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The quantum-statistical cluster expansion method of Lee and Yang is extended to investigate off-diagonal long-
range order (ODLRO) in one-component and multicomponent mixtures of bosons or fermions. Our formulation
is applicable to both a uniform system and a trapped system without local-density approximation and allows
systematic expansions of one-particle and multiparticle reduced density matrices in terms of cluster functions,
which are defined for the same system with Boltzmann statistics. Each term in this expansion can be associated
with a Lee-Yang graph. We elucidate a physical meaning of each Lee-Yang graph; in particular, for a mixture
of ultracold atoms and bound dimers, an infinite sum of the ladder-type Lee-Yang 0-graphs is shown to lead to
Bose-Einstein condensation of dimers below the critical temperature. In the case of Bose statistics, an infinite
series of Lee-Yang 1-graphs is shown to converge and gives the criteria of ODLRO at the one-particle level.
Applications to a dilute Bose system of hard spheres are also made. In the case of Fermi statistics, an infinite
series of Lee-Yang 2-graphs is shown to converge and gives the criteria of ODLRO at the two-particle level.

Applications to a two-component Fermi gas in the tightly bound limit are also made.
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I. INTRODUCTION

In 1957, Lee and Yang showed that the thermodynamic
functions for quantum-mechanical systems of particles obey-
ing Bose-Einstein or Fermi-Dirac statistics can be expressed
in terms of cluster functions for the same systems obey-
ing Boltzmann statistics [1-4]. This method is based on
a cumulant expansion of the grand partition function, and
hence referred to as the Lee-Yang cluster expansion method.
They subsequently applied this method to a dilute system
of hard-sphere bosons and discussed the A transition of
liquid helium-4 [3,4]. However, since a cluster expansion
is equivalent to a virial expansion, it is more suitable for
dilute quantum many-body systems than dense systems such
as liquid helium-4. Unfortunately, back in those days, there
was no such dilute quantum many-body system. Since then,
the Lee-Yang cluster expansion method has been almost
completely forgotten, with only a few exceptions [5—10]. Now,
however, it seems that the method is best suited to describe
ultracold dilute atomic gases. In this paper, we extend the
Lee-Yang cluster expansion method, which was originally
developed to describe a system of hard-core bosons and
fermions with small scattering lengths, to describe ultracold
atomic gases of bosons and fermions with large scattering
lengths.

The Lee-Yang cluster expansion method is a cumulant
expansion of the grand partition function in terms of fugacity
z := exp(Bu), and enables us to treat a quantum many-body
problem systematically, where p is the chemical potential and
B :=1/(kgT) is the inverse temperature with the Boltzmann
constant kg. Although we usually apply the Matsubara Green’s
function method or the Feynman graphs to tackle quantum
many-body problems, the ranges of validity of these approxi-
mations are often not well controlled. On the other hand, the
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Lee-Yang method allows us to make a perturbation expansion
in terms of the number of the interacting atoms, and utilize
the fugacity expansion of the grand potential density, which is
equivalent to a virial expansion. Moreover, the cluster expan-
sion (or virial expansion) for the unitary Fermi gas is currently
of great interest [ 1 1-14] because the cluster integrals (or virial
coefficients) b and b have recently been measured using
a mixture of °Li in the two lowest hyperfine states [15,16].
Here, the virial expansion is BpA’ = 2z + %ﬁzz +b033 +
b®z* 4 ..., with the pressure p and the thermal de Broglie
length A := (27/#%B/m)'/%. The primary purpose of this paper
is to identify the criteria of the off-diagonal long-range order
(ODLRO) of the reduced density matrices in Bose and Fermi
systems [17,18] based on the Lee-Yang cluster expansion
method.

This paper is organized as follows. In Sec. II, the quantum
cluster expansion method is extended for the case of a
two-component Bose or Fermi system of interacting particles.
We represent the grand partition function and the one- and
two-particle reduced density matrices in terms of cluster
functions obeying Bose-Einstein or Fermi-Dirac statistics. Our
extension is formally applicable to a uniform system and
a trapped system without local-density approximation. The
derivation and mathematical justification of our method is
given in Appendix A. In Sec. III, we review the rules by which
quantum-statistical cluster functions can be computed from the
knowledge of quantum cluster functions obeying Boltzmann
(i.e., distinguishable) statistics. This formulation was first
developed by Lee and Yang for the case of a one-component
system [2] and it was extended by Pathria and Kawatra for
a multicomponent system [7]. In Sec. IV, we show that the
logarithm of the grand partition function as well as the one-
and two-particle reduced density matrices can be expressed
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as a sum over a particular set of Lee-Yang graphs. For the
case of a one-component uniform system, the expressions
of the grand partition function and the one-particle reduced
density matrix were obtained by Lee and Yang [3], and the
two-particle density matrix was obtained by de Dominicis [6].
We generalize these results to the case of multicomponent
uniform and trapped systems. In Sec. V, we elucidate a
physical meaning of Lee-Yang primary graphs, in particular,
that of an infinite series of the ladder-type Lee-Yang primary
graphs, the sum of which leads to Bose-Einstein condensation
(BEC) of tightly bound diatomic molecules below a critical
temperature [9]. In Sec. VI, we give the criteria of ODLRO
based on the Lee-Yang cluster expansion method for the case
of Bose-Einstein statistics. Applications to a Bose gas of
hard spheres are also made. In Sec. VII, the corresponding
criteria for Fermi-Dirac statistics are given. Applications to a
two-component Fermi gas in the tightly bound limit are also
made. In Sec. VIII, we summarize the main results of this
paper. The detailed proofs of several formulas are relegated to
the Appendices to avoid digressing from the main subject. The
relations between the Lee-Yang and our notations are listed in
Appendix C.

II. FORMULATION FOR A TWO-COMPONENT
QUANTUM SYSTEM

A. Grand partition function

We consider a two-component gas of bosons or fermions,
the components of which are either internal states or different
atomic species, and distinguished by indices o = 1,|. A
generalization to a general multicomponent system is straight-
forward [see, for example, Ref. [7]]. To make the wave function
square integrable, a system is considered to be in a uniform
finite volume V = L3 or in a trap with an effective volume
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Virap- In the case of a uniform system, the Hamiltonian is given
by
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where m, and N, are the atomic mass and the particle number
in state o. Here, we set i = 1. In the case of a trapped
system, the Hamiltonian should include additional terms
ZM Virap(Ti, ) + Zil Virap(ry, ). We assume that the system is
kept at constant inverse temperature 8 = (kgT)~!, and that
the system is allowed to exchange two kinds of atoms with a
reservoir at given fugacities z4 and z, where the fugacity z,
(o0 = 1,])isrelated to the chemical potential per atom 1, by

lo = eXP(ﬂMa)-
We introduce the function
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where o = (a4,00)), 14 :=r14 = (14,x.711,y:711,2), and
1’T =Ty 1= (Fi4x.F14,y.714,2), €tc., and ¢; and E; are the
normalized eigenfunction and the corresponding eigenvalue of
H®Nt-ND respectively. The summation in Eq. (2) extends over
all eigenfunctions ; € H(NT) ®'Hfff¢), where the subscript
o, =S or A indicates that the N, -particle Hilbert space H{"
is symmetrized or antisymmetrized.

To obtain the logarithm of the grand partition function, we
define the matrix elements of cluster functions U, (NN
coordinate representation as follows [19]:

(LUSO114) 241U 0124),

(LU ) (1 UL PI),

(U1 210D 12y),

(14 1USO14)2),341 U 124,34)

AUV 134,14) 4+ BLIUSV13400(15,24 1 USO114,24)
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+ (U132 U 124) (3L ULV134) ete.

The grand partition function is given by

00 Ny

_ i ZJZ\;UZ\; / dNrr, fd%m”
Ny=0N,=0 1 V!
X1y, ... Ny 1y, o Ny
xWa ML Ny 1L LN, (4)

where [ d*Viry =
fd3l'1¢ .. .deI'NJ(.
We can show that

fdsl']T . -~fd3rNT and deNl'¢ =
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where cluster integrals are

B0 .o,

1
B(IT’IL) = W/dSZTrT‘/dyiri(lT,...,IT;ll/,...,l”
xUS I, L 1) ()

The proof of Eq. (5) is given in Appendix A 1.

Once the cluster integrals are obtained, we can evaluate
thermodynamic quantities. For the case of a uniform system
in a finite volume V = L3, the equilibrium pressure p and the
particle-number density p, := (7, ) of the system are given by

’IT;LL""

_ lT 1¢ (1)
p= gy XY@
L=01,=
and
o = Jim ZZI 1B, ®)
Lh=01,=

Similarly, for the case of a trapped system, the particle number
N, of the system is given by

[o¢] [o¢]
=2 D bz B ©)
I¢: :

B. One- and two-particle reduced density matrices

In terms of second-quantized field operators, the one- and
two-particle reduced density matrices can be expressed as

(ro|pP'e’y == (Ulr) ¥, (), (10)

2
(rio1,1202|p?|r|0],r504)

= (B4, )WL )W () Ty ()], (1D)

where (O) is the expectation value of O over the grand
canonical ensemble defined by
(0) = BTy, [ e #10), (12)

and \il; (r) and W, (r) are the creation and annihilation opera-
tors. Here, H and N, := f d’r \i':; (r) U, (r) are, respectively,
the second-quantized operators for the Hamiltonian and the
total number of particles with spin o. [See, for example,
Ref. [20], in particular, Egs. (2.1.6) and (2.4.2).]

The one-particle reduced density matrix can be shown to
be related to UL by

xt1pPly?t)

0 00 Iy Ly
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I=11,= o — DU
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and
<x¢|p“>|y¢>
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The proofs of Egs. (13) and (14) are given in Appendix A 2.

Clearly, (xt|pVy) = (x{|p|y1) = 0.
The two-particle reduced density matrix can also be shown

to be related to UO(,IT'I” by

xitxt eyt y2 1)
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where € = +1 for « = S (Bose-Einstein statistics) and
€ = —1 for « = A (Fermi-Dirac statistics). The proofs of
Egs. (15)—(17) are given in Appendix A 3. Clearly, the other

components such as (x;1,x24|0®|y1.y2{) vanish.

A generalization to an N-particle reduced density matrix
is straightforward. For example, the three-particle reduced
density matrix is

xit,x2 1,300 y11,y21,y34)
= (X1t lyi ) xatoPly21) (x3 Lo lysd)
+ x1 1t eVlyi ) (xa,x3 1102 [y21,y3 )
+ e Vly2 ) (xi 1, x3 L 0P ly1 1, y3 )
+ (x3410Plysd) xit, x4 0P ]y1 4, y21)
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Ly
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X<y1,y2,1¢, e ,l¢

1
x gty

|X1,X2,1T, ""lT —2;X3,1¢,

(18)

The formulation given in this section is expressed in
the form of an infinite series. Thus, one might question
the mathematical rigor of the formulation. Actually, the
derivations of the formulation can be mathematically justified,
as shown in Appendix A 4.

m. v"" IN TERMS OF U@l

In the preceding section, we derived the formulas of
the grand partition function and the one- and two-particle
reduced density matrices. To evaluate these quantities, we must

(S

calculate U, li). In this section, we review the rules by which
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B. U'"" in terms of Ut
We now formulate the rules by which UL""™ can be
computed from the knowledge of U/, Such rules result
from the fact that U™ and U1 are defined in terms of

(f,lT ) and WD), respectively, which, in turn, are related to
each other through

(Ny,Ny) .
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x WVENO LN T, LN, (1)

where € = 41 for o = S (Bose-Einstein statistics) ande = —1

for « = A (Fermi-Dirac statistics). Here, P and Q denote
permutations, and (—1)* and (—1)€ take on 1 or —1 for even
or odd permutations. Equation (21) is proved in Appendix B.
It can be seen from the structure of Eqgs. (20) and (21) that

Iyl . .
UOE i) may, in general, be expressed in terms of the sum over
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U{"" can be computed from the knowledge of certain U1/
functions for the same system obeying Boltzmann statistics.
These rules were first established by Lee and Yang for the case
of a one-component system [2] and were extended by Pathria
and Kawatra for a multicomponent system [7].

A. Boltzmann statistics

For Boltzmann statistics, we introduce the function

<1/T’ e ’N%’ lli’ e ’Ni|W(NT!Ni)|1T’ M ’NT7 lla L] 7N~L>
= > Y. NN
Y eH "W eHMY
XW;‘(IT,...,N¢;1¢,...,NQe‘ﬂE’. (]9)

The summation on the right-hand side of Eq. (19) runs over
all eigenfunctions ¥; € HVY @ H™V, where H*) is the N, -
particle Hilbert space.

Similarly to Eq. (3), we define the matrix elements of cluster
functions U™*M) in the coordinate representation as

(U SO11,) 24U S012,),

(USO14) (1 ULy,

(U1 @) U*P12y),

(LU O114)(24. 34U 124.34)
(U131 (15. 25UV 14.2y)

(20)
[
connected products of Tél“l*) functions, where
’ ’ Ix,l
(U VT s 1y )
=Y D €fel(P. .. PA; O, .00
PE.S]T QES[¢
xUST 1,1y, ). (22)

Here, we only show the results:

Rule.  To calculate (rj,,....r;;ry, .. r,i|U(1T W
[rip, ... T30y, ..., 1), we first consider a grouping of the
Iy + 1) integers 1y, ..., 04,1, ... .0 :

{(ap)(Dy) .. H(crdy) ey fr) . Hgrhrip) oo} en e

{Grk)Uymy) .. H(ngorpy) .. H(gyrysy) .o} .. .,

{(IL)(ui)...}{(vlwi)(x¢y¢)...}..., (23)

where ay,by,...,q4,...and ky,m,...,y,, ... are permuta-
tions of these /4 and /| integers, respectively. In each pair of
the curly brackets, there are m,, oy (=0,1,2, .. .)round brackets

043601-4



CRITERIA OF OFF-DIAGONAL LONG-RANGE ORDERIN ...

with 74 up-spin integers and n |, down-spin integers, which are
subject to

-

Z Z nTmnT,nl = ZT’

ny=0n,=0
t | (24)

1¢ Z¢

Z Z I’limnwl = li'

ny=0n,=0

Within each pair of the round brackets in Eq. (23), the integers
for the same spin are arranged in ascending order, i.e., ¢ < d,
e < f,g <h<i,o< p,etc.,and within each pair of the curly
brackets, the round brackets are arranged in such a manner that
their first entries are placed in ascending order. We then form
the sum

D A IOy (g YO lre) )
X {(PICT,PIDHT(?’O)VmJ’dT) AU S
x {(r’JT;r’m|T§"')|r”;rk¢)...}...
O O 25
U POV ) (0 YO D) )LL), (25)
where A,B,...,J,...and K, ..., T,U, ... are permutations

of 1,2,...,l4 and 1,2, ...}, respectively. Because we use

T in Eq. (22), only one permutation will be included in the
sum in Eq. (25) among all the permutations A,B, ...,J, ...,
which differ from each other only in the relative positions of
numbers within the same bra (e.g., (r’CT,r’ml and (r’DT,r’CTD.
The sum in Eq. (25) then runs over all permutations, provided
thatupon setting r;, = r;; andr;; = r; foralli, the summand
in Eq. (25) cannot be written as a product of two factors, one
of which depends only on some, but not all, of the coordinates
riq,...,rp and ryy,...,r;, while the other depends only
on the rest of these coordinates. The sum of all expressions
in Eq. (25) over the different groupings in Eq. (22) then
gives UST’I*).

We give some examples.

Example I:

(U1 = (150 011). (26)
Example 2:
(12402 0114.24)

= (152,03 0114.2¢) 4 €4 0O 114) (15100 124).
(27)

Example 3:
(U USSP 1) = (U 10D 1)). (28)
Example 4:
(13,2333, 1US V14,2433
= (1,,2:3) 173 0114.24:3))
+ 2O (1,310 124.3)
H (0120023001130, (29)
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For reasons which will become clear later, it is useful to
. Iyl .
define a function Y related to T a5 follows. First, we de-
ﬁI/le (f'], . / ,f‘/l) = (l']/T, BN v S W ,l‘u), (f"l, - ,f‘l) =
(rm, NS 78 ST ...,ru), or=...=o0; =1, and UITH. =
...=o0; =, where [ :=[; +[,. Then, we define a function
TO ag
o

=/ . -2 DIF . -
(F 1) 001 - - - 0000 | Y[ p1y. 0Py - - - s Py, 0pa))

- i) -
=P, EITS IR, LR
P )
=¢ eQ(r/lT,...,r}mr/u,...,r;¢|
Uy.1y)
X Yo "Ry, T T, T, (30)

where P and Q are any one of /! permutations.
We give a few examples.
Example I:

(e APty = ()70 r), (31
(LI, )) = (0 V). (32)
Example 2:

C S ol SO PR
= e(r). 1ir AP e A, 1)
= e(r]. 1 A TP 4L 1)
= (. AT e 1)
= (r].r Y3 rpr). (33)

Example 3:

RS AR ol ST STD)
= e(ry, L AT 4. )
= e(r, 1 LTI, 41
= (th. L AT . i)
= (rpry YV e r). (34)

IV. GRAPHICAL REPRESENTATION

A. Primary ¢-graphs

Using Egs. (5), (6), and (13)—(17) and the rules introduced
in the preceding section, the grand partition function and
the one- and two-particle reduced density matrices can be
expressed in terms of the sum over connected products of
T, functions. The exact character of this sum is most simply
described in terms of primary ¢-graphs introduced by Lee and
Yang [3] for the grand partition function and the one-particle
reduced density matrix, and by de Dominicis [6] for the
two-particle reduced density matrix. A primary ¢-graph is
defined as follows:

Definition. A primary ¢-graph (¢ = 0,1,2, ...) is a graph-
ical structure which consists of a collection of vertices
connected by directed lines, with ¢ external incoming lines and
¢ external outgoing lines. Here, a line that has vertices at both
ends is called an internal line; otherwise, it is called an external
line. All external lines are considered distinguishable. Each
vertex, called the [-vertex (I = 2,3, ...), connects / incoming
lines and / outgoing lines. A primary ¢-graph must include at
least one vertex and one line, and all parts must be connected
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(i.e., there must be a path from any one vertex to any other
vertex). Two primary graphs are different if their topological
structures are different. To each of these graphs we assign a
term, which is determined by the following procedures:

(1) Associate with each internal line a different integer
i(i=1,...,N) and the corresponding coordinate and spin
(r;,0;). Associate with each external line some prescribed
coordinate and spin.

(i) Assign to each [-vertex a factor

B1B;>...B;

Iy 1
>)-< =202 (B, ... BT A1, .. A, (35)
ArAs. A

where A; and B; represent the coordinates and spins associated
with its incoming and outgoing ith lines (i = 1, ...,/), respec-
tively. The number of up spins associated with its incoming
lines is the same as that of outgoing lines, and it is denoted as
I;. The same is true for down spins /|, with [ := I, +1;.!

(iii) Assign a factor 1/S to the entire graph, where S is the
symmetry number and is defined as follows: Consider all N!
permutations of the positions of N integers associated with the
lines. The total number of permutations that leave the graph
topologically unchanged gives the symmetry number of the
graph. The symmetry numbers are listed under each graph in
Figs. 1, 2, etc.

(iv) Assignafactor —1 to the entire graph, if the permutation

Ay — By, A>—> Bs,..., Ay—> Ba,... (36)

from all the initial coordinates into all the final coordinates of
all the vertex function TX) taken together is odd.
The term that corresponds to each graph is given by

X [product of all factors in (ii)—(v)]. 37

B. Primary 0-graphs

In terms of these primary graphs, we can write the grand
partition function [3] as

In2(8,2) = Z (all different primary O-graphs), (38)

to which each graph contributes a term given by Eq. (37).
Equation (38) is illustrated in Fig. 1. We can write Eq. (38)
explicitly as

In E(8,2)

2 3
Z Z
= 4 Tr(U") + ?TTr(U(l'O))z + ?TTr(U“’O)f +oo
2 3
©1)y , 1 0,152 , 1 0.1\3
+ 4 Tr (U™ )~|—7Tr(U ) +?Tr(U Y+
'"We use rules different from those of Lee and Yang [3]. The

relationships between the Lee-Yang and our notation are listed in
Appendix C.
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() () ()

FIG. 1. (a) Expression of In E as the sum over all different
primary O-graphs (solid curves) and as the sum over all different
contracted 0-graphs (dotted curves). The symmetry number is shown
under each graph. (b) Expression of (r’o’lnf)”lra) as the sum over
different primary 1-graphs.

+ / &ry / & (0,02 TCOr 1)

2
z
x(3T+z?<rl|U<"°)|rl>+---)+~., (39)
where TrX := [ d’r(r|X]|r), TrX? := [d°r [ d’r,

(ri|X|rz)(r2| X|ry), etc.

C. Primary 1- and 2-graphs

It is useful to define functions (r'o’|npV|ro) and

(rio],rh05n?|r 01,r207) related to the one- and two-particle

reduced density matrices by
(o’ InVre) :=8(t' — )8, + e(ra|pVr'e’)  (40)
and
(U2 n@12) — (UInM11) 2 [nV12) — €@ In V1)1 [D]2)
= (1'2]p@]12) — (1']pP[1)(2'1p]2)
— e pP1)(1'1p")2), 41)

where 1,2 and 1,2’ represent both the coordinate and spin of
the particle such as 1 := (ry,07) and 1" := (r},07).
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In terms of second-quantized field operators, nV and n®
can be written as
(r'o[n®lro) = (U, (") Ul (r)), (42)
(1'10,1’20/|77(2)|1',10»1'/20,>
= (W (r) 0o (7)) Wl () B (r2)). (43)

These functions can be shown to be related to 1- and 2-graphs
[3,6] by

(r'o’InViro) = 80" — 1)dso
+e€ Z(all different primary 1-graphs)

(44)
and
(1'2'1n?112)
—(UIn P2 InV12) — e @)1 In)2)
= Z(all different primary 2-graphs). (45)

D. Contracted ¢-graphs

In Fig. 1(a), we have arranged the sum so that the different
primary graphs in the same row have the same number of
I-vertices for / > 2 and they differ only in the total number
and relative positions of 1-vertices. We see that all the terms
in the same row in Eq. (39) can easily be summed up. Thus,
Eq. (39) becomes

In & = Te[ In (n")] + %fd%l fd3r2 (v, 02| T2 e, 1y)
 (r1 4 ng Ir ) (e g Irah)
+ZTZ¢/d3r1 fd3r2 (i, YDy )
> (r1 4 |ng e ) (e Ling I d)
+§/d31’1/d3l‘2 (ri, e T2 e, rs)

x (e dng e ) e L lmg rad) + - (46)
where
('l Iet) = (1 — ez )
= 8’ — 1)+ ez (F'IUTOr)

+23 / ey (U0 e (U0 4, @7)

(' Ln ) = (| — ezU®D) ! r)
= 80’ — 1)+ ez (F|UODr)

+zi/d3r,<r’|U<°">|r1><r1|U<°~‘>|r> o @)

It is therefore convenient to represent the primary graphs in the
same row as in Fig. 1(a) by a single structure, which is obtained
from any one of these primary graphs by simply eliminating
all 1-vertices [see Fig. 1(b)].

PHYSICAL REVIEW A 85, 043601 (2012)

We now introduce a contracted graph. A contracted graph
(or, contracted ¢-graph) has the same topological structure as
a primary graph (or, primary ¢-graph) except that a contracted
graph does not have any 1-vertex. To each contracted graph,
we assign a term which is determined by the same procedures
(1)—(v) and the following additional rule:

(iv) Assign a factor ng)l) to the ith internal line.
In terms of these graphs, Eq. (46) reduces to

In€(8,2) = Tr[ In (n")]
+ Z (all different contracted O-graphs).  (49)
This sum is also illustrated in Fig. 1(b) in which solid lines
represent the primary graphs and dotted lines represent the
contracted graphs.
Similarly, Eqs. (44) and (45) become
(e’ nV[ro) = 80" — 1)dy0
+€ Z (all different contracted 1-graphs)  (50)

and

(12'In®112)
(U2 nV12) — eIV "12)
= Z(all different contracted 2-graphs). (28
Equation (50) is illustrated in Fig. 2.
For further discussions as well as examples of primary and

contracted ¢ -graphs, the reader is referred to Sec. 3 of Ref. [3]
and Sec. II-(ii) of Ref. [6].

E. One-component system

In this subsection, we consider a one-component Bose
or Fermi gas. We can establish the formulas for the one-
component gas by substituting z, = 0 in the corresponding
formulas of the two-component gas. From Egs. (39) and (46),
the grand partition function is

In E(B,2)
1 1
= Tr(U") + 5zzTr(Um)2 + §z3Tr(U<1>)3 +---

+fd3r1d3r2 (r,r2| TP ry,r)
1, 3 o)
x| 52 + (U Ir) - )+

1
=Ti[In (n)")] + §/d3r1d3r2 (1,2 Y2, r,)
x (el (el Iea) + -+ -, (52)

where 7 := zy U := UCOYD := 1.0 and

(i Ir) == (| — ezUTO)r). (53)
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FIG. 2. (a) Expression of (r'c’|n"|ro) as the sum over all
different contracted 1-graphs, where the sum is rewritten in the form
of a geometric series (last line). (b) Expression of (r'o’|K®|ro)
as the sum over all different irreducible contracted 1-graphs. The
corresponding symmetry numbers are shown under the graphs.

V. PHYSICAL MEANING OF PRIMARY GRAPHS

For a uniform system in a finite volume V, the cluster
functions in momentum representation are

K, ... KUK, .. k)

1
= % 1_[( / &, / d3rﬁ»ei(k5'r?‘kf‘ri)>
i=1

x (r, ... U, ), (54)
where (ky, ... k) = (kq, ... ’le;le+1’ ..., k), etc.

For later use, we evaluate the cluster functions UV for
a one-component system and U'" for a two-component
system. We can evaluate UV for the one-component system
as

KUDK) = s e PF7em, (55)
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Next, we evaluate UV for the two-component system. The
two-particle Hamiltonian is

I >

1
H(lql) — k k2 — K2 I_I(rel)7
2my l+2m¢ 2V 2(my +my) *
(56)
1
H(rel) — k2 +v, (57)

2m*

where we introduce the center-of-mass momentum K := k; +
k,, the relative momentum k := (k; — k,)/2, and reduced
mass m* := mqym | /(m4 + m ). The cluster function is

(ki K, | UV Kk ko)

87 —BK2/{2my+m )} e/ 7 7(rel)
ZTSK,K’e KN UYVK),  (58)

where
KU IK) = (K e k) — sy e /O (59)

The function (k'|U ™V |K), which is independent of the volume,
includes the effect of the interaction and can be calculated by
the eigenfunction and the eigenvalue of HT,

In the following, we list four simple examples for a uniform
and equal-mass (m4 = m | = m) system in a finite volume V.

Example 1 (quantum exchange and interaction). The grand
partition function of a one-component Bose or Fermi gas is
expressed as a sum of primary 0-graphs. Let us consider any
one of the primary O-graphs. It has several /-vertices and
their orders are denoted as /i, ...,l,. The total number of
the orders ) _, [; corresponds to the order of fugacity z of
the corresponding primary 0-graph. In general, a contribution
from N particles is expressed as the Nth-order term in z.
Hence, the primary 0-graph represents the many-body effect
among Y :_, /; particles. The one-particle cluster function is
given by

(KU = 2.7 expl—(' = 1)*/(4B)], (60)

where A := (2 8/m)"/? is the thermal de Broglie length. This
expression can be better understood if we separate the effect of
the interaction from the quantum-exchange effect. To provide
a concrete example, we consider the second order in fugacity
z for the primary O-graph (see Fig. 3):

2
Z
z / P ((rral T2 )

+ e U ) (r UV ). (61)

Here, the first term in the integrand is

(r, 2| T |ry, 1))
= (r, 2| UP|r,r2) + €(r, 1 [UP ), (62)

where the cluster functions U® contain only the effect of
the interaction because they are defined with unsymmetrized
wave functions. The second term in the integrand of (61)
describes the particle-exchange effect. According to Eq. (60),
the relevant scale of the term e(r,|[UM|r))(r||UV|r,) is
the thermal length A. We can thus divide the effect of the
two-particle correlation into the quantum-exchange effect of
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GO+

(2)
kz k, k, k
1 1
-1E X ciLte
1o B2 1> B2
1 2 kl kZ

interaction
between 2 particles

quantum exchange
between 2 particles

FIG. 3. The second-order terms in fugacity z for the primary
0-graphs [see Eq. (61)].

the Bose-Einstein or Fermi-Dirac statistics and the effect of
the interaction with Boltzmann statistics.

Example 2 (ideal Bose gas and BEC). For an ideal Bose
gas, BECis caused by the quantum-exchange effect such as the
first term in Fig. 3. For noninteracting particles, it is clear from
Eq. (20) that U® =0, U® = 0, etc. Therefore, we obtain
from Eq. (38)

InE = Z (all different primary 0-graphs)

2
- ) = ) M
=23 KUV + = 3 (ol U ki) kiU ko)
k ki .k,
3
E
+3 > (U k) (k3| U ko) (ki [UD [Ks)
ki,k2, k3
+o (63)

where each term in the sum corresponds to the primary
0-graph in the sum in Fig. 4. The summation extends over k; €
27TZ3/L, where we use the symbol Z = {0,£1, ...} for a set
of integers. As mentioned earlier, the order (power) of fugacity
z indicates the number of the particles involved. For example,
the first term on the right-hand side of Eq. (63) corresponds to
the free motion of one particle, the second term corresponds
to the quantum-exchange effect between two bosons, and the

Egy

X
e
CP

1

k
wkl

quantum exchdnge
between 3 particles

+ -

Il
=M
> =
+
NI»—
=
5—>0+_w
u)l»—
—>—.—>—3r
w—>0->5

klzk

quantum exchange
between 2 particles

FIG. 4. Sum over different primary O-graphs which include the
1-vertex only [see Eq. (63)].
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third term corresponds to the quantum-exchange effect among
three bosons. By substituting Eq. (55) in Eq. (63), we obtain

X _n
- _ 2 _upK®/2m)
R
k n=1
= =Y In(1 - eI, (64)
K

which agrees with the well-known result for ideal bosons.
At 7 = ¢P* = 1, the summation in Eq. (64) has a singularity
at k = 0, which is characteristic of a Bose-Einstein phase
transition.

Example 3 (ideal Fermi gas and Fermi surface). For ideal
fermions, we obtain

InE = Z (all different primary 0-graphs)

2
_ Oy _ & ) m
=22 UV = = 3 (U ki) ki | UV ko)
k k. k;
3
Z
+5 > (U k) (k3| U ko) (ki [UD [Ks)
ki,k2 k3

= (_Z)n —nBk?/2m
--Y'y oK/ (2m)
n

k n=1

Z In(l +z e‘ﬂkz/(zm)), (65)

which agrees with the known result for ideal fermions.

Example 4 (two-component Fermi gas in the tightly bound
limif). We assume that the two-body interaction v is finite
ranged and supports one bound state corresponding to a
diatomic molecular state. Let 1, (k) be the bound-state solution
for the center-of-mass system of two particles with binding
energy E}, such that H el (K) = Ep (k). We assume that
the binding energy is much larger than the thermal energy, i.e.,
|Ey| > kgT. For the Bose-Einstein distribution of diatomic
molecules to develop a singularity, we should have u <
—|Ey|/2. Using Eq. (59), we obtain

(KU k) =~ yro(K)yri(k) 15, (66)

We can show that a general formula for a central potential
v(r) is given by

(k/l’k/2|T/(\171)|kl,k2) ~ e_ﬁKz/(4m)5K,K’Wb(k/)wl;k(k) eﬂ\Eb\'
(67)

The factor e #K*/4mgy « is associated with a free motion of
the center of mass of molecules. Then, if we consider an infinite
series of primary O-graphs that correspond to the quantum
exchange of molecules, the sum of the infinite series leads to
the BEC of diatomic molecules below the critical temperature.
We consider the sum of ladder-type primary O-graphs as
shown in Fig. 5. The number in the parentheses under each
graph in Fig. 5 is the symmetry number of the corresponding
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:
S
B

2 ®) @4
1 2 3 41 2
= + — Z
2 1,2 8 1,2,3,4
1 2 1 2 3 4
v ] v
pair pair pair

quantum exchange between 2 pairs
345 61 2

air air air
P p p ,

~
quantum exchange between 3 pairs

FIG. 5. Pug [Eq. (68)] as the sum over different ladder-type
primary O-graphs. The symmetry number is shown under each graph.

ladder-type primary O-graph. The explicit algebraic expression
of the sum of the graphs is given as

oo

2n
Plad:zniznkz Z

n=1 1o Koy 01500y o

X (k1<71,k202|T22)|k303,k4<74> e

X<k2n—102n—1vk21102n|T,/(\2)|k101’k202>~ (68)

Substituting Eq. (67) into (68), we have

P]ad — Z Z %(ZzemEhle*ﬁKz/(“m))n (Z |1/fb(k)|2)
k

K n=1
= In(1 - 2P Evl p=BK?/(dm)) (69)
K

At 7 = PIBI2 (ie., = —|Ep|/2), the sum in Eq. (69)
develops a singularity at K = 0, which is a manifestation of
the Bose-Einstein phase transition of diatomic molecules.
Note that the sum of ladder-type graphs shown in Fig. 5
gives rise to the quantum-exchange effect of the Bose-Einstein
statistics of diatomic molecules. In the Matsubara Green’s
function method, a bound state emerges as a result of an
infinite summation of ladder-type Feynman diagrams, which is
interpreted as describing an effect of repeated binary collisions.
In the Lee-Yang method, however, since the cluster function
U® is evaluated from a nonperturbative bound-state solution,
the single cluster function U® includes the effect of repeated
binary collisions. In this method, we should carry out an
infinite summation of ladder-type Lee-Yang graphs to include
a quantum-exchange effect of the Bose-Einstein statistics since

PHYSICAL REVIEW A 85, 043601 (2012)

the cluster function U® is defined in terms of the Boltzmann
statistics.

VI. CRITERIA OF ODLRO IN BOSE SYSTEMS

A. Off-diagonal long-range order in Bose systems

The defining characteristic of Bose-Einstein condensa-
tion is the occurrence of macroscopic occupation of one-
particle states [17]. The one-particle reduced density matrix
(ro|pM|r'e’y := (¥l ()Y, (r')) may be expanded in terms of
its eigenfunctions y;(ro) with eigenvalues n; as

(rolpVIre’) = " n; x)xo)xi(X'a). (70)
According to Penrose and Onsager [17], the system exhibits
BEC if one or more of the eigenvalues n; are of the order of

the total number of particles N := (N}, i.e.,

n; = x;N + o(N) O <x; <1 (71)

It can be shown that in an infinite system, this condition is
equivalent to the emergence of an off-diagonal long-range
order (ODLRO) [18]. A single BEC is said to emerge if one
and only one eigenvalue is of the order of N, all the rest being
of the order of 1. If there exists more than one eigenvalue of
the order of N, the BEC is said to be fragmented [21-23].

To establish the criterion of BEC in terms of the Lee-Yang
cluster expansion method, we first consider the relationship
between the eigenvalues of o’ and n. It is convenient to use
the basis set {x;(ro)}. The matrix elements p;? and 775;) are
defined by

P = Z/d3r/d3r’(ro|p(1)|r’a’)Xi(ro)X;‘(r’a’)
oo’

— s (72)

and
0 = Z/d3r/d3r’<r’a’|n<1>|m)x,~(ro)xj(r’a’). (73)

Using Eq. (40), we obtain

ny =8+ ol = (ni + 8. (74)

Therefore, if the system shows BEC, the eigenvalue of 17(1) is

A

of the order of the total number of particles N := (N}, i.e.,

ni+1=x;N+ o(N) O<x; <1 (75)

B. Criterion of BEC in terms of irreducible contracted graphs

We introduce the concept of reducibility of a primary
1-graph or a contracted 1-graph.

Definition. A primary 1-graph or a contracted 1-graph is
reducible if by cutting one of its internal lines, the entire graph
can be separated into two disconnected primary 1-graphs.

Definition. An irreducible primary 1-graph or an irreducible
contracted 1-graph is a primary 1-graph or a contracted
1-graph, which is not reducible.

Note that we use the term “irreducible” in a conventional
sense. The same term was used for a different meaning by
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Lee and Yang [3]. The correspondence between the Lee-Yang
notation and ours is listed in Appendix C.

In terms of irreducible contracted 1-graphs, (r'c’|nV|ro)
can be expressed as a geometric series:

(r'o’|niro)

1 1
= (o' ln’ra) + Y | drid*rair'c’ng Irio0)

01,02

> 1
x (r101|KV|ry0) (ra000n [ro)

. .
--d3l'4(1',(7/|77(() Iri01) (r101 | KV |ry07)

X (l'202|77§)1)|l'303><1'353|I€(])|l‘404)(l'404|7781)|l'5> +
(76)

where
(r'o’|KV|ro)
Z(all different irreducible contracted 1-graphs)

2 2 !
2 Y (Ko ot Y ro.rio0) (o1 ng Irio1)
rio;

+27 ) (Fo'ri01.00,| TP ro.r01.0200)

rir,0103
1 1
x (rio1|n{" Irio1) (raoa i raon) 4 - - (77)

This geometric series is illustrated in Fig. 2. The matrix
elements nél;l and K D are defined by

Moy = f &’ f & (Ko’ Iro) xi(ro)x H(r'a’) (78)

EEDY [ @ [ @ wo ke wor;wa. 79

We can rewrite Eq. (76) as

1 D =
n(l) = nf)) + n(() 'K (l)n(l). (80)
Then, we obtain

™)' = (i) - RO, (81)

This equation is illustrated in Fig. 6. Thus, the following
theorem is established:

Theorem 1. The following two criteria are equivalent:
(1) The largest eigenvalue of the one-particle reduced density
matrix p1 is O(N) as N — o0o. (2) The smallest eigenvalue
of the positive definite matrix (r/(l)) '— KD is O(1/N) as
N — oo.

n(l) =

A

FIG. 6. Expression of (r
equation.

o'|nV|re) in terms of an iterated
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The former implies ODLRO and the latter can be obtained
from the sum over the contracted graphs.

C. Criterion of BEC in terms of irreducible primary graphs

We can regroup primary 1-graphs and establish a criterion
of BEC in a more transparent manner. In terms of irreducible
primary 1-graphs, (r'o’|n"|ro) can be expressed as a geo-
metric series:

(r’0/|n(l)|r0)
= 80’ — 1) 8yo + (Fo’|KDro)
+ Z (r'a’'|KVIrio1) (rio1| KV ro)

roi

+ Z (r'e’

rir,o10,

x (ra0a| KVlro) + - -, (82)

|KDVlrio1)(rio1| K Plraos)

where
(r'o’|KV|ro)
= Z(all different irreducible primary 1-graphs)
= ez(r'o/|[UV|ro) + (r'o’|KVlro). (83)

This geometric series is illustrated in Fig. 7.

o

1
+§©@+o§@+

@

) M M

FIG. 7. (a) Expression of (r'c’|nV|ro) as the sum over all
different primary 1-graphs, where the sum is rewritten in the form
of a geometric series (last line). The symmetry number is shown
under each graph. (b) Expression of (r'c’|KV|rc) as the sum over
all different irreducible primary 1-graphs.
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Since matrices (r'o’|nV|ro) and (r'o’|KV|ro) commute,
they can be diagonalized simultaneously. Therefore, we can
write

(ro|KVIro’y =>4 %7 o) xi(r'o). (84)
We can write Eq. (82) as

o0
ni+1= Z(Ai)l =1 =x)". (85)
1=0
Hence, we obtain
1

Ai=1-— .
n,+1

(86)

Thus, the following theorem is established.

Theorem 2. The following two criteria are equivalent:
(1) The largest eigenvalue of the one-particle reduced density
matrix o is O(N) as N — oo. (2) The largest eigenvalue of
the matrix KV is 1 + O(1/N)as N — oo.

The former implies ODLRO and the latter can be obtained
as the sum over the contracted graphs. Thus, we can use
Theorems 1 and 2 to find out whether the Bose system exhibits
ODLRO based on the Lee-Yang cluster expansion method.

D. Application to a uniform one-component Bose gas
of hard spheres
As an example of the formulation given in this section, we
consider a uniform one-component dilute Bose system of hard
spheres of radius a in a gaseous phase and evaluate the critical
value z, for the BEC transition in a power series of a. Now,

(K[KVlk) = 21UV k)
+22 ) (K.qIT$ k. q)no(q) + 0@, (87)
q

Using an explicit form of U®, which was derived in Ref. [2],
we have

(K,qI TP k,q) = 2(k k| U?k,k;) + 0(a?)

4ar?
‘;/ e BEHKI/m) 4 0 (42) (88)

= _Skk’

From Eq. (88) and no(q) = (1 — Ze’ﬁkz/(zm))’l, we have

@ 4. .4 2
>kl Y5 Ik aymo(@) = —~ Lig(@) 7 + 0@, (89)
q

where Li,(z) := Y =, z' /1" is the polylogarithm. By substi-
tuting Eqgs. (55) and (89) into Eq. (87), we obtain

(KK Vk)

_ Skk,eﬁkz/(zmz<1 — 4Li%(z) %) + 0@d®. (90)

According to Theorem 2, the critical fugacity z. satisfies the
following equation:

| = zc<1 —4Li3 () ;) + 0@ 1)
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Hence, we obtain
3\ a ’
Ze=14+4¢ 7 XJFO(Q ) (92)

where ¢(3/2) := Liz»(1) = 2.612. This result agrees with that
obtained by Lee and Yang [3].

VII. CRITERIA OF ODLRO IN FERMI SYSTEMS

A. Off-diagonal long-range order in Fermi systems

We consider a system of two-component Fermi parti-
cles with fixed temperature 7 and fugacity z. A general
criterion of the quantum phase transition of a Fermi gas
(e.g., superconductivity) is characterized by the occurrence
of macroscopic occupation of two-particle states [18]. The
two-particle reduced density matrix

Pilzlz;r;r; = (rifrad [ p@ Xy l)
= ()P )P )P ) 93)

may be expanded in terms of its eigenfunctions y;(rr,) with

venvalues n®
cigenvalues n; * as

2 2
Prmrie, = D XK LT X (D), (94)
i

The system shows ODLRO if one or more of the eigenvalues
”52) are of the order of the total number of particles N :=

(Np) + (V). ie.,

n? =xN+oN) (0<ux<1). 95)

To establish the criterion of ODLRO in terms of the Lee-
Yang cluster expansion, we consider the relationship between
the eigenvalues of p® and n®. We define matrices n®, p®D,
and n1®D ag follows:

Mty = (AL IEAr2), (96)
Posme, = VIO, (97)

and
Mo, = O (054 Vlread). (98)

The identity matrix / is
Ir’lr’zgrlrz = 8(1'/1 - 1'1)8(1'/2 — ). 99)

We first establish the following lemma.

Lemma. Letn' and i%® be the eigenvalues of p® and ),
respectively, and let us assume that ngz) > n(lz) > n(zz) > ...
and ﬁgz) > ﬁﬁ” > ﬁf) > ....Then, forall i =0,1, ..., the
following inequality holds:

In® —a?| < 1. (100)
Proof. We notice that by using Egs. (97) and (98),
I+ ,7(1®1) _ p(1®1) >0 (101)
and
I+ p"®h — @b > 0, (102)
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’ ’
r,,0,

’ ’
I, ,0

cutting two
internal lines

I,0, 1,0,

FIG. 8. (a) One of the conditions appearing in the definition of a
reducible contracted 2-graph. By cutting two of its internal lines and
associating (1,2) with the incoming lines and (1’,2") with the outgoing
lines, the entire graph can be separated into two disconnected
contracted 2-graphs: one including two incoming external lines (1,2)
and two outgoing external lines, and the other including two incoming
external lines and two outgoing external lines (1’,2'). (b) An example
of reducible contracted 2-graphs. If we cut one of its internal lines,
the entire graph can be separated into two disconnected parts. (c) An
example of reducible contracted 2-graphs. If we cut two of its internal
lines, the entire graph can be separated into two disconnected parts,
which satisty the condition given by in (a).

It follows from the relation n® — p(1®D = p@ _ pU®D that
n® < p® 4 Tand p? < 9@ + 1.

Let A and B be arbitrary Hermitian matrices and let us
assume that their eigenvalues are ordered in such a manner
thatag > a; > ...and by > by > ..., respectively. If A > B,
then a; > b, for all i. Then, we have ﬁgz) < ”1(‘2) + 1 and nl@ <
ﬁl@ + 1. Thus, the Lemma is proved. (Q.E.D.)

Then, in the normal phase, ﬁfz) = o(N), whereas in the BEC
phase,

a? =xN+oN) (0<ux<1). (103)

B. Criterion of ODLRO for a two-component Fermi system
in terms of irreducible graphs

The criterion of ODLRO based on the Lee-Yang cluster
expansion can be obtained for two-component Fermi systems,
following procedures similar to Bose systems.

Definition. A contracted 2-graph is called reducible if it
satisfies any one of the following conditions: (i) By cutting
one of its internal lines, the entire graph can be separated into
two disconnected parts. (ii) By cutting two of its internal lines
and associating (1,2) with the incoming lines and (1’,2") with
the outgoing lines, the entire graph can be separated into two
disconnected contracted 2-graphs; one including two incoming
external lines (1,2) and two outgoing external lines, and the
other including two incoming external lines and two outgoing
external lines (1/,2").
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FIG. 9. (a) Expression of (1',2/|®|1,2) in terms of irreducible
contracted 2-graphs in the form of a geometric series. (b) Expression
of (1',2/|K™@|1,2) as the sum over all different irreducible contracted
2-graphs.

Definition. An irreducible contracted 2-graph is a con-
tracted 2-graph that is not reducible.

The above condition (ii) and its examples are shown in
Fig. 8. An irreducible contracted 2-graph is called a simple

2-diagram in Ref. [6]. In terms of irreducible contracted
2)

2-graphs, n\, . can be expressed as a geometric series:
11212
2 1®1 181) B (2), (181
n()=n(®)+n(®)[(()n(®)
_,’_n(l®I)I€(2)n(l®l)k(2)n(l®l)+,,, (104)
where
(2
riryriry

= Z(all different irreducible contracted 2-graphs).
(105)
Equation (104) can be rewritten as

77(2) _ n(l@l) + 77(1®1)[€(2)'7(2)- (106)

Equations (104)—(106) are illustrated in Fig. 9. From Eq. (106),
we obtain

@)1 = (08D)=1 _ g,

(n = (107)

Thus, the following theorem is established:

Theorem 3. The following two criteria are equivalent:
(1) The largest eigenvalue of the two-particle reduced density
matrix p® is O(N) as N — oo. (2) The smallest eigenvalue
of (n1®M)~! — K@ is O(1/N)as N — oo.
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\/

,7(2) — +

()
AL
A EE{

+ ()

FIG. 10. (a) Expression of (1/,2|n®|[1,2) as the sum over all
different primary 2-graphs in the form of a geometric series.
(b) Expression of (1’,2'|K®|1,2).

The former implies ODLRO at the two-particle level and
the latter can be obtained from the sum over the contracted
graphs.

C. Alternative form of the criterion of ODLRO
of a two-component Fermi system

Following a procedure similar to Sec. VI C, we can
@)

rewrite 0., _— in a geometric series, which is different from
112s
Eq. (104):
n(2) =] +K® 4 (K(Z))Z + (K(Z))3 RN (108)
where
(@) . 08D (1®0) e > (2)
riryrr, T nr’]r/z;rlrz nr}rg;rlrz o nr’]r/z;rlrz riryrr’
(109)
0®1
Mevr, = 30, =) (54 Vlead), (110)
and
0®1
nee ) = A ) s — 1), (111

This geometric series is illustrated in Fig. 10.

The matrix nﬁ)r,z; vy, DAY be expanded in terms of its
eigenfunctions y;(r,r;) with eigenvalues ﬁgz) as

2 -(2) = —
Movem = A0 X ELEN@L).  (112)
i
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[Note that jx;(r,r2) # x;(ry,rz).] Since matrices n(z) and K®
commute, they can be diagonalized simultaneously. Thus, we
can write

K2 = 2 M X rim)grry).  (113)
We may write Eq. (76) as
o0
A2 =3 02) = (1 -22) " (114)
=0
Then, we obtain
1
AW =1- —- (115)
n

Thus, the criterion of ODLRO at the two-particle level is stated
as the largest eigenvalue of K® becoming unity as N — oo.

Theorem 4. The following two criteria are equivalent:
(1) The largest eigenvalue of the one-particle reduced density
matrix p® is O(N) as N — oo. (2) The largest eigenvalue of
the matrix K® is 1 + O(1/N) as N — oo.

The former implies ODLRO at the two-particle level and
the latter can be obtained from the sum over the contracted
2-graphs. Thus, we can use Theorems 3 and 4 to find out
whether the Fermi system exhibits ODLRO at the two-particle
level based on the Lee-Yang cluster expansion method.

D. Application to a uniform two-component Fermi gas
in the tightly bound limit

As an example of Theorem 4, we consider a uniform two-
component Fermi gas in the tightly bound limit, which was
discussed in Example 4 of Sec. V, and evaluate the critical
value z. for the Bose-Einstein phase transition of diatomic
molecules. Using Eq. (67), we have

(K. Ky K Pk ko)
/ a
= 22 (KK TV ko) + 22 eﬁ'Eb[0<X) + O(z)]

= 2 PR/ s (K (K) ef 1)

+ 72 Pl [0 (%) + 0(Z):|,

where a is an s-wave scattering length between up- and down-
spin atoms. Here, in the tightly bound limit, the following
inequalities hold: 0 < z < 1 and 0 < a/Xx < 1. According
to Theorem 4, the critical fugacity z. satisfies the following

(116)

equation:
1 = 2 P15 [1 + 0(%) + 0(z)}. (117)
Hence, we obtain
Ze= e‘ﬂ'Eb'/z[l + 0(%)} (118)

This result agrees with that obtained in Example 4 of Sec. V or
in Ref. [9]. The formulation given in this section includes the
method in Ref. [9] and enables us to systematically compute
the criteria of ODLRO at the two-particle level.
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VIII. SUMMARY

We have discussed the Lee-Yang cluster expansion method
and its application to the criteria of ODLRO in Bose and Fermi
systems. Lee and Yang [3] and de Dominicis [6] discussed
graphical expansions of the grand partition function and the
one- and two-particle reduced density matrices for the case of
a one-component uniform system. We have generalized these
results for the case of multicomponent uniform and trapped
systems. We have explained a physical meaning of primary
0-graphs. In particular, we have elucidated a physical meaning
of an infinite series of the ladder-type Lee-Yang primary
graphs, the sum of which leads to the BEC of the diatomic
molecules below a critical temperature. We have given the
criterion of ODLRO of Bose systems at the one-particle
level based on the Lee-Yang cluster expansion method. It
is expressed as a converging infinite series of irreducible
contracted 1-graphs or irreducible primary 1-graphs. Appli-
cations to a Bose gas of hard spheres have also been made.
Furthermore, we have given the criterion of ODLRO of Fermi
systems at the two-particle level based on the Lee- Yang cluster
expansion method. This is expressed as a converging infinite
series of irreducible contracted 2-graphs or irreducible primary
2-graphs. Applications to a two-component Fermi gas in the
tightly bound limit have also been made. Finally, we note that

o \ny,n 1 1
(X R = e —
(my —Dliny!

IR XD AR MR ISP

—/d3(’”_1)r¢/d3”¢r¢(y,1T,...,nT S TS TTRURI TP ARG PO

PHYSICAL REVIEW A 85, 043601 (2012)

the formulation given in this paper includes the method in
Ref. [3] for Bose systems and in Ref. [9] for Fermi systems,
enabling us to systematically compute the criteria of ODLRO.
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APPENDIX A: DERIVATIONS OF QUANTUM CLUSTER
EXPANSION FORMULAS

In this Appendix, we derive the quantum cluster expansion
formulas of the grand partition function (5) and the one- and
two-particle reduced density matrices (13), (15), and (17). We
first introduce partial traces of Wo(("*'” ) and UO(Z"T’"”, which are
denoted as

—1;1,,...,n),

(AD)

/d3("T_2)r¢/d3’”r¢(y1,y2,1T,...,nT — 20, XS X Ly e — 251, ny), (A2)

oy — UXS"™ X 0,y — Lixo 1y, .oy — 1), (A3)

R
T —2)'n,!
ity b IXE" x4 X0 ) = ! 1 /d3(n¢71)r /d3<"¢*1)r
(ny — D! (ny — 1! * !
Xy, 14,y = Ly, 1y, .o
where X' = W™ or U and I = W or

1. Grand partition function: Proof of Eq. (5)

To prove Eq. (5), we first note that a general term in
Eq. (3) for W™ is expressed as the sum over products

of my, ,(=0,1,2, ...) cluster functions U( P i)

(N»N)
<1T"' NT;ll"' N¢| ! ¢|1T""’NT;1l""’N$)
1,0 1,0 2,0 2,0
= Y @00 u00) (Ul U0y
(miy1,} per. o ey
Iy,0y) Iy,0y)
x (Ug oty L (A4)
M1y

where the set of integers {mi 1, } satisfies the conditions

N¢ N¢

Z Zleh 1, = Ny,

L=01,=0

(AS5)

UC((I‘IT,I’Q)-

Ny Ny
Zzl¢m171¢ _Nl

L, =01,=0

(A6)

In Eq. (A4), Y miy1,) denotes the sum over all sets {m, /, } sat-

isfying the conditions (A5) and (A6), and Zpﬂ‘ is the sum over
all different ways of assigning {ry4,...,rys,ryy,...,ry,} to
each Uél“ll). In accordance with Eq. (4), we integrate WD((NT’M )
over all the coordinates.

Integrating W.' """ using Eq. (Ad), we obtain the same
result for every term in the sum Zper for fixed {m, s }. The

number of such terms in the sum Zper

N¢ Ni

-1
(NT!)(NU)[H ]_[m,m!{(IT!)(IU)}’"M} . (A7)

1=01,=0
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By the definition of Bt!¥) in Eq. (6), we have

fd3lTr¢/d3]¢rl(lT,...,lT;li,...,l¢|U;lT’Z¢)|l¢,...,

‘We thus obtain

T ¢
Nty = vy 3 TTTT

PHYSICAL REVIEW A 85, 043601 (2012)

Lysly, ... 1) = Ay, )BYW, (A8)

B(lT’ll))mlT”i 3

/d%r?/d%rl lT"' N7~,l¢,.. N¢| (NT N¢)|1T,
iy 1,)1,=01,=0 i1, !
(A9)
The grand partition function can be obtained by substituting Eq. (A9) in Eq. (4):
Ny N,
I [T sty
Ny=0 N, =0 (my, 1, } 1 =01,=0 iy, !
RN (N N b Iy pdy,ly)
_1_[]_[ m,,'(ZTziBH) = exp ZZzzBH (A10)
l¢ 0[¢ Om,Tl =0 l¢ OlL
2. One-particle reduced density matrix: Proofs of Eqs. (13) and (14)
To prove Eq. (13), we first rewrite the one-particle reduced density matrix using Wo([ M) We note that
tngw@H;@)(\ifl<x>®T<y>e*ﬁH)
— — (S ~ _ (N)
= > 4 “u/dm ey (Wl PN N = (N = 1 ) ye P
p) <N¢>
I[I,GH OHe
=N Y PNy /d3N*I‘¢I/Ii*(X,1T, Ny = L0y Ny L Ny — 11 N e PE
weH(NN 2NV
i o)
1 _ Ny.N))
Sl ———— A /d”w Ay oo Ny = Ly, N WX, Ny = 51, LN,
(NT_I)!Ni!/ i Wy 1y 1 ' ! Ix, 14 i ' Iy
(A11)
Then, the one-particle reduced density matrix is rewritten as
1 o0 o0
1N (Ny,Ny)
(xt1pPly) = (Tl () = = Z Z S e x). (A12)
Using the definitions of the cluster functions (3), Wo(,NT M in Eq. (A12) can be expressed as the sum over products of the
cluster functions:
Ny N
(Vo ler . Ny = L1y, N W™ 1, Ny = 11, LN
Ny N,
= Z Z Z Z(y’al7"‘7an¢71;al,"‘7an¢|UénT’n‘L)|X’al,"‘7an¢71;a1,"‘7ani)

ny=1n,=0 {m’7'1¢} per.

x (b |USO1b1) <o by o |US O by o) - - -

yhto .
cl¢| |Cl""’ClT7cl""

X{C1y sl ey

where Z om0,
different ways of grouping as follows:

)

(ZT 1¢)| ’chm’T'%)""

. ( e ’ClelT'll cli’”IT /¢| . ’ClTl?llT‘/¢ ; e
(A13)

, is the sum over all sets of integers {m,, ; } satisfying Ny = n, + 3 _, lomy, ;,, and > per. 18 the sum over

(ar, ...,an,—1), {(bl) (mlu)} ...,{(Cl,...,clT),...,(...,cle,M)},..., (A14)
where ay, . .. ,an¢—1,b1, ...1s a permutation of the coordinates {14, ...,N; — 1}, and
(Cl],...,CLnT_l),...,{(C],...,CIT),...,(...,Cle,Till)},..., (AIS)
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where aj,....,a,,-1,... is a permutation of the coordinates
{1,,...,N,}. In the groupings (A14) and (A15), within each
pair of round brackets, the integers are arranged in ascending
order and within each curly bracket the round brackets are
arranged such that their first entries follow ascending order.
In general, Eq. (A13) is a product of one Uo(,'”’"” , which
includes x and y as two of its variables, and products of cluster
functions U, e , which include other particles as variables.
According to Eq. (Al12), we need to 1ntegrate W,
Using Eq (A13), if we integrate W
{14,...,Ny = 151,,...,N,}, we obtain the same result for
every term in the sum Z for fixed n¢, ny and {my; }. The
number of such terms in the sum )

OVCI‘ coordinates

per.

-1
oy - [ oS "
{HAHY™
(ny = Dlny! |:]i[01!_[m111¢ [

‘We thus obtain

(Ny, Nl)

(Yt Wa

Ny
=2 Z PRI

ny=1n,=0 {m,T i}

i

(B(IT l¢))m/¢ q (A16)
1,=01,—0 " 1!
Substituting Eq. (A16) into Eq. (A12), we obtain
o oo Nt N,
oyt = PIDIDIPIPD
= =1 Ny=0n4= ”l_o{mlﬂﬂ
ny—1 n ny,n
x 2y 2] (1 Og" " 1x)
<[] —(lez”B('T Wymivi, -~ (A17)
1,=01,—0 " !
Using Eq. (A10), we find
ny—1 n ny,n
(xt1pVly1) = Z Zz* Ty tOa k). (A18)

n¢_l n¢_0

The proof of Eq. (14) can similarly be made.

3. Two-particle reduced density matrix:
Proofs of Eqgs. (15)-(17)

(15)—(17), we rewrite the two-particle
(N4,Ny) .

To prove Egs.

reduced density matrix using Wy in a manner similar to
what we have done to the one-particle reduced density matrix
in the preseding subsection. The results are

xitxt0?lyi1,y21)
= <®T(xl)ﬁfi(xZ)%(yz)@T(yl»

—HZZZ

Ny=2 N;=0

(Ny,

Yty W 1x 4 xa1)

(A19)
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and

xi1 1, x4 1P y11,¥24)
= <¢ﬂ'(xo\i!*(xg%(yz)@q(yl»

=— Z Z VT T Wl X X)),

= N=1N, =1
(A20)

First, we prove Eq. (15). We now use the definitions of the

cluster functions (3) and note that each WOENT’NL) in Eq. (A19)
can be expressed as the sum over products of the two forms as
follows:

(Y1,Y2,f11, cee 7al‘lT—2;bla cee ’bn¢|
(ny,ny) .
X U(X |X1’X2’al’ -‘~7anT—2’bl’ ""bni)

X (¢ |U;1’0)|cl) . <cm1‘0 |U0(,1’0)|cm1<0> -

xAdy,....dy;eq, ... ,elilUélT'li)ldh coodper,..er)
X ... ( e ’dITm/T o Clymy g, i
Uéu,zu ) 7lemIT el ) . (A21)
and
(yl,dl, Ce ,anmq;bh cee ’bn1¢|
« U;n11,n1¢)|xl’a1, . ,anm,l;bl, L. ’bﬂll>

X (yz,cl, -
(n24,n2y)
XUa |X2,C1,...

1
x (e |UMDNey) ...

7cn27—l;dlv L 7dn2¢

9Cn2171;d17 e 7dn2¢)
(emyo] ULV emy) - - -

(CW)]
X<fla-~-7ﬁ¢;gla~--agl¢|U0tT ‘ |f17-~~vﬁT;gla~~-7gl¢>
X ooy fromig a5 8lym |

(r.1y)
UL S 5Bl ) (A22)

In Eq. (A21), the set of integers {m,, , } satisfies Ny = n, +
ZZO=1 lymy, ;. and in Eq. (A22), the set of integers {m, ; }
satisfies the conditions Ny = i +nas + 3, — lomy, g, In
general, (i) the term (A21) is a product of one U(,(f”'"i ) (which
includes x;, X,, y1, and y, as four of its variables) and products

I
of cluster functions U, Ul

(which include other particles as
variables), and (ii) the term (A22) is a product of one US"""""* )
(which includes x; and y; as two of its variables), one U,
(which includes x; and y, as two of its variables), and products
of cluster functions Uo(f“l” (which include other particles
as variables). In accordance with Eq. (A19), we integrate

wNeNY Using Eqgs. (A21) and (A22), we integrate we N

(n24,n2y)

over coordinates {14, ...,Ny —2;1,,...,N}. We thus obtain
N.
Wity W1 1, x0 1)
Ny N,

=33 3 it tES " Kt xa )

ny=2n,= 0{m1T,¢}
Ny Ny
190

li=01,—0 "h- Lt

(B(IT li))m,T 0
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Ny, Njy—niy Ny—ny,

YY Y Y Y

n1¢=1n|¢=0 I‘l2¢=1 n2l=0 {’11’T’l¢}

TS 13 1) (v 1108 1% 1)

i

li=01,—0 "h Lt

LBy (A23)

Substituting Eqs. (A10) and (A23) into (A19), we have
(xi 1, XleP(Z)lle y21)

)

Tyt MO Ikt xa )

ny=2n,=0
[ [
-1 7 (nig,nuy)
+< Do A s IX1T>>
niy=1n;,=0

< D DRI “)

nap=1ny =0

(A24)

Then, using Eq. (A18), we obtain

xi1, x4 0@ lyi1,y21)
= (xi M y11) (xatpPy2 1)

1D 9) IR

ny=2n,=0

Wy HO8 1x0 4, %01).

(A25)

The proof of Eq. (16) can similarly be made.
Next, we prove Eq. (17). Following a procedure similar to
the above derivation of Eq. (15), we obtain

Wity LW x4 %0 ))

Ny Ny
= Z Z Z ity L 18 1x1 4 %0 )

ny=1n =l {m,T 1)

Ny N,

<115

li=01,—0 " Lt

B(IT'IU)””?U

Ny Ny Ny—nyy Ny—nyy

LDIDMD DD

ll]¢=ln1¢=0 Vl2¢=0 nu:l {m,T']i}

x<y1¢|0(””‘"‘“|xm<yz¢|l75”””””|m>

Ny N,

198

1y=01,=0 M- 1!

(B(ZT l¢))mlT I (A26)

Substituting Egs. (A10) and (A26) into (A20), we find
it x2 L0yt y21)

SDIDIEE

ny=ln =1

Wty LG8 x4, %0)
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(Z > AT o g ¢>>

p=lnyy=0

(zz

}’l‘m—onu—l

S yzut?;”“*”%xzw). (A27)

Then, using Eq. (A18). we have
(xi1x2L1p?y11.¥24)

= xi Moy 1) (xad 1o Vly2d) + Z Z A

< (Y112 L1 T8 " |x1 4 %), (A28)

4. Mathematical justification of quantum cluster expansion

The above derivations can actually be mathematically
justified. We consider a uniform system or a trapped system.
To be rigorous, let us assume that the system is confined in an
infinite potential well with a volume V' and the interaction v has
a hard repulsive core. Then, W(NT M) vanishes for sufficiently
large values of N4 or N and we denote their upper bounds as
M, and M, respectively.

First we demonstrate the validity of Eq. (5). The grand
partition function reads as

My M, Ny N,

PP T
Ny=0N,=0 1T
where
QM) :=/d3NTr¢/d3N¢"¢<lm~--’NT;1¢""’N*|
)W ML LN T, N (A30)

is a partition function. Equation (A29) is positive and is thus
a polynomial of z4 and z with no zeros on both the positive
real axes. Therefore, In E(z4,z) is holomorphic near the origin
and along the positive real axes in both the complex z4 and z,
planes. Near the origin, this logarithm can be expanded as a
power series, and this power series is nothing but Eq. (5). If we
understand Eq. (5) to mean the analytic continuation, Eq. (5)
is valid for all positive values of z4 and z.

Next, we show the validity of Eq. (13). Since
vanishes for sufficiently large values of Ny or Ny and E is
a polynomial function of z4 and z;, with no zeros on their
positive real axes, from Eq. (A12) the one-particle reduced
density matrix (x1|p"|y?) is a rational function of z4 and
7). Therefore, the one-particle reduced density matrix is
holomorphic near the origin and along the positive real axes
in both the complex z4 and z, planes. Near the origin, the
one-particle reduced density matrix can be expanded as a
power series, and this power series is exactly Eq. (13). If we
understand Eq. (13) to mean the analytic continuation, Eq. (13)
is valid for all positive values of z4 and z . The two-particle and
multiparticle reduced density matrices can be mathematically
justified in a similar manner.

Note that, for the above justification, interaction v needs to
have a hard-repulsive core, but the s-wave scattering length
can be either positive or negative.

WO(tN¢,N¢)
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y,1))

APPENDIX B: W, IN TERMS OF w¢-i)

We prove Eq. (21). The eigenfunctions of H™tM) can
be classified according to the tensor product of the ir-
reducible representations of the permutation group of Nj
objects and that of N objects. If wi(l’T, .. ,N%; li, ... ,Ni)
belongs to an irreducible representation Dy ® D, then
GPeQwi(P(l/T), . ,P(N%); Q(l’i), e ,Q(Ni)) also belongs
to the same representation Dy ® D, . Hence,

0 ) €Pely(PY), . PIND; QL)) ..., O(N)

PeSNT QESNi

(B1)
belongsto Dy ® D . However, the function (B1) is symmetric.
Hence, if Dy ® D is not a symmetric representation, (B1)

is zero. On the other hand, if Dy ® D, is a symmetric
representation, then

33 PP, . P(ND: Q(Y). - . Q(N))]

PES[\/T QES[\/¢
= (N DV D(1,

Using the definitions (2) and (19), we obtain Eq. (21).

NG LN (B2)
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TABLE I. Correspondence between the Lee-Yang and our
notations.

Lee-Yang This paper
Solid line z 1
Dotted line m(Kk) 15" (k)
Thick solid line M(K) nV(k)
[ vertex . r®) ) PP b e CT

APPENDIX C: CORRESPONDENCE BETWEEN THE
LEE-YANG AND OUR NOTATIONS

In this Appendix, we list the correspondence between
the Lee-Yang notation [3] and ours in momentum space.
For simplicity, we consider a one-component system. The
15" (k) and (k) functions used in this paper are defined by
1P (k) := (1 — eze P)~" and nO(k) := (P (k)P1(k)). The
corresponding m(k) and M (k) functions used in the original
paper of Lee and Yang [3] are defined by m(k) := z(1 —
eze P! and M(k) := z{1 — (I (K) ¥ (k))}. Thus, we ob-
tain m(k) = zn{" (k) and M (k) = zn" (k). These relationships
are listed in Table 1.
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