levels are
the source of the incompressibility.

The observation of an incompressible quantum Hall state in a fractionally filled 2D
Landau level [ 14] was quite unexpected. The behavior of the magneto-resistivity (p,
and py,) was very similar at filling factor v = l/ 3 tothat observedatv =1,2,....
However, there was no gap within the single partial filled Landau level. A gap could
result only from the interactions among the electrons. Laughlin [15] proposed that
the IQL states observed at filling factor v equal to the reciprocal of an odd integer m

|m|
1
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resulted because all of the electron pairs were able to avoid pair states with relative
angular momentum R, (R, = 2/ — L,) smaller than m (or separation smaller than
m'/2)\). The avoided pair states had the largest Coulomb repulsion, and avoiding all
such states should give an energy minimum. Laughlin proposed a many-body wave
function at v = m~! given by

_ 2
W, (1,2,...,N) = exp <%>ﬂzw’". (1.1)

i<j

Form = 1, the product [ |, _ j Zij (where z; = r;eti%)is just the Fermion factor which

keeps the non-interacting electrons apart. The remaining factor, G = [;_ ] zl‘»;-"_”, is

a symmetric correlation factor caused by the Coulomb interactions. It is not difficult
to see that v = m~', so that m = 1 corresponds to a filled LLO, and that m = 3
corresponds to a one third filled level. Laughlin also showed that the elementary
excitations of the IQL state could be described as fractionally charged QEs and QHs.
Both localized and extended states of the quasiparticles were required to understand
the behavior of p,, and py,.

The first explanation of the FQH states at filling factors v = n (1 + 2pn)~! with
n > 1 was given by Haldane [23, 24]. He assumed that the dominant interaction
between quasiparticles was the short range part of the pair interaction. If this interac-
tion were sufficiently similar to the Coulomb interaction in electron LLO, the problem
of putting Ngp QPs into a QP Landau level would be essentially the same as the origi-
nal problem of putting N electrons into electron LLO. The number of QP states in the
QP Landau level could not exceed N, the original number of electrons. This led Hal-
dane to the condition N = 2p Ngp in place of Laughlin’s condition Ny = 2p + 1) N
for the electron IQL states. He picked an even integer 2p in place of Laughlin’s odd
2p + 1 because he considers the QPs to be Bosons instead of Fermions. Haldane’s
hierarchy of IQL states contained all odd denominator fractional filling.

1.3 Jain’s Composite Fermion Approach

Jain [16, 17] introduced a simple composite Fermion picture by attaching to each
electron (via a gauge transformation) a flux tube which carried an even number, 2 p,
of magnetic flux quanta. This “Chern—Simons”(CS) flux [25] has no effect on the
classical equations of motion since the CS magnetic field b (r) = 2p¢po Y ; 0 (r —r;)
vanishes at the position r; of each electron (it is assumed that no electron senses its
own Chern—Simons flux). Here ¢ is the quantum of flux, and the sum is over all
electron coordinates r;. This CS transformation results in a much more complicated
many-body Hamiltonian which includes a CS vector potential a (r) given by

Zx(r—

a(r) = ag / d*r; 2%* r) ¢ (ry) (1.2)
(r—r)
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in addition to the vector potential A (r) of the dc magnetic field. In (1.2), o is a
constant (it is equal to 2p when an even number of flux quanta are attached to each
electron), and )" (r;) (or+ (r;)) creates (or annihilates) an electron at position r;. The
new Hamiltonian (with A (r) replaced by [A (r) + a (r)]) simplifies when the mean
field (MF) approximation is made. This is accomplished by replacing the density
operator ¢ (r) 1 (r) in the CS vector potential and in the Coulomb interaction by its
MF value n;, the uniform MF electron density. The resulting MF Hamiltonian is a sum
of single particle Hamiltonians in which an effective magnetic field B* = B — agon,
appears. The Coulomb interaction disappears because the MF electron charge density
—en is canceled by the fixed uniform background introduced in order to have charge
neutrality. For a = 2 p, Jain called the particles composite Fermions; they consisted
of an electron and the CS flux tube attached to it. In the MF approximation [16, 17],
the effective CF filling factor v* satisfied the equation (v*) ™' = v~ —2p, i.e., the
number of flux quanta per electron due to the dc magnetic field By less the CS flux
per electron introduced in the CS transformation. When v* is equal to an integer
n==1,42,...,thenv=n(l+ om)_l. For o = 2, this generates IQL Hall states
atv =1/3,2/s,3/7,...andv = 1,%/3,3/s, ... . These are the most prominent FQH
states observed experimentally, and they correspond to integrally filled CF Landau
levels.

It is convenient to take the 2D surface on which the electrons reside to be a sphere
of radius R = (A/2m)"/? with a magnetic monopole of strength 2Q flux quanta at
its center causing a radial magnetic field of magnitude By = 2Q (hic/e) / (47TR2).
This spherical geometry [23, 24] has the advantage of a finite surface area with
full rotational symmetry. The single particle angular momentum / has a projection /,
satisfying —/ < [, < [.Onthe plane z = 0, the allowed values of m,, the z-component
of angular momentum, must belong tothe set go = {0, 1, 2, ..., 2}. The total angular
momentum L of the N particle system has a projection L, on the sphere. On the
plane, M is defined as the sum over all electrons of the value of m, for each electron.
Because [, and m, differ by [, itis clear L, = M — NI. The eigenstates on the sphere

can be written as )L, LZ> and on the plane as ‘MR, MCM>, where M = Mg + Mcy

is the sum of relative and center of mass angular momenta. Interaction energies
depend only on L but not L,, and only on Mg but not M¢y, [18]. It is apparent
that Mg = NI — L and M¢cy = L + L;. To construct an N electron product state
of angular momentum L = 0, a linear combination of product states with L, = 0 is
required, implying that L = NI — M.

Asnoted earlier [19], Chen and Quinn introduced an effective CF angular momen-
tum /j satisfying the relation /[j =1 — p (N — 1), where 2p is the number of flux
quanta attached to each electron in the CS transformation. In the spherical geometry,
this results from taking an effective monopole strength, 20* =20 —2p (N — 1),
seen by each composite Fermion. Then Q* = [ is the CF angular momentum. For
CFLLO (lowest CF Landau level) filled and CFLL1 completely empty, 2/5 = N — 1,
and an integrally filled CF state results. If 2/; # N — 1, CFQEs of angular momen-
tum lgg = I§ + 1 (or CFQHs of angular momentum /gy = [§) occur. In Table 1.1,
we give the values [18] of 2Q%, ngu, ngE, lon, lge, and L for a system of N = 10
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Table 1.1 The effective CF Monopole strength 2Q*, the number of CF quasiparticles (quasiholes
—nqp and quasielectrons nqg), the quasiparticle angular momenta [, /g and the angular momenta
L of the lowest lying band of multiplets for a ten electron system at 2Q from 25 to 29

20 29 28 27 26 25
20* 11 10 9 8 7

noH 2 1 0 0 0

nQE 0 0 0 1 2

low 55 5 45 4 35

IQE 6.5 6 55 5 45

L 10,8,6,4,2,05 0 5 8,6,4,2,0

electrons when 2 Q ranges from 25 to 29. The total angular momentum L is obtained
by addition of Q P angular momenta of ngp quasiparticles treated as Fermions.

In the mean field approximation, the CFQPs do not interact with one another.
Therefore, the states with two QEs (L =0 2 @ 4 & 6 & 8) and with two QHs (L =
00204 ®6® 8 & 10) should form degenerate bands. Numerical diagonalization
of the ten electron system clearly shows that the two quasiparticles states are not
degenerate. The deviation of the energies E (L) from their non-interacting energy
Ey = 2&gp gives their pair interaction energy as a function of their pair angular
momentum L, up to a constant which does not influence correlations. Figure 1.1
shows E (L), the energy as a function of total angular momentum for the ten electron
system. It is apparent that Jain’s MFCF picture gives the correct values of L for
the lowest band of states obtained by exact numerical diagonalization (within the
subspace of the partially filled LL).

Forlarge systems (e.g., N >14), numerical diagonalization of the electron-electron
interactions becomes difficult, so we have investigated the low lying energy states
by determining the number of QEs and QHs (ngg or ngp), their angular momenta
loe and Iy, and their interaction energies Vg (L2) and Vou (L2). Since ngg (or
ngn) is much smaller than N, and lgg (and lon) much smaller than /, the electron
angular momentum, we can easily diagonalize these smaller systems. One exam-
ple [18] is shown in Fig. 1.2 for the case (2/, N) = (29, 12), which corresponds to
(2ZQE, nQE) = (9, 4). The low lying states of the electron system are very close to
those of the four QE system, suggesting that description in terms of QP excitations
interacting via Vgp (L») is reasonable.

1.4 The Composite Fermion Hierarchy

Sitko et al. [26] introduced a very simple CF hierarchy picture in an attempt to under-
stand Haldane’s hierarchy of Laughlin correlated daughter states and Jain’s sequence
of IQL states with integrally filled CF LLs. Jain’s MFCF picture neglected interac-
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Fig. 1.1 The spectra of ten electrons in the lowest Landau level calculated on a Haldane sphere
with 20 from 25 to 29. The open circles and solid lines mark the lowest energy bands with the
fewest composite fermion quasiparticles. (See [18], for example, and references therein)

tions between QPs. The gaps causing incompressibility were energy separations
between the filled and lowest empty single particle CF LLs. Not all odd denominator
fractions occurred in the Jain sequence v = n (2pn £ 1)~!, where n and p are non-
negative integers. The missing IQL states were ones with partially filled CF QP shells.
The energy gap causing their incompressibility resulted from residual interactions
between the CF QPs. For an initial electron filling factor 14, the relation between 14
and v, the effective CF filling factor, satisfied v, I = (1/(’)k )71 + 2po, and gave rise to
the Jain states when v was equal to an integer n. What happens if v/ is not an integer?
It was suggested [26] that then one could write v/ = n; + v, where n; was an integer
and v; represented the filling factor of the partially filled CF QP shell. If Haldane’s
assumption that the pair interaction energy Vqp (L2), as a function of the angular
momentum L; of the QP pair, was sufficiently similar to V (L,), the interaction
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Fig. 1.2 Energy spectra for N = 12 electrons in LLO with 2/ = 29, and for N = 4 QEs in CFLL1
with 2/ = 9. The energy scales are the same, but the QE spectrum was determined using Vg (R)
as the pair psuedopotential (up to an arbitrary constant). (See [18])

energy of the electrons in the LLO, then one could reapply the CF transformation to
the CF QPs by writing (yf)_l = Vfl — 2p;. Here, v is the CF QP filling factor and
2 pj is the number of CS flux quanta added to the original CF QPs to produce a second
generation of CFs. For v] = n,, an integer, this results in v; = n, 2pin, + D=,

and a daughter IQL state at v, ' = 2p; + [n1 4+ n22piny + 1)‘1]_1. This new odd
denominator fraction does not belong to the Jain sequence. If v} is not an integer,
then set v = n, + 1, and reapply the CF transformation to the CF QE in the new QP
shell of filling factor ;. In general, one finds at the /th generation of the CF hierarchy,
that this procedure generates Haldane’s continued fraction leading to IQL states at
all odd denominator fractional electron fillings. The Jain sequence is a special case
in which v = n gives an integral filling of the first CF QP shell, and the gap is the
separation between the last filled and first empty CF levels.

The CF hierarchy picture was tested by Sitko et al. for the simple case of (21, N) =
(18, 8) for LLO by comparing its prediction to the result obtained through exact
numerical diagonalization. For this case, 215 =2/ —2(N — 1) = 18 — 2(7) = 4.
Therefore, CF LLO can accommodate 2[; 4+ 1 = 5 CFs. The three remaining CFs
must go into CF LL1 as CF QEs of angular momentum lqg = Ij + 1 = 3. This gen-
erates a band of states with L =04 2 @ 3 @& 4 @ 6. This is exactly what is found
for the lowest energy band of states obtained by numerical diagonalization shown in
Fig. 1.3. Reapplying the CF transformation to the first generation of CF QEs would
generate 2/7 = 2[5 — 2 (nQE - 1) =4 —-2(2) =0, giving an L = 0 daughter IQL
state if the CF hierarchy were correct. Clearly, the lowest energy state obtained in the
numerical diagonalization does not have angular momentum L = 0 as predicted by
the CF hierarchy. The L = 0 and L = 3 multiplets clearly have higher energies than
the other three multiplets. Sitko et al. conjectured that this must have resulted because
the psuedopotential Vg (L2) was not sufficiently similar to that of electrons in LLO
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to support Laughlin correlations. Laughlin correlations are essential for forming a
next generation of CFs.

The QEs and QHs have residual interactions that are more complicated than the
simple Coulomb interaction in LLO. We have already seen, from Fig. 1.1d and e, that
we can obtain Vgp (L) up to an overall constant from numerical diagonalization
of N-electron systems in LLO. More careful estimates of Vog (R) and Vou (R)
(where R = 2 — L,, and L, is the pair angular momentum) are shown in Fig. 1.4.
We define a psuedopotential to be harmonic if it increases with L, as Vi (Ly) =
A+ BL; (Ly + 1), where A and B are constants. For LLO, the actual psuedopotential
V (L,) always increases with L, more rapidly than Vy (L,). For QEs in CF LL1,
the psuedopotential Vg (L2) has minima at L, =2/ — 1 and at L, =2/ — 5, and
a maximum at L, = 2/ — 3. This oscillatory behavior of the interaction energy of
a QE pair must be responsible for the failure of the CF hierarchy prediction of an
L = 0 IQL state.

1.5 Justification of the CF Approach

Pan et al. [27] found IQL states of electrons in LLO that do not belong to the Jain
sequence of integrally filled CF states. One example is the v = #/1; filling factor of
a state that is assumed to be fully spin polarized. Numerical diagonalization studies
of fully spin polarized systems did not find an L = 0 IQL ground state at vog =
!/, which would result in an IQL state at electron filling factor of v =*/;. In
addition, Pan et al. found strong minima in p,, at even denominator filling factors
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Fig. 1.4 The pseudopotentials of a pair of quasielectrons (left) and quasiholes (right) in Laughlin
v="1 /3 (top) and v = ! /5 (bottom) states, as a function of relative angular momentum R.. Different
symbols mark data obtained in the diagonalization of from 6 to 11 electrons

(v =3/ and v =3/}() suggesting the existence of IQL states that can’t be part
of the CF hierarchy. Our research group has made an important contribution to
this field, by rigorously proving [28-32] under which conditions Jain’s elegant CF
approach correctly predicts the angular momentum multiplets belonging to the lowest
energy sector of the spectrum for any value of the applied magnetic field. Because
there is no small parameter in this strongly interacting many-body system, our proof
does not involve treating fluctuations beyond the MF by a perturbation expansion. It
involves proving some rigorous mathematical theorems and applying them, together
with well-known concepts frequently used in atomic and nuclear physics. We do
not review the arguments on why and when Jain’s MFCF picture correctly predicts
the angular momentum multiplets in the lowest band but urge the interested reader
to look at [28-32]. Our rigorous theorem that should be emphasized states that
for a harmonic pair psuedopotential Vy (Ly) = A + BL, (L, + 1), every multiplet

‘l N, La> with the same value of total angular momentum L has the same energy,

Ea(L)=N|:%(N—1)A+B(N—2)l(l+1)}

+BL(L+1), (1.3)

independent of multiplet index «. This means that a harmonic psuedopotential
Vi (L,) does not cause correlations (i.e., does not remove the degeneracy of mul-
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Fig. 1.5 Pair interaction pseudopotentials as a function of relative angular momentum R for
electrons in the LLO (a), LL1 (b) and for the QEs of the Laughlin v = 1 /3 state by Lee et al. [33,
34] (squares), and by W6js et al. [29, 30] (triangles). (See [18])

tiplets having the same value of total angular momentum L). Only the deviation
AV (L,) defined by AV (L,) = V (L) — Vi (L) results in correlations. The sim-
plest model for AV (L) is one with only short range anharmonic behavior,

AV (Ly) = k& (L, 21 — 1). (1.4)

If £ > 0, itis apparent that the lowest energy multiplet for each value of total angular
momentum L is the one which avoids (to the maximum possible extent) having pairs
with L, = LYAX = 2/ — 1. This is just what is meant by Laughlin correlations, and
is the reason why the Laughlin trial wave function for the v = !/ filled state is the
exact solution to a short range pair interaction psuedopotential. If k¥ < 0, then the
lowest energy state (when v is not too small) for each value of L is the one with

Pra (LI;IAX), the probability that ’l N La> has pairs with pair angular momentum

L, = LY*X having a maximum value. This corresponds to forming pairs with L, =
LYAX = 2] — 1. Tt is important to emphasize that V (L,) rises faster than Vi (L) at
all values of L, forelectronsin LLO. In LL1, thisisnot true for2] — 1 > L, > 2/ — 5.
Thus in LL1, we do not expect Laughlin correlations for filling factor v = !/3.

In Fig. 1.5, we display V (R,), where R, = 2] — L, for a) electrons in LLO,
b) electrons in LL1, and ¢) QEs in CFLLI. It is clear that for QEs of the v =
1/5 filled IQL state, Vok (L) is not increasing with L, faster than the harmonic
psuedopotential. In fact, unlike Vg (L,) and V; (L), it is not even a monotonically
increasing function of L,. Therefore, we certainly do not expect Laughlin correlations
among the CFQEs in CFLLI.

Moore and Read [35] treated the v = 3/, state (thought of as v = 2 + 1/))asa
half filled spin polarized state of LL1 with both spin states of LLO occupied. They
suggested that the state had “pairing correlations ” similar to those occurring in
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Fig.1.6 The pseudopotentials Vo (R2) and Vou(R2) fora QEsof v = ! /3 state, bQHs of v = ! /3
state, and ¢ QHs of v = 2/5 state. (See [19])

superconductors. We expect the QEs of the Laughlin v = ! /5 state to form pairs
because Vg (L) has a maximum at R, = 2/ — L, equal to 3 and 7, and a minimum
at R, = 1 and 5. A schematic of Vgg (R2) vs R, is shown in Fig. 1.6a for QEs of the
v = '/3 Laughlin IQL, (b) for QHs of the v = ' /3 Laughlin state, and (c) for QHs
of the v = 2/5 Jain state.

The simplest way of picturing paired states is to introduce a pair angular momen-
tum /p = 2/ — 1 and form Np = N/2 such pairs. The pairs cannot get too close to
one another without violating the Pauli principle. One would normally think of pairs
of Fermions as Bosons, but in two dimensional systems we can alter the particle
statistics by using a Chern—Simons transformation. We introduce a Fermion pair
(FP) angular momentum /pp satisfying the equation

ZZFP = 2lp — VYF (Np - 1) . (15)

For a single pair, Ipp = 2] — 1. As Np increases, the allowed values of the total
angular momentum are restricted to values less than or equal to 2/gp. The value of
the constant g is determined by requiring that the FP filling factor be equal to unity
when the single Fermion filling factor has an appropriate value. For lp = 2] — 1, this
value corresponds to single Fermion filling v = 1. Setting uF’Pl = (2lgp + 1) / Np,
v l=QI+1) /N, and Np = N/2 gives Z/F_Pl =471 =3, (e, vr = 3), so that
vpp = 1 when v = 1. The factor of 4 multiplying v ! results from the pairs having a
charge of —2e, and Np being equal to N /2. This procedure allows the Fermion pairs
to be Laughlin correlated instead of the individual electrons being so. It predicts that
an IQL state at v; = !/, occurs when 2/ = 2N — 3 as found by Moore and Read.

‘We have applied the same idea to the quasielectrons and quasiholes of the Laughlin
v = !/5 state, and to quasiholes of the Laughlin-Jain v = ?/5 state. QHs of v = ! /3
state reside in CF LLO, but both QEs of the v = ! /5 state and the QHs of the v = 2 /s
state reside in CF LL1.

If we assume that the QEs form pairs and treat the pairs as Fermions, then (1.5)
gives the relation between the effective F'P angular momentum lgp, and the QE angu-
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lar momentum /, and the relation between the effective FP filling factor vgp, and
the QE filling factor vgg. If we take vpp = m~!, when m is an odd integer, we can
obtain the value of v corresponding to the Laughlin correlated state of FPs (pairs
of quasielectrons with /p = 2/ — 1). Exactly the same procedure can be applied to
QHs in CF LL1 since Vg (R) and Vou (R) are qualitatively similar at small values
of R. Here, we are assuming that Vg (R) and Vgy (R) are dominated by their short
range behavior R < 5. The QH psuedopotential is not as well determined for R > 5
because it requires larger N electron systems than we can treat numerically. The elec-
tron filling factor is given by v~' =2+ (1 + I/QE)_] orbyr~ ' =24 (2— I/QH)_l
This results in the values of v in qualitative agreement with experimental results.

1.6 Numerical Diagonalization Studies

Confirmation of the Laughlin explanation of when IQL ground states occur can
be found through numerical diagonalization of the Coulomb interaction between
electrons. For hw, large compared to the Coulomb energy scale V, ~ ¢/, only
the subspace of the lowest Landau level (LLO) is relevant to determining the low
energy states in the spectrum. Numerical diagonalization is usually performed in
Haldane’s spherical geometry. A concise explanation of this set-up is as follows.
There is a one-to-one correspondence between N electrons in a plane described by
coordinates (r, ¢) and the N electrons on a sphere described by (/, I,). For the plane,
the z-component of angular momentum takes on the values m = 0,1, ..., Ny and
the total z-component of angular momentum is M = Z,N=1 m;, where m; is the z-
component of the angular momentum of particle i. M is the sum of the relative angular
momentum My and the center of mass angular momentum M¢j,. On a sphere, the
z-component of the single particle angular momentum is written as [, and |[,| <,
where [ is the angular momentum in the shell (or Landau level). The total angular
momentum L is the sum of the angular momenta of N Fermions, each with angular
momentum /. N electron states are designated by |L, L,, o o, where « is used to
label different multiplets with the same value L. It is apparent that M = NI + L,
and one can show that Mg = NI — L and My = L + L,. Therefore, for a state of
angular momentum L = 0, Mz must be equal to N/. In general, the value of L for
a given correlation function G is determined by the equation L = NI — Kr — Kg,
where K = N(N — 1)/2is the number of CF-lines appearing in the Fermi function
F and Kg is the number of CF-lines appearing in the correlation function G. For
L =0, this relation was given by [36]. In Haldane’s spherical geometry, the N
electron system is confined to move on the surface of a sphere of radius R, with a
magnetic monopole of strength 2 Q flux quanta sitting at the center (2Q is taken to be
an integer). This results in a radial magnetic field of magnitude By = 2Q¢o /47 R>.
This geometry avoids boundary conditions, has full rotational symmetry, and contains
a finite number of particles. The single particle eigenfunctions are called monopole

harmonics [37] and can be written as |Q/m ). They are eigenfunctions of the single
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particle Hamiltonian Hy, the square of the single particle angular momentum [, and
its z-component l;. The eigenvalues are given by E g, = (h’“’f/zg) [l(l + 1) — Q2],
[(I 4+ 1), and m, respectively. The lowest Landau level (or angular momentum shell)
has [ equal to Q, half the monopole strength, so LLO has angular momentum [y =
Q and the excited LLs have [, = Q + n. The angular momentum shell contains
2] 4 1 states with —/ < m < [. Note that N particle Fermion states can be written

‘m L, M2, ..., mN> = C]T\,CIT\_1 o ClT )O>, where m; belongs to the set gy with [m| < [.
Here, C ; creates an electron with z component of angular momentum equal tom ;, and

‘0) is the ket for the vacuum state. The interaction Hamiltonian is H; = Zi‘ i e2/r; s

and matrix elements <m/1m/2 e m’N| H; ‘mlmz e mN> vanish unless

(i) M =) ,m; =) m;, where the sum is over all occupied states, and

(ii) ’mlmz .- -mN> and ‘m/lm/2 .- m;v> differ by no more than two members.

The spherical symmetry allows use of the Wigner—Eckart theorem

<L’M’o/

HI‘LMa> = 5LL/5MM«<LO/‘HI‘La>, (1.6)

and the reduced matrix element on the right hand side is independent of M. The
matrices to be diagonalized are very large but sparse, and standard programs allow
diagonalization for N up to roughly 12 or 14. The numerical results displayed in
Figs. 1.1 and 1.2 are representative of the general results obtained for N < 14. It
should be noted in Fig. 1.1 that there is a gap between the lowest state or band of
states and a quasi continuum above them. It should also be stressed that the spread in
values of energy for the 2QP bands (frames d and e) is small compared to this gap.

A reasonable understanding of the ground states and elementary excitations of
the states in the Laughlin—Jain sequence for partially filled LLO results from the
agreement of the Laughlin—Jain correlations with the numerical results obtained by
diagonalization within the partially occupied Landau level.

1.7 Correlations and Correlation Diagrams

Laughlin [15] realized that if the interacting electrons could avoid the most strongly
repulsive pair states, an incompressible quantum liquid (IQL) state could result. He
suggested a trial wave function for a filling factor v equal to the reciprocal of an odd
integer n, in which the correlation function G, (z;;) was given by [];_; z/;"'. This
function is symmetric and avoids all pair states with relative pair angular momentum
smaller than n (or all pair separations smaller than r,, = n'/2)). One can represent
this Laughlin correlation function G, diagrammatically by distributing N dots, rep-
resenting N electrons on the circumference of a circle, and drawing double lines,

representing two correlation factors (cfs) connecting each pair. There are 2 (N — 1)
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CF factors in G, {Zl‘j} emanating from each particle i. Adding (N — 1) CF fac-
tors emanating from each particle due to the Fermion factor F {zi j} gives a total
of 3(N — 1) cfs emanating from each particle in the trial wave function W. This
number cannot exceed Ny = 2/ defining the function space (2/, N) of the LLO.
The other well-known trial wave function is the Moore—Read [35] paired function
describing the IQL state of a half filled spin polarized first excited Landau level
(LL1). This wave function ¥ can be written in the form ¥ = F - Gyr, Where the

correlation function is taken as Gyr = F {z,- j } Pf (z;) . The second factoris called

the Pfaffian of zi;l. It can be expressed as [25, 35]

AL
Pf (Z,;l) =A (1_[ (z2i-1 — Z2i)_l> , (1.7
i1

where A is an antisymmetrizing operator and the product is over pairs of electrons.
There has been considerable interest in the Moore—Read paired state and its gen-
eralizations [38—40] based on rather formidable conformal field theory. In [41], we
propose a simple intuitive picture of Moore—Read correlations with the hope that it
might lead to new insight into correlations in strongly interacting many-body systems
(see Appendix A for a detailed treatment).

For the simple case of an N = 4 particle system, the Pfaffian can be expressed as

pPf (Zi;l> = A{@nz)™")
= [(z1223) 7" — (213224) 7" + (z1a223) '] (1.8)

The product of F { Zij } and Pf (Zi;l> gives for the Moore—Read correlation function

Gumr {2ij} = 213214223204 — 212214223234
+ 212213224234- (1.9)

The correlation diagram for Gyr {z,- j } contains four points with a pair of cfs emanat-
ing from each particle i going to different particles j and k. There are three distinct
diagrams shown in Fig. 1.7. Note that Gyr is symmetric under permutation, as it

must be, since it is a product of two antisymmetric functions F {zi j} and Pf { Zi;l }
A simpler, but seemingly different, correlation is the quadratic function given by

Gq = 8 (2},23;), where S is a symmetrizing operator. The correlation diagram for
Gq {zi;} is shown in Fig. 1.8. Gur and Gq are clearly different. However, when
they are expressed as homogeneous polynomials in the independent variables z; to
z4 (by simple multiplication), the two polynomials are the same up to normalization
constant. The same was true for an N = 6 particle system, leading to the conjecture

that Gpyr {z,- 2 } was equivalent to G { Zij } for all N [38]. This conjecture was proved
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Fig. 1.7 Moore—-Read correlation diagram for N = 4. Dots represent the particles, and solid lines
the cfs z;j. Gur is the symmetric sum of the three diagrams and is given by (1.9)
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Fig. 1.8 Quadratic correlation functions. The square of a CF, zizj,

G is the sum of the contributions from the three diagrams

is represented by double lines.

by our group before we discovered that Cappelli et al. [39] had already shown the
equivalence.

There are several advantages to the use of Gq. First, it is simpler to parti-
tion N into two subsets A and B of size N/2, (e.g., A={1,2,...,N/2} and
B={N/2+1,...,N}),and define gap = gagp = ]_[i<j€A zizj [Ticics z,%l for each
(A, B). Then the full correlation function can be written as SN {gaB}, where S’N
symmetrizes gap over all N particles. This symmetrization is equivalent to sum-
ming gap over all possible partitions of N into two equal size subsets A and B. In
Fig. 1.9, we show the contribution to Gq for N = 8 particles for a partition in which
A=1{1,3,5,7}and B = {2,4, 6, 8}.

Jain [16, 17] introduced a composite Fermion (CF) picture by attaching to each
electron (via a gauge transformation) a flux tube which carried an even number 2 p
of magnetic flux quanta. This Chern—Simons (CS) flux has no effect on the classical
equations of motion since the CS magnetic field b (r) =2p¢o Y, 6 (r — r;) Z van-
ishes at the position of each electron (it is assumed that no electron senses its own
CS flux). Here, ¢y is the quantum of flux, and the sum is over all electron coordinates
r;. The classical Lorentz force on the ith electron due to the CS magnetic field is
(—e/c)v; x b(r;), and b (r;) caused by the CS flux on every j not equal to i van-
ishes at the position r;. The CF model results in a much more complicated interaction
Hamiltonian, but simplification results from making a mean field (MF) approxima-
tion in which the CS flux and the electron charge are uniformly distributed over the
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Fig. 1.9 Correlation
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entire sample. The average electronic charge —e N /A is canceled by the fixed back-
ground of positive charge introduced to make the total charge vanish. This MFCF
approximation results in a system of N non-interacting CFs (CF = electron plus
attached flux tube) moving in an effective magnetic field b* = vb. An effective CF
filling factor v* was introduced satisfying the equation

) =v = 2p. (1.10)

This resulted in a filled CF level when v* was equal to an integer (v* =n =
+1,+2,...) and a IQL daughter state at v =n (1 + 2pn)~". This Jain sequence
of states was the most robust set of fractional quantum Hall states observed in exper-
iments.

Making use of Haldane’s spherical geometry [23, 24, 37, 38], Chen and Quinn [19]
introduced an effective CF angular momentum [* satisfying the relation [} =
[ — p(N - 1), where 2p is the number of CS flux quanta per electron. The low-
est CF Landau level (CF LLO) could hold (2/* 4 1) CFs. There would be nqg =
N — (2I* + 1) composite Fermion QEs of angular momentum Ilgg = [* 4 1, or
non = (2I* + 1) — N CF QHs of angular momentum lgyg = [* if 2/* 4- 1 was not
equal to N. This resulted in a lowest band of quasiparticle (QP) states separated by a
gap from the higher energy quasi continuum. This allowed the total angular momen-
tum states in this band to be determined by the addition of angular momenta of
nqp quasiparticles each of angular momentum /gp according to addition of Fermion
angular momenta.

In Table 1.2, we summarize the results of Jain’s MFCF picture of the low energy
states of an N = 4 electron system for values of 2/ equal to 9, 8, 7, and 6. These
correspond to the v = !/ filled IQL states and its excited states containing one,
two, and three QEs. The table gives the values of [, the single electron angular
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Table 1.2 Values of [ foran N = 4 electron system and the values of /§, nqE, [QE, ku, and L which
result

l l(’; nQE lQE ky L
4.5 1.5 0 2.5 6 0
4 1 1 2 5 2
35 0.5 2 1.5 4 062
3 0 3 1 3 0

momentum, and the resulting values of [§ = [ — (N — 1), the CF angular momentum;
ngg = N — (216‘ + 1), the number of QEs; lgg, the QE angular momentum; ky =
2] — (N — 1), the maximum number of correlation factor (CF) lines that can emanate
from an electron in the correlation function G, and the allowed values of the total
angular momentum L which result.

It might seem surprising that Jain’s very simple CF picture correctly predicts the
angular momenta in the lowest band of states for any value of (2/, N) which defines
the function space of the many-body system. The initial guess that the Chern—Simons
gauge interaction and the Coulomb interaction between fluctuations beyond the mean
field canceled is certainly not correct. The gauge field interactions are proportional to
hw, which varies linearly with By, the applied magnetic field. However, the Coulomb
interactions are proportional to e?/\ (where )\ is the magnetic length) and vary as
B'/2_ The two energy scales cannot possibly cancel for all values of By. For very large
values of B, only the Coulomb scale is relevant in determining the low energy band
of states. Our group at the University of Tennessee [ 18] demonstrated that the MFCF
picture gave a valid description of the lowest band of states if the pair interaction
energy V (L,) increased with increasing L, faster than the eigenvalue of i% the
square of the pair angular momentum.

Knowing this, and the occupancies of CF LLs from Jain’s MFCF picture, makes it
interesting to explore the correlations among the original electrons. We do this using
correlation diagrams for small systems.

1.8 Correlation Diagrams for N =4

We have already stated that Laughlin correlation can be described by drawing two

CF lines between each pair <i ,J > A CF line between i and j represents a correlation

factor z;;. The wave function W (1,2, ..., N) = F {z;;} G {z;;} describing the IQL
stateatv = ! /3 will contain 3 (N — 1) CF lines emanating from each particle i . There
are (N — 1) CF lines associated with F {zi | } leaving 2 (N — 1) CF lines associated
with G { Zij } The correlation diagram for a Laughlin v = m ! filling factor is simple,
because every pair has exactly the same correlations. For other states, like a state
with ngg quasielectrons, the correlations are more complicated.
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Fig. 1.10 One contribution 1 2
to G for (21, N) = (8, 4) ._ .
" v
N A
V4
%
/ \
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/
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For simplicity, let’s start by investigating the electron correlations for the N = 4
particle system with values of 2/ in the range 9 > 2/ > 6. The values of [], ngg,
IgE, kum, and the total angular momentum L of the lowest energy bands for these
states are given in Table 1.2. We define kp = N (N — 1) /2 as the number of CF
lines appearing in the Fermi function F {zi j}, and kg as the number appearing in
the correlation function G {zi i } Knowing NI, K, and the allowed values of total
angular momentum L, we can determine K for each of the states listed in Table 1.2.
For I = 4.5, 4, and 3, the corresponding values of ¢ are 12, 8, and 6. For [ = 3.5,
there are two multiplets L = 0 (kg = 8) and L =2 (kg = 6). We also know ky,
from the table. With this information, we can construct correlation functions which
have to be symmetric under permutations belonging to the conjugacy class of the
appropriate partition. We show one correlation diagram for each of the values of 2/.
If it is not symmetric, we must apply the appropriate symmetrization operator to the
function to symmetrize it.

For (21, N) = (9, 4), there is only a single diagram; it has 2 cfs connecting each
pair of particles. For a one QE state, we must partition (4) into (3, 1). The single
particle i belongs to subset A and the other three j, k, [ belong to subset B. The latter
subset has Laughlin correlations z?k between each pair belonging to B. Particle i
(in subset A) is the QE and has single CF lines connecting it to two of the three
particles in subset B. Figure 1.10 shows one such diagram. The diagram corresponds
to 212Z13Z%3Z%4Z%4, and this function must be appropriately symmetrized. Notice that
ky =5, Nl = 16, and kg = 8, giving an L = 2 state for the single QE. For the two
QE states with (2/, N) = (7, 4), we partition (4) into (2, 2). For example, let one
partition be A = (1,2) and B = (3, 4). One contribution to the correlation func-
tion is shown in Fig.1.11. This diagram corresponds to z3,z3,23;, and it must be
symmetrized. Notice that ky; = 4, NI = 14, and kg = 6, giving L = 2. To obtain
the L = 0 multiplet, we must add two more CF lines. Figure 1.12 shows one dia-
gram for this case. It corresponds to a contribution (Z12z23z34z41)2, and it must be
symmetrized. Now kg = 8, and L = 0 results.

For (21, N) = (6, 4) we have three QEs with k), = 3, and we can construct the
diagram shown in Fig. 1.13. When symmetrized, it gives
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Fig. 1.11 One contribution
to G for (21, N) = (7, 4) that
gives L =2

Fig. 1.12 One contribution
to G for (21, N) = (7, 4) that
gives L =0

Fig. 1.13 One contribution
to G for 2/, N) = (6, 4)
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G {zij} = (212234 + 213224) (213242 + 214232) (214223 + 212243) - (1.11)

For the four electron system, there is only one state of angular momentum L = 0, and
the wave function W = F'G agrees exactly with that obtained by standard angular
momentum addition (i.e., using Clebsch—Gordan coefficients).



1.9 Extension to Larger Systems 21

1.9 Extension to Larger Systems

For the Moore—Read state, one has 2/ = 2N — 3. We letn = N /2 be an integer and
note that2/ = 4n — 3 and k), = 2n — 2. As discussed earlier, we partition N into two
equal size subsets (for example, one partition couldbe A = { 1,2,...,N / 2} and B =
{N /2+1,...,N }). We then introduce Laughlin correlations within each subset,
defining g4 = [[;_jca Z%i and gp = [, _;cp 24)- Note that there are no correlations
between particles in different subsets. Then the full correlation function G is equal
to the sum over all possible partitions of N into two subsets A and B, giving

G= ). gags. (1.12)

all partitions

Note that Nl = n(2l) =n(4n —3), krp =n(2n — 1), and kg = n 2n — 2). This
yields L = NI — kp — kg = 0. The requirement that M = 0 was necessary to
describe correlations in a state with L = 0 was first given by Fano et al. [36].

For the Jain state at v = 2/5, we know that 2/ = (°/,) N — 4 = 5n — 4 and ky =
3n — 3. As with the Moore—Read state, we partition N into two equal size subsets A
and B. We take Laughlin correlation within each subset giving g4 and gp exactly as in
the Moore—Read correlation function. Now, however, we need intersubset correlation
to increase k¢ in order to offset the increase in N/ from n (4n — 3) to n (5n — 4) if
we want to describe a state with total angular momentum L = 0. This gives a factor
for the case n = 3 of

gap = 1_[ Zij£A{(Z16Z25234)_1}, (1.13)

icA,jeB

where S, symmetrizes over all permutations belonging to the subgroup generated
by the partition into the subsets A and B. Then finally

G= ) 9a9s9as

all partitions

We observe that NI = 5n — 4, kp = n(2n — 1),and kg = n(3n — 3), giving L = 0.
One (of the six) diagrams for A = {1, 2, 3} and B = {4, 5, 6} is shown in Fig. 1.14.

The overlap of ¥ o« F {zij} G {z,- j} with the exact numerical diagonalization
result is almost 99%. We believe that our method should be very good for any value
of N = 2n in both the Moore—Read state and the Jain v = 2/5 IQL state.

Itis worth noting that for N > 6, there is more than one multiplet with total angular
momentum L = 0. For example, the diagram in Fig. 1.15 has nine pairs containing
Laughlin correlation factors zizj, no pairs containing a single CF, and six pairs with
no correlations. It is not an eigenstate of the interacting system, and it has a small
overlap with the numerical diagonalization result for the IQL at v = 2/5. The reason
for this, even though NI, ky, kr and k¢ satisfy all the requirements for an L = 0
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Fig. 1.14 One correlation
diagram for the v = 2/5,
L = 0 ground state

Fig. 1.15 One diagram
containing correlations z
among 9 of the 15 pairs

2
ij

state of a (21, N) = (11, 6) system, is that the three additional Laughlin correlations
force the removal of the six pairs with single correlation factors. Because of how
V (L,) behaves with increasing L, it is not energy efficient to turn six pairs that
avoid L, <2/ — 2 in G into three pairs that avoid L, < 2] — 3. We are continuing
to study other correlations, since at present we can not rigorously prove that the ones
we have selected on the basis of physical intuition are unique.

In Fig. 1.16, we show one correlation diagram containing seven pairs with Laugh-
lin correlations and four with a single correlation factor. As in Fig. 1.15, it satisfies
all the requirements for a state with total angular momentum zero. However, the
replacement of z15224226235 in Fig. 1.14 by zl4z§5z36 in Fig. 1.16 increases the repul-
sive interaction energy. The correlation configurations of Figs. 1.15 and 1.16 both
could contribute to the trial wave function of an excited L = 0 state, but they have
essentially no overlap with the IQL ground state at v = 2 /5. In principle, all possible
configurations could contribute to the eigenstates with L = 0; however, the configu-
ration in Fig. 1.14, or either one of the configurations in Fig. 2.4 below (they all yield
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Fig. 1.16 One diagram
containing correlations z
among 7 of the 15 pairs

2

ij

the same correlation function), gives the lowest interaction energy and has almost
perfect overlap with the L = 0 ground state determined by numerical diagonaliza-
tion. This offers valuable insight into the correlations. One can study the L = 0 states
for different model pseudopotentials to determine how correlations change as V (L;)
is varied.

It is useful to introduce the symbol 7 ; defined as the number of pairs in a corre-
lation diagram connected by j correlation factors. Because V (L), the interaction
energy of a pair with pair angular momentum L,, increases more rapidly with increas-
ing L, than Ly(L, + 1), the lowest energy states will be those that avoid the largest
allowed values of L,. For the system of N = 6 electrons, the v = 2/5 ground state
has (21, N) = (11, 6) and kg = 18. Restricting j to be at most 2, the allowed states
can be characterized by triples (n,, ny, ng) withn, +n; +no = 15and 2n, +n; =
kg = 18. Thus, the possible states are (9,0, 6), (7, 4, 4), (6,6, 3), (4,10, 1) and
(3, 12, 0). All diagrams corresponding to these triples must also have non-vanishing
symmetrization to contribute to the eigenstate. The behaviour of the psuedopotential
V (L) for electrons in LLO yields the lowest energy state when pairs having large
values of the pair angular momentum are avoided to the maximum possible extent.
For a correlation diagram, the associated values of n; allow for an intuitive insight
into the interaction energy.
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Chapter 2 ®)
Correlation Functions Check for

2.1 Introduction

In this chapter, our focus is on providing a comprehensive and mathematically rigor-
ous treatment of the correlation diagrams and their associated correlation functions.
From the previous chapter, recall that a correlation diagram for N (where N is tac-
itly assumed to be at least 3) indistinguishable Fermions graphically exhibits the
potencies of their mutual correlations. In purely mathematical terms, such a diagram
is an undirected, loopless multi-graph on N vertices. Here, the term multi-graph
simply means a graph in which there may be multiple (albeit, finitely many) edges
between a vertex-pair. In what follows, we regard correlation diagram and multi-
graph as equivalent terms. Let I' be a multi-graph on N vertices with some chosen
labeling of its vertices by numbers 1, 2, ..., N. Then, to I" corresponds a product of
the terms (z; — z;)?%, denoted by ('), in which zj, ..., zy are indeterminates and
for 1 <i <j < N, the nonnegative integer p;; is the number of edges between the
vertices labeled i and j (in I'). In the classical theory of invariants, p(I") is called
the graph-monomial of T". Note that since our N Fermions are indistinguishable, we
must consider each of the possible choices of vertex-labelings, for the correlation
diagram under consideration, on an equal footing. Two multi-graphs I'; and I';, each
with N labeled vertices, are said to be isomorphic provided one can be obtained from
the other by a relabeling of its vertices (see Fig.2.1 for an example of isomorphic
multi-graphs).

The isomorphism class of a correlation diagram whose vertices are labeled by
1, ..., Nistobe thought of as a configuration of correlated Fermions; nonisomorphic
correlation diagrams correspond to distinct configurations. So, a configuration is a set
of N! correlation diagrams. Each correlation diagram of a given configuration has its
graph-monomial. The correlation function of a configuration is defined to be the sum
(or, if preferred, it can also be defined as the average) of the graph-monomials associ-
ated with that configuration. In other words, if we pick one correlation diagram I" for
the configuration of N Fermions and let f (z;, . . ., zy) := u(I"), then the correlation
function of the configuration is the symmetrization of f, i.e., Y_f(Zo(1)s - - - » Zo@v))s
where the sum ranges over all permutations o of {1, 2, ..., N}. Clearly, such a cor-
relation function is a homogeneous polynomial symmetric in zy, 2, . . ., zy. If this
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Fig. 2.1 Isomorphic multi-graphs on 6 vertices

X

Fig. 2.2 Equivalent configurations; IQL state, N =4, v = 1/3

correlation function is identically zero, then we deem the configuration as nonex-
istent. If correlation functions of two configurations are the same up to a nonzero
numerical (rational) factor, then the configurations are regarded as equivalent. In
Fig.2.2, the correlation function of the configuration corresponding to the diagram
on the right is 2-times that of the same for the diagram on the left (the sixth exam-
ple following Theorem 12 presents an even more interesting case of this type of
equivalence).

It is worth noting that on account of the symmetries inherent to a given multi-
graph I, it can very well be the case that certain distinct labelings of the vertices of I'
yield the same graph-monomial. From a computational point of view, the correlation
function of a configuration is easier to deal with when its corresponding set of graph-
monomials is small and hence multi-graphs with many intrinsic symmetries are
perhaps more desirable. In the extremal example of a multi-graph in which the
number of edges between any two vertices is the same integer e (i.e., p;j = e for
1 <i <j < N), there are at most two distinct graph-monomials for the associated
configuration; in fact, these graph-monomials differ only by a factor of £1. Recall
that such is precisely the case if we consider the Laughlin configuration for the IQL
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state with filling factor v = 1/(2p + 1) (forcing p;; = e = 2p). In general, a simple
exercise in algebra shows that the graph-monomial of a correlation diagram of N
Fermions is a symmetric polynomial in the variables z, z, . . ., zy if and only if
there is an integer p such that p; = 2p forall 1 <i <j < N.

For a system of N correlated Fermions, the individual angular momenta of the
Fermions together with the filling factor v, dictate an upper bound d on the degree
of a vertex (i.e., the number of edges emanating from a vertex) in any corresponding
correlation diagram, whereas the total angular momentum L of the system mandates
that the corresponding correlation function be a homogeneous polynomial of (total)
degree (Nd/2) — Linzy, ..., zy. Generally, there are several possible configurations
that meet these dictated requirements; their number increases rather steeply with
increasing values of N. To determine which of these configurations actually exist, it
is essential to ascertain the nonzero-ness of their corresponding correlation functions.
This is a nontrivial task when the associated correlation diagram has vertex-pairs that
are connected by an odd number of edges. Even more challenging is the problem
of determining, in some concrete manner, the set of equivalence classes of these
configurations. The simplest, but comparatively rare, example that can be worked
out by hand is afforded by a system of 4 Fermions in an IQL state with filling factor
2/5; in this case, each vertex of a correlation diagram must have degree 3 and then it
turns out that there is only one existent configuration. Another interesting example
is that of a system of 4 Fermions in an IQL state with filling factor 1/3. In this case,
each correlation diagram is a 6-regular multi-graph on 4 vertices. Of course, one of
these is the (clearly existent) Laughlin configuration of Fermions corresponding to
the multi-graph on 4 vertices with each pair of vertices connected by exactly 2 edges.
Butin addition to the Laughlin configuration, there are 6 other existing configurations
as in Table 2.1.

In general, if L = O for a configuration, then it turns out that each vertex in any
of its correlation diagrams must have the same maximum allowed degree d. An
undirected, loopless multi-graph each of whose vertices has the same degree d, is
said to be d-regular. The problem of counting the number of distinct configurations
of N Fermions with L = 0 and a prescribed filling factor v translates to counting the
number of isomorphism classes of d-regular, loopless multi-graphs on N vertices.
We wish to point out that at present, this counting problem appears to be largely
open and it is a subject of ongoing research (see [1]). In the third section of this
chapter, we establish Theorems 7—12 which help ascertain the existence of several
configurations of N Fermions (for arbitrary V). Presently, the problem of classifying
configurations up to equivalence remains unsolved even for the known set of existent
configurations.

For N Fermions in an IQL state with filling factor v =n/(2pn+1) < 1/2,
wehave L=0andd = (2p — )n = 1)((N/n) — 1). In particular, if v = 1/3 and
hence d = 2(N — 1), thanks to gtools [2], MAPLE, and SAGE, we can present at
least a small sample of the relevant counts in Table2.2. As already observed, the
Laughlin configuration, where there are exactly 2p edges between each pair of ver-
tices, is singularly distinguished among the multitude of existent configurations for
the filling factor v =1/(2p + 1) due mainly to the following two facts:
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Table 2.2 Apparent and existent configurations, IQL state, v = 1/3

No. of Fermions 2 3 4 5 6 7

No. of apparent configurations 1 1 7 37 2274 864863

No. of existent configurations 1 1 7 33 1137 844578
Fig. 2.3 Correlations i _
between two teams when

(n,b,a)=(3,2,1)

—
— —

(1) the graph-monomial of its unique correlation diagram is a symmetric polyno-
mial, and (2) the pair correlations are as small as possible. Taking a broader view
of this distinction allows us to formulate a fitting generalization of the Laughlin
configuration to the case of N Fermions in an IQL state with any filling factor
v=n/(2pn=+1) < 1/2, where N is a multiple of n. First, we isolate a relatively
small pool of special configurations which we feel should be the prominent contrib-
utors to the lower energy states. Imagine that the N Fermions form m := N /n teams,
where each team has n members with distinct denominations (or ranks, or positions)
and there is no mutual correlation (repulsion) whatsoever within each team; so the
only correlations are the inter-team correlations. Furthermore, the pattern of corre-
lations between any two teams is independent of the choice of teams, i.e., the teams
are essentially indistinguishable. Given a pair of teams, we stipulate at most two
possible types of inter-team correlations: repulsion of potency b between the mem-
bers of similar denominations and repulsion of potency a between the members of
dissimilar denominations (which exist only when n > 2). So, the n denominations
are also essentially indistinguishable. If the Fermions in such a configuration are
regrouped by denominations, then we obtain n groups containing m Fermions each,
where for each group, the intra-group correlations are of the same potency b and
the total correlation potency between two groups is (the even integer) m(m — 1)a
(see remarks preceding Theorem 13). The graphic in Fig. 2.3 illustrates correlations
between two such teams, each containing three Fermions, for the v = 3/7 IQL state;
specifically,n =3,b =2 and a = 1.
Now the condition L = 0 translates to the requirement

(n—Da+b=Q2p—n*l. ()

As long as either n = 1 or a and b both are positive, we are assured of an existent
configuration (see Theorem 8 and its corollary). Also, if a, b both are even integers,
then too we have an existent configuration (see Theorem 7). On the other hand, if
a = 0 and niseven, then we have a non-existent configuration (see remarks preceding
Theorem 13). In any case, we identify this pool as the set of balanced configurations.
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Fig. 2.4 The minimal configurations; IQL state, N = 6, v = 2/5

Note that for n = 1, i.e., v = 1/(2p + 1), there is just one balanced configuration;
this unique configuration is the familiar Laughlin configuration. Further, we define
minimal configurations to be those balanced configurations for which max{a, b} is at
its least possible value. Obviously, the Laughlin configuration is the unique minimal
configuration when n = 1. Fortunately, we find that there is a unique such ‘minimal’
solution to our constraint (x) provided n > 3: namely,

b) — 2p—1, 2p) ifv=n/2pn+ 1) and
@ D) =Y 2p—1.2p-2) ifv =n/2pn— 1),

and in the exceptional case of n = 2, mirror-symmetrically, (2p, 2p — 1) and (2p —
2, 2p — 1) are the only additional respective solutions. Since a, b both are clearly
positive in each of the cases, existence of minimal configurations is assured by our
theorems. Observe that the total number of correlations between any two teams of
n Fermions in a minimal configuration is the even integer (2p — 1)n* £ n. There-
fore, if we regard each team as a ‘super particle’, then the configuration of these
m super particles is of Laughlin type. For 4 Fermions in the IQL state with filling
factor v = 2/5, there is exactly one existent configuration and that configuration is
also clearly a minimal configuration. In fact, if N =4 and v =2/(4p £ 1) < 1/2,
then the two aforementioned solutions to («) correspond to the same configuration.
For 6 Fermions in the IQL state with filling factor v = 2/5, the three nonisomorphic
correlation diagrams in Figs. 2.4 and 2.5 identify the only existent balanced configu-
rations. Moreover, the two diagrams in Fig.2.4 correspond to the only two minimal
configurations; interestingly, these two minimal configurations have the same cor-
relation function, i.e., they are equivalent configurations. In contrast, for a general
N = 2m, it is not known whether the two minimal configurations corresponding to
v=2/(4p £ 1) < 1/2 are equivalent.

The inbuilt symmetry of a correlation diagram for a minimal configuration
implies that there are only N!/(n!m!) distinct corresponding graph-monomials (see
Theorem 13); thus, up to the factor of n!m!, the associated correlation function is
the sum of these fewer graph-monomials. Given a system of N correlated Fermions
with a filling factor v, it is of some interest to isolate the configurations whose cor-
responding multi-graphs are such that each vertex-pair has an even (possibly zero)
number of edges between them. There need not exist any such configuration for
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Fig. 2.5 A balanced
non-minimal configuration;
IQL state, N = 6,v =2/5

@&

unrestricted values of N and v, as demonstrated by the case of 4 Fermions in the
IQL state with filling factor 2/5. Nevertheless, the results established in this chapter
allow explicit constructions of an array of configurations of this kind. This chapter
ends with sections that provide many detailed examples and specific applications of
our theorems. For the above defined balanced configurations, especially for the min-
imal configurations, the correlation-statistics in an associated correlation diagram is
useful for energy-computation (see the last section of the first chapter). For exam-
ple, consider the correlation function of a minimal configuration of N Fermions of
angular momentum £ in an IQL state with v = n/(2pn + 1), where n > 3. In this sys-
tem, the proportion uncorrelated Fermion-pairs is (n — 1)/(N — 1), the proportion
of (2p)-correlated Fermion-pairs is (N — n)/n(N — 1) and the remaining Fermion-
pairs are (2p — 1)-correlated. So, for a psuedopotential Vj, the energy of the system
is expected to vary directly with

(=D ey BTN = e oy VT e 0y
N =1 0(2¢ — )+W 0(2¢ — P)‘l‘m 0(2¢ —2p —1).

Note that, as N grows larger, the proportion of uncorrelated pairs (i.e., correlation
factors of type 1 in the trial wave function) becomes negligible and the proportion
of (2p — 1)-correlated pairs (i.e., correlation factors of type 2p in the trial wave
function) tends to dominate.

Optimistically, generalizing from the IQL systems, one can expect to formulate
analogous definitions of ‘balanced’ and ‘minimal’ for systems containing quasi-
electrons. At present, there is very limited understanding of how this can be done in
full generality. Consequently, we are content to deal with systems containing m QEs
in a single angular momentum shell above N — m Fermions in an IQL state with the
filling factor v = 1/3. Even under these restrictions, we are able to construct existent
configurations of minimal type in only a handful of cases. Luckily, aided by a few
brute force computations, we manage to cover the ground when N < 8. Here, the
first stumbling block is the explicit computation of all possible values of the total
angular momentum L; for unlike in the case of an IQL state, L can assume several
positive values. Of course, having determined the set of possible values of L, the
major difficulty still lies in finding existent configurations of the required type. We
have surmounted this difficulty for m = 1,2, N/2, (N + 1)/2, (N/2) + 1 (see the
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last section). In each of these cases, we identify a selection of existent configurations
in which the maximal occurring pair-correlation potency (defined as the ‘bound’ in
the third section of this chapter) is at its lowest possible value.

It is well-known that the symmetrized graph-monomial of an undirected loop-
less multi-graph is a so called relative semi-invariant of a (generic) binary form of
degree N (see the remark preceding Theorem 2). If the multi-graph is d-regular, then
the associated symmetrized graph-monomial is a relative invariant of the degree N
binary form (see Theorem 5). What is of key interest in our context is the fact that the
symmetrized graph-monomials of the d-regular multi-graphs on N vertices consti-
tute a generating set for the vector space (over the rational numbers) formed by the
relative invariants of degree d and weight Nd /2 (see Theorem 5). So, for a system
of N correlated Fermions with filling factor v and L = 0, the set of all correlation
functions of the corresponding configurations spans the vector space of the relative
invariants of weight Nd /2, where d is the aforementioned bound dictated by the
parameters of the system. For such a system, it follows that we can hope to find at
least one nonzero correlation function if and only if this vector space is nonzero,
and the configurations associated with our system form a single equivalence class
if and only if the vector space is one-dimensional. Since a generating function for
dimensions of vector spaces of relative invariants (as well as relative semi-invariants)
has been known for over a century and a complete list of pairs (N, Nd /2) for which
the corresponding space of invariants is nonzero has been recently determined (see
Theorem 6), there is a noteworthy symbiosis between the the theory of correlation
functions of Fermion-configurations and the theory of invariants. The relative invari-
ance of the correlation functions under consideration should have been at the least
anticipated, if not prescribed, in view of the spherical geometry encountered in the
sixth section of the first chapter. Heuristically, if our N Fermions are confined to
move on the surface of a sphere, then to assign complex numbers to their positions,
we should first regard the sphere as a complex projective line and then project from
the infinity identified by a choice of projective coordinates. It is then natural to require
that the correlation function associated with the configuration is relatively invariant
under the projective coordinate changes. More formally, let Cy(CP') denote the
(standard) configuration space of N indistinguishable particles on a sphere. Recall
that the configuration space of N indistinguishable particles on a manifold M is

N
v = Y
MY

where Dy denotes the so called big diagonal, i.e., the subset of ordered N-tuples
of points of M with at least two coincident points. There is a natural action of
SL,(C), or more precisely, of PSL,(C), on Cy (CP') and our correlation functions
G(zy, ..., zy) are functions well-defined on the orbits of this action (see Theorem 3
and the last section of this chapter). An interesting related fact is that when N > 6,
the space of orbits, i.e., the quotient space Cy (CP')/PSL,(C), is the moduli space
of hyperelliptic curves of genus (N — 2)/2 (there is no known relationship between
existent configurations and the moduli of hyperelliptic curves). The configuration
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space Cy (CP') may be identified as the complement of the discriminant hypersur-
face in CPY by identifying each point of Cy(CP') as a binary form of degree N
(e.g., see [3]). The Zariski-closure of the set of points of Cy (CP"), where the corre-
lation function of a configuration vanishes, is a hypersurface in CP" . The exclusion-
locus for the corresponding configuration is then defined to be the union of this
hypersurface (‘configuration-exclusion’) and the discriminant hypersurface (‘Pauli-
exclusion’). Unless v = 1/(2p + 1), the exclusion-locus of a balanced configuration
of 4 or more correlated Fermions in the IQL state with filling factor v < 1/2is strictly
larger than the discriminant hypersurface.

Ever since the theory of invariants was founded, explicit construction of
(semi-) invariants has been of extensive interest. Though our motivation for the
explicit constructions of invariants and semi-invariants formulated in Theorems 7—12
lies in building correlation functions for systems of (strongly) correlated Fermions,
these theorems can also be viewed from a purely invariant theoretic standpoint; for
example, a reader familiar with the classical theory of invariants will appreciate
Theorem 12 and its corollary giving a construction of an infinite family of skew-
invariants (i.e., relative invariants of odd weight). Another good instance of the
symbiosis between the physics of correlation functions and the theory of relative
semi-invariants is the fact that for systems of N correlated Fermions containing QEs,
the possible values of the total angular momentum L are exactly those half-integers for
which there exists a nonzero relative semi-invariant of weight (Nd*/2) — L (where
d* is dictated by the system under consideration; for details, see the last section of
this chapter). In Appendix B, we pose some open problems that have naturally arisen
from our investigation; these too can be regarded as purely invariant-theoretic.

We close this introduction with remarks on the contents of sections that follow.
With the desire to make our treatment compactly self-contained, we have provided
a short rigorous primer on the basic theory of invariants in the next section. This
primer is designed to be broadly accessible and it is specially tailored to suit our
context. For a deeper, more comprehensive treatment of the theory of invariants
of binary forms, the interested reader may wish to consult either the classic [4] or
the more contemporary exposition [5]. In the third section, we prove theorems that
provide explicit constructions of invariants and semi-invariants. Subsequent sections
present applications of these theorems to determine existent configurations. Although
multi-graphs can be visually pleasing, it is undoubtedly simpler to deal with their
adjacency matrices in attempting to prove precise results. Thus the reader will find
our definitions and theorems formulated in the language of matrices. To meet the
demands of clarity and rigor, our definitions, theorems, proofs, etc., are phrased in
technical (mathematical) terms. To ease the reader’s burden of navigating through
these needed technicalities, plenty of explanatory remarks and illustrative concrete
examples are included.

Notation and Preliminaries

In the rest of this chapter, Z denotes the set of ordinary integers, N denotes the
set of nonnegative integers, Q denotes the set of rational numbers and as in the
introduction, C denotes the set of complex numbers. Given a function f defined on a
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set S, by f(S), we mean the set {f (@) | a € S}. Adhering to the standard practice, we
let | S| denote the cardinality of a set S. Likewise, we tacitly follow the convention
that —oo is the maximum of the empty set and oo is the minimum of the empty
set. The reader is assumed to be familiar with abstract algebraic notions such as
groups, rings, integral domains, fields, morphisms, characteristic, degree, order; etc.
For the basic definitions and theorems of abstract algebra needed in the following
sections, any one of the standard graduate-texts on abstract algebra should suffice;
our choice of a rather comprehensive and advanced reference for abstract algebra is
the two-volume text [6]. All rings considered in this chapter are tacitly assumed to
be commutative rings with a nonzero multiplicative identity 1 (often called ‘unity’).
In the next section, where definitions and theorems in the theory of invariants are
presented, we do consider integral domains and fields of positive characteristic since
this permits full generality from a purely mathematical point of view. The reader
mainly interested from the standpoint of physics may very well suppose that all
the fields encountered here contain the rational numbers (thereby assuming their
characteristic to be zero).

2.2 Invariant-Theoretic Essentials

In this section, we only consider commutative rings with nonzero unity. As usual,
GL(n, k) denotes the multiplicative group of n x n invertible matrices having entries
in an integral domain k and SL(n, k) denotes the subgroup of GL(n, k) consisting of
matrices of determinant 1. Since degree of a rational function plays a crucial role in
this section, it is helpful to briefly recall its definition and basic properties. Consider
a rational function f in a set of indeterminates z; say f = P/Q for some nonzero
polynomials P and Q in z having coefficients in an integral domain k. Then the
degree of f is defined to be the difference between the (usual) degrees of P and Q,
i.e.,deg(f) = deg(P) — deg(Q). By convention, 0 has degree —oco. Let g be another
rational function in z with coefficients in k. Recall that the degree of f g is the sum
of the degrees of f and g, whereas the degree of f 4 g is bounded above by the
maximum of the degrees of f and g. Moreover, the degree of f + ¢ is the maximum
of the degrees of f and g whenever f and g have unequal degrees.

Definitions Let N be a positive integer, let k be a commutative ring with 1 # 0 and
let X, z1, ..., zy be indeterminates.

1. Given [ := (i, ...,iy) € NV, let z/ stand for the power-product z’;‘ e z;{,V. A
polynomial f € k[zj, ..., zy] is expressed as

f=Y e, wherec(l) €k foralll € NV.
IeNN

Define the support of f to be the set
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suppt(f) == {I e NV |c(I) # 0}.

Let /(f) denote the maximum of suppt (f) with respect to the lexicographic order-

ing of NV (by convention, the maximum of the empty set is (—o0, ..., —00)).
By the leading coefficient of f, we mean c(I(f)).

2. Let {ey,...,en} C k[z1, ..., zy] denote the usual elementary symmetric poly-
nomials in {zy, ..., zy}; they are defined by the equation

N
XV e XN 4ty = [[X 42
i=1

3. Assume N is a unit of k. Define polynomials {y;, ..., yy—1} C k[z1,...,zv] by
the equation

N

_ (z1+---+aw)
xN XN 24 ... -1 = X+z——m ).
+1 +tyN-t E( +z N >
4. By Sy, we denote the group of all permutations of {1, ..., N}. Let
Symmy : klz1,...,z2v] = klz1, ..., zv]

be the (k-linear) Symmetrization operator defined by

Symmy (f (21, ..., zn)) = Zf(za(l), ey Zo(N))-

(TESN

A polynomial f € k[zy, ..., zy] is said to be symmetric provided

fG@oys oo s 2ony) = f21,...,zv) forall o € Sy.

Remarks

1. It is straightforward to verify that
k{zi—z | 1 <i<j <N} =kl(z1 —22),..., (@1 — )],

and since (z; — z2), ..., (21 — zy) are algebraically independent over k, the ring
on the right is (naturally isomorphic to) a polynomial ring in N — 1 indetermi-
nates.

2. The elementary symmetric polynomials ey, . . ., ey are algebraically independent
over k. So, k[eq, ..., ey] is a polynomial ring in N variables.

3. For1 <j <N, we have
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_ _Jrifr=<i<j,
l(ej) = (al,...,aN), where a; = {O 1f]+1 SISN
Note that the leading coefficient of ¢;is 1 for 1 <j < N.

Lemmal For a:=(ai,...,ay) € NV, let ¢* denote the product €}'€y - - - €.

Given d :=(di, ...,dy) € NN, we have 1(e*) =d if and only if ay = dy and
a; =d; — diyy for 1 <i <N — 1. In particular, given a d := (di, ...,dy) € NV

such that d; > diyy for 1 <i <N — 1, there is a unique a := (ay, ..., ay) € NN
with l(e?) =d.
Proof By the last of the above remarks, [(e*) = (dy, ..., dy), where

N

d,, =Za,- forl <m<N.

i=m

In particular, d; > d;; for 1 <i < N — 1. For each positive integer r, let U, denote
the r x r lower-triangular matrix [u;], where u;; := 1 for 1 <j <i < r. Note that
U, is in SL(r, Z) for all positive integers r. Elements of N" are regarded as 1 x r
(row) matrices. The above displayed equations for the components of d amount to
the matrix equation d = aUy. Fix ad :=(d),...,dy) € NV such that d; > d, >

- > dy. By induction on N, we construct an a := (ay, ..., ay) € NV such that
l(e*) = d. More precisely, we show that

au" = dy—dy, dy— s, ..., dyy —dy, dy)

for all positive integers n. To start with, for n = 1, let a; := d;. Henceforth, assume
n > 2. Observe that

_ | U1 0 -1 _ N
U, = |:an1 ]] and U, = |:_an1Un_11 e

where a;,_ is the 1 x (n — 1) matrix with all entries 1. Letting 6, := (dy, ...,
d,—1), we get
AU = (01 — dyen D)UY, dy).

By our induction hypothesis,
Ot = dpu-D Uy = (di —do, do — ds, . dyy — dy).

Identifying N*~! x N with N" completes the inductive step. Invertibility of U,
ensures the asserted uniqueness. ]
Theorem 1 Let k be a commutative ring with 1 # 0.

(i) A polynomial ¢(z1, ..., zy), with coefficients in k, is symmetricinzy, ..., 2y if
and only if 9(z1, ..., zy) € kley, ..., en].
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(ii) Assume N is a unit of k. Then,

klei, y1,---,yn—1] = kley, ..., en].
(iii) Assume N is a unit of k. Then,

klyi,....,yn—1] = kler,...,en]1 Nk[(z1 —22), ..., (z1 —2ZV)].

Proof Clearly, kley, ..., ey] consists of symmetric polynomials. Conversely, fix a
nonzero symmetric polynomial f € k[zy, ..., zy]. Sincef is symmetric, givenana €
suppt(f) and a @ € Sy, it follows that 8(a) € supp(f).Letd := I(f) and letc(d) € k
denote the leading coefficientof f. Sayd = (di, ..., dy). Since for each permutation
0 € Sy, we must have d = [(f) > 6(d), it follows that d; > d, > --- > dy. By the
above Lemma 1, there is an a € NV such that /(e%) = d. Then, [(f — c¢(d)e®) < d.
Moreover, f — c(d)e” is symmetric. Since there are only finitely many elements of
NV that are strictly less than d, a finite iteration of this procedure yields the zero
polynomial. This proves (i).

Let f(X) :=X" 4+ ¢ XV ! 4+ ... 4 ¢y. Observe that y; is the coefficient of
XN lin g(x) :=f(X —e;/N) for 1 <i <N —1,1ie, gX) =X +y XV2 +
--+4yy_1. It follows that k[ey,y1,...,yv_1] C kleq,...,en]. Since f(X) =
g(X + e;/N), we infer that k[ey, ..., exy] C kley, y1, ..., yn—1]. This proves (ii).

From the definition of y, ..., yy—1, it follows that
al @ —z)++@v—2)
1 — < tee N — <i
gx) =[] (X - v )

i=1
Also, we have z; — z; = (21 — z;)) — (21 — zj) for 1 <, j < N. Then,
klyi,....,yn—1] C kler,....,ex]INkl[(z1 —22), ..., (21 —zv)].

Let p be an element of the intersection appearing on the right in the above contain-
ment. In view of (ii), we have

m

m—i

P = E el
i=0

where m is a nonnegative integer and \; € k[y;, ..., yy—1] for 0 <i <m. Let t be
an indeterminate and substitute z; + ¢ for each z; in the above equality. Since p and
the )\; are in k[(z; — 22), ..., (21 — zn)], our substitution leaves them unchanged,
whereas e; changes to e; + Nt and N # 0 in k. From the algebraic independence
of t,e1,y1,...,yn_1 over k, it follows that m = 0, i.e., pisin k[yy, ..., yy_1]. This
proves (iii). O
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Corollary Let k be an integral domain such that N is a unit of k. For a polynomial
f €klzi, ..., zy), consider the following.

(l) f € k[yh "'vnyl]-

(ii) f is symmetricinzy,...,zyv andf(zi+c¢,...,zv +¢) =f(z1, ..., zy) forall
c€k.
(iii) f is symmetricinzy,...,zv andf(z1 +¢t,...,2v +1t) =f(z1,...,2n) for an

indeterminate t.
Then, (i) = (ii), (iii) = (i) and if k is infinite, then (ii) = (iii). In particular, if k is

infinite, then (i), (ii) and (iii) are equivalent.

Proof 1t is straightforward to see that (i) implies (ii) in view of assertion (iii) of
Theorem 1. Now assume k is infinite and (ii) holds. Write

f@At .+ =G =gt -+ ga—
with g; € k[zy, ..., zy] for 0 < i < d. By assumption, the substitution t = ¢, where
¢ € k, makes the left side of the above equation 0. Hence the polynomial on the right,
which is a polynomial in ¢ with coefficients in an integral domain k[z, ..., zy], has

k as a subset of its roots. Since a nonzero polynomial in ¢ having coefficients in
an integral domain can have only finitely many roots in that integral domain, the
infinitude of k forces the polynomial on the right to be identically zero. Thus (ii)

implies (iii). Finally, letting u; := z; —z; for 2 <j < N, we have k[zy, ..., 2] =
klz1,uz, ..., uy]. Now let

f@i..oan) =f(a, 2 —ua, ..oz —uy) =t hozy + -+ -+ hy,
where h; are in k[us, . . ., uy]. Since each member of k[u5, . . ., uy] is invariant under

the translation of the z; by ¢, assumption (iii) leads to the equation

ho(zi +1)" + -+ + h, = hozy + -+ + h,.
Comparing the ¢-degree of both sides, we conclude that r =0, ie., f =hy €
kluy, ..., uy]. Moreover, f being symmetric, assertion (iii) of Theorem 1 assures

that f € k[y1, ..., yy—1]. Thus (iii) implies (i). O

Definitions Let k£ be a commutative ring with 1 # 0 and let ey be an indeterminate.

1. Given a polynomial f € k[eg, ey, ..., exn], where

N
f = Z Cmymy...my <1_[ e;‘ni>
i=0

with ¢y, m,..my € k, define its e-weighted degree to be
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N
max E im;

i=1

Cmymy...my # 0} .

f is said to be e-weighted homogeneous of e-weighted degree d if

N
E im; = d  whenever ¢y m,. my 7 0.

i=1

. Assume N is a unit of k. Given a polynomial f € k[y;, ..., yv—1], where

'N—1
fo= Z Cmymy...my (1_[ y;m)
i=1

with ¢ m,..my € k, define its y-weighted degree to be

N—-1
max {Z(i+ 1) m;

i=1

Cm.mz...mN,I # 0} *

f is said to be y-weighted homogeneous of y-weighted degree d if

N-1
Z (i+1)m; =d whenever Cm,. my_, # 0.

i=1

. Forintegers m and d, let W(m, d, N) be the setof f € k[eg, e1, ..., ey] such that
f is e-weighted homogeneous of e-weighted degree m and f is homogeneous in
e, ..., ey of degree d. Also, let V(m,d, N) be the setof v € k[ey, ..., ey] such
that v is e-weighted homogeneous of e-weighted degree m and the total degree
ofviney,..., ey is at most d.

. Assume N is a unit of k. Let 0 and © be the k-derivations of k[eg, e1, ..., exn]
such that Je; = Ney, deyp =0, dy; =0for1 <i <N — 1, Dey = 0 and De; =
i+ Dejyg for0 <i <N — 1. Let 0; be the k-derivation of k[ey, yi1, ..., yv_1]
such that dje;y = N and 9y; =0for1 <i <N — 1.

. Assume k is a field and N is a unit of k. For nonnegative integers m and d, define
‘Hy(m, N) to be the subset of k[yy, ..., yy—1] consisting of polynomials that are
y-weighted homogeneous of y-weighted degree m. Elements of Hy(m, N) are
called semi-invariants of weight m of the binary form XV + e, XVN='Y 4+ ... +
erN—.iy.i + -4 eyYV.

. Let Hy(m,d,N) := {h € Hy(m,N) | hhastotal degree <diney,...,en}.

. For integers m, d and a positive integer n, define p(m, d, n) to be the cardinality
of the (finite) set
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n n
E a, <d, E ra, = my .
r=1 r=1

P(m,d,n) = {(al,...,an) e N

Remarks

1.

2.

The zero polynomial is regarded to be e-weighted (resp. y-weighted) homoge-
neous of every e-weighted (resp. y-weighted) degree.

Clearly, W(m, d, N) and V(m, d, N) are k-subspaces of k[eg, e1, ..., ex]. Fur-
thermore, V (m, d, N) is a k-subspace of k[ey, ..., ex] of dimension p(m, d, N).
The set W(m, d, N) consists of degree d homogenizations of the polynomials in
V(m, d, N) with respect to ey, i.e.,

W(m, d,N) = {egf C—(l)ee—’:) ‘f e V(m,d,N)}.

Note that Hy(m,N) is a k-linear subspace of k[yf,...,yy—1] and H
(m,d,N) is a k-subspace of H;(m,N). Note that H;(1, N) = 0. From the
Corollary to Theorem 1, it follows that if m > 1, then H;(m, 1, N) = 0.
Assume N > 3. Then, for each integer m > 2, we can find nonnegative integers
i, j such that 2i + 3j = m and hence y!y) is in Hy (m, N); so, Hy(m, N) # 0 for
allm > 2.

Given a member of Hy (m, N), its total degree in ey, ..., ey can not be readily
detected, e.g., the polynomial 6y; + 40y;y; + 9y3 € Hy (6, 4) has total degree 4
in ey, ey, e3, e4. Thus, in general, it is difficult to determine whether a particular
member of Hy (m, d, N) is nonzero.

. Obviously, p(m, d, n) = Qifeitherm < Qord < Oorm > nd. Also,p(0,d, n) =

1 if d > 0. Note that p(m, d, n) is the number of partitions of m into at most d
parts with each part at most n.

Theorem 2 Let k be a commutative ring with 1 # 0.

(i) Letf be a nonzero element of kley, ..., ey). The e-weighted degree of f is d if

and only if the total degree of f in z1, ..., zy is d. Moreover, f is e-weighted
homogeneous of e-weighted degree d if and only if f is homogeneous of degree
dinZ1,...,ZN.

(ii) Assume N is a unit of k. Let f be a nonzero element of k[yi, ..., yn_1]. The

y-weighted degree of f is d if and only if the total degree of f in z1, ..., 2y is
d. Moreover, f is y-weighted homogeneous of y-weighted degree d if and only
if f is homogeneous of degreed in zy, . .., Zy.

(iii) Letf be a nonzero element of kley, ..., eyN]. The total degree of f iney, ..., ex

is d if and only if the z;-degree of f isd for 1 <i < N.

(iv) Assume that k is a field. Suppose O # f € k[z) — 20, ..., 21 — zv] is homoge-

neous of total degree m in zy, . .., zy. If the z;-degree of f is d; for 1 <i <N,
then2m < d, +--- +dy.

(v) Assume that k is a field containing Q and m, d are nonnegative integers such

that 2m < dN + 1. Then O maps W (m, d, N) onto W(m — 1,d, N).
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(vi) Assume that k is a field containing Q and m, d are nonnegative integers. If
2m > dN, then Hi(m,d,N) = 0. If 2m < dN, then, as a vector space over k,
Hi(m, d, N) has dimension p(m,d,N) — p(m — 1,d, N).

Proof Since each e; is a homogeneous polynomial of degree i in zy, ..., zy, any
power-product of ey, ..., ey is also a homogeneous polynomial in zj, . .., zy. Now
for f as in (i), first assume that f is e-weighted homogeneous of e-weighted degree
d. Then f is clearly homogeneous of degree d in zj, ..., zy. Moreover, since
klei, ..., en] is k-isomorphic to k[z1, ..., zy], f is also a nonzero polynomial in
21, ..., 2n. Conversely, if f is homogeneous of degree d in zi, ..., zy, then its
e-weighted degree is clearly d and furthermore, f must be e-weighted homoge-
neous. The rest of the assertion (i) follows easily.

Next, let f be as in (ii). Since y; is homogeneous of degree i + 1 in zy, .. ., zy for
1 <i <N — 1, our assertion follows by an argument entirely similar to the argument
in the proof of (i).

To prove (iii), let f be as in (iii) and first suppose that the total degree of f in
el, ..., ey isd. Since each ¢; is of degree 1 in zy, the zy-degree of f can not exceed
d. Thus it suffices to prove (iii) by assuming f to be homogeneous in ey, ..., ey.
Letf =g(z1,...,2y). Letug = 1, uy = 0 and uy, ..., uy_; denote the elementary
symmetric functions of zj, ..., zy—1, i.€.,

N—1 N-1

XN XM = [T+ 2.

i=1 i=1

Assume that the zy-degree of (f or equivalently, of) g is strictly less than d. Let ¢ be
an indeterminate and let

z
h(r) = tdg(zl,--.,ZNfu TN>

Then we have 4(0) = 0. Now observe that

IN
te; <Z1, -5 AN-15 7) = ZnUi—1 + ty;
forl <i <N —1landtey(zi,...,2v-1,2n/t) = zvun—1. Hence
h(t) = flay +tur, ..., avun—2 + tuy—1, Ivin—1).

But then, by substituting = 0, we get the equation
0=Ff (N, rzvun—2, 2vun—1) = 29 f (L, ur, .. uy_1).
This is absurd since f is nonzero and uy, ..., uy_; are algebraically independent

over k. In conclusion, the zy-degree of f is d. Using the fact that f is symmetric in
21, ..., 2Zn, we conclude that the z;-degree of f is d for | < i < N. By what has been
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shown, if the z;-degree of f isd for 1 <i < N, then the total degree of f iney, ..., ey
can neither exceed d nor be strictly less than d. Thus (iii) is fully established.

To prove (iv), we rely on the fact that the polynomial ring k[z; — z2, ..., 21 —
zy] is a unique factorization domain. Since f is nonzero and z; — zy is irre-
ducible, there is a unique nonnegative integer s such that f = (z; — zy)*g, where
g € klzi — z2,...,21 — zy] is relatively prime to z; — zy. In particular, g = hy +
> ot hi(zi — zv)', where h; € k[z1 — 22, ..., 21 — zy—1]fori > Oand hy # 0. More-
over, g is homogeneous of total degree m — s in z, ..., zn, the z;-degree of g is
dy — s, the zy-degree of g is dy — s and the z;-degree of gis d; for2 <i <N — 1.
It follows that A; is homogeneous of total degree m —s —1i in zy,...,zy— for
i > 0. The rest of the proof proceeds by induction on N. If N =2, then s =m
and d; = s = d,; so, 2m < d| + d,. Henceforth, assume N > 3 and let r; denote
the z;-degree of kg for 1 <i <N — 1. Clearly, r; < d; +dy — 2s and r; < d; for
2 <i <N — 1. By the induction hypothesis, 2(m —s) < r; +---+ ry_;. Hence
2m—2s <dy+dy —2s+dr +---+dy_1, 1., 2m < d; + --- + dy as asserted.
Thus (iv) holds.

With the hypotheses and notation of (v), first observe that for 1 <r <N,

r—1
1 (N, 1 (N—=j—1\ .
e = m<r>31 + j:ZIN,j1<r_j_ 1)31 i

and hence Je, = (N — r + 1)e,_;. Itis now readily verified thatforh € W (m, d, N),
we have Oh € W(m — 1,d,N). So, O restricts to a k-linear transformation from
W@mn,d,N) to W(m — 1,d, N). In particular, O™ 'h=0forall h € W(m,d, N).
Likewise, ® restricts to a k-linear transformation from W(m — 1,d,N) to
W (m,d, N). Thus, for each positive integer s, the compositions 0°®D*, D*0* are
k-linear operators on W(m, d, N). Moreover, given a nonnegative integer i, it is
readily verified that

(0D —®D0)h = (Nd —2m+2i)h forallh e W(m —i,d,N),

ie., 09D — 9 = (Nd — 2m + 2i)l,,_;, where I,,_; denotes the identity operator on
W(m —i,d, N). Likewise, for any positive integer s, we clearly have the following
equality of k-linear operators on k[eg, €1, ..., exy]:

09' -9 = Y D709 - D)D"

i=1

Hence forao € W(m — s,d, N),

N
D% — D*0a = Z@f—l(zvd —2m + 20Dl = s(Nd —2m + s + DD a.

i=1
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Given h € W(m — 1,d, N), let hy := D*"'9*"'h. Then, note that h; = h, Dh, €
W(@m,d,N) for all s and h; = O for all s > m + 1. Substituting o = &~ 'h in the
above displayed identity leads to the system of equations:

0Dhy — hyyy = s(Nd —2m+ s+ 1)hy  foralls > 1.

Since h € W(m — 1,d, N) and 2m < Nd + 1, we have A, = 0 and most impor-
tantly, (Nd + s+ 1 —2m) > 1 for all s > 1. So, starting from the mth equation in
the above system and substituting backwards, we get

m _1y-!
h = Oh*, where h* = Z . CV Dh; € W(m,d,N).

ST Nd = 2m+ i+ 1)

This proves (v).

Lastly, consider the space Hy(m, d, N), where m, d are nonnegative integers.
Suppose 0 # h € Hi(m,d, N) and let d; denote the z;-degree of  for 1 <i < N.
Then, by (iii), we have d; < d for 1 <i < N and hence (iv) implies that 2m < d; +

-+ 4+ dy < Nd.Consequently, H; (m, d, N) = 0 for pairs (m, d) with2m > Nd. Let
the kernel of O be

Ker(0y) = {v € kle1, y1,...,ynv-1] | O(v) = 0}.

Since k is assumed to have characteristic zero, it is clear that Ker(0;) = k[y, ...,
yn—1]- Suppose 2m < Nd + l andletv e Vim — 1,d,N).Lethe W(m —1,d,N)
besuchthatv = h(l, ey, ..., ey). By (v), thereisan h* € W(m, d, N) with Oh* = h.
Observe that for v* := h*(1, ey, ..., ey), wehave v* € V(m,d, N) and 01v* = v.In
other words, if 2m < Nd + 1, then 0 restricts to a surjective k-linear transformation
from V(m,d,N) onto V(im — 1,d,N). Next,for 1 <r <N — 1, we have

1 r+1 r+1 1 r+l1—j N —j i
y, = (- )1 IH n Z( )1 J . el+1 jej.
Nt r41 N+= \r+1—j

So, y, is e-weighted homogeneous of e-weighted degree r + 1 for 1 <r <N — 1.
Eachv € V(m, d, N)hasaunique expressionv = uy + - - - + u,-e’i + ---,whereu; €
klyi,...,yn—1lforalli e N.For 1 <j <N — 1,y is e-weighted homogeneous as
well as y-weighted homogeneous of the same weighted degree j + 1. This allows
us to infer that u; is y-weighted homogeneous of y-weighted degree m — i for all
i € N. In particular, v € k[yy, ..., yy—1] if and only if v = ug € Hy(m,d, N), i.e.,
V(m,d,N) N Ker(d)) = Hy(m,d, N). So 0, induces a k-linear isomorphism

V(m,d,N)

- - = -1 .
Hemd.ny VT LN

Thus, Hy (m, d, N) has dimension p(m,d,N) —p(m — 1,d, N). O
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Remarks
1. Suppose 0 # h € Hy(m,d,N) and 2m = Nd. Then, in view of (iii) and (iv) of
the above theorem, the total degree of A in ey, ..., ey must be d.

2. Itis easy to verify that if 4 := e]‘f, € W(Nd, d, N), then there does not exist h* €
W(Nd + 1,d, N) such that Oh* = h.

3. Assume k is a field containing Q. We may have Hj(m, d, N) = 0 even when
2m < Nd, e.g., Hi (5, 3) is easily seen to have k-basis {y;y,} and in this case,
since y;y, has total degree 5 in ey, 7, e3, we have H; (5, 4, 3) = 0. Note that
p(5,4,3) =p4,4,3).

4. From (vi) of the above theorem, we infer that if 2m < Nd + 1, thenp(m,d, N) >
pm—1,d,N) and p(m,d,N) <p(m—1,d,N) if 2m > Nd + 2. Since
Hi((Nd + 1)/2,d,N) =0 by (vi), we have p((Nd + 1)/2,d,N) = p((Nd —
1)/2,d,N).

Definitions Let & be a field.

1. Let s, t, u, v be indeterminates and define polynomials Ag,...,Ay in
klei,...,en,s,t,u, v] by

N N
ZA,-XNfi = X + 0V + Z ej(sX + VT (uX + vy.
i=0 j=1

2. Define rational functions Ey, .. ., Ey by setting

A;
E ;= -1 forl<j<N.
Ag

3. By a binary invariant of type (N, d) (and of weight w), we mean a polynomial
f € kley, ..., ey] which is either O or of total degree d in ey, ..., ey and such
that for some nonnegative integer w,

Agf(El, o En) = (sv—m)Pf(eq, ..., en).

4. A polynomial g € k[zj, ..., zy] is called a binary invariant of type (N, d) pro-
vided g € k[ey, ..., ey] and (as such) it is a binary invariant of type (N, d).
5. Let o be an indeterminate. Given an M := [m;;] € SL(2, k), define

mypjo 4+ mpo
M) = ————.
mpyo + myy

6. A polynomial f € k[zy, ..., zy] is said to be a relative SL(2, k)-invariant of type
(N, d) if f is symmetric in 23, . .., zZy and

N

1
fM@G), .. M) = {H—}f(zl,...,m)

oy (maiz + my)?
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forall M := [m;] € SL(2, k).

Remarks

1. If g is a nonzero binary invariant of type (N, d), then comparing the total degrees
in s, t, u, v of both sides of the equation

AO(EL, ..., Ex) = (sv—m)" - g,

we see that 2w = Nd.
2. In particular, if Nd is odd, then there does not exist a nonzero binary invariant of
type (N, d).

Theorem 3 Let k be a field and let g € k([zy, . .., zy] be a nonzero polynomial. Let
fX) =X +z2)X +2)- X +zw) =XV +e XV '+ ey,

Consider the following properties.

(i) g is a binary invariant of type (N, d).
(ii) g is a relative SL(2, k)-invariant of type (N, d).

(iii) g is symmetric in zy, ..., zy and for an indeterminate t, we have
) 9@z, ..., P2w) = Mgz, ... ),
2 g@+t...,av+0 = g@&, ..., 2v), and

d
o N
(2 2) = (&) 9@,

Then (i) = (ii) and (iii) = (i), if k is infinite, (ii) = (iii). In particular, if k is infinite,
then assertions (i), (ii), (iii) are equivalent.

Proof Assume ¢ is a binary invariant of type (N, d). Say g = ¢(e1, ..., en) €
kley, ..., en]. As before, let s, t, u, v be indeterminates. Observe that

N N N
N , N—j i ) vz +1
(sX +1) +j_EleJ(sX+t) (uX+v)’_H(uz,+s)H(X+uZi+s .

It at once follows that A is the first product appearing on the right, i.e., Ay = u"f (s/u)

and A
i vz +t vzy +t
= zj(m_ ZN_)
Ao uz; + s uzy + s

for 1 <j < N. Thus, there is a nonnegative integer w such that

(sv — )" ( )
— 9z, - 2N)-
Ap

(vzl+t vy +t
uzi +s 7 uzy + s

) = ¢(E1, ..., Ey) =
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Given an M := [m;;]in SL(2, k), substitute v = m1, t = m2, u = my; and s = my)
in the above equation and use the fact that M has determinant 1. Then g is seen to
be a relative SL(2, k)-invariant of type (N, d). So (ii) follows from (i).

Now assume (ii) and assume k to be an infinite field. Observe that for any ¢ € k,
we have

<Z1+C w+ec
g

=g +tc,....2vt+c¢) = g1, ..., 2N).
0z 1 1 OZN+1) 9(z1 N +¢) = gz N)

From the Corollary to Theorem 1, it follows that

glzi+t,....an+1) = gz, ..., 2n)

for an indeterminate . Likewise, for any 0 # b € k, we have

<bzl+0 bzy +0

ST T )=9(b211»~-~,b2ZN)Zbng(Zl»~-~,ZN);

also, letting a := 1/b, we have

N d

azy aziy a
P = Zly+++5ZN)-
9(Z1+a ZN+11> {1_[ (Zr+a)d} 9(z1 N)

r=1

Now the polynomial g(*zy, ..., t?zy) — t" g(z1, ..., zy) is a polynomial in # with
coefficients in k[zy, ..., zy] and vanishes for all substitutions t = b with 0 # b €
k. Since k is infinite, this polynomial is identically 0, i.e., g(tzzl, o Py) =
Nd g(z1, ..., znv)- Next, choose a positive integer m such that
174} 1Zn
H" e

7@ g<Z1+t ZN+t>
isin k[z1, ..., zy][?]. Then regard the polynomial

171 1Zn

d+m Nd m
13 e, — t 44
f@ g<zl+t zN+t> F(@0"g(z N)

as a polynomial in the indeterminate ¢ with coefficients in k[z, ..., zy]. From our

assumption, it follows that the above polynomial vanishes for all substitutions t = a,
where 0 # a € k. Since k is infinite, this polynomial must be identically zero. Hence

( 171 tZn ) N ( )
= 21y -5 2N)-
N +1 w+t f(t)dg1 N

In this manner, we have shown that (ii) implies (iii).
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Finally, assume (iii) holds. At the outset, note that by the assumed equation (1),
g is homogeneous of degree Nd /2 in zy, . .., zy. In particular, Nd must be an even
integer. Let s, £, u, v be new indeterminates and )\ := /sv — uf (in a quadratic field-
extension of k (s, t, u, v)). Letting a := \/s, the assumed properties (1) and (2) of g
imply

t t
g (Oézm + PRRRR o’y + E) = ng(Zl» Ce 2N
Nowlet 3 := s/uandfor1 < j < N, substitute 3z;/(z; + ) in place of z; in the above

equation. Then, using the assumed property (3) of g and simplifying, we derive the
equality

vz +t vay 1) ANd ( )
uzl—|—s’.”’uZN—|—s _uNdf(S/u)ng]’.'.’ZN.
If g=¢(er,...,en) € kley, ..., en], then as seen in the initial part of this proof,
the left side of the above equality is simply ¢(E, ..., Ey) and Ay = u"f (s/u). So,

defining w := (Nd)/2, we see that w is a nonnegative integer and

ASH(E), ..., Ex) = (sv—ut)” ¢leq, ..., ex).

Finally, observe that since each E; has degree 0 in ey, ..., ey but Ag has degree
1in ey, ..., ey, the left side of the equation has degree at most d in ey, ..., ey.
Hence ¢(ey, ..., ey) has degree at most d in ey, ..., ey. Suppose ¢(ey, ..., ex)
has degree strictly less than d in ey, ..., ey. Then the left side of the equation can
be written in the form Ag¥ (Ao, . .., Ay), where (A, . . ., Ay) is homogeneous as a
polynomial in A, ..., Ay. Substituting s = —z; and u = 1 in the above equation, we
note that Ay = f(—z;) = 0 and hence the left side of the above equation is zero. But
(—z1v — )" # 0 and since g # 0, we have ¢(ey, ..., ey) # 0. This contradiction
forces ¢(ey, ..., ey) to be of degree exactly d iney, ..., ey. O

Example The most frequently encountered familiar binary invariant is the discrim-
inant. If F(X) =X —71)(X —z2)--- (X — zy) (a monic polynomial in X with
roots zi, ..., Zy), then

discx (F) = l_[ (zi — Zj)2

1<i<j<N

is, by definition, the discriminant (or X -discriminant) of F. It is straightforward to
verify properties (1), (2) and (3) listed in (iii) of the above theorem; so, discy (F)
is indeed a binary invariant of type (N, 2N — 2) (having weight N(N — 1)). Many
more examples of this type follow.
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Definitions Let k be a field.

1. Given an N x N matrix A := [a;] with integer entries, let r; denote the sum of
the entries in the ith row of A for 1 <i < N and define

pA) = (ri,...,rN).

2. Givenan N x N matrix A := [a;], where each g;; is a nonnegative integer, letting
z stand for the vector (z1, ..., zy), define

0@ A) = [] G@-z.

1<i<j<N

3. Let E(N) denote the setof all N x N symmetric matrices A := [a;;] such that each
a;; is a nonnegative integer and g; =0for 1 <i <N.ForV :=(dy,...,dy) €
ZN,let E(N, < V) be the subset of E(N) consisting of all A € E(N) such that
letting p(A) := (r1,...,ry) wehaver; <d;for1 <i <N.Let E(N, V) be the
subset consisting of A € E(N, < V) suchthat p(A) = V.If V =(d,d,...,d),
then E(N, < V) is denoted by E(N, < d) and E(N, V) is denoted by E(N, d).

4. Let H(N,m) be the set of all g € k[z; — z2, ..., 21 — zy] such that g is homo-
geneous of degree min zy, ..., Zy.

5. Let V:=(d,...,dy), where each d; is a nonnegative integer. Define
Hy(N,m, V) to be the set of all g € Hy(N, m) such that the z;-degree of g is
diforl <i<N.

Remarks
1. IfV:=(,...,dy)andE € E(N, V), thenobserve that §(z, E)ishomogeneous
ofdegreeminz, ..., zy, where2m = d; + - - - + dy and the z;-degree of § (z, E)

isd;forl <i <N.

2. For E(N, V) to be nonempty, it is necessary that s := d; + - - - + dy is an even
integer and 2d; < s for 1 <i < N. Clearly, £(2, V) is nonempty if and only if
d, = d,. In general, we are not aware of any conditions on (N, V') that are known
to be necessary and sufficient for E(N, V) to be nonempty. Presently, we merely
point out the following obvious fact. Suppose d; + - - - + dy is an even integer.
Let P(N — 1, d;) be the set of all ordered (N — 1)-tuples a := (ay, ..., ay) of
integers a; such that 0 < a; < d; for2 <i <N and a; + - -- + ay = d,. Given
ae PN —1,dy),letW(a) := (d» — ay, ...,dy — ay) and observe that the sum
(dy —az) +---+ (dv — ay) is also an even integer. Then the cardinality of
E(N, V) equals the sum of the cardinalities of E(N — 1, W(a)) as a ranges over
PN —1,d)).

3. A member of E(N, d) can be thought of as the adjacency matrix of a d-regular
(multi-) graph (without self-edges) on N vertices. If P is an N x N permutation
matrix and E € E(N, d), then PEP~is alsoin E(N, d). Thus Sy actson E(N, d)
by conjugation. The resulting conjugacy classes are clearly in bijective correspon-
dence with the isomorphism classes of d-regular (loopless, multi-) graphs on N
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vertices. To the best of our knowledge, there is no known formula for counting the
distinct (meaning pairwise nonisomorphic) d-regular (loopless, multi-) graphs on
N vertices (for general d and N). For more on this enumeration and related recent
results, the reader is referred to [1].

Theorem 4 Let k be a field, let N > 2 be an integer and let dy, . . ., dy be nonneg-
ative integers.

(i) Let g € H,(N, m) be a nonzero polynomial such that the z;-degree of g is d; for
1 <i<N.Then

1
m < S+t dy).

(ii) LetV := (dy,...,dy). Then, H,(N, m, V) is contained in the k-linear span of
the set

B(N,m,V):={0(z, E) | E€ E(N,< V)}NH(N,m).

(iii) LetV := (dy,...,dy). If2m =d, + - - - 4+ dy, then H,(N, m, V) is contained
in the k-linear span of the set

WN, V) :={d(z, E) | E € E(N,V)}.

(iv) Assume that N is nonzero in k. Then, Hy(m, d, N) is the k-linear span of the
set

{Symmpy (6(z,E)) | E€ E(N,< d) andd(z, E) has degree m}.

Proof At the outset, we observe that H; (N, m) is exactly the set of polynomials that
are homogeneous of degree m as polynomials inz; — z3, ..., 21 — zy- S0, (i) follows
from (iv) of Theorem 2.

We prove (ii) by lexicographic induction on (N, dy). If N =2, then clearly
Hi (2, m, V) is empty unless d; = d, = m and since

Hi(2,m, V) = {c(z1 —22)" | ¢ € k},

it is indeed a subset of the k-linear span of B(2, m, V) = {(z; — 22)™}. Henceforth,
assume N > 3. Let0 # g € Hi(N,m, V). Lete := dy and

g=hoz§ + iz + -+ he,

where hy # 0 and h; is homogeneous of degree m —e +i in zj,...,2y—; for
0 <i <e. Let ¢ be an indeterminate. Since g(z; +¢,...,zv +1) = 9(z1, ..., 2N),
comparison of the coefficient of z5, on both sides of this equation, we deduce that
ho(zi +t,...,2v—1+1t) = ho(z1, ..., zv—1). Hence



52 2 Correlation Functions
ho (S Hk(N — l,m—e, W),

where W := (d| — by, ...,dy—1 — by_1) and b; is an integer such that 0 < b; < d;
for 1 <i <N — 1. By our induction hypothesis, Hy(N — 1, m — e, W) is a subset
of the k-linear span of B(N — 1, m — e, W). In particular, if dy = 0, then b; =0
for 1 <i <N — 1 and we are done. Upon considering E € E(N — 1, W) such that
0(z, E) is homogeneous of degree m — e in z1, ..., Zy_1, one concludes

2(m—e)=2(m—dy) = (di — b))+ + (dy-1 — by—1).

Since 2m < d; + - - - + dy by (i), we infer that b; + - - - + by_; > dy. Choose non-
negative integers ¢; < b; for 1 <j < N — 1 such that

ai+---+ay_; = e = dy.

It follows that for any A € B(N — 1, m — e, W), we clearly have

N—-1
§:=A[]@—w)"% €BWN,m V)

J=1

and the zy-degree of J is exactly dy. Consequently,

N-1
hi=h [[@@—an)®

J=1

is in the k-linear span of B(N,m, V) and there is a 0 # ¢ € k such that the zy-
degree of hozy, — chis at most dy — 1. Now g — ch € Hy (N, m, U) for some U :=
(q1,---,qn) Withg; < d; for 1 <i <N — 1 and gy < dy. Then, by our induction
hypothesis, Hy (N, m, U) is contained in the k-linear span of B(N,m, U). Since
B(N,m,U) C B(N, m, V), assertion (ii) is established.

To verify (iii), observe that if E € E(N, < V) \ E(N, V), then by (i), the total

degree of §(z, E) in zy, . . ., zy is strictly less than m.
Assertion (iv) follows from the definition of H; (m, d, N) and (iii). O
Remarks

1. As noted earlier, there does not exist any nonzero semi-invariant of degree 1;
hence Symmy (§(z, E)) =0forall0 #E € E(N, < 1).

2. For k of characteristic 0, the above theorem is generally attributed to Cayley. Our
treatment follows article no. 89 of [7].
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Definition Let &k be a field. Let N and d be positive integers with N >2.

1. Let Invi (N, d) denote the k-linear subspace of k[zi, ..., zy] consisting of all
binary invariants of type (N, d). Let dinvy(N,d) denote the dimension of
Invy (N, d) as a vector space over k.

2. Define

(1 _XNJrl)(l _XN+2) .. (1 _XN+d)

(1 =X -X3...(1=-X9

BWN,d,X) =

Theorem 5 Let k be a field. Let d and N be positive integers such that N > 2.
(i) ForE € E(N,d), the polynomial Symmy (§(z, E)) is a binary invariant of type
(N,d).
(ii) Assume that N!is a nonzero element of k. Then Invi (N, d) is the k-linear span

of
M(N,d) := {Symmy((z, E)) | E € E(N, d)}.

(iii) Assume that N is a nonzero element of k. Then,
Invi,(N,d) = Hr(Nd/2,d,N).
(iv) &(N,d,X)and B(N,d,X)/(1 — X) are polynomials in X of degree Nd + 1

and Nd respectively. For each integer m, p(m, d, N) is the coefficient of X" in
&(N,d,X)/(1 — X). Moreover, we have

Bd,N,X) = 6WN,d,X) = (=) - XN+ . e, d, x7).

(v) Assume that Q C k and m is a nonnegative integer with 2m < Nd. Then the
dimension of Hy(m, d, N) (as a vector space over k) is the coefficient of X™ in
& (N, d, X). Inparticular, dinvi (N, d) is the coefficient ofXNd/2 in®(N,d, X).

(vi) (Hermite Reciprocity) Assume that Q C k. Then, dinvy(N, d) = dinvi(d, N).

Proof 1f Nd is odd, then both assertions hold trivially. Henceforth, assume Nd to be an
even integer. FixanE € E(N, d),leth(zy, ..., zny) = 6(z, E)and g := Symmy (h).

To prove (i), we proceed to verify (iii) of Theorem 3. Let f (X) be as in Theorem 3.
First note that / is homogeneous of degree w := Nd/2 in zy, . .., zy and hence

2 2 Nd Nd
g(t°z1, .. zy) = Symmy (1 h) = 7 g(z1, ..., Zn).
Also, since A is translation-invariant, we have

g = Symmy (h(z; + ¢, ..., 2y + 1)) = Symmy (h(zy, ..., 2n)).
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Next, note that

1z i\ 1 0 )
() =Gt oo
i+t ozt (zi +0D(z +1) '

forall 1 <i <j < N.Hence

d
1z fzy M
]’l Yo eey = h(Z],...,ZN).
<Z1 +t N —i—t) @4
Since the first factor is symmetric in zy, . . ., 2y, it follows that g is a binary invariant

of type (N, d).

We proceed to prove (ii). By (i), each member of the k-linear span of M (N, d) is a
binary invariant of type (V, d).Let g € k[zi, ..., zv] be anonzero binary invariant of
type (N, d). By (iii) of Theorem 2, the z;-degree of gis d for 1 <i < N. Also, from
the remarks just preceding Theorem 3, g is homogeneous of degree w := Nd /2. By
(iii) of Theorem 3, g € k[z; — 22, ...,21 — zy]. Thus letting V := (d, ...,d), we
have g € Hiy (N, w, V). Now, by (iii) of Theorem 4, g is in the k-linear span of the set
W(N, V).Recallthat E(N, V) = E(N, d) and hence Symmy (g) is in the k-linear span
of the set M (n, d). Since g is symmetric in zy, . .., 2y, we have Symmy (g) = N!g.
Finally, N! being a nonzero element of k, (ii) readily follows.

It suffices to prove (iii) with the additional assumption that Nd is an even
integer. The first remark following Theorem 2 together with (iv) of Theorem 4
imply that Hy(Nd/2,d, N) is the k-linear span of the set M (N, d). So, by (ii),
Hy(Nd/2,d,N) = Invi (N, d).

To prove (iv), let C;(X) be the polynomials defined by the equation

N %)
Y GOy = m H(ZX” )

ieN j=0

Observe that p(m, d, N) is the coefficient of XY in the power-series expansion of
the product on the extreme right. Clearly, each C;(X) is a polynomial in X having
integer coefficients (which are all positive). Also,

o 1_XN+1Y
A =x"y) Y GexOx'y = —(N+1 )
ieN [T= 1 =X7Y)
as well as Nt
(1—XxV+y) :
= = -9y gy
=% = (1-Y) ZN (X)

From the above equations we infer that for i > 1,

A-XH-GX) = A=X".C1(X)
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and hence
BSN,i,X) = (1-X)- -Ci(X).

Thus (N, d, X)/(1 — X) and (N, d, X) are polynomials in X with integer coef-
ficients; their degrees are easily seen to be Nd and Nd + 1, respectively. Also,
p(m,d, N) is evidently the coefficient of X" in &(N, d, X)/(1 — X). It is straight-
forward to verify that &(N, d, X) satisfies the equations asserted in (iv).

Assuming Q C k and 2m < Nd, assertion (vi) of Theorem 2 assures that as
a vector space over k, Hy(m,d, N) has dimension p(m,d,N) —p(m —1,d,N).
By (iv), p(m,d, N) is the coefficient of X" in &(N,d,X)/(1 —X) and hence
p(m,d,N) —p(m—1,d, N) is the coefficient of X" in &(NV, d, X). Consequently,
in view of (iii), dinv; (N, d) is the coefficient of X¥4/2 in &(N, d, X ). Thus (v) holds.

Lastly, (vi) follows from (v) and the equality &(N,d, X) = &(d, N, X) estab-
lished in (iv). O

Remarks

1. From (ii) of Theorem 5, it follows that Inv, (N, d) has a basis that is a subset of
Zlz1s - - -5 v ]

2. Wehave 8(N,d, X) =&WN,d — 1, X) + X&WN — 1,d, X).

3. It is useful to observe that

’

<N~I—d> _ BW\N.d,q)
d ), (-9

where the left side stands for the (Gaussian) g-binomial coefficient.
4. For relatively small values of N and d, the number dinv, (N, d) may be large, for
example: dinv, (15, 18) = 8899, dinv, (20, 21) = 903256.

Theorem 6 Let N, d be positive integers both > 2. Let k be a field containing Q.
Then dinvi (N, d) = 0 if and only if one of the following holds.

(i) Nd is an odd integer.
(ii) N =2andd is odd.
(iii) N is odd and d = 2.
(iv) N = 2 + 4m for some positive integer m and d = 3.
(v) N =3andd =2+ 4m for some positive integer m.
(vi) N =5andd € {6, 10, 14}.
(vii) N =6andd € {3,5,7,9, 11, 13}.
(viii) N =7 andd € {6, 10}.
(ix) N=9andd = 6.
(x) N=10andd € {3,5,7}.
(xi) N=11andd = 6.
(xii) N =13 andd = 6.
(xiii) N = 14 andd € {3, 5}.
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Remarks

1. The above Theorem 6 is established by J. Dixmier (see [8], as well as
[9, Proposition 4.2]).

2. We mention two easily verified corollaries of Theorem 6. First is the fact that
if N>15,d >4 (orif N > 4,d > 15) and Nd is even, then dinvy(N,d) > 1.
Second is the fact that if N is an integer multiple of 4, then dinv; (N, d) > 1 for
all d > 2 (or, reciprocally, if d is an integer multiple of 4, then dinv; (N, d) > 1
forall N > 2).

2.3 Constructions of Semi-invariants

The polynomials and rational functions considered in this section have coefficients
in an integral domain of characteristic zero. Since the notion of u-adic order, or
simply u-order of a rational function plays a crucial role in our proofs, it is helpful
to briefly recall a few basic definitions and properties related to order. As before, let
21, - .., Zy be indeterminates. Suppose k is a unique factorization domain and u is a
prime element of the unique factorization domain k[zy, ..., zy]. Then, the u-order
of a nonzero polynomial € k[zy, ..., zy] is defined to be the largest nonnegative
integer m suchthath = u™v forsome v € k[zy, ..., zy]; by convention, the u-order of
01is co. More generally, for a rational functionf := P/Q with P, Q inthe polynomial
ring k[zi, . . ., 2v], the u-order of f is defined to be the u-order of P minus the u-order
of Q. For any two rational functions f, g in zy, . . ., zy with coefficients in k, it holds
that the u-order of f g is the sum of their respective u-orders whereas the u-order of
f =+ g is bounded below by the minimum of the u-orders of f and g. Moreover, the
u-order of f 4+ g equals the minimum of the u-orders of f and g whenever f and g
have unequal u-orders.

Definitions Let N > 2 be an integer. As before, let k be a field containing Q, let
Z1, ..., zZy be indeterminates and let z stand for (z1, ..., zy).

1. For positive integers m, n, define Dy, ) to be the m x n matrix [c;], where

o 0 ifi=j,
S I S A
By D,, we mean the n x n matrix Dy, ,).
2. The discriminant A(z) € Q[z1, ..., zy] is defined by

AR = [] @-2"

1<i<j<N
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3. Let m be a positive integer and let o € S, denote the m-cycle (12 - - - m). Given
an ordered m-tuple
a = (a(l),...,a(m)),

let cirmat(a) denote the m x m circulant matrix [c;] determined by a, i.e., for
1 <i,j<m,let

cij = a(@' ().

4. Let m, n be positive integers such that mn = N. Let a, c be indeterminates. Let
u:= (u(l), ..., u(m)) be defined by

uiy = |2cif1=is mot

7 ] 0 otherwise.
Let My(m, n, a, c) be the N x N symmetric matrix defined as an n x n block-
matrix [M;], where, for 1 <i,j <n,

2aD,, ifi=j,
Mj; = { cirmat(u) ifi <j,
cirmat(u)” ifi > j.

Examples

0 2a2a2c 0 0
2a 0 2a 0 2¢ 0O
2a2a 0 0 0 2¢
2c 0 0 0 2a2a
0 2¢c 0 2a 0 2a
0 0 2c2a2a 0

Moy(3,2,a,c) =

and
261D5 U

My(5.2,a,¢) = ;
UT 2aD5

where
2

[

2c¢ 0
2¢ 2

o
[

00
00
2c¢2c 0
0
0

[
[

0
U=1{0
0 2c¢ 2¢
0 2c¢

o

0
0
0

[\

C

Let k be a field containing the rational numbers and let z = (zj, ..., zy) be as
in the above definitions. Recall that given an N x N matrix A := [a;], the product
[1(zi — zj)* ranging over 1 <i < j < N is denoted by d(z, A). Below we review
Theorem 2 of [10].
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Theorem 7

(i) Let n be a positive integer and for 1 <i <n, let g; € Q(z1, ..., zy) be such
that gy #0. Then, g7 + g3 +---+ g> # 0. In particular, given a 0 # g €
Q(z1, ..., zy) and a nonempty subset S C Sy, we have

Zg(zg(l), e Zon)® # O

oeS

(ii) Let m,n, a, c be positive integers such that 3 <m <nm = N and m is odd.
Then, letting My := My(m, n, a, c), we have My € E(N, 2a + cn — ¢)(m — 1))
and Symmy (0(z, My)) # 0.

Proof To prove (i), let h:= g% +g§ 4+ 4 g,%. For 1 <i<n, let p;,q; €
Qlz1, - - -, zv] be polynomials such that g;q; = p; and ¢; # 0. Note that g; # 0
implies p; # 0. Now since f := p1q1q> - - - g, 1s a nonzero polynomial, there exists

(ai,...,ay) € QY such that f(ay,...,ay) # 0. Fix such (ai,...,ay) and let
¢ :=gi(ay,...,ay) for 1 <i <n. Then each ¢; is a rational number and c¢; # O.
Since C% > (0 and (c% + -4 cﬁ) > 0, we have h(ay, ...,ay) > 0. In particular,

h # 0. This proves (i).

To prove (ii), let M;; denote the ijth m x m block of My (as in the definition of My).
If 1 <i < j < n, then M;; being a circulant matrix and m being odd, each row-sum as
well as each column-sum of Mj; is exactly c(m — 1). Now it is easily verified that M
isamember of E(N, (2a 4+ cn — ¢)(m — 1)). Since each entry of M is a nonnegative
even integer, there exists a nonzero polynomial g € k[zy, ..., zy] such that

Symmy (5(z, Mo)) = Y (g1, -, ).

geSy
Therefore, (ii) follows from (i). U
Definitions Let N be aninteger suchthat2 < N. As before, let k be a field containing
Q, let z1, ..., zy be indeterminates and let z stand for (zy, ..., zx).

1. Given asubset Bof {1,2,...,N}, let
w(B) := {(i,j) e BxB | i<j}.

The set 7 (B) is tacitly identified with the set of all 2-element subsets of the set B,
ie.,
n(B) = {{i,j} | i,j€B andi#j}.

By 7[N], we mean the set 7({1, ..., N}).

2. Given a subset C € 7[N] and a function ¢ : C — N, the image of (i, j) € C via
€ is denoted by £(i, j). A nonnegative integer w is identified with the constant
function C — N that maps each member of C to w.
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3. For asubset C C w[N] and a function € : C — N, define

v(z, C,¢) = 1_[ (@i — 7).

(@i,j)eC

By convention, v(z, @, ¢) = 1.
4. Let p be a positive integer and n: 0 =nyp <n; <--- <n, =N be a sequence
of integers. For 1 < r <p, let

S(n) = {l | n_+1<i< nr}
and fori € S,(n), define

x(m,i):={s | l=s<p, (g—ne1) <>i—-n_1},
wim) = Q2a—o)n, —n— — 1) +cN+xn, i) —p).

Let a, ¢ be indeterminates and let M (n, a, c¢) denote the N x N symmetric matrix
[u(i, j)] whose upper-triangular entries are defined by

2a if (i, )) € m(S,(n)),
u(i,j) .= 30 if(Q,j)=(+n_, e+ns_y) withr <s,
¢ otherwise.

5. Let m, n be positive integers such that m > 2. Let a, ¢ be indeterminates. Let
M (m, n, a, c) denote the (mn) x (mn) symmetric matrix [a(i, j)] whose entries
are defined by

2a lfll = lz and r 75 r,
a(i,j) == 30 ifrp =mr,
¢ otherwise,

where [, I, rj, rp, are integers such that (i,j) = (Iim+r;, hm+r), 0 <
Lh,hb<n—1land1l <r,rn<m

Remarks

1. There is an obvious bijective correspondence between functions € from w[N] to
Nand N x N symmetric matrices [a;;] having

a; =0 forl <i<N
given by the prescription

aj = a; = (i,j) forl <i<j<N.
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2. Given an integer sequence
n:0=ny<n <---<n, =N,

and integers a, ¢ as in the above definition, M (n, a, ¢) is realized as a p X p
block-matrix [M;], where

M, = 2aD, _, , forl<r<p
andif 1 <r # s < p, then
MS{ = M,s := cDg,—n, |, ng—n,_1)-
3. Likewise, M (m, n, a, c) is seen to be an n x n block-matrix [M;;], where
M, = 2aD,, forl <r<n,
andif 1 <r # s < p, then Msf = M, := cD,,. Some examples follow.

Examples

1. Let N =4,p=3andn:=0< 1 <3 < 4. Then M (n, a, ¢) can be viewed in a
block-format, where the block-sizesare ] =1 —-0,2=3—1and 1 =4 — 3:

0/0 ¢|0
0/0 2a/0
M@, a,c) = cl2a 0 |c
0/0 ¢ |0

Suppose 2a and c are positive integers and view M (n, a, ¢) as the adjacency-
matrix (or the edge-matrix) of a undirected, loopless multi-graph on 4 vertices
labeled by 1, 2, 3, 4. Then, from vertex 1 there are exactly ¢ edges all of which
terminate in vertex 3, from vertex 2 there are exactly 2a edges all of which
terminate in vertex 3, etc. By changing vertex-label 1 to 2, vertex-label 2 to 3 and
vertex-label 3 to 1, we obtain an isomorphic multi-graph whose adjacency matrix
is in the middle on the right side of the following equation:

0100 0 c2ac 0010
0010 c000 1000
1000 20 0 0 0100
0001 c000 0001

MMm,a,c) =
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2. For N = 8 and m = 4, we have

[0 2a2a2a
2a 0 2a 2a
2a 2a 0 2a
2a 2a 2a 0 c
0 ¢c ¢ ¢|0 2a2a?2a
2a 0 2a 2a
2a 2a 0 2a
2a2a2a 0 |

o o o O
o a6 OO0

S a0
S a6 oo

M@4,2,a,c) :=

o

c O
c ¢c 0O
c ¢ ¢

S a0

Consider the multi-graph on vertices 1, ..., 8 having adjacency matrix M (4, 2,
a, c). Label vertices 2,3,4,5,6,7 as 3,5,7,2,4, 6 respectively to obtain an
isomorphic multi-graph. Then the adjacency matrix of this later multi-graph is:

0 01(2a c¢|2a c|2a ¢ 7
0 O|c 2alc 2a|c 2a
2a ¢ |0 0|2a c|2a c
c 2al0 0|c 2a|c 2a
2a ¢ |2a ¢ |0 01|2a ¢
c 2alc 2al0 0|c 2a
2a ¢ |2a ¢ |2a ¢ |0 O
| ¢ 2alc 2alc 2a|0 0 |

It is straightforward to verify that the above matrix is the product
P-M4,2,a,¢)-PT,

where P is the 8 x § permutation-matrix corresponding to the product of disjoint
cycles: (235)(476).

Now we focus our attention on a special type of N x N symmetric matrix with
nonnegative integer entries. Firstly, each of these is expressible as a g x ¢ (g, a
positive integer) block-matrix [Cj;], where the size of C,, is m, x m, and the block-
sizes are nondecreasing positive integers, i.e., 1 <m, <m,y| for 1 <r < q. For
convenience, let my = 0. Then, clearly

q
O=mp<m <my<---<m,; and E m; = N.

i=1

Secondly, we require each diagonal block to be a zero matrix, i.e., C,, = 0 for 1 <
r < g. Since we consider only the symmetric matrices, C,; = CST, forl <r<s<gq.
Such a matrix is completely determined by the entries in its strict upper-triangle.
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So, as seen in the above definitions, it suffices to consider the functione : 7[N] — N
corresponding to the matrix. Corresponding to the sequence m : 0 = my < m; <
my < -+ < my, define

r—1
Am) == {i+Y mi| 1<i<m,
j=0

for 1 <r <gq. Then, for 1 <r < s < g, the block C,; (which is a m, x mg; matrix)
consists of entries (i, j) with (i, j) € A,(m) x A;(m). Also, note that (7, j) = 0 for
all (i,j) € m1(A,(m)), 1 <r <g. Now we define a special property which plays a
crucial role in ensuring that Symmy (v(z, T[N], €)) is a nonzero polynomial.

Definition Let m be as above and let € : 7/[N] — N be a function. We say ¢ is
m-excellent provided it satisfies the property (1) below and at least one of the two
properties (2) and (3) that follow.

(1) (@i,j) = Oif and only if (i,j) € (A, (m)) with 1 <r <gq.
(2) For 1 <r < s < g, there is a nonnegative integer b(m,, m;), depending only on
(m,, my), such that

2 ye, myxam € J) = blmy,my),  and
if m, = my, then b(m,, my) is an even integer.
(3) Forl <r<s<gq,

DA myxa,m) €@ ) is an even integer.

Remarks Fix m as above and let excellence mean m-excellence.

1. Property (1) in the definition of excellence is equivalent to the requirement that
C,, =0for 1 <r < gandeachentry of Cy, is positiveif | <r <s <gq.

2. Given a matrix B, let |B|| denote the sum of all entries of B. Then, property (2)
in the definition of excellence can be paraphrased as follows: if matrices Cj; and
C,s are of the same size (i.e., if m; = m, and m; = my), then ||Cjj|| = [|Cysll and if
C,, is a square matrix (i.e., if m, = my), then ||C|| is an even integer.

3. Property (3) in the definition of excellence is satisfied if and only if ||C,|| is an
even integer forall 1 <r <s <gq.

4. Note thatif m; < my < --- < my, then the property (2) in the definition of excel-
lence always holds (it is vacuously satisfied).

5. Itis important to observe that the properties (2) and (3) in the definition of excel-
lence are independent, i.e., while any one of them is satisfied the other may fail
to hold; the following examples illustrate this fact.
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Examples Consider the symmetric matrices M| and M, below.

0/2/14 0/2[13
2(0[23 2/0[2 4
My - 1200 M, - 1200
413100 314100

Note that we have ¢ = 3, m; = 1 = mp and m3 = 2. Let¢; : m[4] — N be the func-
tion associated with M; for i = 1, 2. Then, ¢, satisfies properties (1) and (2) but does
not satisfy property (3). On the other hand, ¢, satisfies properties (1) and (3) but does
not satisfy property (2).

Definitions We continue to use the above notation. In particular, let m be the integer
sequence 0 =mo < my <mp < --- <mg withmy; +---+my =N.

1. Define
m[m] =

UAmwmm.

1<r<s<gq

2. For 0 € Sy and (i, j) € w[N], let

b {wm, 0()) if 6(i) < 6(),
DEZ 1 00), 06)) i 6G) < 06).

3. For e Syand 1 <r <gq,let
B(m,0) ={i| 1<i<N and 0() € A, (m)}.

4. For 0 € Sy, let
Rm, 0) == | =(®B,m, 0)).

1<r=q

5. Let G(m) := {0 € Sy | 0(. ) € 7[m] forall (i, /) € w[m]}.

Remarks

1. Note that
q
alm] = 7INT\ |7 (Aim)).

i=1

2. The second of the above definitions prescribes an action of Sy on 7w[N]; hence-
forth, we tacitly identify Sy as a subgroup of the group of permutations of 7[N]
via this action.

3. Since B;j(m, §) = 0~'(4;(m)), it is evident that B;(m, ) has cardinality m; for
1 <i < gandthesets Bj(m, 0),...,B,(m, 0) partition {1, ..., N}.
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Example Let N =4,g=3,andm: 0 <1 <1 < 3. Then, Aj(m) = {1}, A,(m) =
{2}, As(m) = {3,4} and n[m] = {(1, 2), (1, 3), (1, 4), (2, 3), (2,4)}. Observe that
G(m) consists of 4 permutations: namely, the identity permutation, the transpo-
sitions (1,2), (3,4) and their product 6 := (1, 2)(3, 4). Consequently, we have
Bi(m, 0) = (2} = Ay(m), Bo(m, 0) = {1} = A;(m) and B3(m, 0) = {3, 4} = A3(m).
Also, R(m, 0) = {(3,4)}. Now i € S4 \ G(m) if and only if {n(3), n(4)} # {3, 4} if
and only if R(m, n) # {(3,4)} if and only if 7 N R(m, n) # @.

Lemma 2 We continue to use the above notation. Fix a sequence m as above with
q > 2 and fix a 8 € G(m). Then, given r with 1 < r < g, there is a unique integer
r(m, 6) such that the following holds.

(i) We have 1 <r(m,0) <qg and B,(m,8) =A,mp(m). In particular, the
sequence (A1 (m)), ..., 0(Ay(W)) is a permutation of Aj(m), ..., A,(m).
(ii) For1 <r < s < g, we have

w[m] N (A,(m,g) X A‘Y(m’ﬁ)) %+ @ ifand only if r(m, 0) < s(m, 0).

(iii) For1 <r < g, we have M, 9) = m,.
(iv) Let 6 € Sy. Then, [m] N R(m, 0) = @ if and only if § € G(m).

Proof Since # € G(m), given an ordered pair (i, j) € (A, (m)) with 1 < r < ¢, itis
clear that there is aunique s with 1 < s < gsuchthatf(i, j) € w(A;(m)). Foran s with
1 <s < g,choosei € B,(m, #) N A;(m). Then, forany;j € A;(m) withj # i, we must
have (i, j) € m(A,(m)) and hence j € B,(m, 0). It follows that A;(m) C B,(m, 0).
If 1 <5 < p < qaresuch that A;(m) UA,(m) C B,(m, 0), then an (i, j) € A;(m) x
Ap(m) is in m whereas 6(i, j) is in 7(A,(m)). But this is impossible since § € G(m).
Thus we have established assertion (i). Observe that r(m, 0) £ s(m, 6) for 1 <r <
s < g and hence assertion (ii) holds. Since B, (m, #) has cardinality m,, the equality
B,(m, 0) = A,m.g established in (i) verifies assertion (iii). To prove (iv), observe
that [N ] is partitioned by the sets §~! (7[m]) and R(m, 6). So, 7[m] N R(m, 0) = @
if and only if 7[m] = 6~ (x[m]) if and only if § € G(m). ([

Before proceeding to the general setting, it is helpful to consider a concrete exam-
ple which illustrates the role played by the excellence of ¢ in ensuring nontriviality
of Symmy (v(z, T[N], €)). Let us consider the case of N =4, g =3, m; =1=my
and m3 = 2. Assume (i, j) = 0 if and only if (i, j) = (3, 4). So, u := v(z, 7[4], €)
is given by

=@ -2"@-2)" @ - (@ - (@ - ).

To explore whether Symmy,(u) is nonzero, firstly, we substitute z; = tx; + 1, 2o =
) + b, 73 = tx3 + 13, 24 = tx4 + t3 in Symmy (), where t, x1, xp, X3, X4 and t1, tp, 13
are new indeterminates. After this substitution, we examine each summand in
Symmy () for divisibility by ¢. Recall, from the example just prior to Lemma 2,



2.3 Constructions of Semi-invariants 65

that in our case the associated G(m) has only four members: identity, transposi-
tion (1, 2), transposition (3,4) and 0 := (1, 2)(3, 4). Applying each of these to u
respectively, we obtain p; 1= p,

p2 = (2 — 211 (z2 — 23)° 1 (20 — 22)* ¥ (21 — 23)°@ I (zg — 20)7@Y,
w3 o= (21 — 22)°12 (2 — 22)* 1z — 23)°1 Y (2 — 24)7 @V (20 — 23)°3Y,
pa = (22 — 211 (20 — 22)* 1 (22 — 23)°I ¥ (z) — 24)7@ (21 — 23)° Y.

Since y; is not a multiple of (z3 — z4), after the aforementioned substitution, y; is
not divisible by ¢ for 1 < i < 4. Moreover, letting # = 0 after the substitution, yx,
Lo, [3, g are transformed respectively to vy, v, v3, V4, Where vz = vy, 1y = 13,

v = (tl _ t2)5(1,2) (tl _ t3)£(1,3)+5(1,4) (t2 _ l3)5(2’3)+5(2’4),
vy = (t2 _ t1)5(1,2) (t2 _ t3)€(1,3)+c(1,4) (tl _ t3)5(2,3)+5(2,4)_

Observe that ¢ satisfies the excellence property (2) if and only if (1, 2) is even
ande(1,3) +e(1,4) = (2, 3) + (2, 4) and in such a case we have vy + 1, + 13 +
v4 = 4v;. On the other hand, ¢ satisfies the excellence property (3) if and only
if each of (1, 2), (1, 3) + (1, 4), €(2,3) + &(2,4) is even. Thus excellence of
€ ensures that vy + v, + 13 + 14 # 0. Next, consider a permutation 7 € S; \ G (m).
Then, there is some (7, j) € w[4] such that (i, j) # (3, 4) andn(i,j) = (3, 4). For this
(i, ), excellence property (1) satisfied by € makes sure that (i, j) # 0and so, n(u) is
divisible by #(x3 — x4). It now follows that after our substitution, Symmy4(u) — 4v is
divisible by #, assuming property (2). Of course, since v, is nonzero and independent
of the variable ¢, our Symm, (1) must be nonzero to begin with. The same conclusion
is reached if property (3) holds. For treating the case of general N and m, we need
some preparatory definitions and a lemma.

Definitions Letm : 0 <m; < --- < m, be as above. Assume g > 2. Lett,1q, ...,

t4, X1, ..., xy be indeterminates. Let x stand for (x{, ..., xy), T stand for (¢, ..., ;)

and let k[t, T, x] stand for k[z, 11, ..., 15, x1, ..., xy].

1. Given f € k[t, T, X], by the x-degree (resp. T-degree) of f, we mean the total
degree of f in the indeterminates x, ..., xy (resp. t, ..., t;).

2. Define ¢ : k[z] — k[t, T, x] to be the injective k-homomorphism of rings given
by

o(z) = tx;+1t, ifieAm)withl <r <gq.

3. For § € G(m), define Vy(m, ) := ¢(f(v(z, 7[m], €))) and let

V(im,e) := Z Vo(m, €).

0eG(m)

4. Let d(m) = Z(i,j)ew[m] 5(17])
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Lemma3 Fixm: 0 <my <--- <myas above. Assume q > 2.
(i) Given @ € Sy, (i,j) e w[N]land 1 < r,s < q, we have
D(z904) — 26)) = t(xeu) — Xo()) + (8 — 1)
if and only if (0(i), 0(j)) € A, (m) x Ag(m). In particular,
Do) — 20)) = t(xey — Xa()) if and only if (i, j) € R(m, 6).

(ii) Suppose ¢ is m-excellent and 0 € G(m). Let fp(t, T, x) := Vy(m, €). Then,
fo(0, T,x) #0, (0, T, x) is homogeneous in T and the T-degree of f(0, T, x)
is d(m).

(iii) Suppose € is m-excellent. Let f(t,T,x) := V(m,¢). Then, f(0,T,x) # 0,
f(0,T,x) # 0 is homogeneous in T of T-degree d(m).

Proof Assertion (i) can be verified in a straightforward manner. We proceed to prove
(ii). For an ordered pair (r, s) with 1 < r,s < g, define

So(m, r,5) = 7[m] N (Arm,0) X Asm.p)

and note that Sy(m, r, ) = @ if s(m, §) < r(m, 6). It is straightforward to verify that

£0.T.0 = J] [T -0 T -1

l<r<s=q \(i.j)€Ss(m,r.s) (i,j)€Sp(m,s,r)
Firstly, suppose the m-excellence property (2) holds. Then, for 1 <r < s < g, we

have 0 0
o0 if s(m, 0) < r(m, 6),
> el = {b(mr,mx) if r(m, 0) < s(m, 6).

(i,j)eSe(m,r,s)

Further, if 1 < r < s < g are such that s(m, ) < r(m, 6), then
My = Myg(m,f) = Mp(m,0) = My == Ny = Mg(m,0) = Myr(m,0) = Ny

and hence (2) assures that b(m,, my) is even. So, m-excellence property (2) implies

£O.T,x) = [ @ —t)htmm.

1<r<s<gq

Secondly, suppose the m-excellence property (3) holds. Then, it allows us to infer
the existence of a nonzero homogeneous (in 7) polynomial g € Q[T] such that
fo(0, T, x) = gg. In either case, note that fy (0, T, x) is homogeneous in T of T-degree
d(m). So, (ii) holds. Lastly, if € satisfies m-excellence property (2), then in view of
the above,
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f(O, T,x) = |G(m)| . 1_[ (t, — lx)h(m"’mS)

1<r<s<gq

is indeed a nonzero T-homogeneous polynomial of 7T-degree d(m). On the other
hand, if ¢ satisfies m-excellence property (3), then as observed above, we have

fO.T.x)= > g,
0eG(m)

which is nonzero by (i) of Theorem 7 and obviously it is a T-homogeneous polyno-
mial of T-degree d (m). This proves (iii). O

Now we are ready to state and prove one of our main results. The following
theorem is a slightly stronger version of Theorem 3 of [10] with a more streamlined
proof.

Theorem 8 We continue to employ the above notation. In particular, let m : 0 =
my < my < --- < my, be as above. Assume that g > 2.

(i) Suppose ¢ is excellent. Then,
Symmy (v(z, T[N], €)) # 0.

(ii) Suppose 2a, c, p are positive integers (a is allowed to be a half-integer which
need not be an integer) andn: 0 =ny <n; < --- <n, = N is a sequence of
integers such that for each positive integer r,

2-a-|{i | 1 <i<p, nj—mni_y =r}| isaneven integer.

Let M :=M(n,a,c) and W := (wy, ..., wy), where w; := w;(n) for 1 <i <
N. Then, we have M € E(N, W) and Symmy (6(z, M)) # 0.

Proof Let p := v(z, m[N1], €). In view of the excellence property (1) of €, we have
w=v(z, w[m], €). For 6 € Sy \ G(m), define Uy(m, €) := ¢(0(w)) and let

Um,e) = Y Uyp(m,o).

0eSy\G(m)

Then, it is clear that
¢ (Symmy () = V(m,e) +U(m,e).

From (iv) of Lemma 2 it follows that for each 6 € Sy \ G (m), the t-order of Uy(m, €)
is positive, i.e., the polynomial Uy (m, €) is divisible by ¢ in the ring k[¢, T', x]. Hence
the z-order of U (m, ¢) is also positive. On the other hand, by (iii) of Lemma 3, the
t-order of V(m, ¢) is 0, i.e., the polynomial V (m, ¢) is not divisible by ¢ in the ring
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k[t, T, x]. Consequently, ¢ (Symmy (1)) #% 0. But then, Symmyy (1) must be nonzero.
Thus assertion (i) holds.

Now let n and M be as in (ii). It is straightforward to verify that M belongs to
E(N,W).Next,letq := max{n; —n;_1 | 1 <i<p}landforl <r <gq,let

Py ={0=<i<pl|lm—n_)=r} and J, :={r+ni|ielr)}.

Let «(r) denote the cardinality of I"(r). Obviously, J, has cardinality v(r) > 1 for
1 <r < gq,and the sets Jy, ..., J, form a partition of {1, ..., N}. Let e(i, j) denote
the (7, j)th entry of M. Then e(i,j) = 0 if and only if (i,j) € J, x J, for some r
with 1 < r < gq. Also, e(i, j) = 2a if and only if (7, j) € J, x J;, for some (r, s) with
(i—r)y=(G—s)and 1 <r # s < q. Moreover, it can be easily verified that

Y i) = cy()Y(s) + 2a — ¢) - min (y(r), 7(s)}.

(i) xJs
Suppose 7 is a permutation of {1, ..., g} such that v(7()) < v(7()) for 1 <i <
Jj <gq. Define m: 0=my <m <--- <my by setting m; :=y(7(i)) for 1 <i <
g. Then clearly m; + my + - -- + m, = N. Observe that by hypothesis, 2am, is an

even integer for 1 < r < g. Since J;q), J7@), . .., Jr(g clearly form a partition of
{1,2,..., N}, there exists # € Sy such that

A(m) = i@(i)‘ieJT(,)} - i+rz_l:m,- l<i<m,
j=0

Fix such a permutation 6. Observe that ¢ = 1 if and only if N = p if and only
if M = 0. Since Symmy (§(z,0)) = N! # 0, we henceforth assume g > 2. Define
e:m[N]— Nby

£(i,j) = e(@'(G), 07'(j)) for (i,)) € 7[N].

Then, €(i,j) = 0 if and only if (7, ) € m(A,(m)) for 1 <r < g, i.e., € satisfies the
m-excellence property (1). Moreover, we have

06z, M)) = 1_[ (o0 _Ze(i))e(iqj) -+ 1_[ (G _Zj)e(i,j)_

(i,j)en[N] (@) en[N]

Now for 1 <r < s < g, we have

Yoo =Y el

(i.)) €A, (1) XA, (m) (Ve Xy

and hence letting b(m,, my) := cm,m; + (2a — c)m,, it follows that
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Yo ) = b, my).

(i,))€Ar(m)xAy(m)

Furthermore, (m,, m,) = cm,(m, — 1) + 2am, is clearly an even integer. Thus ¢ is
m-excellent. As already observed,

Symmy (6(z, M)) = Symmy (6(6(z, M)) = £ Symmy (v(z, T[N], £)).

Since Symmy (v(z, T[N], €)) # 0 by assertion (i), assertion (ii) holds. [l

Corollary Let m, n be positive integers such thatm > 2 and N = mn. For 1 <r <
s < m, define

T(r,s) = {{lim+r, hm+s} | 0<lL,L<n-—1}.

As declared before, we identify T (r, s) as a subset of T[N].

(i) Let o : w[N] — N be a function such that
a(i,j) = 0 ifand only ifi = jmodm,
andforl <r <s <m,

Z a(i,j) is an even integer.
NET(r.s)

Then, we have
Symmy (v(z, T[N, @)) # 0.

(ii) Let 2a, c be positive integers with 2an even. Then,
M = M(m,n,a,c) € E(N, Q2a+cn—c)(m—1))

and Symmy (0(z, M)) # 0.

Proof For the proof of (i), the reader is referred to (i) of the Corollary to Theorem 3
of [10]. Since the hypothesis of (ii) differs from the hypothesis of (ii) of the Corollary
to Theorem 3 of [10], we proceed to prove (ii). Let M be as in (ii). Define

n=0<m<2m<---<im<---<nm=N.

Now it is straightforward to verify that M = M (n, a, c¢). Either using the block-
format description of M (m, n, a, c) presented in the remarks following the definition
of M (m,n,a,c), or by (ii) of Theorem 8, we see that M is in E(N, (2a + cn —
c)(m — 1)). Given an integer r, the set {i | 1 <i <n,im — (i — 1)m = r} is empty
if r#m and {1,2,...,n} if r = m. Since 0 = 2a|@| is of course an even integer
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and 2an is assumed to be an even integer, the hypotheses of (ii) of Theorem 8 are
satisfied. So, assertion (ii) follows from (ii) of Theorem 8. Alternatively, (ii) can be
derived from (i) (the details are left to the reader). O

Examples Consider the 6 x 6 block-matrices

0 C 0 G
E1 = and Ez = s
CIT 0 | C2T 0
where _
333 333
C, =343 and C, .= |334
334 334

Then, brute force computation shows that

Symmg(8(z, E1)) = 0 and  Symmg(8(z, Ez)) # 0.
Any satisfactory generalization of Theorem 8 should be able to differentiate between
E1 and E2.

As before, let us consider an N x N symmetric matrix with nonnegative integer
entries which is expressible asa g x g (g, a positive integer) block-matrix [Cj;], where
the size of C,, is m, x m, and the block-sizes are nondecreasing positive integers,
ie.,l <m, <m,forl <r < gq.Lete: 1[N] — Nbe the function associated with
[Cjlandletm: 0 =mg <my <--- <my. LetAj(m), ..., A;(m) and w[m] be the
sets as above. Of course, each diagonal block C,, is itself symmetric. Henceforth, we
assume that the diagonal entries of each C,, are all 0. Clearly, each C,, is determined
by the restriction of € to m(A,(m)). Let G,(m) be the group of permutations of the
set A,(m). Then, we have the following nonvanishing theorem (see [11]). Since this
theorem is used (in an essential way) only in the proof of assertion (iv) of Theorem
12, we have chosen to present an example instead of a formal proof.

Theorem 9 Let the notation be as above. Assume that the following holds.

(i) m<my<--- <my,
(ii) For1 <r < g, we have

Y. 0, w(A(m), ) # O.

0eG,(m)
(iii) For1 <r <gq,
max{e(i,j) | (i,j) € 7(A,(m)} < min{e(i,j) | (i,j) € w[m]}.

Then, Symmy (v(z, T[N], €)) # O.
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Example Let N =3 and m: 0 <1 < 2. In this case g =2, Aj(m) = {1} and
Ay (m) = {2, 3}. Clearly, m(A;(m)) = @, m(A2(m)) = {(2, 3)}, G1(m) has only the
identity permutation and G,(m) consists of the identity permutation together with
the transposition (2, 3). Let u := v(z, 7[3], €). Then,

p= (-2 @ — )"V (@ — ) Y.

Let u, := v(z, m(A,(m), ¢) forr = 1, 2. Since an empty productis 1, we have p; = 1.
Of course, iy = (z2 — 23)°>¥. The G,(m)-symmetrization of j; is 1 (whence
nonzero). The G, (m)-symmetrization of y is the polynomial (z; — z3)°®3 + (z3 —
22)®3, which is nonzero if and only if £(2, 3) is an even integer. Henceforth, £(2, 3)
is tacitly assumed to be an even integer. Note that 7[m] = {(1, 2), (1, 3)}. Conse-
quently, G(m) = G,(m). It is more fruitful to regard G(m) as the internal direct
product of its subgroups G;(m) and G,(m). Consider 6 € S3 and then substitute
71 =1+ 11,20 = Xy + b, 23 = tx3 + 1 in O(w). Firstly, suppose # € G(m). Then,
the substituted 6(1) is one of the following two polynomials:

eI (0 = x3) ey — x) + (11 — )PPt — x3) + (1 — )Y,
2V (x5 = x0) e — x3) + (00 — )P[0 = x0) + (1 — ).

Denote these by o, a, respectively. Let o be defined by: a; +ap, = 2 . q.
Then, substituting ¢ = 0 in « yields

(t; — )"+ [(x2 — x3)" Y 4 (x5 — x2)5(2,3)] .

Nonzero-ness of the above polynomial, which is equivalent to nonzero-ness of the
G, (m)-symmetrization of i, allows us to infer that the -order of a1 + «a; is (2, 3).
Next, suppose 6 € S3 \ G(m). Then, the substituted 6(u) is one of

=09 () — x3)°I[1 0 — x1) + (t2 — ) * D[t (x) — x3) + (11 — )P,
20D (3 — x) D [1 (3 — x1) + (t — )TVt — x1) + (1 — 1) 3,
70D (xy — x3)" D [1(xy — x) + (1 — )TV 1005 — x1) + (1 — 1)@,
709 (03 — ) 1 (3 — x1) + (0 — ) P2 [0 — x2) + (1 — 1)),

Name these polynomials 3, 3,, 33, B4 respectively. Then, observe that the 7-order
of B1 + B2 + B3 + B4 is at least min{e(1, 2), (1, 3)}. At this point, the hypothe-
sis (iii) of Theorem 9 ensures that £(2,3) < min{e(1, 2), (1, 3)}, i.e., the sum
ay +ap + B1 + B2 + B3 + B4 has t-order £(2,3). Thus, Symms(u) has to be a
nonzero polynomial. Importantly, we observe that Theorem 9 does offer something
different from Theorem 8 even in this case of N = 3. Suppose each of (1, 3),
€(2,3) is a strictly positive even integer, (1, 2) is a strictly positive odd integer
and (1, 2) > (2, 3) as well as (1, 3) > (2, 3). We have only two choices for
blocking-sequences: either 0 < 1 <2 or 0 < 1 <1 < 1. Note that in neither case
the excellence properties are satisfied by our €.
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So far, we have focused our attention on symmetrizations of [ [(z; — z;)°“, where
the exponents (i, j) were assumed to be nonnegative integers. In the following two
theorems, we prove nonvanishing of the symmetrizations of products of the form
[1(z: — 2)°"), where each (i, j) is a nonpositive integer and the function ¢ satisfies
certain other conditions. These theorems provide us tools for constructing semi-
invariants of the kind that can not be readily constructed using Theorems 7-9. As to
be expected, we need some new definitions, terminology and notation.

Definitions Let m, n be positive integers and let A := [a(i, )] be an m X n matrix
with nonnegative integer entries. Let T, ..., T,, be indeterminates and let 7 stand
for (T, ..., Ty).

1. By max(A), we mean max{a(i,j) | 1 <i<m, 1<j<n}.
2. For 1 < r < m, define

co(r,A) == {j | 1 <j <n and a(r,j) = max(A)}

and let |co(r, A)| denote the cardinality of co(r, A). Let

m

co(hA) = Uco(r,A).
r=I1
3. For 1 <r < m, define

sp(r,A) == {j [ 1 =j <n and a(r,j) # 0}

and let |sp(r, A)| denote the cardinality of sp(r, A). Let

sp(A) = U sp(r,A).
r=1

4. For 1 < r < m, define

b(r.A) == Y a(r.)).

Jjesp(r.A)\co(A)

5. For1 <r < s < m, define

v(r,s,A) = Z a(r,j) + Z a(s,j).

jeco(s,A) jeco(r,A)

6. Define

m

pOl(A, T) = 1_[ Tf’(r,A) 1_[ (T, — TS)V(r’S’A)-

r=1 1<r<s<m
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7. Asusual, let S, denote the permutation group of {1, ..., m}. Given a polynomial
f(,...,T,) € Q[Ty,...,T,] and a permutation 8 € S,,, by 0(f (T)), we mean
the polynomial f (Ty(1), - . . , Toomy). Define

grp(A) == {0 €S, | |co(r,A)| = |co(0(r),A)| forl <r <m}

and set
rat(A, T) := {0(pol(A, T))71 | 6 € grp(A)}.

8. For an r x s matrix A := [ay;], define the norm of A to be

1Al = D" ay.

j=1 i=1
Example Explicitly, let us consider the 3 x 5 matrix

02102
A=1(21021
10210

Then, since max(A) stands for the greatest entry of A, we have max(A) = 2. Observe
that
co(1,A) = {2,5}, co(2,A) = {1,4} co(3,A) = {3}

and hence co(A) = {1, 2, 3, 4, 5}. By its very definition, grp(A) consists of the per-
mutations of the rows of A that respect the cardinalities of the sets co(1, A), co(2, A),
and co(3, A). Obviously, each permutation in grp(A) must fix 3 and leave the set
{1, 2} invariant. Thus

grp(A) = {id, 7} < S3,

where id is the identity permutation and 7 is the transposition (1, 2). Since sp(r, A) C
{1, 2, 3,4, 5}, the quantity b(r, A) is an empty sum for r = 1, 2, 3. So, b(r,A) =0
for r = 1, 2, 3. Note that

v(1,2,A) = a(l,1) +a(1,4) +a2,2) +a2,5) = 2,

v(1,3,A) = a(l,3) +a@3,2)+a@3,5) =1,

v(2,3,A) =a2,3)+a@B,1)+a3,4) = 2.
Now, by its definition, the polynomial pol(A, T) associated with A is given by

pol(A,T) = (T) — T)*(Ty — T3)(T» — T3)*.
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The set rat (A, T) consists of reciprocals of pol(A, Ty, To2), To3)) as 0 ranges over
the permutations in grp(A). Thus rat(A, T) is the set

1 1
{ (T1 — )Ty — T3)(Tr — T3)2" (T, — T)*(Tr — T3)(T) — T3)? } '

The above introduced definitions and terminology equip us to define a criterion
which plays a key role in the formulation as well as the proof of the following
Theorem 10.

Definition Suppose m, n are positive integers and A := [a(i, j)] is an m X n matrix,
where each entry a(i, j) is a nonnegative integer. Then, A is said to be admissible if
the following three requirements are satisfied.

(1) co(r,A) #@forl <r <mand
co(r,A)Nco(s,A) =@ forl <r<s<m.

In other words, at least one entry in each row of A equals max(A) and each
column of A has at most one (possibly none) entry equal to max(A).

(2) rat(A, T) is a Q-linearly independent set of rational functions.

(3) For each pair (M, r), such that M is a p x g submatrix of A with p, g > 2 and
p+q—1=|co(r,A)|,wehave M| < (p+ g — 1)max(A).

Remarks

1. Let A be an m x n matrix with nonnegative integer entries. If m = 1, then it is
easy to verify that A is admissible. On the other hand, if m > n + 1, then either
some row of A does not have max(A) as an entry or max(A) occurs in at least
two distinct rows of some column of A; in either case, A is not admissible. Note
that the admissibility condition is not symmetric in rows and columns; in fact,
even when m = n, admissibility of A need not guarantee admissibility of A7 (an
explicit example is left to the reader to construct).

2. Let A be an m x n matrix with nonnegative integer entries such that A satisfies
the requirement (1) in the definition of admissibility. Now if |co(r, A)| < 2 for
1 < r < m, then the requirement (3) holds vacuously (p + g — 1 > 3 implies
p+qg—1%#]|co(r,A)| forall r).

3. LetAbe anm x nmatrix with nonnegative integer entries satisfying requirements
(1) and (3) in the definition of admissibility. If |co(r, A)| # |co(s,A)|for 1 <r <
s < m, then grp(A) is the trivial group and hence rat(A, T') contains only one
nonzero rational function. It follows that rat(A, T) is Q-linearly independent and
thus A is admissible.

4. LetAbeanm x nmatrix with nonnegative integer entries satisfying requirements
(1) and (3) in the definition of admissibility. If pol(A, T) is fixed by each permu-
tation of grp(A), then rat(A, T) contains only one nonzero rational function and
hence A is admissible.
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5. Let A be an m x n matrix with nonnegative integer entries satisfying require-
ments (1) and (3) in the definition of admissibility and such that grp(A) = {id, 0}
with 6 # id. In this case, observe that A fails to be admissible if and only if
O(pol(A, T)) = (—1) - pol(A, T).

6. LetAbe anm x nmatrix with nonnegative integer entries satisfying requirements
(1) and (3) in the definition of admissibility and such that v(r, s,A) = 0 for 1 <
r < s < m. Then, pol(A, T) is the power-product 7" ... T20»A)Since any
subset of power-products of indeterminates T, . . . , T, is Q-linearly independent,
rat(A, T) is Q-linearly independent. Thus A is admissible.

Examples

1. LetA be the 3 x 5 matrix in the example just above the definition of admissibility.
Then, itis clear that A satisfies the requirement (1) of admissibility. Since rat(A, T)
is the set

1 1
{ (T1 — T)XT — T5)(Tr — T3)2" (T, — T)X(T> — T5)(Th — T3)? }

and (T} — T3), (T, — T5) are readily seen to be Q-linearly independent, rat(A, T)
is Q-linearly independent. Since |co(r, A)| < 2forr = 1, 2, 3, the requirement (3)
in the definition of admissibility is vacuously satisfied. Therefore, A is admissible.

2. Consider the 3 x 3 matrix
211

A=1(021
002

Clearly, max(A) = 2, co(1,A) = {1}, co(2, A) = {2} and co(3, A) = {3}. Hence
co(A) = {1,2,3}and grp(A) = S3. Asin the above example, we have b(r, A) = 0
(an empty sum) for r = 1, 2, 3. Next, observe that

v(1,2,A) = a(1,2) +a2,1) = 1,
v(1,3,A) =a1,3)+a@B3,1) = 1,
v(2,3,A) =a2,3)+a3,2) = 1.

Hence pOl(A, T) = (T] — Tz)(T[ — T3)(T2 — Tg) It follows that

1 -1
rat(A, T) = {pol(A, T) ’ pOl(A, T) } .

Obviously, rat(A, T) is a Q-linearly dependent set. So, A is not admissible.

3. Suppose m, n, d are positive integers and some nonempty sets Cy, ..., C, form a
partitionof {1, ..., n}.LetA := [a(i, j)] beanm x nmatrix witheacha(i, j) being
anonnegative integer such thata(i, j) = 0ifj € {1,...,n}\ C;forl <i < mand
the maximum of the set {a(i,j) | j € C;} is d. Then max(A) = d and we have
# # co(r,A) € C, for 1 <r < m. In particular, co(r,A) Nco(s,A) =@ for 1 <
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r < s < m. Note that v(r,s,A) = 0 for 1 < r < s < m and hence (as remarked
above) rat(A, T) is a Q-linearly independent set. To verify the condition (3) in the
definition of admissibility, suppose M is a p X g submatrix of A such that p > 2,
g > 2 and suppose r is a positive integer < m withp + g — 1 = |co(r, A)|. Since
each column of our matrix A contains at most one nonzero entry, each column of
M contains at most one nonzero entry. Furthermore, since each nonzero entry of
A is at most d, each nonzero entry of M is at most d. Consequently, ||M || < gd.
Now p > 2 implies gd < (p + g — 1)d. Thus A is indeed admissible.

Definitions Let m, N be integers with 1 <m <N —2. Lett, y, Ty,..., T, and
X1,...,xyand zy, ..., zy be indeterminates and let x stand for (x;, ..., xy), T stand
for (Ty, ..., T,) and z stand for (zy, ..., zZy)-

1. Let A :=[a(i,j)] be an m x (N — m) matrix with nonnegative integer entries
a(i,j).
2. Let E(A) € E(N) be the matrix given in block-form by

0A
EQA) =
AT 0

3. Forl <r <m,let

C(r,A):={r}uU{m+j | je€co(r,A)} and
J(r,A) ={r}U{m+j | jespi A}

4. Define
CA=Ccl,AHU--.... UC(m,A) and
JA) =J1,AHU---.-. UJ@m,A).
5. For 0 € Sy, let
c’) = {0(C(1,A)),...... ,0(C(m, A))}.

6. Let ¢ : k[z] — k[t,y, T, x, z] be the k-homomorphism of rings such that for
1<i<N,

tx; + 7T, ifie C(r,A) with1 <r < m,
V() = { yx ifi e J(A)\ CA),

Z otherwise.

7. Letid € Sy denote the identity permutation of {1, ..., N}. Define

GA) :
H(A) :

{0 €Sy [ 00 @A) =T},
{0eG@) | ') =cA}.
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8. A permutation 7 of {1, ..., m} is said to be induced by 0 € Sy provided we have
0(C(r,A) = C(r(r),A) forl <r <m.

Lemma 4 Let the notation be as above. Suppose co(r,A) # @ for 1 <r < m and
co(r,A) Nco(s,A) = forl <r<s<m.

Then, the following holds.

(i) C(r,A)NC(s,A) = @forl <r<s<m.
(ii) 1 is a well-defined injective homomorphism of rings.
(iii) An element 0 € H(A) induces a unique permutation T of {1, ..., m}; further-
more, T € grp(A).
(iv) The z-degree of ¥(6(0(z, E(A))) is > 1 ifand only if 0 € Sy \ G(A).

Proof Assertion (i) follows from the hypothesis. In view of (i), the map 7 is at once
seen to be well-defined. Obviously, 1 is an injective k-homomorphism of rings as
asserted in (ii). To prove (iii), fix € H(A). By the very definition of H (A),  deter-
mines a unique permutation 7 of {1, ..., m} such that 6(C(r, A)) = C(7(r), A) for
1 < r < m.In particular, |C(r,A)| = |C(7(r),A)| for | <r <m.Now |C(r,A)| =
1+ |co(r,A)| for 1 <r <m and hence |co(r,A)| = |co(T7(r),A)| for 1 <r <m,
ie., 7 € grp(A).

Lastly, we prove (iv). Define p(z) := 6(z, E(A)). Given 6 € G(A),1 <i < mand
JeJAN\A{1,...,m}, observe that 1 (zgq) — z9)) =

1(xp) — Xog) + Tr — Ty if 6(i) € C(r, A) and 0(j) € C(s, A),

o) + Tr — yXa() if (i) € C(r, A) and 6()) € J(A) \ C(A),
yXoq) — txpg) — T if (i) € J(A) \ C(A) and 0(j) € C(r, A),
YXot) — YXo() if 0(i) € J(A) \ C(A) and 0(j) € J(A) \ C(A).

Thus for 6 € G(A), the (total) z-degree of 1)(6(11(z))) is 0. Suppose 6 € Sy \ G(A)
and fix s € J(A) such that §(s) isnotinJ (A).If 1 < s < m, then foranyj € sp(s, A),

the z-degree of ¥ (zps) — Zon+j)) 1 1. Also, if m < s, then for an r € {1, ..., m}
such that s € J(r, A), the z-degree of ¢ (zg() — 26(s)) is 1. Therefore, the z-degree of
Y(@(u(z))) is >1 if and only if 6 € Sy \ G(A). O

Remark In view of (ii) of the above lemma, 1) naturally extends to an injective
k-homomorphism k(z) — k(¢,y, T, x, z) of fields. For economy of notation, this
field-homomorphism is also denoted by .

Definitions We continue to use the above notation. Recall that A := [a;] is an m X
(N — m) matrix with nonnegative integer entries a(i, j).

1. For 1 < r < m, define

a(r,A) = l—[ (zr — zmyy) and B(r,A) = l_[ @ — 7)™,

jeco(r,A) JEJ(A\C(A)
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2. For1 <r < s < m, define

Yor.5.4) =[] G-z [T @ =z,

jeco(s,A) jeco(r,A)

3. Let
L 1
hA) = Y yenw s5cE0)

Lemma 5 Let the notation be as above. Assume that A satisfies the admissibility
requirements (1) and (2). Then the t-order of Y (h(A)) is —2a|co(A)|.

Proof Let u(z) := 6(z, E(A)) and let (i, j) denote the (i, j)th entry of E(A). Then
w =[] G-z
(i.j)em[N]
Clearly, u(z) € Q[z] and
p) = (]"[ alr, A)Z”ﬁ(r,A)> [T re.sa4.
r=1 1<r<s<m

Define g € Q[x] by setting

m

g(xl"“va) = 1_[ 1_[ (xr_xm-ki)~

r=1 jeco(r,A)

For 0 € Sy, define 0(g(x)) to be the polynomial g(xg1y, - - - , Xon))-
For 8 € G(A),let Qy(t,y, T, x) := 1(6(1(z))) and let

Py(t,y, T, %) = [[00@B, A0 [] vOCC,s A)).
r=1

I<r<s<m

Then, we have

Qu(t,y, T, %) = Py(t,y, T, ) [ [ w(Oalr, A))™.

r=1

As before, let id denote the identity permutation. Then, set b := |co(A)| and observe
that
Qu(t,y,T,x) = 2% g(x)** Pig(t,y, T, %)

and Pi;(0,0,T,x) = c - pol(A, T), where ¢ € {—1, 1}. Moreover, if § € H(A) and
T € grp(A) denotes the permutation induced by 6, then
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O(t,y,T,x) = 1> 0(g(x))* Py(t,y, T, x)

and Py(0,0, T, x) := c- 7(pol(A, T)). Most importantly, note that c is nonzero and
independent of the choice of . It is straightforward to verify that

t2ab 1

20 (h(A)) = —— = :
v 2 Qo(t,y, T, x) 2 0(g(x))* Py(t,y, T, x)

OcH (A) OcH (A)

Each summand of the sum on the extreme right is well defined at r = y = 0. Now
for f € rat(A, T), let

1

where 0* € grp(A) denotes the permutation induced by 6. Evaluation of >®)(h(A))
atr =y = 0 yields

f
) o 2 | X Gumm

ferat(A,T) \OeH;(A)

By (i) of Theorem 7, the inner sum is nonzero provided it is a nonempty sum. In
particular, this inner sum is nonzero when f = 1/pol(A, T) (since in that case id is in
Hy(A)). By hypothesis, A satisfies the admissibility condition (2) and thus rat(A, T)
is a Q-linearly independent subset of Q(7T'). Hence, rat(A, T) is also a Q(x)-linearly
independent subset of Q(T, x). So, the t-order of 1>®1)(h(A)) is 0. It follows that
1 (h(A)) has t-order —2ab = —2alco(A)|. O

Definitions We continue to use the notation introduced above. Recall that A := [a;;]
is an m x (N — m) matrix with nonnegative integer entries a(i, j).
1. Forf € Sy and 1 < r < m, define

1<i<m and 60()e C(r,A)},
m+1<i<N and 60()e C(r,A)}.

i
i

R.(0,A) =
K.(0,A)) ==

2. Let
* R 1
R (A) = Z9€G(A)\H(A) 0(0(z,E(A))) *

Lemma 6 Let the notation be as above. Assume that A satisfies the admissibil-
ity requirements (1) and (3). Then the t-order of ¥ (h*(A)) is strictly greater than
—2alco(A)].

Proof Let u(z) := 0(z, E(A)) and let £(i, j) denote the (i, j)th entry of E(A). Then,
for (i, j) € m[N], we have
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a(i,j—m) ifl <i<mandm+1<j<N,
ei,)) =
0 otherwise.

Now fix a permutation § € G(A) such that 8 is not in H (A). Observe that for 1 <
r < m, the sets R,(6, A) and K, (6, A) partition ="' (C(r, A)). In particular,

IR-(0,A)| + |K:(0,A)] = 1+ [co(r,A)].

Also, note that -
o) =+ [] @—g @ @0,
(i.j)en[N]

For (i, j) € w[N1,itis straightforward to verify that the f-order of 1) (z; — z;) is positive
if and only if (i,j) is in 7 (C(r, A)) for some 1 < r < m. Hence, the r-order of

P(0(u(z))) is

DD D O R ) EE D S ()}

r=1 (i,j)en(C(r,A)) r=1 (i, er(0-1(C(r.A)))

Moreover, by focusing on the nonzero summands of the sum on the extreme right
above, we infer that

Yoo el = > a(i, j —m).

(i.)em(0-1(C(r.A))) (i.)ER(0,A)x K, (0,A)

For 1 < r < m, letting M, (0) denote the (possibly empty) submatrix of A determined
by the row-set R, (6, A) and the column-set K, (6, A), we clearly have

IM,@O) = > a(i, j —m).

(i,j)€R,(0,A) xK,(0,A)

From the above observations, it is evident that
the t-order of Y(0(1(2))) = M) + - + M (D).

If for some r, the corresponding M, (6) is empty, then ||M,(0)| = 0. If for some
r, the corresponding M, (f) has only one row, then |M,(0)| < 2a|co(r, A)|. If for
some r, the corresponding M, (f) has a single column and at least two rows, then the
admissibility-condition (1) implies that |M,(0)|| < 2a|co(r, A)|. If for some r, the
corresponding M, (6) has two or more rows as well as two or more columns, then the
admissibility-condition (3) guarantees that | M, (0)| < 2a|co(r, A)|. Consequently,
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(%) the r-order of (0(11(2)) = Y _IMO)] < 2alco(r, A)].
r=1

Furthermore, in view of the admissibility-condition (1) satisfied by A, the < of ()
is actually = only when M, (0) is a row-matrix with each entry equal to 2a for each r
with 1 < r < m, i.e., only when there is a permutation 7 of {1, ..., m} such that for
1<r<m,

R.(0,A) = {r(r)} and 67'(C(r,A)) C C(1(r),A).

Since (by our choice) 6 is not in H (A) and H (A) is a subgroup of Sy, the permutation
6~ is not in H (A). Hence (*%) must be a strict inequality. Thus we have proved that
for each 8 € G(A) \ H(A), the polynomial 1/(6(1(z))) has t-order strictly less than
2a|co(A)], i.e., the rational function 1/t (0(14(z))) has r-order strictly greater than
—2alco(A)|. But then, the t-order of the rational function ¥ (h*(A)) is also strictly
greater than —2a|co(A)]|. O

Thanks to the above definitions and lemmas, we can now state and prove an
important nonvanishing theorem (see Theorem 3 of [12]).

Theorem 10 As before, k is a field containing Q, zy, ..., zy are indeterminates
and z stands for (zy, ..., zy). Let m, N be integers such that 1| <m <N — 2. Let
A :=T[a(i,j)] be an m x (N — m) matrix with nonnegative integer entries a(i, j).
Assume that

(i) max(A) = 2a, where a is a positive integer, and
(ii) A is admissible.

Then, Symmy (m) 7 0.

Proof Let pu(z) := 6(z, E(A)). We continue to use the notation introduced above.
First, note that

1
—— | = Yh) + Y(h*A)).
P E 0(u(2) P(h(A)) + P(h*(A))

0eG(A)

By Lemma 5, the t-order of 1(h(A)) is the strictly negative integer —2a|co(A)|
whereas, by Lemma 6, the f-order of 1)(h*(A)) is strictly greater than —2a|co(A)|.
Hence, ¥(h(A)) + ¥ (h*(A)) # 0. In particular, h(A) + h*(A) # 0. If G(A) = Sy,
then

Symmy <L> = h(A) + h*(A) # 0,
p(z)

as asserted. Henceforth, assume that G(A) # Sy. Obviously,
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Symm (L> = hA) +H A+ Y :
) T st O

By (iv) of Lemma 4, the total z-degree of (6(u(z))) is >1 if and only if 8 € Sy \
G(A). Hence, by the elementary properties of the z-degree, the rational function

1
2 V(O (u(2)))

0eSy\G(A)

has total z-degree at most —1. Since ¥ (h(A)) + ¥ (h*(A)) is a nonzero member of
the field k (¢, y, T, x), its total z-degree is 0. Consequently,

1

1
S —_— = h(A h*(A -
d’( Yy (u(z))) YEA) +UE A+ D Sars

9eSy\G(A)
has total z-degree 0. In particular, Symmy (ﬁ) # 0. O

Corollary Let m, N be integers such that 1 <m < N — 2 and let A := [a(i, )] be
anm x (N — m) matrix with nonnegative integer entries a(i, j).

1. Assume that the following holds.

(i) There is a positive integer a such that max(A) = 2a and co(r,A) # @ for
1<r<m
(ii) For1 <j <N — m, we have

m

Y ali)) < 2a,

i=1
i.e., each column-sum of A is at most 2a.

Then, letting E(A) € E(N) be defined as in the above theorem, we have

1
s () 7 ©

2. Assume that the following holds.

(i) There is a positive integer a such that max(A) = 2a.
(ii) |co(r,A)| = 1forl <r <mand

co(r,A)Nco(s,A) = forl <r<s<m.

(iii) There is a nonnegative integer b < 2a such that for 1 <i, r <mwithi # r
and j € co(r,A), we have a(i, j) = b.
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Then, letting E(A) € E(N) be defined as in the above theorem, we have

1
s () 7 ©

3. Leta, b, c, r, s be positive integers such thatb < 2a < 2candr < s <N — 1. Sup-
pose A :=[uy, ..., uy_1]isthe 1l x N — 1 matrix such that u; == 2a for1 <i <
rou:=bforr+1<i<s,andu;=0fors+1<i<N—1.LetE(A) € E(N)
be defined as in the above theorem. Then, letting E s (N; a, b, c) := 2cDy —
E(A), we have Symmy (0(z, E¢r.)(N; a, b, ¢))) # 0.

Proof To prove the first two assertions, it suffices to show that under their respective
hypotheses, A is admissible. Firstly, assume that A satisfies the requirements of
assertion 1. It follows from the hypothesis (ii) of assertion 1 that given j € co(A),
there is only one nonzero entry in the jth column of A and that nonzero entry is 2a.
So, we have v(r, s,A) =0 for 1 <r < s < m and hence

rat(A, T) = {TT_(II’)("A) ...... T b ‘ e grp(A)} .
Clearly, rat(A, T) is a Q-linearly independent subset of Q(7"). Suppose M isap X g
submatrix of A, where p > 2. By hypothesis (iii) of assertion 1, we have |M || < 2aq
and 2aq < 2a(q + 1) <2a(p + g — 1). Thus, A is readily seen to be an admissible
matrix.

Secondly, suppose A satisfies the requirements of assertion 2. By hypothesis (iii)
of assertion 2, v(r, s, A) = 2b for 1 < r < s < m. Consequently,

rat(A, T) = {A(T)’b T T; 2 ‘ e grp(A)}.

Now it is straightforward to verify that rat(A, T) is a Q-linearly independent subset
of Q(T'). Consequently, A is admissible.

Lastly, consider assertion 3. Since d(z, 2¢D,) = A(z)¢ is symmetric in the vari-
ables z1, ..., zy, we have

1
Symmy (0(z, 2¢D, — E(A))) = A(2)° - Symmy (W)'

Observe that A satisfies the hypotheses of assertion 1 and hence

Symmy ( # 0

1
oz, E(A))>

So, the product on the right of the above equality is indeed nonzero. (]
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Definitions Let m, N be integers suchthatm > 2and N > m+ 2. Lett, Ty, ..., Ty,
and xq, ..., xy be indeterminates, let x stand for (x;,...,xy) and let T stand for
(Ty, ..., Ty).

1. Define

nlm,N] := {1,....,.m}x{m+1,...,N},
B, = {(rym+7r) | 1=<r=<mj.

2. For 0 € Sy, let
B.,(N.0) = {(i.,j) € n[N]|6.})) € B}.

3. Let
G(m,N) = {0 € Sy|Bu(N,0) =B,}.

4. Let o : k[z] — k[¢, T, x] be the k-homomorphism of rings defined by

g+ T, ifl <i<m,
o(z) =
t; + T_p,ifm+1<i<N.

5. For (i,j) € {1,...,m} x {1, ..., m}, let

g1, ) = @ — Zn) (@ — Zmti)s
@) = (@ — 7)) @maj — Zmri)-

Remark The above defined map o is easily seen to be an injective homomorphism
of rings and hence it naturally extends to an injective field-homomorphism k(z) —
k(t, T, x). To economize notation, this field-homomorphism is also denoted by o.
The definitions and notation introduced above allow us to prove yet another result
ensuring nontriviality of certain symmetrizations (see the fourth corollary to Theorem
3 of [12]).

Theorem 11 Let m, N be integers such thatm > 2 and N = 2m. Assume k is a field
containing Q, z1, ..., zy are indeterminates and let z stand for (zi, ..., zy). Let
A = [a(i, j)] be an m x m matrix with nonnegative integer entries a(i, j) satisfying
the following two requirements.

(i) a(i,j) =a(,i)forl <i<j<m,i.e.,Aissymmetric.
(ii) There are positive integers a, ai, . . . , a, such that

a(i,i) = 2a; > 2a forl <i<mand 2a> a(i,j) forl <i<j<m.

Let E(A) € E(N) be the matrix given in block-form by
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0 A
EA) =
AT 0

Then, Symmy (6(z, —E(A))) # 0.

Proof Define 1(z) := 6(z, E(A)). In view of our hypothesis (i),

p@ = ] @—zn® [] 1@ = zm9) (@ = 2m) 1.

1<i<m 1<i<j<m

Note that B,, € w[m, N] and B,,(N, id) = B,,, where id is the identity permutation.
Clearly, the identity permutation is an element of G (m, N). For (i,j) € {1, ..., m} X
{1,...,m},wehaveq(i,j) = q1(, 1), q2(i,]) = q2(j, i),and g» (i, i) = 0. Evidently,

p@ = [l aG@o" ] a@n .

1<i<m I<i<j<m

Fix § € G(m,N) and (i,j) € w[m]. Clearly, 8(p, m + p) € B,, for all (p, m +
p) € B, and hence {0(i), 0(m + i)} = {r, m + r} for some 1 < r < m. Likewise,
{60(7), 0(m +j)} = {s,m + s} for some 1 < s < m. Since i # j, we have {r,m+
rY N {s, m + s} = @. Observe that o(8(q1(i, i))) = 1>(x; — xuy)*> and 0(q,(, j)) €
{q1(r,s), q2(r, s)}. Thus, if i # j, then for 1 < p < 2, the polynomial

o (0(qy(i, ) — (T, — T)* € klt, T, x]

is divisible by ¢.
For 6 € Sy \ G(m, N), we have

|Bn(N,0)NB,| < (m—1) and |B,(N,0) N7w[m,N]| < m.

Using our hypothesis (ii), we deduce that the 7-order of o (6(14(z))) is strictly less than
d :=2(a; + - - - + a,,). On the other hand, for 8 € G(m, N), there are polynomials
Py(x) € k[x] and Qy(¢t, x, T) € k[t, x, T] such that

o(0(1u(2))) = t*Py(x)*Qp(t, x, T).

Furthermore, from what was observed above, there is a polynomial hy(T) € k[T]
such that Qy(0, x, T) = hy(T)>. Let
i

1
v(t,x, T) = Z —— and w(,x,T) = Z m'

pesurGmny 70 HE)) 9eGm,N)

Then o (Symmy (6(z, —E(A)))) = v(t,x, T) + t~w(t, x, T).
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Now first note that the ¢-order of v(¢, x, T) is strictly greater than —d. Secondly,

since ’
1
w(0,x,T) = Z(W) 7

0eG

we have w(0, x, T) # 0 by assertion (i) of Theorem 7. In particular, w(¢, x, T) # 0.
It follows that the r-order of v(z,x, T) + t“w(t, x, T) is exactly —d and hence
Symmy (0(z, —E(A))) # 0 as asserted. O

Example We present an example which shows that although the above theorem is
similar in spirit to Theorem 10, it does offer something essentially different. For
example, consider the 6 x 6 symmetric matrix

201111
021111
112011
110211
111121
111112

Clearly, max(A) =2 and co(r,A) ={r} for 1 <r <6. So, grp(A) =S¢ and
b(r,A) =0 for 1 <r < 6. Note that A satisfies requirements (1) and (3) for admis-
sibility. It is straightforward to verify that

0 ifeitherl =r<s=2o0or3=r <s =4,
2 otherwise.

v(r,s,A) = {

As a consequence, we have

pol(A,T) = (T) —To) 2 - (T3 —T»)"2-A, where A := [T @- T2
1<r<s<6
Since A is symmetricin 7, . .., Tg, the Q-linear independence of rat(A, T') is equiv-

alent to the QQ-linear independence of the set
R = {(To) = Toa)*Tay = Tow)* | 0 € 86
Letting f; denote the polynomial
(T) — To)* (Ts — Ta)* + (T — T3)* (T — T6)* + (To — Ts)* (T — Tu)* +
(Ts — T6)* (T) — T2)* + (T3 — Te)* (T1 — Tu)* + (T4 — T5)* (T1 — Te)* +

(Ty — T5)* (Tr — T3)* + (T3 — Te)* (To — Ts5)* + (Ts — Te)* (T3 — T4)*

and letting f> denote the polynomial
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(Tr = T3)* (T) — Ta)* + (T3 — T6)* (T1 — To)* + (T4 — T5)* (T — T2)* +
(Tr — T5)* (Ty — Te)* + (T3 — T4)* (Ty — T6)> + (Ts — Te)* (T1 — Ta)* +
(T5 — T4)* (Tr — Ts)* + (Ts — T)* (Tr — T5)* + (T3 — Te)* (T4 — Ts)?,

it is clear that each of fi, f> is a Z-linear combination of (pairwise distinct) ele-
ments of the set R. Now it is straightforward to verify that fj = f, and hence R is
Q-linearly dependent. Thus, A is not admissible. On the other hand, takinga = a; =
a, = az = as = as = ag = 1, in (ii), we deduce that A satisfies the hypotheses of
Theorem 11.

Definitions Let r, s be positive integers.

1. Let Mi(r, s) be the set of r x s matrices with nonnegative integer entries.

2. Let M, (r, s) be the set of r x s matrices with positive integer entries.

3. Let M,(r, s) be the set of r x s matrices whose entries are nonnegative even
integers.

4. Given nonnegative integers d and A, define M(r, s, d, \) to be the subset of all
A :=[a;;] € M(r, s) such that [|A]| = A,

s r
Y aj<d forl<i<rand Y ay <d forl <j<s.
j=1 i=1

5. Define

My (r,s,d, ) := M(r,s,d,\) N M, (r,s) and
My (r,s,d, N) = M(r,s,d, A) N My(r,s).

Remark Given A € M(r, s), it is clear that A is in M(r, s, d, \) (respectively, in
M, (r,s,d, ), in My(r, s,d, \)) if and only if AT is in M(s, 7, d, \) (respectively,
in My (s, r,d, A),in My(s, r,d, \)).

Lemma 7 Suppose d, \ are nonnegative integers and r, s are positive integers.

(i) M(r,s,d, \) is nonempty if and only if X < min{rd, sd}.
(ii) My (r,s,d, N is nonempty if and only if d > max{r, s} and

rs < A < min{rd, sd}.

(iii) Ma(r, s, d, \) is nonempty if and only if \ is even and

e w212

(iv) Suppose r > 2 and 2\ < rd. Then there exists an A € E(r, < d) such that
Al = 2.

Proof If A € M(r, s,d, M), then obviously ||A|| < min{rd, sd}. Conversely, assume
that A is a nonnegative integer such that A\ < min{rd, sd}. We prove the existence of a



88 2 Correlation Functions

matrix A € M(r, s, d, \) by induction on max{r, s}. If r = s = 1, then our assertion
clearly holds. Henceforth, suppose max{r, s} > 2. Note that we may assume r < s,
without loss of generality. If A\ < min{rd, (s — 1)d}, then our induction hypothesis
ensures the existence of B € M(r, s — 1, d, \); choosing such a B and by letting A be
the block-matrix [B, 0], we have A € Mi(r, s, d, A). If A > min{rd, (s — 1)d}, then
we must have r = sand (r — 1)d < A < rd.Hence 0 < (A — (r — 1)d) < d. Since
r > 2 in this case, our induction hypothesis ensures the existence of B € M(r —
1,r—1,d,(r — 1)d). Choose such a B and let A be the block-matrix with rows
[B, 0] and [0, A — (r — 1)d]. Then, it is easy to verify that A is in Ml(r, r, d, ). This
establishes (i).

If Ae M, (r,s,d, ), then d > max{r, s} and rs < ||A|| < min{rd, sd}. Con-
versely, assume that d > max{r, s} and ) is a positive integer such that rs < A <
min{rd, sd}. We prove the existence of a matrix A € M (r, s, d, \) by induction
on max{r, s}. If r = s = 1, then our assertion clearly holds. Henceforth, suppose
max{r, s} > 2. Again, without loss of generality, we assume that » < s. First, consider
the case where r < 5. Inthis case, wehaved > s> 2, r < (s —1),andrs < \ < rd.
Observe that r(s — 1) < (A —r) <r(d — 1) and hence our induction hypothesis
ensures the existence of B € M (r,s — 1,d — 1, A — r). Pick such a B and let A
be the block-matrix [B, C], where C denotes the r x 1 column with all entries 1.
Then A is easily seen to be in M, (r, s, d, \). Next, consider the case where r =
s>2.IfA<(@—1)(d—-1)+2r—1,thensinced —1>r—1,0< (r—1?2<
(A=2r+1) < (r—1)(d — 1), our induction hypothesis ensures the existence of
BeM,(r—1,r—1,d —1,\—=2r+1). Pick such a B and let A be the block-
matrix with rows [B, C] and [C7, 1], where C denotes the (r — 1) x 1 column with
all entries 1. It follows that A € M, (r, r,d, \). Lastly, if r = s > 2 and 2r + (r —
Dd—-1)<A<rd,then2 <(A—rd —r+d+1) <d — (r — 1). Now, using our
induction hypothesis, pickaBe M, (r — 1,r —1,d — 1, (r — 1)(d — 1)) and let A
be the block-matrix withrows [B, Cland [CT, A — rd — r + d + 1], where C denotes
the (r — 1) x 1 column with all entries 1. As before, one easily verifies that A is a
member of M, (r, r, d, \). This proves (ii).

Thirdly, suppose A := [a;;] € M (7, s,d, A). Then clearly X is an even integer
and (1/2)A € M(r, s, |d/2], A\/2) and hence by (i), (A/2) < min{r, s} - |[d/2].Con-
versely, if A is an even integer satisfying the necessary inequality, then by (i),
M(r, s, [d/2], A/2) is nonempty. Now for any B € Ml(r, s, |d /2], A/2), we clearly
have 2B € M, (r, s, d, A). Thus (iii) holds.

Finally, suppose r > 2 and 2\ < rd.If d = 0, then let A = 0. Henceforth, assume
d to be a positive integer. Firstly, assume r = 2m for a positive integer m. Using
the fact that A\ < md, choose nonnegative integers ay, ..., a, such that ¢; < d for
1 <i<mandaj+---+a, = A Letting A be the block-diagonal matrix with m
diagonal blocks a; Dy, . .., a,D,,itfollows that A € E(r, < d) and ||A|| = 2. Next,
suppose r = 2m + 1 and d = 2n, where m and n are positive integers. Using the fact
that A < rn, choose nonnegative integers a;, ..., a, such thata; <nforl <i <r
and a; + --- + a, = A. Let A be the unique r x r symmetric matrix [u;], where for
I<i<j=r,
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a; ifj=i+1,
uj == ya-ifi=1landj=r,
0 otherwise.

Then A is easily seen to be in E(r, < d) and ||A|| = 2\. Now suppose r = 2m + 1
and d = 2n + 1, where m and n are positive integers. In this case, we have r > 3
and A < rn+ m. If A < rn, then in view of the above argument, we can choose a
matrix A € E(r, < (d — 1)) suchthat ||A]| = 2\; observe that Aisalsoin E(r, < d).
So it suffices to restrict to the case where rn + 1 < A < rn + m. Now, using the
fact 0 < (A — m) < rn, choose nonnegative integers ay, . .., a, such that a; < n for
l<i<randa;+---+a, =\ —m. Let A be the unique r X r symmetric matrix
[u;], wherefor1 <i<j<r,

ai+1ifiisoddandj =i+ 1,

- a; ifiisevenandj =i+ 1,
Y7 a ifi=1andj=r,
0 otherwise.

It is straightforward to verify that A € E(r, < d) and ||A|| = 2. Thus assertion (iv)
is established. .

The following Theorem 12 presents some applications of Theorems 8-9 that allow
us to construct various types of semi-invariants in a systematic way.

Theorem 12 Let N, d and )\ be positive integers such that N > 3. As before, let
21, ..., 2n be indeterminates and let 7 stand for (zy, ..., Zn)-

(i) Supposemis apositive integer suchthat2(N — d) <2m < N andm(N — m) <
A<md. Then, there exists a matrix E € E(N,< d) such that
Symmy (0(z, E)) is a nonzero homogeneous polynomial (with integer coeffi-
cients) of degree \ having z;-degree < d for 1 <i < N.

(ii) Suppose X is even and
N ||d
A2 ==
2 2

Then, there exists a matrix E € E(N, < d) such that the entries of E are even
numbers and Symmy (§(z, E)) is a nonzero homogeneous polynomial (with inte-
ger coefficients) of degree \ having z;-degree < d for 1 <i < N.
(iii) Suppose N, X are even, 2d > N, and
2

]l < A< _d

4 — T 2
Then, there exists a matrix E € E(N, < d) such that Symmy (§(z, E)) is a

nonzero homogeneous polynomial (with integer coefficients) of degree \ having
zi-degree < d for 1 <i < N.
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(iv) Suppose b, w are nonnegative integers and m is a positive integer such that

() m < N —m,

2)d = 2b+1)(N —m),

3) 2w < min {Nb, m LWJ} and
@D X =m@2b+ 1H)(N —m) + 2w.

Then, there exists a matrix E € E(N, < d) such that Symmy (§(z, E)) is a
nonzero homogeneous polynomial (with integer coefficients) of degree \ having
zi-degree < d for1 <i < N.

(v) Assume there exists an ordered triple (a, m, u) of positive integers such that

(H2<m=<N -2,
2) A=mu+am(im—1) and
BG)N—m < u < min{(N —m)| %], d —2a(m— 1)}.

Then, there exists a matrix E € E(N, < d) such that Symmy(6(z, E)) is a
nonzero homogeneous polynomial (with integer coefficients) of degree \ having
zi-degree < d for1 <i <N.

Proof Suppose m is as in (i). Let m; := m and my := N — m. Then m; < m, and
my +my = N.Letsets A, A, be defined as in Theorem 8. In view of the hypothesis in
(i), assertion (ii) of the above Lemma 7 assures that M, (m, N — m, d, \) is nonempty.
Choose a matrix

C :=[c(i,j)] € My(m,N —m,d, \)

0C

Then E isin E(N, < d). Define ¢ : 7f[N] — N by setting

and let E be the block-matrix

C o 0 if (1,j) e m(A,) with 1 <r <2,
el.)) = {c(i,j —m)if (i, j) € Ay x As.
Then ¢ satisfies conditions (1) and (2) of Theorem 8 and letting u(z, €) be as in
Theorem 8, we have y(z, €) = d(z, E). Now (i) follows from (i) of Theorem 8.
Secondly, assume A satisfies the requirements of (ii). Let m be a positive integer
such that 2m < N and A < 2m|d/2]. Then, assertion (iii) of the above Lemma 7
assures that M, (m, N — m, d, \) is nonempty. Choose a matrix

C € Mhp(m,N —m,d, \)

and let E be the block-matrix
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Then E is in E(N, < d) and the entries of E are even numbers. Since d(z, E) is
a square of a nonzero homogeneous polynomial in Q[zy, ...zy], assertion (i) of
Theorem 7 allows us to infer that Symmy (0(z, E)) # 0. Thus (ii) holds.

Next, suppose N, d, X satisfy the requirements of (iii). Let m; = mp, = N/2.
Then m; < m, and m; + my = N. Let sets Ay, A, be defined as in Theorem 8. Now
assertion (ii) of the above Lemma 7 assures that Ml (N /2, N /2, d, \) is nonempty.
Choose a matrix

C:=l[c(i,j)] € M (N/2,N/2,d, N\

and let E be the block-matrix

Then E isin E(N, < d). Define € : 7[N] — N by setting

iy = |0 if (i, j) € T(A,) with 1 < r <2,
PP e (i) = Y) i (L)) € Ay x As.

Then ¢ satisfies conditions (1) and (2) (also (1) and (3)) of Theorem 8 and letting
1(z, €) be as in Theorem 8, we have p(z, €) = d(z, E). Hence (iii) follows from (i)
of Theorem 8.

Let b, m and w be as in (iv). To begin with, note that N — m > 2 and d — m(2b +
1) > (2b + 1). Define nonnegative integers d;, d» by

e i | LD g,

In view of (3), there are nonnegative integers w;, w, such that w = w; + w, 2w; <
md,and 2w, < (N — m)d,.Let C bethe m x (N — m) matrix each of whose entries
equals2b + 1.LetA; € E(m, < d;)besuchthat ||[A;|| = 2w;.Ifm = 1,thenA; = 0.
If m > 2, then existence of A; is ensured by (iv) of the above Lemma 7. Let A, €
E(N — m, d,) be such that ||A;| = 2w,. Existence of A, is ensured by (iv) of the
above Lemma. Let E € E(N, < d) be the block-matrix

24, C

CcT 24,
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Then, clearly ||E|| = 2. By (i) of Theorem 7, we have
Symmy, (6(z1, . . ., Zm, 241)) # O # Symmpy_my(0(21, . . ., ZN—m» 242)).

Since each entry of either of 24, 24, is at most 2b whereas each entry of C is strictly
greater than 2b, Theorem 9 guarantees that Symmy (6(z, E)) # 0. Thus (iv) stands
verified.

Lastly, fix an integer triple (a, m, u) satisfying conditions (1)—(3) listed in (v). Let
C be any m x (N — m) matrix with positive integer entries, having each row-sum
exactly # and each column-sum < d. Using the fact thatu < (N — m)|d /m], choose
positive integers aj, az, ..., ay_;,, sothat ma; < d for1l <i <N — m and

u=a+a-+--+anN-m

and let C be the m x (N — m) matrix each of whose rows equals [a, a2, . . ., ay—m].
Clearly, for any such C, we have ||C|| = mu. Let E be the block-matrix

2aD,, C
ct o0

It is straightforward to verify that E is in E(N, < d) and ||E|| = 2\. Now define
g=m+1,m:=1forl <i<g—1landmy:=N —m.Thenl <m; <--- <my
andm +---+my; = N.Lete(i,j) be the (i, j)thentry of Efor 1 <i < j < N.Then
¢ satisfies the requirements (1) and (2) of Theorem 8 and thus our assertion follows
from (i) of Theorem 8. O

Corollary

(i) Let «, (B, 7y be positive integers such that

7B — )

(a+1) <=2 a—-1) and 71

is an integer.

Then there exists a nonzero binary invariant 1., of type 2ct, 3). Moreover, if
each of o, 3, v is odd, then I, is a skew binary invariant, i.e., a nonzero binary
invariant of odd (total) degree in zy, . .., Zy.

(ii) Let s and t be positive integers such that s +1 <t <2s— 1. Then to each
positive integer pair (r,v) corresponds a nonzero binary invariant I of type
2Q2sv + 1), rtQ2tv + 1)); moreover, if r and t both are odd, then I is a skew
binary invariant.

Proof Define N :=2a, d := (v, A := a7,

18-
a i —m ——

-1 m:= (@, and u := yQa—f).
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Then, it is straightforward to verify that our A\ and (a, m, u) satisfy the hypotheses
of assertion (v) of Theorem 11. Let E be defined as in the proof of that assertion,
where C has positive integer entries, each row-sum equal to v(2ae — 3) and each
column-sum less than or equal to 3+, e.g., we may let C be the § x (2ae — ) matrix
having each entry equal to . Then, E € E(N, < d), |E|| = 2afy and by (v), we
have Symmy (6(z, E)) # 0. Moreover, since each row-sum of C7 is exactly d, we
have E € E(N, d). Thus (i) follows from assertion (i) of Theorem 5. Assertion (ii)

follows from (i) by specializing « to (2sv + 1), G to (2tv + 1), and  to rt. [l
Remarks
1. Suppose f and g are rational functions of zj, ..., zy (with coefficients in an

integral domain) such that Symmy (f) and Symmy (g) both are nonzero. Then,
there exists o € Sy such that Symmy (f - 0(g)) is nonzero. This useful observation
can be used in conjunction with our theorems when N is relatively small. In the
most general case, there is no known procedure to find the needed permutation
g.

2. Suppose f is a rational function of z;,...,z, and ¢ is a rational function of
Zm+1, - -+ » 2y (With coefficients in an integral domain) such that Symm,,(f) =
0. Then, Symmy (f g) = 0. This observation can be used to show that if E :=
M (m, n, 2b + 1)/2,0), then Symmy (6(z, E)) = 0.

3. Nonzero-ness of a symmetrization of a rational function in k(zy, ..., zy) can be
established by means of an appropriate numerical substitution; an example of this
can be found in the proof of Proposition 1.10 of [13].

4. For an E € E(N), there is a graph-theoretic necessary and sufficient criterion
established in [14] which is equivalent to the nonzero-ness of Symmy (§(z, E)).
Nevertheless, how this criterion can be put to work remains unknown at present.

Our Theorems 7-12 facilitate a large number of constructions of binary invariants
and semi-invariants. The following list of examples provides a small sample of such
constructions.

Examples

1. Let N := 6 and d := 10. Consider integers A such that 2 < A < 30. With the
only exceptions of A = 3 and A = 29, the above theorems provide constructions
of E\ € E(6, < 10), with2\ = ||E, || and Symmeg(6(z, E))) # 0. For A between 5
and 20, including 5 and 20, we can construct E, using (i) of Theorem 12. Likewise,
(ii) of Theorem 11 allows construction of E) for all even integers between 2 and
30, including 30. We also have the choice of E3y := My (3, 2, 2, 1) or E3g := 2Dg.
Lettinga = 1, m = 3, u = 5 in (v) of Theorem 12, we can construct an Ej;; for
example,

022122

202122

220122

111000

222000

222000
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Assertion 3 of the Corollary to Theorem 10 permits us to take
Ex3 := E3,6)(6;1,1,1), Eps := E@5(6;1,1,1), Ex7 := Ep3)(6;1,1,1).

It appears that our theorems do not provide means to construct an E3 or an Eyg.
By ad hoc methods, we find:

020001 022221
200000 204004
£ . | 000000 Ea . | 240400
371000000 "7 (1204040
000000 200404
100000 140040

2. If (N,d) = (8, 15), then letting (b, m) = (1,3), w = 1,2 in (iv) of Theorem
12 yields E) € E(8, < 15), with 2\ = ||E,\|| and Symmg(5(z, E))) # 0 for A =
47, 49. Likewise, if (N, d) = (10, 35), then letting (b, m) = (2, 3) and choosing
a w such that 1 < w < 10 in (iv) of Theorem 11, we obtain E, € E(10, < 35),
with 2\ = ||E\|| and Symmo(d(z, E))) # 0 for values of X\ in the sequence
107, 109, ..., 125.

3. Let (N,d) = (8, 14). For 38 < A\ < 54, employing the Corollary of Theorem 10
with a = 1, we can construct an admissible matrix A having either 1, 2 or 3
rows such that its corresponding E satisfies ||2Dy — E|| = 2. Moreover, each
of these 2Dy — E belongs to E(8, 14) and the referred Corollary ensures that
Symmg(6(z, Ey)) # 0.

4. Theorem 9 can be used to construct skew binary invariants (usually for large N),
e.g., let E € E(26, 45) be the block-matrix

0 C
cTM@3,52,1)

where the 11 x 15 matrix C :=[c¢;] has ¢; = 3 for all (i, j). Then, it is easily
verified that Theorem 9 is applicable and thus Symms(5(z, E)) is a nonzero
binary invariant of weight 585.

5. The skew binary invariant of least weight obtained from the Corollary to Theorem
12 corresponds to o := 5, 3 := 7 and 7y := 3. An easy example (which can also
be thought of as an application of Theorem 9) is /,05. Here, E € E(10, 21) is the

block-matrix
2D; C

ct o

where the 7 x 3 matrix C may be taken to have each entry equal to 3. As a SAGE
computation shows, even after discounting permutations of rows and columns,



2.3 Constructions of Semi-invariants 95

there are 3719 choices of such C. On the other hand, dinvy (10, 21) = 547. Thus,

one is tempted to ask: does the set of all Symm, (5 (z, E)), as E varies correspond-

ing to these 3719 possible choices of C, generate the vector space Invy (10, 21)?
6. Our theorems do not allow construction of an E € E(5, 18) such that

Symms(d(z, E)) # 0.

In other words, Hermite’s quintic skew invariant of weight 45 (which is unique
up to a scalar multiple on account of the fact that dinv, (5, 18) = 1) cannot be
constructed using Theorems 7-12. Let E, E, € E(5, 18) be the matrices in block-
format defined by

0 A 017
E; = , wherej=1,2 B:=|101 |,
A].TB 710
513 0 810 0
A= [5 3 10] and 4, := [2 6 10]'

Then, a MAPLE computation shows that
Symms(0(z, E1)) # 0 # Symms(5(z, Er)).

Hence E;, E, each yields the aforementioned Hermite’s invariant. Thanks to
Brendan McKay’s grools suit, not only does it tell us that there are 664 essen-
tially distinct (i.e., non-conjugate under Ss5) such matrices E, but it lists all of
them in a few seconds. Using this list, a MAPLE computation demonstrates that
Symms(d(z, E)) # 0 for exactly 223 matrices E in the list. In other words, there
are 223 pairwise nonisomorphic 18-regular (loopless, multi-) graphs on 5 ver-
tices whose corresponding symmetrized-graph-monomials yield Hermite’s quin-
tic skew invariant. For an in-depth geometric study of this interesting invariant,
the reader is referred to [15].

Definitions LetE := [¢(i,j)] bean N x N symmetric matrix with nonnegative inte-
ger entries and having 0 principle diagonal, i.e., E € E(N).

1. Let support of E be the set
suppt(E) = {e(i,j) | l =i <j <N}
2. Let bound of E be the nonnegative integer
bound (E) := max suppt(E).

3. For o € Sy, let P, denote the N x N permutation matrix associated with o, i.e.,
the N x N matrix whose ith row is the o (i)th row of the N x N identity matrix.
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Define
Symgrp(E) := {0 € Sy | P,EPI = E} and
symgrp(E) = {0 € Sy | 0(d(z, E)) = 0(z, E)}.

Remarks

1. Note that symgrp(E) is a subgroup of Symgrp(E). In the special case where each
entry of E is an even integer, symgrp(E) = Symgrp(E).

2. For E € E(N), the full symmetrization of §(z, E) is obtained by summing
0(d(z, E)) as o runs over a complete set of representatives of the (left) cosets
of symgrp(E) in Sy and then multiplying the resulting sum by the integer
|symgrp(E)|; an obvious advantage of an E with a large symgrp(E) is that there
are fewer summands to deal with in the computation of Symmy (6(z, E)).

Definitions Let m, n be positive integers.

1. Given an n x n matrix A, let D,,(A) denote the m x m block-matrix [Cj;], where
each Cjisann x nmatrix, C; =0forl <i <m,andC; =A = ij forl <i <
j<m.

2. Given n x n matrices Ay, ..., A, let diag(A|,As, ..., A,;) denote the m x m
block-matrix [Cj;] such that each Cj; is an n x n matrix, C; = A; for 1 <i < m,
and C; =0=Cjforl <i<j<m.

Remarks Assume that m > 2 and let N := mn.

1. The N x N matrix diag(A, Az, ..., A,) is symmetric if and only if A; is sym-
metric for 1 <i < m.

2. The N x N matrix diag(Ai, Az, ..., A,) is a permutation matrix if and only if A;
is an n X n permutation matrix for 1 <i < m.

3. Let 6 € Sy be the permutation defined by 6(i) := [+ 1 + (r — 1)n, provided
i=Im+rwithO<l<n—1land1 <r <m.For1l <r <m,define

A, ={r=Dn+l+1]0=<l<n—-1} ={0Im+r) | 0<l<n—1}
Let [a(i, j)] := M (m, n, b/2, ¢). Define € as follows:

. =e@)) = {a(al(z’), 6-1()) if (i.)) € TIN].
Observe that for (i, j) € w[N], we have
€(i,j) = 0 ifand only if (i,j) € m(A,) withl <r <m.

Furthermore, given 1 <r <s <m and (i,j) € A, X Ay, letting i = (r — )n +
L+1Lj=6—1)n+hL+1with0 <[, <n—1, wehave

bifly =1,

a®' ), 67'G) = allim+r, bm+s) = {c il £ b
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and hence [e(Z, j)] = D,u(cD,, + bI). Thus we get an N x N permutation matrix
P such that
M(m,n,b/2,¢) = P-D,(cD,+bl)-P".

In particular,
Symmy (0(z, Dy (cDy + bI))) = Symmy (6(z, M (m, n, b/2, c))).

4. Suppose m > 2, n = 2 and that the entries of the 2 x 2 matrix A are nonnegative
integers. Further, assume that each row-sum of D,,(A) as well as each column-
sum of D,,(A) is d(m — 1), where d is a nonnegative integer. Then it is easy to
verify that A = (d — r)D, +rl with0 <r <d.

5. For a nonnegative integer a, we have

Symmy (6(z, D((2a + DI))) = 0.

This follows from the fact, seen above, that D,,((2a + 1)I) is a permutation-
conjugate of M (m, n, 2a + 1)/2,0).

Theorem 13 Let m, n be positive integers and N := mn. Let A and B be n x n matri-
ces. Suppose Q is an N x N permutation matrix such that 0D,,(A)QT = D,,(B).
Express Q as an m x m block-matrix [C;;], where each C;; has size n x n. Then the
following holds.

(i) Assume that A := [a;], where a;; # O forall (i,j) € {1,2, ... ,n}2. Then, there
exists a permutation o € Sy, such that C;; = 0 whenever j # o (i) and Ciq;) is
an n X n permutation matrix for 1 <i <m.

(ii) Assume m > 3 and that A is symmetric and does not contain two identical
columns. Also, assume that for some permutation o € S,

o _ |Piifi=00),
770 ifj # o),

where P; is an n x n permutation matrix for 1 <i < m. Then P; = P; for 1 <
i<j<m

(iii) Assume that A = sD,, + rI, where r and s are nonzero real numbers such that
r # s. Then, Symgrp(D,,(A)) = S, X S,. Furthermore, if r, s are nonzero inte-
gers such that r is even, then

symgrp(Di(A)) = Symgrp(Dy(A)).

Proof Let 0 € Sy be the permutation whose matrix is Q, i.e., the ijth entry of
0D,,(A)QT equals the 6(i)0(j)th entry of D,,(A). Let i := gn+ r and j := gn + s,
where 0 < g <m — land 1 <r, s < n. Then the ijth entry of D,,(B) is 0 and hence
the 8(i)0(j)th entry of D,,(A) must also be 0. Now the hypothesis of (i) implies (i) =
In+ riaswellas0(j) = In 4 s; forsome0 </ <m — landsome 1 < r|, s; <n.In
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other words, letting L(q) :={qn+r |1 <r <n}for0 < g <m — 1, our 6 induces
apermutation o of {0, ..., m — 1} characterized by the property: 0(L(g)) = L(c(g)).
Now assertion (i) readily follows.

From the hypotheses of (ii), it is straightforward to deduce that if P is ann x n
permutation matrix with either AP = A or PA = A, then P is the identity matrix.
Since A = A" by hypothesis, we have P,AP] = B for 1 <i <j < m. In particular,
PAP, = P|AP; for 2 <r < s <mand hence P, = P, for 2 < r < s < m. Finally,
using the fact that P{AP; = P,AP3;, we get Py = P,. Thus (ii) holds.

Assertion (iii) is obvious if m = 1. Henceforth, assume m > 2. For any n x n
permutation matrix P, we clearly have PD,PT = D, and hence PAP” = A.If P, and
P, are n x n permutation matrices with P;AP] = A, then AP, P] = A. Since no two
columns of A are identical, we must have P; = P,. Next, given 6 € Symgrp(D,,(A)),
apply (i) with B := A and Q := Py to deduce the existence of an ordered pair (o, 7) €
Sm x S, (induced by 0) such that Q is the m x m block matrix [Cj;], where

o _ |Priti=0o0).
TT0 i) # o).

This yields an injective group-homomorphism Symgrp(D,,(A)) — S,, x S,. The fact
that this homomorphism is also surjective is straightforward to verify. Arguments
employed in the above proof of (i) allow us to identify a § € Symgrp(D,,(A)) as an
ordered pair (o, 7), where o is a permutation of {0, 1, ..., m — 1}, 7 is a permutation
of {1,...,n},and if i := gn 4+ u with

(qouw) €{0,1,...,m—1} x{1,...,n},

then 8(i) = o(g)n + 7(u). Now suppose r is a nonzero even integer and s is a nonzero
integer such that r # 5. For 0 < q; < g < m — 1, define J(q; < ¢>) to be the set
of all ordered pairs (i,j) such that 1 < (i —gn) <n,1 < (§—qn) <nand (i —
qin) # (j — qon). Define A to be the set of all (i, j) € m(N) such that i = jmodn.
Then J(q; < ¢g2) C w(N) and

8@ DuA) = J] @-2" T[] [T G-~

(i,)eA 0<g1<g2<m—1 (i,j)eJ(q1<q2)

Fix a 0 := (o, 7) in Symgrp(D,,(A)). Since 6 permutes A and r is an even integer,

l_[ (zoe) — 20G)) = H (zi —z)".

(ij)eA (i,j)eA

Given an (i, j) € J(q1 < q2), observe that §(i) > 6(j) if and only if 0(q;) > o(q2).
So,if 0(q1) < 0(g2), then 8(i) < 6(j) for all (i,j) € J(q1 < ¢») and it follows that

1_[ (zoa) — 20))° = 1_[ (zi — z)"

(i)l (q1<q2) (ij)el (a(g1)<0(q2))
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On the other hand, if 0(q;) > 0(g2), then 8(i) > 6(j) for all (i, j) € J(q, < ¢2) and

then
1_[ (Z{}(i) _ ZH(]'))S — (_1)”("71)»? l_[ (Zi _ Zj)s~

(i.))eJ(q1<q2) (i€t (a(q2)<a(q1))

Since n(n — 1)s an even integer, we conclude that 6(d(z, D,,(A))) = §(z, D,,(A)).
Assertion (iii) is thus fully established. (]

2.4 Fermions in the v < 1/2 IQL State

Let N, n be positive integers such that N > 3. Let v be a rational number of the
form n/(2pn &+ 1), where p is a positive integer. It is tacitly assumed that v < 1/2,
i.e., either p > 2 or v # n/(2n — 1). In this section (as in [10]), we present several
configurations, including the minimal configurations, of N Fermions in the IQL
state with filling factor v. Given a filling factor n/(2pn = 1), we let m denote the
integer N /n. Note that, necessarily, we have m > 2. For each configuration of N
Fermions in the IQL state with filling factor v, the corresponding correlation function
G(zi, ..., zy) that we construct is a nonzero homogeneous polynomial. Since the
total angular momentum of such a system is 0, it is mandated that the total degree of
G(z1,...,2v) be

NN —-1) 1
kg = N — — = EN[(Zp — Dn£1](m—1).

It is interesting to observe that for all N and v, the corresponding number kg is
an even integer. For each configuration, we obtain the corresponding G(zi, ..., zZy)
by symmetrizing a suitable (z, E), where the matrix E is in E(N,2¢ — N + 1).
A noteworthy consequence of our construction is that by (i) of Theorem 5, the
correlation polynomial G(zy, ..., zy) is a binary invariant of type (N, 2¢ — N + 1),
and its z;-degree equals 2¢ — N + 1 for 1 <i < N. From the above mentioned fact
that G(z1, ..., zy) has even degree, i.e., kg is even, and the fact that G(zy, ..., zy)
is homogeneous, we deduce the additional property:

G(—z1,...,—zv) = G(z1, ..., 2N)-

The energy of an IQL configuration is directly related to the pair correlations; so, it
is useful to keep track of the proportion of Fermion-pairs with a given correlation
potency. For this purpose, given a configuration with its associated E := [e(i, j)] €
E(N) and given an integer b, let frequency of b in E, denoted by frq(b, E), be the
number of pairs with correlation-potency b, i.e.,

frgb, E) = [{(i,)) | 1 =i <j=N with £(,j) = b}|.
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The aforementioned proportion is the ratio of frg(b, E) to N(N — 1)/2. Heuristically,
the limit of each proportion as N increases to infinity provides an insight into the
qualitative nature of the configuration; in particular, it is a distinguishing feature of
the minimal configurations. It is worth pointing out that if a configuration presented
below is admissible for all n, then it specializes to the Laughlin configuration when
n=1,ie,whenv=1/2p £ 1).

241 v=n/2pn+1)

Assume v = n/(2pn + 1). Then we have
20 =vIIN-Qpn+1)—1+n.

Consequently,
20—-N+1=1[2p—Dn+1](m—1).

Let G := Symmy (0(z, E)), where E := M (m, n, p,2p — 1). Assertion (ii) of the

Corollary of Theorem 8 ensures that G(zj,...,zy) iS a nonzero polynomial.
G(zy, ..., 2zy) is homogeneous of total degree
NN -1 1
kg = NI — % = EN[(ZP —Dn+1]m—1),

and its z;-degree is 2¢ — N + 1 for 1 <i < N. Moreover, by (iii) of Theorem 13,
symgrp(E) is isomorphic to S,, X S,,. From the definition of M (m, n, p, 2p — 1), it
is clear that suppt(E) = {0,2p — 1, 2p},

N(n—1) : _
Noch ifp =0,

frg(b,E) = { YED0D p ) — ) — 1,
N if b =2p.

This correlation-statistics is organized in Table 2.3. Specific cases when n = 2, 3
and p = 1 are illustrated in Fig.2.6. Observe that if n > 3, then E corresponds to the
unique minimal configuration for the filling factor n/(2pn + 1). If n = 2, then the
only additional minimal configuration corresponds to M (m, 2, p — (1/2), 2p); by
(i) of the Corollary of Theorem 8, this is an existent configuration; its correlation-
statistics is identical to the one presented in Table 2.3.

From the correlation-statistics, it at once follows that as N increases to oo, the
proportion of uncorrelated Fermion-pairs tends to O, the proportion of (2p — 1)-
correlated Fermion-pairs tends to (n — 1)/n and the proportion of (2p)-correlated
Fermion-pairs tends to 1/n.
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Table 2.3 Correlation-statistics; IQL state, v = n/(2pn + 1)

correl. potency 0 2p—1 2p
No. of pairs W W W
. —1 (n=1)(N—n) N-n_
Proportion i Tav—1) n(N *nl)
2 2
4 1 5 1
6 3 3 4
5 6
v=2/5 v=3/T

Fig. 2.6 N = 6; IQL state, minimal configurations for filling factors 2/5, 3/7

We proceed to present some noteworthy configurations, which are non-minimal
if n > 3, and which arise when N, n and p satisfy certain special properties. First,
consider the special case where m is an odd integer. Then m > 3 and hence we may
let G := Symmy (6(z, Eyp)), where

Ey := Mo(m,n,p,2p —1).

It can be verified that symgrp(Ey) contains a subgroup isomorphic to the semi-direct
product of §,, and a cyclic group of order m. Assertion (ii) of Theorem 7 ensures

that G(zy, . .., zy) is a nonzero polynomial. Also, G(zy, .. ., zy) is homogeneous in
21, ..., 2y of total degree
NN —1 1

and its z;-degree is 2 — N + 1 for 1 <i < N.
From the definition of My(m, n, p, 2p — 1), it follows that

suppt(Eg) = {0, 4p — 2, 2p},
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Table 2.4 Correlation-statistics; IQL state v = n/(2pn + 1) and N /n odd

correl. potency 0 22p—1) 2p

No. of pairs W % W
. (N+n)(n—1) (N—n)(n—1) N—

Proportion 20(N—T) 20(N—T) N 7n1)

and the frequencies are

N(N+n)(n—1) - _
B Pa— if b= 0,

fra(b, Eg) = { Y=00=D fp = 4p — 2,
N if b = 2p.
Observe that if p = 1, then suppt(Ey) = {0, 2} and

NN —Z)(n—i— 1)’ (0. Ey) = NN +n)(n — 1).
n 4n

frq(2, Ep) =
The resulting correlation-statistics is exhibited in Table 2.4. See Fig.2.7 for a case
whenn =2andp = 1.
Observe that as N — oo, the proportion of uncorrelated Fermion-pairs tends to
(n — 1)/2n (unlike in the case of the minimal configuration), the proportion of (4p —
2)-correlated Fermion-pairs also tends to (n — 1)/2n, whereas the proportion of (2p)-
correlated Fermion-pairs tends to 1/x (as in the case of the minimal configuration).
Next, consider the case where 7 is an odd integer >3 and 2p is an integer multiple
ofn—1(e.g.,n=23);say2p =s(n—1). Let G := Symmy (§(z, Ey)), where Ey :=
My(n,m, p(m — 1), s — 1). As before, symgrp(Ey) contains a subgroup isomorphic
to the semi-direct product of S, and a cyclic group of order m. Assertion (ii) of

Theorem 7 ensures that G(zy, .. ., zy) is a nonzero polynomial. Also, G(zy, ..., zn)
is homogeneous in zi, . . ., zy of total degree
NN -1)

kg = NI — = %N[(Zp —Dn+1](m—1),

2

and its z;-degree is 2¢ — N + 1 for | <i < N. It readily follows that

[0, 2pm— 1), 2(s — D} if s > 2,
suppt(Eo) = {{0, 2p(m — 1)} ifs=1.
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Fig. 2.7 N = 6; IQL state 2
for v = 2/5, a non-minimal @
configuration
6 @ ® 1
5@ @3
L
4
Table 2.5 Correlation-stats.; IQL state v = n/(sn(n — 1) + 1) withnodd > 3 and s > 1
s >2 1
correl. 0 2p(m — 1) 2(s — 1) 0 2p(m — 1)
potency
No. of pairs N(N_fr)l(”"'l) N(”z_l) N(N—frz("—l) N(I\g—n) N(nz_l)
. _ 1 _ _ 1 _ _
Proportion % H % %—rf I(II —ll

Moreover, the frequencies are:

NNt if p = 0,5 > 2
4n Y=

A=) ifb=0,s=1,

2
= N@n-1) : _
frq(b, Eo) Mozl ifb=2p(m— 1),
NNl i p = 2(s — 1) with s > 2,
0 ifb=2(s—1) withs = 1.

Thus, we obtain Table 2.5 which tabulates the resulting correlation-statistics.

If s = 1, then the proportion of uncorrelated Fermion-pairs tends to 1 as N —
oo. If s > 2, then as N — oo, the proportion of uncorrelated Fermion-pairs tends
to (n+ 1)/2n, the proportion of (2pm — 2p)-correlated Fermion-pairs tends to 0
and the proportion of (2s — 2)-correlated Fermion pairs tends to (n — 1) /2n. So, in
comparison with the minimal configuration, the distribution of correlations is non-
uniform. The leftmost configuration in the second row of Table 2.6 is a configuration
of this type for N = 6 and v = 3/7.
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Table 2.6 N = 6 & v = 3/7; existent IQL configurations with bound 2

2 Correlation Functions

Configs. I Configs. I Configs. 11
5 1 1 3 1
3 D4 5®5

s

6 1

ek

4

%,

>

~

WL
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Fig.28 N=6& v =3/7, 3
IQL state, the nonexistent
config. of bound 2

As an example, we proceed to work out the case of N =6 with v =3/7 in a
comprehensive manner. In this case, there are exactly 24 apparent configurations
whose corresponding diagrams are 4-regular multi-graphs on 6 vertices. It is easy
to see that the least possible bound for any configuration of this kind is 2. Out of
the 24 apparent configurations, exactly 13 have this least bound. Further, out of the
13 apparent configurations with the least bound, exactly 12 are existent; they are
presented in Table 2.6. The only nonexistent configuration is the one in Fig.2.8.

Regard Table 2.6 as a4 x 3 matrix of diagrams. Observe that the figure at position
(1, 1) is the unique minimal configuration. Let G;; := Gyj(z, . . ., Z¢) denote the cor-
relation function associated with the diagram in the ith row, jth column of Table 2.6.
For the sake of compactness, we prefer to express the functions G;; as polynomials
inyy,...,Yys, where y, denotes the coefficient of X 5T in

6
1
H(X +2z — 6(21 +22+2z3 +Z4+Z5+26))

j=1
for 1 <r < 5. A direct computation shows that

Gi1 = —1536ysy1° 4 384 y12yry4 + 384 y12y3* — 384 y1y,%ys
+72 y24 + 31488 y1y3ys — 9600y1y42 — 16128 y5y22
+5760 y,y3y4 — 1536 y3° + 63360 y52,

Gia = —960ysy1” + 240 y12y2ys + 432 y1%y32 — 384 y1y22y3
+72 y24 + 25440 V1Y3ys — 6000 y1y42 — 12240 y5y22
+3600 y,y3y4 — 960 y3> + 82800 ys2.
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By inspecting the above polynomials, we find that G, is not a numerical multiple
of G1;. From another direct computation, it can be verified that

Gi3 = 3G — 4Gy,

Go1 = 6G12 — 6G11 = 2G2 = 3Gas,
Go1 = G31 = 6G3 = Gas,

G = G4 = 6Gy = 6Gys.

In particular, there are only 4 distinct equivalence classes of configurations with
bound 2; namely, the equivalence classes of the configurations in the first row of

Table 2.6 together with the equivalence class of the leftmost configuration in the
second row of Table 2.6.

242 v=n/2pn—-1)

Assume v = n/(2pn — 1) (and so, p > 2). Then, the individual angular momentum
£ is the half-integer determined by the equation

20 =vIIN—Qpn—1)—1+n.
Hence, we clearly have
20—-N+1=[2p—Dn—1](m—1).

Let G := Symmy(6(z, E)), where E :=M(@m,n,p—1,2p —1). Observe that
symgrp(E) 1is isomorphic to §,, x S,. Assertion (ii) of the Corollary of

Theorem 8 assures that G(zj,...,zy) is a nonzero polynomial. Furthermore,
G(zi, ..., 2zy) is homogeneous in zy, . . ., zy of total degree
NN —1 1
kg = NL — % = EN[(Zp — Dn—1](m—1),

and the z;-degree of G(zq, ..., zy)i182¢ — N + 1 for 1 <i < N.From the definition
of M(m,n,p —1,2p — 1), itis clear that suppt(E) = {0, 2p — 2, 2p — 1} and

N(n—1) seg
=5 if b=0,

frg(b,E) = { M&=nifp = 2p -2,

NWN=mn=D scp
NON=m@=) jf p = 2p — 1.

If n > 3, then M (m, n,p — 1, 2p — 1) corresponds to the unique minimal configu-
ration for the filling factor n/(2pn — 1). If n = 2, then the only additional minimal
configuration corresponds to M (m, 2, p — (1/2), 2(p — 1)); by (ii) of the Corollary
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Table 2.7 Correlation-statistics; IQL state v = n/(2pn — 1)

correl. potency 0 2(p—1) 2p—1
No. of pairs W W W
. —1 N— (N—n)(n—1)
Proportion N1 A=) n(N=T)
2

6
v=3/11

Fig. 2.9 N = 6; IQL state, minimal configurations for filling factors 2/7,3/11

of Theorem 8, this is an existent configuration having the same correlation-statistics
asthatof M (m, 2, p — 1, 2p — 1). Table 2.7 gives the correlation-statistics for n > 2.
See Fig.2.9 for particular configurations when n = 2 and n = 3.

As in the case of the minimal configuration for v = n/(2pn + 1), the propor-
tion of uncorrelated Fermion-pairs tends to O when N — oo. Also, as N — oo, the
proportion of (2p — 2)-correlated Fermion-pairs tends to 1/n and the proportion of
(2p — 1)-correlated Fermion-pairs tends to (n — 1)/n. So, asymptotically, the odd
correlations dominate over the even correlations when n > 2.

Next, consider the case where m is an odd integer. Of course, we must have m > 3.
In this case, we let G := Symmy (0(z, Ey)), where

Ey :=My(m,n,p—1,2p — 1).

Here, we are content to note that symgrp(Ej) contains a subgroup isomorphic to the
semi-direct product of S, and a cyclic group of order m. Thanks to assertion (ii) of

Theorem 7, we are assured that G(zy, .. ., zy) is a nonzero polynomial. As needed,
G(zy, ..., 2y) is homogeneous in zy, . . ., zy of total degree
NN —-1) 1
kg = NI — —s = EN[(Zp —Dn—11(m—1),
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Table 2.8 Correlation-statistics; IQL state v = n/(2pn — 1) with N /n odd

correl. potency 0 2(p—1) 22p—1)
No. of pairs W W W
; N+n)(n—1) N— WN=n)(n—1)
Proportion ﬁ le) %
Fig. 2.10 N = 6; IQL state 2
for v = 2/7, a non-minimal
configuration \
6 \ ® 1
\§.~’.~:~z~.

and the z;-degree of G(z1,...,zy) 182 — N + 1 for 1 <i < N. We have
suppt(Eg) = {0, 2p — 2, 4p —2}.

The frequencies are described by
N(N-T)(n—l) ifb=0

fra(b. Eo) = { M52 ifb=2p -2,

NN=—m)@n=1) :cp _
= ifb =4p - 2.

The correlation-statistics is presented in Table 2.8; see Fig. 2.10 for a specific example
whenn = 2.

In this configuration, as N — oo, the proportion of uncorrelated Fermion-pairs
and the proportion of (4p — 2)-correlated Fermion-pairs each tends to (n — 1)/2n,
but the proportion of (2p — 2)-correlated Fermion-pairs tends to 1/x.

Lastly, consider the case where n > 3 is odd and 2(p — 1) is an integer multiple
ofn—1;say2(p— 1) =t(n—1) (e.g., v =3/(6p — 1)). As in the previous case,
symgrp(Ey) contains a subgroup isomorphic to the semi-direct product of S, and a
cyclic group of order m. Let G := Symmy (6(z, Ey)), where Ey := My(n, m, p(m —
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Table 2.9 Correlation-stats.; IQL state v = n/((tn —t +2)n — 1) withn > 3 odd, r > 1

t >2 1
correl. 0 2p(m — 1) 2(t—1) 0 2p(m — 1)
potency
No. of pairs N(N_Z’z(”*'l) N(ﬂz—l) N(N—Irz(ﬂ—l) N(I\g—n) N(nz_l)

: (N=n)(n+1) —1 (N=n)(n—1) N— —1
Proportion (D) N I N-D) N1 NI
1), t — 1). Then, assertion (ii) of Theorem 7 ensures that G(zy, ..., zy) is a nonzero
polynomial. Also, G(zi, ..., zy) is homogeneous in zi, ..., zy of total degree

NN -1 1
kg = NI — — = EN[(Zp —Dn—1]1(m—1),

and the z;-degree of G(z1,...,zy)is2¢ — N + 1 for 1 <i < N. We have
suppt(Ep) = {0,2p(m —1),2(t — D}.
The frequencies are:

NN=m@+D ¢ p — () and s > 2
4n - =

N —m) ifb=0andt =1,

frab.Eo) = 1 vl
NesD o ifb =2p(m — 1),

NE=0=D if p = 2(t — 1) and t > 2.
Thus, we obtain the correlation-statistics as in Table 2.9; see Fig.2.11 for a case
whenn =3 andt = 1.

If 2p =n+1, then as N — oo, the proportion of uncorrelated Fermon-pairs
tendsto 1. If 2p #n+ 1, i.e., t > 2, then as N — oo, the proportion of uncorre-
lated Fermion-pairs tends to (n 4 1)/2n, the proportion of (2pm — 2p)-correlated
Fermion-pairs tends to O and the proportion of (2t — 2)-correlated Fermion-pairs
tends to (n — 1)/2n. So, in either case, the proportion of uncorrelated pairs is the
largest.

As an example, we provide a detailed account of the case of N = 4 with v =
2/7. There are only 5 apparent configurations to be considered in this case. The
configurations presented in Figs.2.12 and 2.13 are nonexistent. The only 2 existent
configurations appear in Fig.2.14.

By a direct computation, it is verified that the existent configurations yield the
same correlation function G(z1, z2, 23, z4). As before, for r = 1, 2, 3, let y, be the
coefficient of X3~" in
u 1

(X +2z — Z(Zl +22+23 +Z4)) .

j=1
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2
6@ 1
4 [
3
5
Fig. 2.11 N = 6; IQL state for » = 3/11, a non-minimal configuration
2 2
4 T 4 1
3 3

Fig.2.12 N =4 & v = 2/7; nonexistent IQL configurations

Then G := G(z1, 22, 23, 24) 1S compactly expressed as

G = 8y1° — 1921 y; + 108 y1%y,% — 3456 y1y3* + 1296 y,7ys.
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w

4

Fig. 2.13 N =4 & v = 2/7; a nonexistent IQL configuration

3 3
| \ o |
4 4
The minimal config. The non-minimal config.

Fig. 2.14 N =4 & v = 2/7; the existent IQL configurations

2.5 Systems with QE in the v = 1/3 IQL

We begin by recalling basic facts about enumeration of distinct multiplets of a fixed
total angular momentum L in a system containing N Fermions each having angular
momentum £ (where 24 is a positive integer >(N — 1)). Such a system is represented
as the collection S (N, £) of states, where by a state, we mean an N-tuple (A, ..., Ay)
with

Ne{l—jl0<j<2t} forl <i<Nand A > --- > Ay.
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In particular, note that A\; < £ and \; + £ — N + i is a nonnegative integer for 1 <

i <N.Let
N
= ZA,}

and let s(N, £, t) denote the number of elements (or states) in S(N, £, t). Then, the
number of distinct multiplets of total angular momentum L is

SN, L, 1) := {(Al,...,AN) e SN, 0)

s(N,¢,L) —s(N,¢,L+1)if L > 0and

g, &, 1) == {s(N,E,L—i— 1) — s(N. €. L) if L < 0.

It is easily seen that s(N, £, t) = s(N, £, —t) and hence if L < 0, then g(N, ¢, L) =
g(N, ¢, —L — 1) with (=L — 1) > 0. So, to find the values taken by g(N, ¢, L), it
suffices to assume L > 0. As an example, consider the case of N = 3 Fermions
on the surface of a sphere with individual angular momentum ¢ = 3. In this case,
Table 2.10 exhibits the allowed multiplets, where L, stands for the spatial component
of the total angular momentum. Observe that the corresponding allowed values of L
are 0, 2, 3,4 and 6.

From the definitions following the Corollary to Theorem 1, recall that

p(t+¢N —NWN —1)/2, N, 20 =N + 1)
= |P(t+EN — NN — 1)/2, N, 2¢ —N + 1)],

where P(t + {N — N(N — 1)/2, N, 2¢ — N + 1) denotes the set of all

@, ..., ay_yy1) € N?*NH

Table 2.10 Allowed multiplets for N =3 and £ = 3

L. 6 5 4 3 2 1 0
G.2% | 32D 320 [G.2-D 32-2 |3.2-3

G.1,%) G.1,0) |G L= |[3.1,-2) |3.1,-3)

(3,0, %) (3.0,-1) |(3.0,-2) [3,0,-3)
(3, —1,%) 3,-1,-2)
@, 1, %) @10 |e1,-1n len-2 [@1,-3
2,0, %) (2,0,—-1) |(2,0,-2)
(1,0, %) (1,0, =1)
IL, L) 6, 6) 6, 5) 6, 4) 16, 3) 16, 2) |6, 1) |6, 0)

IL, L) 14, 4) |4, 3) 14, 2) 14, 1) |4, 0)

IL, L) 13, 3) 13, 2) 13, 1) 13, 0)

L, L.) 12, 2) 2, 1) 12, 0)
L, L) 0, 0)
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such that

20—N+1 20—N+1
NN —-1)

E a, < N and E ra, = t+ 4N — —.
r=1 r=1 2

The function

SN, ¢, t) — Pt+{¢N—-N(N —1)/2, N, 2¢ —N + 1) given by
()\1,...,)\1\/)-) ()\1+£—N+1,,)\Z+K—N+l,,>\N+€)

is easily verified to be a bijection. Consequently, we have
s(N, £, t) = pt+4N —NWN —1)/2, N, 2¢ — N +1).

Now recall that for positive integers n and d,

d _ yn+i
B(n,d,X) = —ni:dl(l )
[T (1 =X

is a polynomial in X of degree nd 4+ 1 and by the assertion (iv) of Theorem 5,
p(m,d,n) — p(m — 1, d, n) is the coefficient of X" in &(n, d, X ). The well-known
fact (see, e.g., [16, 17]) that for L > 0, g(N, €, L) is the coefficient of X% in

NQE—N+1)

_1_NQ@tN+D N@L-N+1) —1
--X 2 B2 -N+1,N,X) = X 2 B2 -N+1,N,X7)

follows readily. Let g(n, d, X ) and r(n, d, X ) be the unique polynomials in /X such
that the X -degree of r(n, d, X) is strictly less than 1 + (nd /2) and

&n,d,X) = qn,d, X)- X"t + r(n,d, X).

By the support of q(n, d, X ), we mean the set of half-integers € for which the coef-
ficient of X°© in g(n, d, X) is nonzero. Firstly, since (2¢ — N + 1) > 0, we infer that
forL > 0,

g(N, ¢, L) is the coefficient of XX in (-1)-q2¢ =N +1, N, X).

Secondly, since the possible nonnegative values of the total angular momentum L
are the ones with g(N, £, L) # 0, they constitute the support of the polynomial (in
VX) denoted by ¢(2¢ — N + 1, N, X).

Let N > 3 be an integer and let m be a positive integer not exceeding 1 + (N /2).
Consider the Jain Mean Field picture with m QEs above the v = 1/3 IQL state of
the rest of the electrons as in Fig.2.15.

As seen above, the set of possible (nonnegative) angular momenta for such a
configuration is the support of ¢(2¢7 —m + 1, m, X); this support is denoted by
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. ._. R __.7 Y- N—m+1

-~ o000 O (- = Nem-1

Fig. 2.15 Jain MFCEF picture

A(N,m). Note that 2¢] —m+1=N —2m+2 and (1/2)m(N —2m+2) is in
A(N,m), i.e., it is an allowed value of the total angular momentum L. Given an
L in A(N,m), we want to construct a correlation function G(zy, ..., zy) that is a
nonzero homogeneous polynomial of total degree

_New-D-m

KRG - 5 L

and such that the z;-degree of G(zy, ..., zy) isatmost2(N — 1) —mforl <i < N;
for the sake of clarity, we prefer to denote our G by G (this is necessary especially
when more than one value of L is possible). In order for O to be in A(N, m), the
integer Nm has to be even. More generally, from assertion (v) of Theorem 5, it fol-
lows that L is in A(N, m) only if there exists at least one nonzero semi-invariant
of weight m(N — 2m + 2)/2 — L and of degree at most m (for the binary form
of degree N — 2m + 2). For example, when N = 11 and m = 3, we have N — 2m +
2=1,
G(7,3,X) =14+ 20, X +X° -2 X' —X'°,
ALY =(33154R 508

If L =0 is allowed, i.e., if mN is even, then the corresponding correlation poly-
nomial Gy is necessarily a binary invariant of type (N, 2(N — 1) —m). In con-
trast, if L > 0, then G is not a binary invariant of type (N, d) for any d (see
Theorems 4 and 5); nevertheless, since G is obtained by symmetrizing d(z, E)
for some E € E(N), itis indeed a semi-invariant of the binary form of degree NV, i.e.,
a homogeneous, symmetric, translation-invariant polynomial in zy, . .., zy. In most
of the constructions described below, where various correlation functions G are real-
ized as Symmy (d(z, E)), the associated E € E(N, < 2(N — 1) — m) has 2Dy_,, as
a diagonal-block and simultaneously bound (E) is as small as possible (verification
of this fact is straightforward; the details are left to the reader).

Suppose we have a single QE, i.e., m = 1. Then

BN —2m+2,mX) = &N, 1,X) = (1 —xV*.
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Table 2.11 Correlation-statistics; 1 QE in v = 1/3 IQL

correl. potency 0 1 2

No. of pairs 1 N=2 (N—l)z(N—Z)
: 2 2(N-2) N-=2

Proportion NN NO=D =2

Consequently, the only possible value of L in this case is N/2. Let Gy =
Symmy (6(z, E)), where E := Eq xy_1)(N; 1,1, 1) (see Corollary of Theorem 10),
i.e., in block-form

0 u
E = , whereu:=1[0,1,1,..., 1].
MT 2DN_1

Note that symgrp(E) is isomorphic to Sy _,. For notational simplicity, let G := Gy .
Now assertion (iii) of the Corollary of Theorem 10 ensures that G(z;,...,2zy) is a
nonzero homogeneous polynomial of total degree

= NeN=3) N = NN —2),

KRG - 3 )

and its z;-degree is at most 2N — 3 for 1 < i < N. Clearly,
suppt(E) = {0, 1,2},  bound(E) = 2

and
1 ifb=0,

frgb,E) = {N—2 ifb=1,
W_DWD) i p — 2,

So, we have the correlation-statistics as it appears in Table 2.11.
Note that, as expected, when N — o0, the proportion of 2-correlated Fermion-
pairs tends to 1.

Consider the case of two QEs, i.e., m = 2. In this case,

(1—X¥"1(1 —xV)
(1-X2) '

BN —2m+2,mX) = &N —2,2,X) =

Now it is straightforward to verify that

AN, m) = {p(N) + 2r

1
reN, 0<r< E(N—Z—p(N))},
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where p(N) is the parity of N, i.e.,

0 if N is even,
pN) = {lifNisodd.

Forl <i <N —2,defineR; := [2, O]ifiisoddandR; := [0, 2]ifiiseven.LetAbe
the (N — 2) x 2 matrix having R; as its ith row. For 0 < r < (1/2)(N — 2 — p(N)),
let E, € E(N) be the matrix defined in block-form by
Cerz AT
E, = , Wwherea, :=N —2—p(N) —2r.
A 2Dy_»
Assertion (i) of Theorem 7 ensures that for 0 < r < (1/2)(N — 2 — p(N)),
letting L = p(N) +2r and Gp := Symmy(d(z, E,)),

G is a nonzero polynomial which is homogeneous of total degree

_ NN -4

5 —L =N®N —2)—p(N) —2r,

KRG,
and its z;-degree is at most 2N — 4 for 1 <i < N. Clearly,
suppt(E;) = {0, 2, N —2—p(N) —2r}, bound(E,) = max{2, N —2 —p(N) — 2r}.
If L < N —4,then
N-2 ifb=0,
fra(b, Ep) = { U= it p =2,
1 ifb=N—-2—pWN) —2r.

If L=N — 2, then

frq(0,E,) = N—1 and fiqQ2,E,) = w
If L =N —4, then
N =D -2

frq(0,E,) = N—-2 and frgq(2,E) =1+ 5
For L = N — 2, the resulting correlation-statistics is presented in Table 2.12.
Likewise, if L < N — 4, then the correlation-statistics is tabulated in Table 2.13.

Of course, here too,as N — oo the proportion of 2-correlated Fermion-pairs tends
to 1.
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Table 2.12 Correlation-statistics; 2 QEinv = 1/3IQL (L =N —2)

correl. potency 0 2
No. of pairs N -1 W
Proportion % N=2

Table 2.13 Correlation-statistics; 2 QEinv = 1/3IQL (L <N —4)

L <N —4 N —4
correl. 0 2 N—-L-2 0 2
potency
No. of pairs |N —2 W 1 N—2 N272N+4
. 2(N-2) N=—2 2 2(N=2) N2-3N+4
Proportion N(N-T) N NN-D NON=T) NN—1)
1
m= -N:
2

Consider the case where N > 4 is even and m = N /2. Then

(1 —Xm+l)(1 _Xm+2)
(1-Xx2)

BN —2m+2,mX) = 82,mX) =
It is straightforward to verify that
m
AN,m) = {m—Zr‘reN, Ofrfa}.

For0 < r <m/2,let A, be the m x m symmetric matrix [a;], where

2ifi =],
aj = 1 0if {i,j} = {25 — 1, 2s} forsome 0 < s < r,
1 otherwise.

We observe that for each r, A, satisfies the requirements imposed on the matrix A
of Theorem 11. Clearly, our N and m satisfy the hypotheses of Theorem 11 and
A, is indeed an m x (N — m) symmetric matrix. Finally, letting a := 1, we have
aj =22>2aforl <i<maswellas2a > g;forl <i <j <m.DefineE, € E(N)
by setting

0 A,
E, :=2Dy — B,, where B, := [Ar 0 j|,



118 2 Correlation Functions

Table 2.14 Correlation-statistics; N/2 QEin v = 1/3 IQL with L = (N — 4r)/2

correl. potency 0 1 2
: N N2-2N—8r N2_2N48r
No. of pairs 7 —T —a
: 1 N2—2N—8r N2-2N+8r
Proportion N—1 IN(N—T) 2N(N-1)

and for each L(r) := m — 2r, let Gy := Symmy(d(z, E,)). Then, the polynomial
G (r is homogeneous in zj, . . ., zy of total degree

__ NGN—4)

KGry = 1 —L(r) = mBm —2) —m+2r,

and its z;-degree is at most 2(N — 1) —m = 3m — 2 for 1 <i < N. Most impor-
tantly, by Theorem 11, we have Symmy (6(z, —B,)) # 0for0 < r < m/2. Now since

d(z, 2D
Grr = Symmy(6(z, E;)) = Symmy <u)

5(Z7 Bl)

and equally plainly, we have

6(z,2D
Symmy (ﬁ) = 0(z, 2Dyn) - Symmy (6(z, —B,)) # 0,

it follows that G # 0. In passing, we note that £y = M (m, 2, 1, 1). Clearly
suppt(E,) = {0,1,2},  bound(E,) = 2.
Also, for0 <r <m/2,
N .
5 tb=0,
% 1

frq,E) = { M= if b =1,
NEZINEr i fp = 2,

So, for each integer » with 0 < r < m/2, Table 2.14 exhibits the corresponding
correlation-statistics.
As N — oo, the proportion of 1-correlated and 2-correlated pairs each tends to
1/2. This is in accordance with the fact that half of the particles are quasi-electrons.
Consider the special case where m is an even integer (whence N /4 is an integer).
As assured by (i) of the Lemma preceding Theorem 12,

M@m,m,m/2,r +m(m —1)/2) # @ for 0<r <m/2.

So, for 0 < r <m/2, picka C, € M(m, m,m/2, r +m(m — 1)/2) and define
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2D, 2C,
E, =
2ct 2p,,

Assertion (i) of Theorem 7 ensures that for L = m — 2r, the polynomial G :=
Symmy (0(z, E;)) is a nonzero homogeneous polynomial of total degree m(3m —
2) —m+ 2r and its z;-degree is at most 2(N — 1) —m=3m —2 for 1 <i <N.
Also, suppt(E,) = {0, 2} and bound (E,) = 2. More concretely, let

Cpyo = cirmat((ay, . .., ay)),
where a; = 1 for 1 <i < m/2 and a; = 0 otherwise. Then, for 0 < r < m/2, let C,

be obtained from C,,/, by replacing any (randomly picked) (m/2) — r entries 1 in
C/2 by 0. For example, here is a list of possible 2C,. when N = 8 and m = 4.

2200 2200
0220 0220
2G = 100220 2 =10022]|"
2002 0002
0200
2020
2C0 = | 5202
0020

In comparison to the configurations described in the first part, these special configu-
rations have a higher proportion of correlation potency 2 factors and hence represent
higher energy states. Tabulation of the correlation-statistics for these special config-
urations is left to the reader.

1
=-N+1):
m 2( +1

Consider the case where N > 5 is odd and m = (N + 1)/2. Then
BN —2m+2,mX) = &1, mX) = (1 X",

Letting N :=2n+ 1, we have m = n+ 1 and

AN.m) = {N:—l} _ {n—;—l}

Let A be the n x (n + 1) matrix [a;] such thatfor1 <i<nand1<j<n+1,

[ Vifi#jand G,)) # (1 0+ 1),
%j *= 1 2 otherwise.
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Let E € E(N) be the matrix defined in block-form by
0A
E = 2DN —
AT 0
Recalling the definitions just preceding Theorem 10, it is easily verified that

grp(A) = {0 €S, | O(n) =n}

and rat(A, T) = {pol(A, T)"'}, where

n—1
polA.T) = [[@. -1 [] @ -1
r=1 1<r<s<n

As aconsequence, A is seen to be an admissible matrix. Now Theorem 10 allows us to
conclude that G := Symmy (6(z, E)) is a nonzero polynomial which is homogeneous
of total degree

_NON=5  (NHD o VD

nG 4 4 i

and its z;-degree is at most 2(N — 1) —m =3n — 1 for 1 <i < N. Clearly,
suppt(E) = {0, 1, 2}, bound(E) = 2.
Likewise, we note that

Nt if b=0,

fra(b, E) = { 20D ifp = 1,

W=D ifp =2,

The corresponding correlation-statistics is presented in Table 2.15.

1
=14+ -N:
m +2

Table 2.15 Correlation-statistics; (N + 1)/2 QEinv = 1/3 IQL

correl. potency 0 1 5
2
No. of pairs Nt W v 1)
i N+1 N=3)(N+1) N—1
Proportion T e =
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Consider the case where N is even and m = 1 + (N /2). Observe that A(N, 1 +
(N/2)) = {0} and hence L = 0. Let G := Symmy (6(z, E)), where E := M (N /2, 2,
1, 1). For even m, we also have the option of letting G := Symmy (6(z, Ep)), where
Ey :=My(N/2,2,1,1). As an aside, we remark that this construction of G is iden-
tical to the one employed above for the IQL state of N fermions corresponding
to v = 2/5. In particular, the correlation-statistics is also that of the IQL state of
N fermions corresponding to v = 2/5. If N = 4, then since the space of binary
invariants of type (4, 3) has dimension 1, our G is essentially (i.e., up to numerical
multiples) the only nonzero binary invariant of type (4, 3).

‘ Other systems : ‘

For arbitrary values of N and m, no explicit description of the set A (N, m) is known.
If N is an even integer >7 and 3 < m < N /2, then L = 0 is indeed a possible value
of the total angular momentum; but, even in this case, we are unable to provide
an existent configuration. At present, we remain content with a full and detailed
consideration of the cases with N < 8. With this restriction on N, only two systems
remain to be dealt with; all others are special cases of what has been established
above. Namely, we have to consider the system (N, m) = (7, 3) and the system
(N, m) = (8, 3). To address these two, we need to recall that D, ; denotes the r x s
matrix whose ijth entry is (1 — d;;), where d;; is the Kronecker delta, and D, = D;.,.

N=7,m=3):

In this case, 2(N — 1) — m = 9 and

A(7,3) = {3 > 9}.

2722

ForL € A(7, 3),let Gy := Symmy (6(z,AL)), where Ay € E(7) is defined as follows:

[0 Cip] [2011]
A3/2 = 2D7 — , where C3/2 = 1102 ,
_C3T/2 0 | 10220 |
0 Cs/z_ (21117
A5/2 = 2D7 - s where C5/2 = 1102 s
_CST/2 0 | 10220 |
[0 Cop] (21117
Agpp = 2D7 — , where Copp = [1112].
_CgT/2 0 10221 ]

Of course, Symm7(6(z, 2D7 — E)) = 0(z, 2D7) - Symm;(d(z, —E) forany E € E(7).
So, it suffices to show that Symm;(d(z, Ay — 2D7)) # 0 for s =3/2,5/2,9/2 and
hence, in view of Theorem 10, it suffices to show that C; is admissible for s =
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3/2,5/2,9/2. 1t is straightforward to verify that grp(Cs) = {id, (1, 2)} < S3 for
s = 3/2, 5/2, 9/2 Also, rat(C3/2, T), rat(Cs/z, T) and ral(Cg/z, T) are

(T —T) (T — T3) "N — T3 7'},
(T —T)™(T) —T3) (T, —T3)7", (T' —To) (Tr — T3) (T, — T5) 7'},
(T =) ™1 — T3) (T, — T3) >, (T) — o) 2(Tr — T3)"X(T) — T3) 73},

respectively. Clearly rat(Cs, T) is Q-linearly independent. Since {(T — T3),

(T, — T3)} is Q-linearly independent, each of rat(Csp,T), rat(Cosp,T) is
Q-linearly independent. Thus, G3/2, G52 and Gy, are nonzero homogeneous poly-
nomials of total degrees 30, 29 and 27, respectively. Moreover, the z;-degree of each
Gpisatmost9forl <i <7.

\(N=8,m=3):\
In this case, 2(N — 1) —m = 11 and

A(8,3) = {0,2,3,4,6).

ForL € A(8, 3),let G, := Symmy (6(z,Ar)), where A; € E(8) is defined as follows:

[3D; C [201207]

Ay = , where C :=|12011 ],

_CT 2Ds | | 01202 |

[3D; C ] (201207

Ay = , where C :=1(12000 ],

_CT 2Ds | [ 01202

[2D; C ] [20120]

A = , where C:=1]101201 |,

_CT 2Ds | | 12012 ]

[2D; C ] [001217]

Ay = , Where C :=|21011 ],

_CT 2Ds | [ 12101 |
2D3 Ds 5

Ag = , i.e., M(0<3<8,1,1).
Ds 3 2Ds

Observe that for each L € {0, 2, 3, 4, 6}, G, is homogeneous of total degree 44 — L
and its z;-degree does not exceed 11 for 1 <i < 8. Assertion (ii) of Theorem 8 is
directly applicable to the L = 6 case, ensuring that G¢ # 0. Nontriviality of G, G,
does not follow from any of our theorems. Nevertheless, a SAGE computation shows
that the evaluation of each of Gy, G, atz; =i — 1 for 1 <i < 8 is a nonzero integer
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and hence, apriori, Gy, G, are nonzero. Lastly, we show how Theorem 10 can be
used to verify that G3 and G4 are nonzero. To begin with, note that

[0 AT [021027]

Az = 2Dg — , Where A= |21021 |,

_ATO_ 110210 |

and _ _ _ _
0B 22101

Ay = 2Dg — , where B:= (01211 ].

_BTO_ | 10121 |

Again, Symmg(d(z, 2Dg — E)) = (z, 2Dg) - Symmg(§(z, —E) forany E € E(8). So,
it suffices to show that Symmg(S(z, Ay — 2Dg)) # 0 for s = 3, 4. In the very first
example of the set of examples preceding Theorem 10, it is verified that A is an admis-
sible matrix with max(A) = 2. Hence by Theorem 10, Symmg(d(z, A3 — 2Dg)) # 0.
In the case of B, it is straightforward to verify that grp(B) = {id, (2, 3)} < Sz and
rat(B, T) = {p1, p2}, where

p1 =T T T (T — T) (T — T3) 7 (T — T3) 72,
=T 'T;' TN, — T3) AT — T,) (T, — T3) 2
pp=T, T, Ty (I'—T3)""(T1 —To)" (T, —T3)"".

Since the T3-degrees of the rational functions in rat(B, T) are clearly distinct,
rat(B, T) is Q-linearly independent. It readily follows that B is admissible and
max(B) = 2. Thanks to Theorem 10, Symmg(d(z, Ay — 2Dg)) # 0.

Remarks

1. It is easy to see that for any choice of Ay, A, in the above (N, m) = (8, 3) case,
at least one entry in each of A, A, has to be >3.

2. Inthe case of (N, m) = (8, 3), disregarding the requirement of 2Ds as a diagonal
block leads to more choices. Below, we provide a sample of some (but certainly
not all) alternative choices of Ay ; these also serve to demonstrate the utility of our
theorems.

Ag:=M(Q2,4,1,3).

Then assertion (ii) of the Corollary of Theorem 8 ensures that G is nonzero.

0c 1210
Ay = 2Dg — , where C = 0121
Cco

0012
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Then Theorem 10 ensures that G, is nonzero. Yet another choice for A, is

0cC 3222
2333
Ay = ., where C :=
co 2333
2333

Then assertion (i) of Theorem 8 ensures that G, is nonzero.

vI CT 0
where u := [1, 1, 1], v := [2222] and
1333
C:=1]1333
1333

Then (i) of Theorem 8 allows us to infer that the corresponding G5 is nonzero.

B C 024
Ay = , where B:= (204 and
CT 2Ds 440
20020
C:=1(102002
00200

Then assertion (i) of Theorem 7 ensures that G4 is nonzero.

0 C 2224
2224
Ag = , where C :=
o o 2222
4420

Then assertion (i) of Theorem 7 implies that G¢ is nonzero.

Systems of N < 8 Fermions with QE in the » =1/31IQL

As a demonstration of the results established above, we proceed to exhibit the correla-
tion diagrams of configurations with quasielectrons for4 < N < 8. In each diagram,
quasielectrons are represented by the red vertices. The correlation function corre-
sponding to any one of these configurations, when presented as a polynomial in
21, - .., 2N, has a very large number of terms appearing in it; so, it is not very useful
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3 2

Fig.2.16 N =4;1QEand 3 QE inthe v = 1/3 IQL

to explicitly exhibit these polynomials. They are presented only in the case of N = 4,
since in that case the associated correlation polynomials have compact expressions
as polynomials in y;, y», ¥3, where (as in the definitions preceding Theorem 1)

yi=-3/821+1/8 Qza+2z3+2z)z — 3/82°
+1/8 2z3+224) 20 — 3/823% + 1/4 2324 — 3/8 242,
w=18ut+un—-—unv+)wta—-—u—2)(—ut+u+zz—22),

and y3 = (—1/256) - P, - P,, where

P = (3u+zua+un+2)(@+z1—3z3+2) and
P, = Q@u—n—zn—2)(Bunt+untutz).

If N > 5, expressions of the associated correlation functions as polynomials in
Y1, ..., Yn—1 are also too long and complicated to write down explicitly.

Consider configurations with N = 4 and either 1 QE or 3 QE (as in Fig.2.16).
Then, the respective correlation functions are G, and Gy, where the suffixes 2, 0
stand for the total angular momentum of the system. Then, we have

G,
Go

—16y1* 4+ 256 y3y,% — 144 y,y,% — 768 y32,
—8y1% + 288 y3y; — 108 y,2.
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2 3
([ ]
4 1 2 1
3 4
L=0 L=2
Fig.2.17 N =4;2QEinthe v = 1/3IQL
3 2
2 1 4 1
5 4 5 3
L=5/2 L=3/2

Fig.2.18 N =5;1QEand 3 QE inthe v = 1/3 IQL

Next, consider the configurations with N = 4 and 2 QE (as in Fig.2.17). Here,
the possible values of the total angular momentum are L = 0, 2 and the respective
correlation functions Gy and G, are given by

Go = 8 (y1* + 12y3)2 and
Gz = —24-}713 — ]60y3y1 — 36)722.

The rest of this section exhibits the existent configurations of 5 < N < 8 systems
with QE in the v = 1/3 IQL (Figs.2.18,2.19,2.20,2.21,2.22,2.23,2.24,2.25,2.26,
2.27,2.28,2.29,2.30,2.31,2.32, 2.33 and 2.34).
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Fig.2.19 N =5;2QEinthe v = 1/3IQL

/&

5
L=3

N

2
4(\§ 71
5 3
L=1

as
v

Fig.2.20 N =6;1QE and 2 QE in the » = 1/3 IQL

In this special case of N =8 and m = 4, Figs.2.32 and 2.33 show the three
alternative configurations mentioned earlier in dealing with the case m = N /2 and

m even.
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Fig.2.23 N =7;2QEinthe v = 1/3IQL

L=3/2 L=5/2

Fig.2.24 N =7;3QEinthe v =1/31QL
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L=9/2

Fig. 225 N =7;3QEand N = 8; 1 QE in the v = 1/3 IQL

8;2 QEin the v = 1/3IQL

Fig. 226 N
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Fig.2.28 N =8;3QEinthe v =1/31QL
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2 2
8 1 5 L
5 3 4 3
7 4 8 W 6
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L=3 L =4

Fig.2.29 N =8;3QEinthe v =1/31QL

2

6 6
L=6 L=0

Fig. 230 N = 8;3 QE and 4 QE in the v = 1/3 IQL
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Fig.2.32 N =8;4QEinthe v = 1/3IQL
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Fig.2.33 N =8;4QEin
the v = 1/3IQL

Fig.2.34 N =8;5QEin 2
the v = 1/3 IQL
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Appendix A
Moore-Read State

The trial wave function for N = 2n Fermions in the Moore-Read state with v = 2 +
1/2,is denoted by Wyg. It is well known that Wy is a product of H1§i<j§N (zi —zj)
(the so called Fermi-factor) and a certain correlation polynomial Gyg(z1, - - ., Z21)
which is a product of the Fermi-factor with the “Pfaffian” Pf (zi; 1) defined below.
As mentioned in the seventh section of the first chapter, an equivalent correlation
polynomial can be obtained following the more intuitive approach of correlation
diagrams (as in the previous sections and [1]). More specifically, consider the corre-
lation diagram in which the 2n Fermions are grouped into two groups of n Fermions
such that each group is Laughlin intra-correlated and there are no inter-correlations
between the Fermions of the two groups. The edge-matrix of this correlation diagram
(or multi-graph) is
2D, O
E, =
0 2D,

Henceforth, we call this the Moore-Read configuration. For example, in the case of
N = 8, the Moore-Read configuration (corresponding to Ey) is:

5 4

The Moore-Read state, N = 8.

© Springer Nature Switzerland AG 2018 137
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The correlation function associated with our Moore-Read configuration is the
homogeneous polynomial G, := Symmy (11,,), where

mo=0E) = [ G- ] @-w

1<i<j<n n+1<k<€<2n

Since all the pair-correlations in this configuration are of even potency,
Theorem 7 assure that the above G, is indeed a nonzero homogeneous polynomial.
More interestingly, by the results of [2], the associated (Quinn) trial wave function
Vo = G, [[i<;-j<y(@ — z) is a numerical multiple of the trial wave function
Wk (and hence equivalent to Wy). Here, we have opted to denote the correla-
tion polynomial as G, rather than the notation G used for it in the first chapter
as well as in [1]. For the benefit of our readers, we present an elementary proof
of this equivalence. In what follows, 7 is tacitly assumed to be a positive integer,
71,22, - - ., Zon are assumed to be indeterminates and z stands for (z1, ..., 22,). We
begin by recalling some definitions.

Definitions

1. det(M) denotes the determinant of a square matrix M .
2. Given a (2n) x (2n) skew-symmetric matrix [a;], the Pfaffian of [a;] is

1 n
Pf(ai) = 55 > sgn() [ [ avci-voe
i=1

: (TESz,,

where sgn(o) is the sign of a permutation o (see, e.g., [3]).
3. Letzj =z —zjforl <i,j <2n.Let Pf(zl;-l) denote the Pfaffian of the (2n) x
(2n) skew-symmetric matrix [a;], where a; = 0 for 1 <i < 2n and

-1
aj = Zij

1
= forl <i#j<2n.
i — 3

4. ForA C [2n] ={1,2,...,2n},let A° := [2n] \ A. Let 7, denote the collection of
all subsets of [2n] of size n that contain 1.
5. For o € S,,, define

A(o) = {o@) | 1=i=<n} ifo~!(1) <n,
9= V{oG) | n+1<i<2n) otherwise.
6. Let M, denote the set of perfect matchings, i.e., the permutations o € S, such
that
c2i—1) < 02i) forl <i<nand
cRi—1) <oRi+1) forl <i<n-—1.

Remark For 1 <i <j <2n, let x; be an indeterminate and let B denote the
(2n) x (2n) skew-symmetric matrix whose (i, j)-th entry is x;; for 1 <i <j <2n
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and whose (7, i)-th entry is 0 for 1| < i < 2n. The determinant of B is a polynomial
in the indeterminates x; having coefficients in Z and as such, it is well-known to
be a square. The Pfaffian of B is that square-root of the determinant of B in which
the coefficient of the power-product xj2x34 - - - X(2,—1)(2n) 1S @ positive integer. This
description being universal, it easily specializes to any skew-symmetric matrix of
size 2n.

Lemma 1 Let the notation be as above. Then the following holds.
(i) We have
_ sgn(o)
Pf(Zij 1) = Z g

- .
i [T Gogizty — Zoi)

(ii) symgrp(E,) is the subgroup of Sy, consisting of the permutations o € Sy, such
that either o([n]) = [n] or {c(i) | n+ 1 <i <2n} = [n].
(iii) We have

Gy = lsymgrpED|- Y | [] @ =2 [] @ -2’
AeT, \i<jeA k<teAc
(iv) The trial wave functions Wy and Yy are equivalent if and only if
S J]@=2" [] @-2*| = vPr;H [ @—2)
AeT, \i<jeA k<tleAc 1<i<j<2n

for some nonzero rational number Y.

Proof Assertion (i) readily follows from a well-known alternative formulation of
the Pfaffian (see, e.g., http://en.wikipedia.org/wiki/Pfaffian, 2001). Recall that [n]

stands for the set {1, ..., n}. Let o € S»,. Observe that (z,(1y — Z»(j)) divides d(z, E,)
in Z[zi, ..., 20,] for 2 <j < n, if and only if either o([n]) C [n] or o([n]) < {n +
1, ..., 2n}. Therefore, o € symgrp(E,) if and only if o([n]) C [n] or o([n]) < {n +
1,...,2n}. Thus assertion (ii) holds. For o € S,,, we clearly have A(o) € 7, and
o) = [] G- [] @-="
i<jeA(o) k<teA(o)

For o, B € Sy, itis straightforward to verify that A(«) = A(3) if and only if 5 = a6
for some 0 € symgrp(E,). By first summing the o (,) as o ranges over a fixed left-
coset of symgrp(E,) in S, and then summing over all these left-cosets, the equality
asserted in (iii) follows. Assertion (iv) readily follows from assertion (iii). O

Remarks 1t is left to the reader to verify that |symgrp(E,)| = 2(n!)? (this particular
fact will not be used in what follows). The equality displayed in (iv) of Lemmal is


http://en.wikipedia.org/wiki/Pfaffian
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established in [4] using various conformal field theories. Here, as in [2], we provide
a self-contained proof using only elementary observations about determinants and
elementary combinatorial properties of permutations. Before proceeding to the proof,
we revisit the simplest nontrivial example that was presented in the seventh section
of the first chapter.

Example Recall the case of n = 2,i.e., N = 4. Here, we have
GuR = 212213224734 — 212214223734 + 213214223224

As is easily verified, 7, = {A; :={1,2}, Ay :={1,4}, A3 := {1, 3}}. Also, note
that symgrp(E,) is the set

{id, (1,2),3,4),(1,2)3,4),(1,3)(2,4),(1,4(2,3),(1,3,2,4),(1,4,2,3)},
where id is the identity permutation and the other members are expressed as products

of disjoint cycles. The full set of representatives for the left-cosets of symgrp(E>) in
Syis: {m = (1,2), m := (1, 3), 73 := (1, 4)}. Clearly, we have

0@ E) = [[ G- [] @—2)

i<jeA, k<teA¢

for I < r < 3. Hence G, = 8 - (21,23, + 213234 + 214%33)- By a direct expansion, it
can be easily verified that G, = 16 - G .

Definitions Let z;, ..., 20, and T be indeterminates.
1. For 1 <i <mn,definex; := 2p;_; andy; := 2p;. Let X = {x,...,x,}and ¥ =
AT V1 B

2. Let L(X,Y) := [a;] be an n x n matrix with

aj = (x;—y)~" forl <i<nandl <j<n.

3. Define polynomials F(X) and F(Y) by

FX):= ] —x) and F(¥):= [] Gi—w

1<i<j<n I<i<j<n
and then define F(X,Y) := F(X)F(Y).
4. Letf(T) := (T —y1)--- (T —y,) and let f; denote the T-derivative of f (T).
Lemma 2 With the above notation, the following holds.

(i) X, Y are disjoint ordered sets of indeterminates and

n(n

—1)
2

1_[ @i—z) = (=) > FX,Y)f (x1) - f(x2) - - - f ().

1<i<j<2n
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(ii) We have

[] @-2| det@x.v) = F(X.¥)* = FX)?F(Y)".

1<i<j<2n

Proof We prove assertion (i) by induction on n. If n =1, then F(X,Y) =1 and
hence (i) trivially holds. Assuming n > 2, our assertion readily follows from the
induction hypothesis and the observation:

n—1 n—1

(Z2n-1 — 220) H(ZZi — 1) = (X _yn) l_[(yz —X;) = (_l)n_lf(xn)-

i=1 i=1

Next, we prove (ii). Let L := L(X, Y). Multiplying the i-th row of L by f (x;) for all
1 < i < n, we obtain the n x n matrix

M := [b;], where by = M
;=)
i bij is homogeneous of degree n — 1 in xy, ..., Xy, Y1, ..., Yu, the deter-

minant of M is a homogeneous polynomial of degree n(n — 1). It is straightforward
to verify that

det(M) = f(x1)-f(x2)---f(xn) - det(L).

It is now evident that if we put x; = x; (resp. y; = y;) for any i < j, then det(M)
vanishes. By the unique factorization property of polynomials in Z[X , Y], each prime
polynomial x; — x; (resp. y; — y;) with i < j must divide det(M ). For distinct pairs
(i, j) withi # j, the corresponding x; — x; (resp. y; — y;) are mutually relatively prime
non-associate prime polynomials and hence F (X, ¥) must divide det(M ) in Z[X , Y.
Since F(X,Y) is also homogeneous of degree n(n — 1) in Xy, ..., Xy, Y15« Yus
we infer that det(M) = cF (X, Y) for some integer c. Substituting x; = y; for all
1 <i < nineachentry of M reduces M to a diagonal matrix with f7 (y;) asits (j, j)-th
entry and hence det(M) evaluates to the product fr (y1)fr (2) - - - fr (). On the other
hand, substituting x; = y; forall 1 <i <nin F(X,Y) yields F(Y )2, Consequently,
frODfrO2) -+ fr(y,) = cF(Y)?. From this last equality, it readily follows that ¢ =
(=1)¢, where e = n(n — 1)/2, and hence (ii) follows from (i). ([l

Remark Assertion (ii) of the above lemma can also be derived from a determinantal
identity found in [5]; this derivation is demonstrated in [2].

Definitions Consider Z := {z1, ..., 22,} as an unordered set.

1. Given a partition X, Y of the set Z into sets X and Y of cardinality n each, fix
a listing o of the elements of X to obtain the ordered set X,, := {x;, ..., x,} and
fix a listing 7 of the elements of Y to obtain the ordered set Y := {yi, ..., yn}.
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Define the corresponding ordering (o, 7) of Z by declaring Z, -y = {z1, . . ., 22a},
where
2io1:=x; and zp;:=y; for 1 <i<n,

and then define
AX,. V)= [] @—2-

1<i<j<2n

2. Let P, be the set of all unordered partitions {X, Y} of Z into two parts of cardi-
nality n each.

Lemma 3 Letr Z, (o, 1), etc., be as in the above definition.
(i) The product A(X,, Y;) - det(L(X,, Y;)) is independent of (o, T), i.e.,
AX,, Yr) -det(L(X,, Y7)) = AX,Y) -det(L(X,Y)).
(ii) The product A(X,Y) - det(L(X, Y)) is symmetricin X and Y, i.e.,
AX,Y) -det(L(X,Y)) = AY,X) - det(L(Y, X)).

(iii) We have

> AWM A det@A,A)) = D | []@—20" [] @—20?

A€eT, AeT, \i<jeA k<leAc

Proof Note that F (X, Y)? = F(X)?F(Y)?, with F(X)? and F(Y)? invariant under
any ordering of X and Y, respectively. Hence (i) follows from (ii) of the above
Lemma?2. Likewise, since it is clear that F(X,Y) = F (Y, X), assertion (ii) also
follows from (ii) of the above Lemma 2. Finally, summing the equalities in (ii) of the
above Lemma 2 corresponding to all possible members of PP, leads to the equation:

Z AX,Y) det(L(X,Y)) = Z FX)XF(Y)2.

(X.Y}eP> X.Y}eP,

Given {X, Y}, there is a unique A € 7, such that {X, Y} = {A, A°}. In view of (ii),
assertion (iii) now readily follows. U

Definitions We continue to use the above notation. Let A € 7, and o € S,,. Enumer-

ate A so that A := {uy, ..., u,} with u; < up < --- < u, and enumerate A° so that
A = {vy, ..., v} withvy < vy < -+ < v,
1. Define

bA,0) = {minfu, vy} [ 1= <nl,

(4, 0) = {max{us, vog) ’ l<i<nb.
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2. Suppose b(A,0) ={b; <--- < b,} and c(A,0) ={c; <--- <c,}. Given i €
[n], let j € [n] be the unique integer (depending on i) such that b; = min{u;,
Vy(j} and let 7(i) € [n] be the unique integer such that ¢, = max{y;, v, }. For
1<i<nlett(A, o)) = 71(3).

3. Define the permutation ® 4 ) € Sz, by

e N Juwo ifi=2j—1withl <j<n,
Q@ = {Ua(f) ifi=2jwithl <j<n

By ©,4, we mean Oy 4y, where id denotes the identity permutation.

Example Let n =3, A:={1,4,6} and let o be the transposition (2, 3). Then,
A =1{2,3,5}, b(A,0) ={1,3,4} and c(A, o) = {2, 5, 6}. Observe that ®4 is the
transposition-product (3, 4)(5, 6) and O 4 ) is the 4-cycle (3, 4, 5, 6). Observe that
T(A, o) is the transposition (2, 3).

Lemma 4 With the above notation, the following holds.
(i) ForA €1,

AA,AY) = sgn(B®y) F(z), where F(z) = 1_[ (zi — zj).

1<i<j<2n

(ii) ForA e T,ando € S,

sgn (®(A,U)) = sgn(0,) sgn(o).

(iii) Letting B := b(A, 0), C :=c(A,0) and 7 :=71(A, 0), we have Be T, C =
[2n]\ B and T € S,,. Moreover, ® @, € My,

Proof Fix a pair (A, 0) € 7, x S,. From the definitions of A(A, A€) and ®,4, it is
apparent that A(A, A°) = ®4 (F(2)). Since 0(F (z)) = sgn(f) - F(z) for all § € S,,,
assertion (i) follows. Let a € Sy, be defined by

i) = {i ifi=2j—1withl <j <n,

' 20() ifi=2jwithl <j <n.
Examining the disjoint cycle decompositions of « and o, it follows at once that
sgn(a) = sgn(o). Since O ) = B4 o «, assertion (ii) follows. Lastly let B, C be
as in (iii). Since 1 € A, we must have 1 = u; = min{u,, v,(1)} and hence b; = 1.
Additionally, since

{wi, voiy) N {uy, voy} = @ forl <i<j=<mn,
we have |[B| =n=|C|and BN C = @. So, B € 7, and C = [2n] \ B. Clearly 7 is

a permutation of the set [n], i.e., 7 € S,. The definition of 7(A, o) ensures that
b; < ¢ for 1 <i < n. Consequently, © g - is a member of the set M,. [l
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Definition Assertion (iii) of the above lemma allows us to define a function

¢: Ty xSy = My,
which maps an ordered pair (A, o) to the permutation ¢(A, o) defined by

PA, 0) = Oupn,g), r4,0)-

Examples Letn =3 and A := {1, 4, 6}.

1. Let o be the transposition (2, 3). As noted in the example just before Lemma4,
b(A, o) = {1, 3,4} and O . is the 4-cycle (3,4, 5, 6). Observe that 7(A, o) is
the transposition (2, 3) and ¢(A, o) is the 3-cycle (4, 6, 5).

2. Let o be the 3-cycle (1, 3, 2). Then, b(A, o) = {1, 2, 3}. It is straightforward to
verify that ® » is the 5-cycle (2,5, 6, 3,4) and 7(A, o) is the transposition
(1, 2). Consequently, ¢(A, o) is the 3-cycle (2, 5, 3).

Lemma 5 Let the notation be as above.

(i) ¢(A,0) = ¢, o), T(A,0)) forall (A, 0) € T, X S,.
(ii) For each p € Mo, we have |¢~'(p)| = 2",
(iii) Suppose (A, 0) € T, X Sy. Let p := ¢(A, 0) and 8 := O, . Then

sgn(6) . sgn(p)
[T, Goci-1) — zoc2i) [T, Goeiz1) — Zp2i))

Proof Assertion (i) is an easy consequence of the definition of ¢. Fix a permutation
p € My,. Let (A, 0), b(A, 0), c(A, o) be as in the above definition of ¢. Observe
that (A, 0) = pif and only if for each i € [n], there is a i; € [n] with

miﬂ{ui,-, Ua(i,-)} = b = pRi—1) < p2i) = max{ui,-, Ua(i,)}-
So, the pairs (A, o) in ¢~ (p) are characterized by the property that u; = 1 and

Hur, vo} [ renl} = {{p@2s =1, p29)} | s €nl}.

Thus ¢~'(p) has exactly 2"~! members as asserted in (ii). Next, let the notation be
as in (iii). Let  := p~'6. As noted in the proof of (ii), we have

{to@r—1), 62} | renl} = {{p@s—1), p2s)} | s € [nl}
and hence there is a unique permutation a € S, such that
{n@2r — 1), n2r} = {2a(r) — 1, 2a(r)} forl <r <n.

From the basic property of sgn, the equality asserted in (iii) is clearly equivalent to



Appendix A: Moore-Read state 145

sgn(n) _ 1
[T Gyei-1) — Zyei) [T (zaic1 — 220)

()

Letl :={r e[n] | n(2r — 1) = 2a(r)}. Let 7 denote the product of mutually dis-
joint transpositions (2a(r) — 1, 2a(r)) as r ranges over I (7 is the identity permu-
tation if / is empty) and let 7 := 77). Then,

(i) = 2a(r) — 1 if i =2r — 1 with r € [n],
W= N2a()  ifi=2rwithr e [n].

Observe that if (ay, ..., a,) is a cycle of length s appearing in the disjoint cycle
decomposition of a, then each of (2a; — 1, ..., 2a, — 1) and 2ay, .. ., 2a,) appears
in the disjoint cycle decomposition of 7. From this observation, it follows at once that
7 is an even permutation, i.e., sgn(m) = 1. Consequently, sgn(n) = sgn(7)sgn(m) =
(=D, Since we also have

H(Zn(Zi—l) —zZyan) = (=D H(ZZi—l — 22i),
i=1 i=1
the equality (x) stands verified. Thus assertion (iii) holds. [l

Theorem Let the notation be as above. Then, we have
2 2 -1 -1
S T]@=2" [] @-27| = 2" Pre;h [] @—2)
AeT, \i<jeA k<teAc 1<i<j<2n

In particular, the trial wave functions Wy and Wyg are equivalent.

Proof Thanks to assertion (iv) of Lemma 1, equivalence of Wy and Wz follows
from the above asserted equality. By (iii) of Lemma3,

3 A@ A det@@a A = Y | [T @ -7 [T @—z2?
AeT, AeT, \i<jeA k<leAc

Using (i) and (ii) of Lemma4 and using the definition of det(L(A, A€)), we express
the sum appearing on the left of the above equation as

Ou.s
(%) 1—[ (Zi_zj) . Z sgn( (A, ))

. .
|<icizom torezxs, 1li=1@0un i1 = Z6u,0)

As a consequence of assertions (i), (ii) and (iii) of Lemma5, () is equal to
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M ea-»| 2" % sgn(p)

n *
L<iizm S iz Gpeien = zoe0)

Now in view of (i) of Lemma 1, the equality

2 preh | [ @) = X [T@-2" [] G-z

1<i<j<2n A€eT, \i<jeA k<teAc
stands verified. Thus our assertion is established. O

Remarks

1. The above theorem in conjunction with the remarks following Lemma 1 show
that
Gy =2 Pfz;) [] @—2

1<i<j<2n

and hence
Vo = 2" Pr ) ] @—*

1<i<j<2n

2. For n = 3, it is interesting to note that Wy is also the trial wave function of a
non-minimal configuration of 6 Fermions (see Sect. 2.4.1) in the Jain IQL state
with filling factor v = 3/7.



Appendix B
Questions

Below, we list some currently unresolved problems that naturally arise in dealing with
the correlation diagrams and their associated correlation functions. These problems
are purely mathematical in nature. Our search of the existing literature on the closely
related mathematics seems to suggest that these problems have not been investigated,
or for that matter, even posed. Of course, our search far from being exhaustive and
our expertise limited, some of our questions possibly have known answers. In the
following list, we use the notation and definitions introduced in the second chapter.
It is tacitly assumed that N, d are integers such that N > 3, d > 3 and z stands for
indeterminates z;, ..., Zy.

1. Let V:=(d,,...,dy), where d; is a nonnegative integer for 1 <i < N.
What requirements on (N, V) are necessary and sufficient for E(N, V) to be
nonempty? More ambitiously, what is the cardinality of E(N, V)?

2. What are the integers m for which the coefficient of X" in the polynomial

(1 _XNJrl)(l _XN+2) . (1 _XN+d)

&(N,d,X) = (1= X2)(1 —X3)---(1 —X4)

is nonzero? In other words, determine the support of &(N, d, X). Of course, it
is even more useful to obtain a meaningful lower bound for these coefficients.

3. Forwhichpairs (E|, E;) € E(N, < d) x E(N, < d) does there exist anonzero
rational number Y such that

Symmy (6(z, E1)) = Y - Symmy (6(z, E2))?

4. Here is an open problem related to (i) of Theorem7 (see Sect.2 of Chap.2).
Under what conditions on E € E(N) does there exist an a := (ay, ..., ay) in
RY such that (o (a), E) is positive for all o € Sy ?

5. In the direction opposite to (i) of Theorem 7, we may ask: for what £ € E(N),
if any, is Symmy (0(z, E)) a sum of squares of real polynomials? For a graph-
theoretic investigation of this problem, the reader is referred to [6].
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6.

10.

Appendix B: Questions

Suppose m : my < --- < my, € are as in the definition of m-excellence and
assume that € satisfies the m-excellence property (1). Then, it is of great interest
to formulate a property of ¢ that simultaneously generalizes the m-excellence
properties (2), (3) in such a way that if ¢ satisfies this particular property, then the
symmetrization of ju(z, €) as well as that of z(z, £)~! is assured to be nonzero.
In the context of Theorem 10, we pose the following question. Let m, n be pos-
itive integers such that m < N — 2. What are the m x n matrices A := [a(i, j)]
with nonnegative integer entries a(i, j) such that letting

0A
AT 0

Symmy (0(z, —E)) (note the negative sign!) is nonzero?

In the context of Theorem 12, consider the following question: for given N,
d, what are the necessary and sufficient requirements on A which ensure the
existence of m:m; < --- < m, and an m-excellent function ¢ such that the
corresponding 1(z, €) has total degree A as well as the z;-degree at most d for
each i? Obviously, a complete answer to this question will render Theorems 8-9
even more useful.

Here are some questions that arise in the context of Theorem 13. Fix an integer
A and define

JIN,d,\) :={E€EWN,<d) | |E|l=2X and Symmy((z, E)) # 0}.

(i) What is the minimum of { bound (E) | E € J(N,d, \)}?

(i) For what A is there an E € J(N, d, \) with bound (E) < 2?
(iii)) What is the minimum of { [Sy : symgrp(E)] | E € J(N,d, \)}?
(iv) What is the maximum of the set

{[Symgrp(E) : symgrp(E)] | E € J(N,d, \)}?

(v) For what A is there an E € J(N, d, \) such that [suppt(E)| < 3?

Construction of correlation functions associated with configurations containing
quasielectrons (see the last section of Chap.2) poses the following problem.
Givenintegerm with3 < m < 1 4+ (N /2) and a half-integer L € A (N, m), what
restrictions on the triple (N, m, L) are necessary and sufficient for there to
exist a matrix A € E(N, < 2(N — 1) — m) with ||A]| = Nd — 2L such that A
has 2Dy _,, as a diagonal block and Symmy (6(z, A)) is nonzero?



Appendix C
Computations

Below, we list some computational procedures that we have used. It must be pointed
out that none of the authors claim any expertise in computation. So, these algorithms
are most likely not very efficient or economical; yet, they can be of help to the reader
in understanding how the explicit correlation polynomials presented as examples
in the second chapter are computed. In what follows, by a ‘procedure’, we mean a
MAPLE procedure.

1. Computation of Correlation Functions.

Let E := [a;] be an N x N symmetric matrix with nonnegative integer entries and
each of whose diagonal entries is 0. In the procedure below, E is represented as a list
of N — 1 lists:

E = [[aiz, ..., an], ..., [Gig1ys - - aiv]s oo fagv—)n]]-

The function G of the procedure is the polynomial Symmy (6(z, E)) defined in the
second chapter. The function wyG of the procedure computes the expression of G
as a polynomial in yy, ..., yv—; (as in the second chapter).

with (combinat) ;
v := proc (N::nonnegint)
options operator, arrow, function_assign;

[seq(z[i]l, 1 =1 .. N)]
end proc:
h := proc (R::nonnegint, N::nonnegint, E::1ist, L::1list)

options operator, arrow, function_assign;

product ((L[R]-L[R+3j]) "E[R][Jj], j =1 .. N-R)
end proc:
g := proc (E::1list, N::nonnegint, L::1list)
options operator, arrow, function_assign;
product (h(R, N, E, L), R =1 .. N-1)
end proc:
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G := proc (E::1list)
options operator, arrow, function_assign;
simplify (sum( expand (

g(E, nops(E)+1, permute(v(nops(E)+1))I[i])),
i =1 .. nops(permute(v(nops(E)+1)))))
end proc:
ele := proc (E::1list)
options operator, arrow, function_assign;
{convert (G(E, nops(E)+1l), ’‘elsymfun’)}
end proc:
eqg2 := proc (N::nonnegint)

options operator, arrow, function_assign;
expand (product (x+z[j], J =1 .. N))
end proc:
eqgl := proc (N::nonnegint)

options operator, arrow, function_assign;

expand ( (x+t/N) "N+sum (y[k]* (x+t/N) " (N-k-1), k =1 .. N-1))
end proc:
eq := proc (E::1list)

options operator, arrow, function_assign;
[seqg(coeff (eqg2 (nops(E)+1), x, i) =

coeff (eql (nops(E)+1), x, 1), i = 0 .. nops(E))]
end proc:
u := proc (E::1list, p::nonnegint) option remember;

if p = 1 then algsubs(eqg(E)[1], ele(E))
else subs(eqg(E) [p], u(E, p-1))
end if end proc:
wyG := proc (E::1ist) options operator, arrow, function_assign;
simplify (u(E, nops(E)+1))
end proc;

The trial wave function v for the system of N Fermions corresponding to E is
computed by the procedure below. Note that the correlation polynomial G of the
configuration is one of the inputs required by ).

with(LinearAlgebra) :
fermi := proc (N)
options operator, arrow, function_assign:
Determinant (VandermondeMatrix (z, N))
end proc:
psi := proc (G, N)
options operator, arrow, function_assign;
(-1) " (N*(N-1) /2) *fermi (N) *G
end proc;
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2. Correlation Functions of Minimal Configurations.

Let m and n be positive integers and N := mn. In the fourth section of the sec-
ond chapter, the correlation function of a minimal configuration of N Fermions
in the v =n/(2pn £ 1) IQL state, is defined to be a polynomial of the form
Symmy (0(z, E)), where E = M (m, n, a, ¢). Of course, the above procedure can be
used to compute this correlation polynomial; but the procedure presented below
is more economical in computational terms because it exploits the symmetries of
these minimal configurations. Thus, with appropriate inputs m, n, a, ¢, the func-
tion G outputs the corresponding correlation polynomial (which is equivalent to
Symmy (§(z, E)); see Theorem 13). The associated trial wave function can then be
computed using the above procedure .

with (GroupTheory) :

gl := proc (m::posint, n::posint)
options operator, arrow, function_assign;
{[seq([i*m+1l, i*m+2], i =0 .. n-1)1]1}
end proc:
g2 := proc (m::posint, n::posint)
options operator, arrow, function_assign;
{[seqg([seg(i*m+j, j =1 .. m)], i =0 .. n-1)]}
end proc:
g3 := proc (m::posint, n::posint)
options operator, arrow, function_assign;
{[seq([i, m+i], i =1 .. m)]}
end proc:
g4 := proc (m::posint, n::posint)
options operator, arrow, function_assign;
{[seqg([seqg(i*m+j, i =0 .. n-1)], 3 =1 .. m)]}
end proc:
g := proc (m::posint, n::posint)
options operator, arrow, function_assign;
‘union' (gl(m, n), g2(m, n), g3(m, n), g4(m, n))
end proc:
gro := proc (m::posint, n::posint)

options operator, arrow, function_assign;
Group (g(m, n), supergroup = SymmetricGroup (m*n))
end proc:
coreps := proc (m::posint, n::posint)
options operator, arrow, function_assign;
map (Representative,
RightCosets(gro(m, n), SymmetricGroup (m*n)))

end proc:
with (combinat) :
v := proc (m::posint, n::posint, s::posint)
options operator, arrow, function_assign;
[seq(zlcoreps(m, n)[s]lr]]l, r =1 .. m*n)]
end proc:
h := proc (k::posint, m::posint, n::posint, E::1list, L::1list)
options operator, arrow, function_assign;
mul ((L[k]-L[k+3])"Elk, k+3j], § = 1 .. m*n-k)

end proc:
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gg := proc (E::1list, m::posint, n::posint, L::1list)
options operator, arrow, function_assign;
mul (h(k, m, n, E, L), k =1 .. m*n-1)
end proc:
GO := proc (E::1list, m::posint, n::posint)

options operator, arrow, function_assign;
simplify (sum(expand (

gg(E, m, n, v(im, n, t))), t =1 .. nops(coreps(m, n))))
end proc:

with (LinearAlgebra) :

eta := proc (u, V)

options operator, arrow;
abs (signum(u-v))
end proc:
dee := proc (r::posint, s::posint)
options operator, arrow, function_assign;
Matrix(r, s, eta)

end proc:
B := proc (r::posint, s::posint, m::posint, a, c)
options operator, arrow, function_assign;
(2* (1-abs (signum(r-s))) *a+abs (signum(r-s)) *c) *dee (m, m, eta)
end proc:
bl := proc (m::posint, n::posint, a, c)
options operator, arrow, function_assign;
[seqg([seq(B(i, j, m, a, ¢), j =1 ..n)l, 1 =1 .. n)]
end proc:
M := proc (m::posint, n::posint, a, c)

options operator, arrow, function_assign;
Matrix(bl(m, n, a, c))
end proc;

proc (m::posint, n::posint, a, c)

options operator, arrow, function_assign;
GO(M(m, n, a, ¢), m, n)
end proc;

@
1]

3. Total Angular Momenta for Systems with QE.

For systems of N Fermions with m QE in v = 1/3 IQL, it is necessary to compute
the allowed total angular momenta of the system. The following procedure is based
on the description presented in the fifth section of the second chapter; it outputs the
set A(N, m) of the values of allowed total angular momenta.

with (QDifferenceEquations) :
with (powseries) :
F := proc (1, N, q)
options operator, arrow, function_assign;
expand (expand (QBinomial (2*1+1, N, g~2)))

end proc;
f := proc (1, N, q)
options operator, arrow, function_assign;
quo (F(1l, N, q), g (N*(2*1-N+1)), q)

end proc;
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g := proc (1, N, q)
options operator, arrow, function_assign;
expand((g~2-1)*f(1, N, q)/q"2)

end proc;
h := proc (1, N)
options operator, arrow, function_assign;
[seq([(1/2)*i, coeff(g(l, N, ), g,i)], i = 0 .. N*(2*1-N+1))]
end proc;
lambda := proc (1, N)
local t, s; option remember;
t := NULL; for s to nops(h(l, N)) do if h(l, N)[s][2] <> 0
then t := {h(l, N)[s][1l]} union t end if end do; return t
end proc;
Lambda := proc (N, m)

options operator, arrow, function_assign;
lambda ((1/2)*N+1/2-(1/2) *m, m)
end proc;
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