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Abstract. The model under consideration is that of a two-dimensional one-component plasma
confined to the surface of a sphere. In the canonical format, the system is mapped onto a discrete
one-dimensional anticommuting-field theory. A unitary transformation of anticommuting
variables is revealed to generate a correlation hierarchy, truncated rigorously at each hierarchical
level. In the thermodynamic limit of the fluid regime, this truncation provides a specific invariant
structure of multi-particle densities of the plasma formulated on an infinite plane.

1. Introduction

Coulomb systems are the touchstone for investigating the effect of long-range interactions
in the thermodynamics of classical fluids. The long-range tail of the Coulomb potential
causes screening and neutrality in a charge system, and thus gives rise to exact constraints
(sum rules) for correlations functions (for a review, see [1]), like the zeroth- and second-
moment conditions [2, 3], the shift of the compressibility equation to the fourth-moment
condition [4—6], etc. The Debye-ildkel theory (valid in the region of low densities and
small couplings [7]), applied extensively as the basic mean-field method to general fluids,
also has its origin in Coulomb models.

The specialization to two dimensions (2D) and to the one-component plasma (OCP)
brings some physical as well as mathematical peculiarities. The latter include a formal
relationship to the fractional quantum Hall effect [8], experimental evidence for Wigner
crystallization at low temperatures [9], the dependence of the statistics on only the parameter
coupling constanl” ~ 1/temperature (the charge density scales appropriately the distance),
the knowledge of the equation of state [10], the mapping to free fermions at special coupling
' = 2 [11] (the only completely solvable state of a fluid in 2D), and so on. It was suggested
that the 2D OCP is in the critical state at arbitrary{12, 13], namely the electrical-field
correlations (but not the particle correlations) display a power-law decay at asymptotically
large distances, and so the free energy is supposed to exhibit a finite-size correction predicted
by the conformal-invariance theory.

Quite recently, a symmetry of the infinite 2D OCP with respect to a complex
transformation of particle coordinates was observed for arbitrary couplifg4]. The
resulting functional relation for the two-body density is equivalent to an infinite sequence
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of sum rules relating the coefficients of its short-distance expansion. The present work
is a natural continuation of this study. It originates from an attempt to explore how the
symmetry manifests itself in the case of general multi-particle densities. The problem is
that in the derivation of the functional relation for the two-body density the dependence
of the latter exclusively on the relative particle distance was crucial. Many-body densities
are more complex functions of particle coordinates, and so another sophisticated approach
providing some new extra information is necessary.

Here, we propose (within the canonical format) a method based on the duality between
the continuous 2D OCP (in particular, confined to the surface of a sphere) and a discrete
1D anticommuting-field theory [14]. The coefficients of the short-distance expansion of
multi-particle densities of the 2D OCP are expressed in terms of fermionic correlators
of the 1D anticommuting-field theory (hereinafter, the fermion and the anticommuting
variable are understood to be equivalent). A unitary transformation of anticommuting
variables is then used to generate a specific hierarchy of identities, each of which relates
a fermionic correlator of a given order with a combination of fermionic correlators of
one order higher. The hierarchy is closed at every level, i.e. there exists a rigorous
procedure to reduce the order of higher correlators by one. The consequent closed-form
relations for fermionic correlators of the same order have, in the thermodynamic limit
of the fluid regime, a fundamental impact on the form of the multi-particle densities
of the 2D OCP. These, to the present knowledge being general unspecified functions
of particle coordinates, are shown to involve particle coordinates only in a finite set
of specific polynomial combinations (invariants). The invariant structure of the multi-
body densities is equivalent to an infinite sequence of functional relations for the particle
densities of the same order, strongly restricting the possible forms of the latter, and so
it represents a step towards the potential complete integrability of the 2D OCP. Standard
approaches to Coulomb systems, e.g. based on some approximate truncation of the BBGKY
hierarchy of equations, do not pass the test of the established invariant-form of particle
densities.

The paper is outlined as follows. Section 2 is devoted to the definition of the
spherical 2D OCP, its stereographic projection to a plane and the consequent mapping,
at coupling constanf” an even integer, to a 1D anticommuting-field model. The multi-
particle densities of the plasma are expressed in terms of fermionic correlators. Section 3
deals with ordinary symmetries of the anticommuting-field theory, having the origin in the
interchange symmetry and anticommutation relations among the field-components, and a
Hankel-like form of the fermionic action. The factorization of variables in anticommuting
integrals implies an important set of interrelations among the fermionic correlators; they
will be called ‘microscopic sum rules’ because of their close relationship to the ordinary
momentum constraints. In section 4, we propose the unitary transformation of fermionic
variables providing a correlation hierarchy of equations. The mechanism of the hierarchy
truncation is explained in detail. The resulting closed-form relations are solved formally
by using the method of generating functions in section 5. Here, some new exact results
for the spherical OCP are discussed. Section 6 concerns the thermodynamic limit of the
plasma which is identified with the transition from the sphere to an infinite planar system
possessing the circular symmetry. Apart from some explicit prefactors, the multi-particle
densities are shown to depend on particle coordinates via special ‘elementary’ homogeneous
polynomials, symmetric with respect to any variable interchange and invariant under a
uniform shift in all variables. Concluding remarks and some applications are given in
section 7.
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2. Preliminary formalism

The classical OCP, confined to the surface of a sphere of ra&t]iis a continuous system

of N identical pointlike particles = 0,1,..., N — 1 of chargee embedded in a spatially
uniform neutralizing background of charge densityno, whereng = N/(47R?). The
system possesses perfect rotational symmetry, with no point having special status. The
Coulomb potential created at point 2 on the sphere by a unit charge located at point 1 on
the sphere plus the neutralizing unit charge uniformly distributed over the sphere is (see

e.g. [8])
Vi2 = —In(sin3ty,) + constant (2.1)

where 115 is the angular distance between the two points and the value of the additive
constant, put to zero, is irrelevant when calculating particle densities. The corresponding
Boltzmann weight factor at temperatufeequals to sift (112/2), where 3 = ¢2/kzT(=T)

is the coupling constant. The canonical partition function of the background-particle system
thus reads

Z(y) = = /ﬁ doi []sir® (2.2)
V)= 7 - 5Tij .
N! i=0 4 i<j 2

where & = R?d(cosp) d¢ is the surface element of the sphere. Hereinafter, we omit in
the notation the dependence on the particle nunMer

The correspondence with an infinite planar domain can be obtained by a stereographic
projection of each pointo, ¢) from the south pole& = 7) on the tangent plane to the
north pole, with the complex coordinate in this plane beimiy:2

7 =tan(¢/2) €*. (2.3)
Since
= 2 2 2
do _Odendz R® _dz  R" 2.4)
47 2ri (14 z2)2 7 (14 z2)2
. |Zi - Zj|2
Slnz(‘L',‘j/Z) = (25)

A+ ziz)(A1+z;z))
the partition function (2.2) in the planar format reads

1 N-1 B
Z(y) = m/ l—!)dzziw(zi,zi)nlzi PNES (2.63)
i= i<j
1 1

7 (L4 zz)yrN-D+2 (.0)

w(z,7) =

where we have dropped an irrelevant prefadtét .
The canonical multi-particle densities on the sphere are defined as follows:

1
ni(6, ¢) = J(m)<lza(zi —x) 8@z —)E)> (2.79)
1
na(61, 1162, ¢2) = AN IR < D 8z — x1) 8 — X1) 8(z; — x2) 83, — xz>>

i)
(2.70)
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1

J(x1, x1) J(x2, X2) J (x3, X3)

X< Z 8(zi — x1) 8(zi — X1) 8(z; — x2)d(Zj — X2) 8(zx — x3) 8(Zk — f3)>
(i#))#k

n3(01, ¢1|02, 2163, ¢3) =

(2.7c)
etc, whereJ (x, ¥) = 4R?/(1 + xx)? is the Jacobian of the mapping, ¢) — 2R(x, ¥)

and the averaging is taken over the planar measure given in (2.6). Demgtingt) =

(3 8(zi —x) 8(z; — X)), nh(xa, X1lx2, X2) = ( > iz 8(zi —x1) 8(Zi —%1) 8(z; —x2) 8(3; —X2))
and so on, the partition function (2.6) is the generating functional in the sense that

, _ _ é
nl(x,x) = w(x,x)mlnz (2&)
ny(x1, X1lx2, X2) — ny(x1, X1) ny(x2, X2) = w(x1, ¥1) w(xz, X2) 5 |:n/1(x1,321)1|
Zeh e veh e ’ T Sw(xg, ¥2) [ w(xg, £1)
(2.80)

ny(x1, X1|x2, X2|x3, ¥3) — nh(x1, ¥1lx2, X2)ny(x3, X¥3) = w(x1, X1) w(xz, X2) w(xs, X3)
o 3 [ nh(x1, X1]x2, X2) }
dw(xs, x3) [ w(xy, X1) w(xz, X2)

(2.80)

etc.
For y positive integer, it has been shown in [14] that the partition function of the
form (2.6a) can be expressed in terms of Grassmann varia{t&lﬁ%, wi(“)} (x=1,...,y),

defined on a discrete chain &f sitesi = 0,1,..., N — 1 and satisfying the ordinary
anticommuting algebra and integral rules [15], as follows:
Z() = / Dy Dt 5E V) (2.%)
y(N=1)
SE W)= Y EwiV,. (2.%)
i,j=0

Here, Dy Dt = [V dy” .. .dyPde” ...dg™ and the actionS involves pair
interactions of ‘composite’ operators
N-1

=y &Y. .g}y” (2.10)

— @ )
U= Y Yy (2.10)
J1sees jy =0
Grte+iy=j)

i.e. the products ofs anticommuting-field components with the fixed sum of site indices.
The interaction strength is given by

w;j :/dzzziZ-iw(z, 7) (2.11)
for the model under consideration (2.6) it takes the diagonal form= §;;w; with
) . ify(N-1) —i]! /
=B 1 -1 - 1] = 2.17
w; [+LyN-1—i+1] [N =1 +1]! ( )

whereB is the beta function.
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After some algebra, the densities (2.7) (written with planar arguments for simplicity)
are expressible in the fermionic format as

nx,x) 1 1 r&b N
1(no ) _ gy Y ; (8 W) (xX) (2.120)
np(xy, Xalxz, x2) 1 1 1
ng T N2 (L4 x0 )Y VD (1 xpiip)? VD
XY (B W) xR g RS (2.120)
i e
n3(x, X1lxo, Xolx3, X3) 1 1 1
ng T N3 (L4 x0 i)Y WD (1 xpiip)? VD
1 y(N-1)

2WE W R . \yls/l 22 i3 =3

X (1 xata)’ ™D (Biy W)y Bip W, Big Wjg ) Xy X7 x5 % x3'X3
(i1, 1,02, 2,13, j3=0

(atiz+is=ji+ja+js)

(2.1%)

etc. Here,(---) = [DyDEexpS).../Z(y) and we have taken into account that
for the ‘diagonalized’ actionS = ), E;w;\¥; only correlators(g;,,¥;, &;, ¥, ...) with

i1 +i2+ -+ = j1+ j»+--- survive. Under our convention, the order of a correlator
(B, ¥;,E;, W), ...) equals to the total number &'s (or ¥'s) involved. For generap-body
density, the above scheme generalizes straightforwardly to

np(xy, X1l %) 1 2 1
ng NP =1 (1+ xiii)V(N—l)
r(v-h A .
- - = ip - Jp
X Z (EnW), ... B, W) X%t x) X (2.12)

. 1'1,_]'1,:..,!'1{,_]',,:0 .
(igt-Aip=j1t+Jp)

A p-correlator(g; ¥;, ... E; ¥; ) (p < N) may be nonzero only if

Lyp—Dp<ir+-+ip=ji+-+j, <yp[N - 3(p+ D]

In order to maintain the clarity of the presentation, we will analyse in detail the symmetry
and transformation properties of one-body density (one-correlators), or if need be two-
body density (two-correlators), and afterwards write down the corresponding final result for
generalp-particle density, in accordance with formula (2.2

3. Ordinary symmetries and microscopic sum rules

The two sets of Grassmann variablgs®}, {v“’} (and the respective composites
{E;}, {¥;}) are in a certain sense complementary to one another. For mathematical reasons
it turns out to be useful to consider one set of composite variables,{&;§, in the
‘decomposite’ representatio®;, = >, ., ., _, si(ll)...gii]’), while keeping{¥;} in the
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composite form. The action is then written as

Z 5(1) . §(y)wu ..... i, Wi toti, (3.13)
,,,, i,=0
i)y N =D = (a4 )]
Wiy,..., i, — [)/(N — 1) + 1]| . (3]b)

3.1. Ordinary symmetries

The correlators, induced by the action (3.1), exhibit two kinds of symmetries.

The first (trivial) one is based on the interchange and anticommutation properties of
Grassmann operators. The interchange of a pair of field indices, say 1 and 2, results in the
symmetry

<€:i(11)5i(22) oo qju) = <‘§i(21)§i(12) S ‘I’u> (3.29)
D@ D@ De@ D@
(6787 . wETET W) = (787 wETE7 W) (3.20)
where allgi(a” with @ = 3, ..., y, untouched by the concrete realization of the symmetry

transformation, are represented by points (note that ¥ i, + --- + i, in (3.2a) or
u+v#ir+---+i, + j1+---+ j, in (3.2b), these equations correspond to=00).

The anticommutation property of the operators implies the symmetry relations for two- and
higher-order correlators of the form

ED . wED v =~ wegD ) (3.3)
= (D7ED . wED W) (3.3%)

etc.
The second class of symmetries is closely related to the explicit form of the coupling

(3.10). Aswy,...i, = Wy—1-is....N—1-i,, WE gEt at once
@ ) @ )
(Sil "'Eiyy lyu> = (SN—l—il SNy 1-i, y(N—l)—u> (3.49)
1 1
RSN AR
1 1
= (ENLams - N, Yy DN Ly - BN, Wy Do) (3.40)

Another large set of symmetries follows from the Hankel-like natureof ; = wi 4.4,
(we recall that the ordinary Hankel matrix is definedby; = w;4;). Let us consider the
guantity

@42 @ £
3§ = —x Z Wiy +ip+- E,l %-lz e Wi — Y Z w11+lz+ 511 1%—,2 e Wiipte

11 lz =0 ll l2

(3.5)

Wheregizl) = 0. The first term on the right-hand side of (3.5) evidently equals to zero due

to the anticommutation relations amo{tg(z)}, while the second one can be easily reduced
to

N-2 N-1

@ (2)
—yZ Z WirtN+-& EnZg - Wi N

i1=013,.
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Then

D)D) DD N D) £ (D) D) £ (D)
(g7, . wETE) . wed) = <g £ WETED .,

N-2 N-1 ” (2
(1 DI DRI )>=o (3.6)

i1=013,..
where we have appliedsS)? = (65)° = --- = 0 as the consequence ()5(2) )2 =
(s,(\,zil)3 = ... = 0; the nullity of the correlator is due to the unequal numbet éf and
£@ variables in every term to be averaged. Since
= 1 2 2\, (2
S+8S= Y Wi (5 — xE7 = yED)ED Wiy
i1,iz,...=0
under the change of variables” — £® + x£@ + y£'®, equation (3.6) can be rewritten
as follows:
(& +x67 +y&20) (& +x67 +y8.71) .. v
(& el g () a8 £g) ) = 0. @.7)

The coefficient tax? yields the Bogoljubov-type equality

D) D) £ D) D)
(gil g5, WETES ...xpu)=(sgi1 £ WEES )

+(EPe? . w,gPe? L w). (3.8)
The coefficient toy? (or xy) implies
(062w g2 v+ (6P, wePED )
(6 Vg ) = (6060 VET )
+(EDE?D W e ED v+ (Ve e PER L w,) =0 (3.9)

where the alternative) sign to 1 in subscripts corresponds to the opposifeshift of
i1 in (3.5). Notice that the above symmetry is richer for higher correlations owing to the
possibility of larger shifts of site indices 8.

3.2. Microscopic sum rules

There exist other exact constraints on fermionic correlators, in what follows called
microscopic sum rules, associated with the integration rules for anticommuting variables.
On the level of one-correlators, they are represented by the formula

Z Wiy, iy, 51(11)51(22) s E,’(yy)\yi1+iz+--<+iy) =1 (310)

i2,...,0,=0

valid for alli; = 0,1,..., N — 1. This relation can be derived by grouping all termsSin
which containg " with a specific value of;,

1 2
S=S/+si” Z &7 & Wi i Yiioti,



4156 L Samaj et al

and then performing a series of algebraic operations

N-1

/ Dy D = / Dy DE e5’<1+gf11> Yo &2 E Wi Vi +,y>
i2,..., iy:O
~ [ s 2y Z 62 £ Wity kit s,
..... i,=0
)y & e
/,DwID%_ eS%-() Z 5()~ g(}/)wll |73 i \I’zlther +iy,
02,0y iy=

Here, we have successively used the commutation nature of the combination
£V & Wiy, the nullity of the anticommuting integral in the absences gt
in the product of¢’s and the possibility of replacing’ — S when éi(ll) has already been
factorized.

On the level of two-correlators, the microscopic sum rules are summarized by the
formula

D@ ) D@ )
Z Wik A, jorojy 51y &y - & Winkiptootiy—n€jy & <& Wit jprttjy+A)

y

1, @ 1,2
= 5A,0<§i(1 )Si(z) . 'éi(yy)\pi1+i2+»--+iy> - 5i1,_j1+A($j(1 )éi(z) . S(y)‘l"11+zz+ i)
(3.11)

holding for alliy, ip,...,i,, j1=0,1,..., N —1 andA an integer bounded by
max—ji, i1 +iz+---+i, —y(N-D} < A<minfiy+ix+---+i,, N—1— ji}.

The proof forA = 0 is the same as in the previous case with the only proviso: there must
be an additional term on the right-hand side of (3.11) which cancels the first ohe=foy;.

For A # 0 andiy = j1 + A, one can interchange the variablg$ < &V (getting the ¢)

sign) and then proceed as above. Whept 0 and simultaneouslyy # j; + A, we group

all terms in$ containingéj(ll}rA,

(1) 2 (V)
S=5"+ ]1+A Z 5 o Wi A kg by Wbk, A

and subsequently factorize the variabjlélA. The left-hand side of (3.11) then involves

N-1 N-1
De@ 20
§ Wit A oy Wit A ek & 6 & W eyt

2
s(+A 152) T Slfi/)q}jl+k2+“'+ky+A-
This expression is equal to zero: for every configuration of indiges .., j,; k2, ..., k,}

such thatjz # k2, ..., j, # k, there always exists a conjugate ofg = kz, ..., j, =
kyiky = jo, ...k, = j,} with the same absolute value of the prefactor, but the opposite
sign (since? .. smwmm iy a Anticommutes Witte? .. £ W), itk +a).

The extenS|0n of microscopic sum rules to higher correlatlon orders is straightforward,;
they always relate neighbouring correlation orders.
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4. Unitary transformation

Let us pose the following question: provided that the Grassmann variables under
consideration {y*'} are mapped onto]y* (1)} by a nearest-neighbour (unitary)
transformation, defined as

0y (1) « « “ o .
— =ayhO +hy N0 YyPe=0=y" (=0 N-1
(4.1)

with ay_1 = bp = 0 andt being a free parameter, does there exist a choice of the
coefficients{q;, b;} for which also the composite operatop¥;} transform according to
a nearest-neighbour scheme
aw; (1)

at

=aVin@) +b¥ia()  WiG=0=¥%  [i=0...y(N-D] (42)
with a, y—1 = bo = 0? The answer is affirmative: it can be readily shown by a direct
computation that if one chooses the as-yet-unspecified;} in (4.1) as follows:

ai =a(+1) bi =b(N —1i) (4.3)
the consequen{ty; (¢)} fulfil (4.2) with (as-yet-unspecified)

a =a(i +1) b = bly(N —1) +1—1]. (4.4)
The transformation is unitary in three cases:

(i) a=1,b=0 'Up (V) transformation
(i) a =0,b =1 'Down’ (D) transformation
(i) a = b =1 ‘Up-Down’ (UD) transformation.

The U- and D-Jacobians are evidently equal to the unity since the corresponding
transformation matrices are triangular with the unity diagonal, the unitarity of UD-
transformation (which is out of interest in this work) can be checked by a direct calculation.
To summarize: the U-transformation is given by

az/f,.;cj(r) =G(@+Dy @ (=01,...,N—-2 % -0 (4.5)
? =@ +DV@) [i=01,...,y(N—-1—1] ?‘l’ﬂgt—l)(f) —0. (45
The D-transformation is defined by

8¢;m)=(N—mwﬁﬁn (i=1..,N-1) 3¢§“)=0 (4.6)
aq;t(;) =[y(N-D+1-i]¥,1(t) [i=1...,y(N—-1)] 8‘I;ot(t) —0 (4.6

The boundary conditions for both U- and D-schemes r¢ai(t = 0) = v* and
Y;(t = 0) = ¥;. Note that equations (4.5) and (4.6) are, in fact, two realizations of
one symmetry transformation, related to one another via the chain reversal — 1 —i.

Now we show how U- and D-transformations induce interrelations among the underlying
Grassmann correlators. Let us start with one-correlators and U-scheme (4.5). Introduce the
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auxiliary quantity

Vil = 705 / DYy DEV VN £V W 1) (A7)
N-1

Suy="Y &V & wip Wk, (O (4.70)
J1seeerjy=0

[Dy(r) = Dy]. V, which is identically equal to zero at arbitrary generates the lowest-
order of a correlation hierarchy via

v, 0
""" =0 (4.8)
ot t=0
resulting in
1 N-1
O=(irt-+iE & W)+ D (it 4y +1)
1, jy=0
xwj, e E Wi gD ET W), (4.9)

With respect to the explicit form of the interaction strength §3.there holds

(it +jy+Dwjy,. j, =N —1—jDwjta,..j, ++ N =1=j)w j+1
(4.10)
Inserting this into (4.9), the summands have a common structure represented by
N-1
Y Wik, (N =1 jp)
JiseeesJy=

D2 ) D2 )
X(";:,‘l éiz ---%_,‘V \Ill'1+l'2+“-+l'yflsjl E_,‘Z --~§jy lljj1+j2+'“+jy+l>'

According to the microscopic sum rule (3.11), such a two-correlator expression vanishes
for all j;, except forj; = i; — 1 when it reduces to a one-correlator

—(N — il)(é,(ll) 15,(22) . ~§,~(yy)‘1’i1+iz+--»+i771)-
Finally,
Gt A iED L E W) = (V= iD(E & Wi )
FN —i)(ED ET W) (4.11)

where eventual correlators invoIvir&d“‘f are set identically to zero.
For D-transformation (4.6), the lowest level of a correlation hierarchy is generated by
the auxiliary quantity

Vi) = 70 / DYy DEVED £ Wipi a0 (4129)
N—-1 1

Sp)y =Y &Y E wy Wiy, () (4.1%)
J1s-es jy=0

.....

[J/(N - 1) +1- (Jl i), = Wi, o Wi -1 (4.13)
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deduced from (34), the hierarchy can be exactly truncated by adapting the procedure from
the previous U-case, with the result

[Y(N =1 = a4 +i))ED . 67 W)
= (i1 + 1)<£f;3_1 o Ei(yy)wi1+---+iy+1> +--+ 3, + 1)(51'(11) - E,'(Vyll\l"i1+-<~+iy+1)
(4.14)

where eventual correlators involvirgg"’ are put to zero.

The generalization of the truncation procedure to higher correlation orders is trivial.
In accordance with the above scenario, choosing the obvious auxiliary generator on the
pth hierarchical level, the microscopic sum rules enable us either to eliminate unwanted
correlators of thep + 1)-order or to reduce their order by one, and in this way to get a

closed-form equation fop-correlators. Schematically, U-transformation gives
@+ DED . EUED Y, )

+o+DED . EWEY g W)+

=N —iDfED,  EVWED g W, )+

+(N —i)ED . .si‘jjlqzug@. g‘”\p )

)

)

. 1 1
+N = e g wED g, )+

+(N = e e v éf” (4.15)
withu+v+---=i1+---+i, + j1+---+j, +--- — 1, while D-transformation implies
[y(N -1 +1—u]l” ... g}y”xyu_lgj‘l” ... gj(y”\yv .. .)

Hy(N =D +1-0)ED gV wED gj(”q/v,l N R

= G+ DlES - &7 g 6w )+

Hiy + DY 5T WED g

+G+ DED . g(wq, £h S(y)‘lf O+

+0y +DED . EVwED g e, )+
Withu +v+--=ig+-+i,+j1+---+j, +-+1

(4.16)

5. The method of generating functions

To solve formally iteration sets (4.15) and (4.16), we introduce the generating functions for
generalp-correlators:

N-1 y(N-1) ! 1
Fy(x1, 1]@2, o] . ..) = > > ED. ..g}y”wu;;l) .. .g}y”wv )
il,...,iy;jl,...,j N =0u v,...=0
XXy .. x’lyy)ffxéll xé;xé’ (5.1)
wherex; denotes vectox;1, x;2, ..., x;;,). Due to the constraint +---+i, + j1+---+
Jy +---=u-+v+--- for nonzero summands in (5.1), the polynom#l possesses the

scaling property

X2
M$27

) (5.2)

_ _ X1
Fy(xy, x1|®2, X2/ ...) = F, (uwl,ﬂ
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U-iteration (4.15) implies forF, (x1, X1|x2, X2|...|x,, X,) @ PDE of the form

P

Z( +Z o >p—(N—1)ZZx,a (5.3)

i=1 i=1 a=
solvable by using the method of characteristics

Fp(@1, 51 .. |2y, %p) = ]‘[]‘[(1+x,aA>N !
i=1la=
.’131 — mp -
Fpl ——,x1— X, — A. 54
x p(l—}—wlA 1 '1—}—pr r > (5-4)
Here, A is a free shift parameter such tha,A # —1 andx;/(1 + x;A) means the

vector with components;, /(1 + x;oA), « = 1,...,y. According to D-iteration (4.16),
F,(x1, X1] ... |x,, X,) also satisfies another linear PDE

p 14 P
Z( % +Z >Fp=7/(N—1)Zi,»F,7 (5.5)
' oa=0 i=1

i=1

providing

P
Fp(@y, 51l ... @y, ) = [ A+ 5 4) VD
i=1

)E]_ xp
xF,|xy — 1A, ————| ... |®, — 1A, ———— 5.6
"( ! 1+)E1A‘ ? "1+ 5,A ) 56
wherex; A # —1 and1 is the y-component unity vector.
In the subspace with all; = x;1, using the notationF,(x(1, x1|...|x,1,%,) =
Fy(x1, X1 . .. |x,, X,) with
y(N-1)
—- - — — ip p
Fy(x1, X1] ... 1xp, Xp) = Z (8,¥) ... 8, \Iljp)xlle CeXp X lj,’ (5.7)
l‘l,m.il,;jl ..... j[,:O
it =jittjp
the scaling relation (5.2) is written as
_ X1 X
Fp(xy, X1l ... |xp, %p) = (uxl, R e f) (5.8)

and equations (5.4) and (5.6) become, respectively,

p
Fp(xa, xal .- |xp, Xp) = H(1+XiA)y(N_1)
i=1
X1 _ Xp _
FF\l.m— x1—A|l...|—,x, — A 5.00
g p<1+x1A xl ‘ ‘1+pr r ) (5.%9)

p

=] J@+xay®D

i=1
)El Xp

Flxi—A, ———|. . |x, - A, —L2— 5.%

x,,<xl 1+m‘ %, 1+xp) (5.%)

Note that these equations are related to one another via the interchanggé symmetry,
Fp(xl, )E1| e |xp, )Ep) = Fp(fl, x1| e |)Ep, xp). (5.10)
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To complete the list ofF,,-symmetries, in accordance with the anticommutation relation
(3.30) the interchange of a couple of variables(or a couple ofx) induces the factor
=D,

Fp(. .. |)C,‘, )E,l . |Xj, )Ej| . ) = (—1))/F1,(. .. |Xj, )El| . |)Cl', )Ej| .. ) (511&)
=(—l)pr(|Xl,)E,||x,,)El|) (51]b)

With regard to (2.18), the relationship between the-body density andr, reads

ny(xy, X1l .. |xp, X)L 2 1 _ _
nf = wr U agmyorn e fal b %) (612
For p = 1, we have

Fi(x,x) =1+ xA)y(Nl)Fl<1 +xxA ,X — A) (5.13)
— A+ iay VR (A ). 5.1%
1+x4A) 1| x "TT A ( )

Putting A = x in (5.13a) or A = x in (5.13) and taking into account the scaling (5.8), one
finds

Fi(x,X) = N1+ xx)?WV-Y (5.14)

where the prefactor is determined by the normalization condition (3.10). As a result
ni(x,x) = no, i.e. the present algebra confirms the expected homogeneity of the charge
density on the sphere. We add that it is possible to find out from (5.4), (5.6) the more
general functionFy (x, x), with the final result for one-correlators

(6. 67 Wi ) = N(N - 1) - (N - 1). (5.15)
v 11 ly
Rescaling suitably the Grassmann varia€8 by local factors~ (¥ 1), the consequent

correlators do not depend on the particular configuration of site indices (as in the case of a
complete-star structure).
For p = 2, it holds

Fa(x1, ¥1]x2, 2) = [(1 + x1A) (L + x0)] V=D
X1 _ X2 _
ol ——,x1— A L X0 — A 5.1&
x 2(1+X1A A 1+XQA 2 > ( )
=L+ B21A) A+ 50)]7 VY

X2
F. — A, —A,—= ). 5.16
X 2(x1 X2 1+x2A> ( )

X1
14+ x1A

Applying successively (5.8 and (5.1®) in order to nullify the first two arguments of
Fo(x1, X1]x2, X2), we arrive at

- = Y X T2 7 )E — )E
Fa(xy, Talxz, %) = [(1+ x08) (L + x50 VP Fp( 0,0 22—, 22— =2 (-17)
1+ xpky 14 x1%p
or, equivalently,
. B X2 —X1 X2 — X1
s s = 0, O — = : 518
na(x1, X1]x2, X2) n2< 1+ xx 1+x1x2> o1
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In view of the fact that

n2(0,0lx, %) 1 1 r@=D

s EoWo B, Wi) (x¥)' 5.19
ng N2 (1+ xx)r®™-D {(EoWo ) (xx) (5.19)

i=y

relation (5.18) reflects nothing but the rotational invariance of the two-body density on the
sphere. The last depend only on the angular distance between the particle positions, namely
on tarf(t12/2) = |x1 — x2/%/[(1 + x1%2) (1 + x2%1)] (see equation (2.5)). Let us next apply

a couple of transformations, those given by (&)1and (5.1®), to F»(0, O|x, x) itself:

F>(0, 0|x, X) = (—1)” Fa(x, 0|0, Xx)

:(—1)V(1+x)E)V(Nl)F2<O, o‘ —x, — ) (5.20)
1+ xx
Since
y(N-1) .
F>0,00x, %) = Y (EqWo&; W) (xk)'. (5.21)

i=y
Equation (5.20) yields a set of linear relations among the coefficients of teapansion,

= 2, = i _1YHi y(N—=1)— o 2,
(uO‘I’Ouz‘I’I} - J;( 1) <V(N _ 1) —i (uO‘I-’OuJ\I’j> (522)
with i = y,...,y(N — 1). One can verify directly that only every second relation is

effective. As a by-product, the set of interrelations (5.22) provides, in terms of vasable
defined byxx = y/(1— y), two equivalent series representations of the two-body density:

n ( ) 1 y(N-1) H H . 1
B = ) (BoWoE W)y (L — )7 VD (5.23)
ng N puy
1 y(N-1) ) )
= D (D) H(EeWoE W)y (5.2%)

i=y
The analysis of transformation formulae & %nd (5.%) becomes rather complicated
when proceeding to higher densities, due to the mixing of the shift parameteboth {x}
and{x} variable sets and due to the finite cut-off of theseries. To avoid these problems,
we shall pass in the next section to tNe— oo limit.

6. The thermodynamic limit of the fluid regime

For a fixed charge densityp, the thermodynami&v — oo limit simultaneously means the
divergence ofR, i.e. the transition from the sphere to an infinite plane. With the north
pole taken as the origin of the coordinate system, the spherical angleelated to the
corresponding Euclidean coordinateby 6 ~ |r|/R (in the limit R — o0), and so the
projection variablex = tan(@/2) exp(i¢) readsx ~ r/2R. It is convenient to work in the
units of yrng = 1 when

r

=75

To eliminate divergent factors im, (2.12) after substituting (6.1), we rescajeas follows:

%-i(ﬂl) — ()/N)i+l/yw§a)~ (62)

(6.1)
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Consequently,
p
np(ri Fal . |1y, 7p) = (yn0)” exp(— Zrm>
i=1
o . .
i1 Ip=Jp
X Z (Qillpjl e Qi/, qup))"ill":{l e I‘pl I‘p[ (63)
i1,J15-w50p, jp=0

(i1t++ip=j1t+jp)

where 's are the composite variable®; = ¥, , ., ;o ..., The averaging is

defined over an infinite set of Grassmann varialkleg with the action

S, ¥) = Z Q;w; Y, (6.4a)
i=0
Wi = lim My -1 — il (y Nt = I (6.4b)

C Nooo [y(N —1) +1]!
Notice that the formula for the multi-particle densities (6.3) as well as the one for the
coupling strength (618 correspond to

w(z,7) = %e*zf (6.5)

i.e. the Boltzmann factor of the potential generated by a neutralizing background with
circular symmetry (in the units ofrng = 1).
The generating function

o0 . .
Fp(r1, 71l ... |rp, 7p) = Z (W), . W Y (6.6)

i j1sendp p=0
(i1t-+ip=j1++jp)

differs from F,(x1, x1]...|xp, X,) only by a coordinate-independent factor. That is why
the counterparts of transformation formulae €.@nd (5.%), with appropriately scaled
A — A/J/y N, take place in the limitv — oo,

14
Fplr, il .. |1y, p) = exp(A Zr,-)f,,(rl, Fi— Al 1y, 7y — A) (6.72)
i=1
)4
=exp<AZF,~>]—"p(r1—A,Fl|...|r,,—A,Fp). (6.70)
i=1

The scaling and symmetry relations (5.8), (5.10) and (5.11) are not touched by the
thermodynamic limit as well:

_ _ r r
Fp(re, ril ... |rp,1p) = F, (,LLI‘]_, ;l‘ courp, ;‘”) (6.8)
:fp(flarl|-~~|fparp) (6.9)
fp(.. . |r,‘,Fi| e |I‘j,Fj| .. ) = (—1)}/.7:],(. .. |I‘j, F,‘l e |F,‘,}7'j| . ) (61%)
:(—1)yfp(...|V,',fj|...|}"j,f[|...). (61(1))
Equations (6.7)—(6.10) are summarized by
12 P . . ~ P o
EXD<—— Zri er>fp(rl9 Fl.rp, ) =y 1_[ (ri =)V (ri — 1))
Pz 4 (i<j)=1

[e¢]

XY falrr o) fa(Fa ). (6.11)

n=0
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Here, f,(r1, . .., rp) is @ homogeneous polynomial of thth degree iy, .. ., r,, symmetric
with respect to the interchange of an arbitrary paie r;,

faCosrinooriy )= fuleo o rj oo riy o) (6.12)
and invariant with respect to a uniform shift in all

Salre, oo orp) = fulri— A, ..o rp — A). (6.13)

Finally, regarding (6.3) and (6.6), equation (6.11) can be transcribed to

_ _ » 00

np(ra, 71l 'p'"r”’r”) = [ rZrexp(=r2/p) . fulrrooooorp) fuPr .o 7) (6.14)
ng (i<j)=1 ' =0

with ”iz,' = |r; —rj|%

We have not found in the mathematical literature any analysis concerning the general
form of homogeneous polynomial,(r1, ..., r,) with properties (6.12) and (6.13). We
have therefore generated by computer, for small fixgd broad set off; (r1, . . ., r,) with
n going to large integers and in this way revealed the following structure:

00 P
fn(rlv "'7r17) = Z Cny, ..., n, Hlélq(rla "'7r17)' (615)
n2,....,np=0 q=2

(2no+--+pn,=n)

Here, c,,..,, are arbitrary-valued coefficients an{f,,(rl,...,r,,)}g’=2 is the set of
homogeneous polynomials (subscriptdenotes the polynomial degree) playing the role

of ‘elementary invariants’. Their numbep, — 1, is intuitively determined by the\-shift
property (6.13) which effectively decreases the number of independent variables by one.

For everyp, the highest-degree elementary invariant takes the form

P
I(ry, ..., 1p) =1_[|:(p—1)ri —eri|. (6.16)

i=1 JAi
A lower-degree elementary invariaff(ry, ..., r,) with ¢ < p is expressible in terms of
the highest-degree elementary invarianyofariables according to the permutation rule

P

IL(ry, ..., rp) = Z 1,(riy, ..oy 1) (6.17)

(i1<ip<--<ig)=1

Like for example,

(1, r2) = —(r1 — r2)? (6.18)
L(r1, 12, 13) = —[(r1 — r2)? + (r1 — r3)? + (r2 — 13)?] (6.1%)
I3(r1, 12, r3) = (2r1 —r2 —13)(2ra — 11 — 13)(2r3 — 11 — 12) (6.1%)
L(ry, 12,73, 14) = —[(r1 — r2)* + (r1 — r3)* + (r1 — 14)?

+(r2 — 13)* + (r2 — ra)® + (r3 — 14)?] (6.200)

I3(r1, 12,13, 7r4) = (2r1 —r2 —r3)(2r — r1 — r3)(2rg — r1 — r2)
+(2r1—r2—r4)(2r2—r1 —r4)(2ra —r1 — ra2)
+(2r1 —r3—r4)(2r3—r1 —r4)(2ra —ry — r3)
+(2r2 —r3—14)(2r3 —r2 —r4)(2ra — r2 — r3) (6.2)
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Ia(ri,r2,1r3,r4) = Bry—ro—r3—ra)(Bra —r1—r3 —ry)

X(3I"3 —r1—r— r4)(3r4 —r1—rp— 1’3) (6203)
etc. Clearly, the choice of elementary invariants is ambiguous, e.g.Jalsn ..., r,) +
L(ry, ..., 7p) I;_2(r1,...,7,) + --- can be chosen as an elementary invariant, but, with

regard to (6.15), this ambiguity is irrelevant. We have checked the validity of the above
structure up top = 6, and do not expect any extra complications for higher
Inserting (6.15) into (6.14) we conclude that

np(rlafl|-~~|rpafp) L 2y 2 =
e =[] new(=ri/p) b
0 (i<j)=1 N2, lpily, ..., n’p:0
2n2+.u+pnp:2n’2+.u+pn;]
po y
XCry,...on, Crlyy ..ot 1_[ L (r1y oo rp) g (Fry oo Fp). (6.21)
q=2
In particular,
no(ry, r1lrz, r2) 2y 2 o 2 4
e =y, exp(—r1y/2) Z CiT12 (6.22)
nO n=0
n3(r1, rilra, r2lra, r3) 2, 2, 2, 2, 2, 2
3 = riyr14Tes €Xp[ =y + riz 4+ r33) /3]
0
o0

X E an,n3cn’2,n’3

nz,n3,ny,n5=0
(2n2+3n3=2n,+3n%)

x[(r1 — r2)* + (r1 — r3)* + (r2 — r3)%]"™

x[(2r1—r2—r3)(2ra —r1 —ra)(2rs —r1 — r2)|"°

x[(F = 7o) + (L — o) + (72 — 79)°]

x[(2F1 — Fp — 3) (272 — F1 — F3) (273 — F1 — F2)]"™ (6.23)
(without any loss of rigour, we omit the-{) sign in 1), and so on.

7. Concluding remarks

In this paper, using a fermionic representation of the 2D OCP we have established the
invariant structure of genergl-body densities, see (6.14) or (6.21). It is seen that the
invariant-structure property is realized separately on{thend{r} variable sets. Although
the treatment was restricted to integer it is reasonable to assume its validity for all
real y in the fluid-phase interval. From a gnoseological point of view, the existence of the
anticommuting-field theory with the non-Gaussian action, providing the correlation hierarchy
truncated exactly at each level, deserves attention.

The invariant structure of multi-body densities can be used as a test bench for trustworthy
approaches. We have tested standard methods like the weak-coupling Débkel-H]
and intermediate-coupling [16] theories based on approximative truncations of the BBGKY
hierarchy of equations, the strong-coupling hypernetted-chain theory [17] as well as an
approach motivated by the exact resullat 2 [18]. None of the methods passed the test,
even on the lowest level of pair correlations. The requirement of the preservation of the
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invariant form of particle densities might initiate a reasonable decoupling procedure, but
this goes beyond the scope of this work.

Due to the transparent algebraic technique, the method presented could contribute to
other topics in the 2D OCP theory, too. To be more specific, we have found rigorously
the fourth-momentum (compressibility) condition simply by using the invariant form of the
two-body density (on the extendédh, r1|r», 2)-space) and the microscopic sum rule (3.11)
bounding together one- and two-correlators. The integrable subspace in the extended space,
given by the microscopic sum rule, transforms itself by the invariant-property of the two-
body density to a manifold which determines completely the fourth moment and patrtially (by
producing exact relations among the ‘building parts’) higher moments. This is certainly a
progress in comparison with the original proof [6], based on the BBGKY-hierarchy analysis
up to the four-body density under the assumption of clustering hypothesis. It would be
interesting to investigate the interference of the invariant form of particle densities with
the microscopic sum rules on higher levels, with a possible effect on the two-body density
itself. We plan to proceed also along this line in the future.
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