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Abstract. The N-ground-state-exciton normalization factor, namely (v|BY Bi™|v) = N! Fx, with B the
exact ground state exciton creation operator, differs from N! because the excitons are not perfect bosons.
The quantity Fx turns out to be crucial for problems dealing with interacting excitons. Indeed, the excitons
feel each other not only through the Coulomb interaction but also through Pauli exclusion between their
components. A quite novel purely Pauli contribution exists in their many-body effects, which relies directly
on Fy. Following procedures used in the commutation technique we recently introduced to treat interacting
close-to-bosons, and in the BCS theory of superconductivity, we rederive important relations verified by
the Fy’s. We also give new explicit expressions of Fiy valid for n = Na2 /V small but N2a3 /V large, as Fx
does not read in terms of n but N7, the exciton number N being possibly huge in macroscopic samples. Due
to this superextensivity, Fiy does not appear alone in physical quantities, but through ratios like Fn1,/Fn.
We end this work by giving the n expansion of these ratios, useful for all purely Pauli many-body effects.

PACS. 71.35.Lk Collective effects (Bose effects, phase space filling, and excitonic phase transitions)

1 Introduction

In the low density limit, N electron-hole (e-h) pairs in a
semiconductor are known [1] to form N excitons. However,
as these composite particles are not perfectly bosonic,
many-body effects between them [2] are quite tricky to
handle properly: Indeed, all many-body theories [3] exist-
ing up to now were designed to deal with perfect fermions
or perfect bosons. We have recently developed a new
theory [4-10], called “commutation technique”, to treat
many-body effects between close-to-boson excitons. In ad-
dition to Coulomb interaction between their electrons and
holes, these particles feel each other through Pauli ex-
clusion between their electrons and between their holes.
The interplay between Coulomb interaction and Pauli ex-
clusion gives rise to all kinds of sophisticated Coulomb
exchange processes. However, even in the absence of any
Coulomb interaction, purely Pauli contributions to the ex-
citon interaction must exist. They are related to the fact
that, due to possible carrier exchanges in forming the exci-
tons, N-exciton states, unlike perfect boson states, are not
orthogonal. In other words, if we look for many-body ef-
fects between excitons, i.e., terms in n = Na3 /V, where N
is the exciton number in a volume V, and a, the exciton
Bohr radius, they come from Coulomb interaction dressed
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by exchange processes, but also from the consequences of
Pauli exclusion in scalar products of N-exciton states.

As the ground state exciton enters most problems of
physical interest, one of these scalar products is of partic-
ular importance, namely

(o[ BY B |v) = N1 Fy | (1)

where |v) is the vacuum state with no electron-hole pair,

and Bg is the creation operator of the ground state
exciton,

Bl = af b, (2)

k

with ¢x being the relative motion wave function in k
space.

If the excitons were perfect bosons, we would have
Fn = 1. For true excitons in large samples, Fy turns out
to be extremely small [4], behaving as exp(—Nn). This N2
dependence, which can be surprising at first, originates
from the intrinsic N-body character of Pauli exclusion,
which acts “at once” between the constituents of all the
N excitons, being N-body by essence and thus conceptu-
ally quite different from the two-body Coulomb interac-
tion. The superextensive behavior of Fy cannot appear,
of course, in real physical quantities. Actually, Fiy enters
these quantities as ratios such as Fyyp/Fn. However, be-
cause these ratios behave as 1+ O(7), the contribution of
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their n dependent terms are as important in many-body
effects between excitons as the one coming from Coulomb
scatterings.

We have seen this Fy factor appearing for the first
time in our attempt to determine a criterion for bosonic
behavior of N excitons [4]. By introducing the deviation-
from-boson operator defined as

[BZ-,BH =5 — Dy | (3)
it appears reasonable to impose that the expectation value
(D)x = (v| B Doo By [v) /(v] BY By o) (4)

must be small for N ground state excitons to behave
as bosons. This expectation value turns out [4] to be
2(1—Fn41/FN). It is proportional to 7, as expected. How-
ever the prefactor we find is surprisingly large, being of the
order of 100 for 3D and 2D systems: This makes the ex-
citons lose their bosonic character much before the Mott
criterion makes them disappear. Let us recall that, while
our criterion for bosonic behavior relies on a “clean” cal-
culation, the Mott criterion uses two quantities calculated
in limits which exclude each other: The ladder diagrams
for excitons, valid at small density only, and the RPA for
Coulomb screening, valid at high density only.

This Fy factor also plays a crucial role in the calcula-
tion of the expectation value of the Hamiltonian in the N-
ground-state-exciton state [8]. While Coulomb interaction
appears at first order by construction in this quantity, n™
terms with n > 2 are found, which physically come from
purely Pauli many-body effects and can be traced back to
ratios like Fnip/Fi.

More generally, all physical quantities appear as ma-
trix elements, and all matrix elements between N-exciton
states, with most of them in the ground state, do have Fy
factors. Our new derivation of the exciton-exciton scat-
tering rate [11] relies on F, through scalar products of
le - ~B;Lp (Bg)N’p|v> states with i; # 0. Fiv factors also
enter the new determination of the N electron-hole-pair
ground state in the small density limit we are currently
studying.

Fy is the crucial quantity for the purely Pauli part
of many-body effects between excitons which results from
their close-to-boson character. Consequently, it is worth a
detailed study.

In Section 2, we use our commutation technique [5,6]
to derive the recursion relation between the Fy’s given in
our previous work (Ref. [4]). This commutation technique
relies on two parameters f}zf”-j and Apngj. The first one
plays no role in the calculation of Fy as it corresponds
to the (direct) Coulomb scattering of two excitons when
the “in” and “out” excitons are made with the same pairs
(e1,h1) and (ez, ha). On the opposite, the second param-
eter A\ppij, which originates from the composite nature of
the excitons, i.e., from the fact that two excitons can be
made either with (eq, k1) (e2, he) or with (e1, ha) (ez, h1),
appears in Fyy. Using these Ap,n4;’s, we can recover the re-
cursion relation between the Fiy’s as given in equation (12)

of reference [4]. From it, we derive a new expression of
Fy valid for n = Na2/V small but N (N a3 /V)" large, as
these are the usual conditions of interest for IV interacting
excitons. We finally obtain the 1 expansion of ratios like
Fn4p/Fn which are the quantities appearing in many-
body effects between excitons.

Beside excitons, there are other quite well-known close-
to-boson particles: the Cooper pairs. For a deeper under-
standing of many-body effects between excitons, it can be
interesting to make a link between the well-known BCS
theory of superconductivity [12,13] and our new commu-
tation technique. In Section 3, we recover the recursion
relation between the Fy’s using a procedure inspired by
the BCS formalism. We also derive an explicit expression
of F from which we recover the 1 expansion of Fyy,/Fn
using a saddle point method.

In Section 4, we give some numerical results on Fy and
Fx+1/Fn obtained for rather small N, namely N < 200,
in order for the calculations to be numerically tractable.

2 Fy using the commutation technique
2.1 Recursion relation between the Fy's

Our commutation technique [5,6] turns out to be quite
convenient for calculating quantities dealing with inter-
acting excitons. For this reason, it is worthwhile to detail
a calculation of Fly using this method.

It is easy to check by recurrence that

[Bm,BgN} = 0mo NBIN T - N(N - 1)
X Y " Amnoo By B{Y 2 = NB{" "' Dpno,  (5)
n

where the A, ,;; coefficients of the commutation technique
are such that

|:Dmi; B;ri| =2 Z )\mnij BJL ’ (6)
n

D,,; being defined in equation (3). Equation (5) can be
used to obtain By B{™[v). As By, |v) = 0 = Dypyglv), which
results from their definitions, we find

(v| By BE™|v) = N(v| By~ B{¥ o) - N(N — 1)
X > Amooo (| By Bl BIY 2 |o). (7)
m

The same equation (5) can also be used to obtain the bra
<1}|B(])V71 B!, appearing in the sum. This leads to

N(N —1)*(N —2)
N!
X Z A00mn Am000 <U|B(1)V_3 B, B(T)N72|v>7 (8)

mn

Fn =Fn_1— (N —1)Xooo0 Fn—2 +

since Amni; = (Aijmn)* = Anmij (as can be seen from the
explicit value of Ay,pi; given below in Eq. (12)). If we keep
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using equation (5), we generate a recursion relation for Fiy
which reads

N
N = Z aglN) FN—n (9)
n=1

According to equation (8), the first two coefficients are
simply

aj =1 s a;N) = _(N - 1))\00007 (10)
while the following ones are found to be
o) = (N = 1)(N = 2) 3" Aooom Amooo,
m
af™) = —(N = 1)(N = 2)(N = 3) > Xoomn Amooo Anoco,
mn
(11)
andsoon ...

Since (v|BY B{"|v) can only depend on the ground
state exciton characteristics (Qo = 0, 1), it must be pos-

sible to rewrite the sums appearing in anN in terms of
(k|zy,) = ¢k only. In order to show it, we can use [5,6]

1
Amnij = 5 /dre1 dr,, drp, drp, @) (€1, h1)

X @;(eg,hg) (61,h2) (627h1) (m = n)7 (12)

where @, (e,h) = (r. — rp|z,, )V 2 expliQ, - (qere +
apry)] is the n exciton wave function, and aep =
Me,n/(Me + mp). By taking the Fourier transform of
(r|zy), Amnsj also reads [6]

1
Amnij = b) 0Qm+Qn,Qi+Q; Fmnij (e (Qm — Qi),
oan(Qn — Qi) + (m < n), (13)
p+p p+p
Fonij (P, P') Z <:EV 5 ><:EV k+— >
k
_ _ /
X <k+ P 2p :El,i> <k P 2p x,,j>~ (14)

The center of mass momentum conservation implies that

all the (m,n...) exciton states appearing in the aslN) sums
have a zero momentum Q. Consequently, all the (p, p’) of
Frnij(p,p’) are equal to zero. The sums over (m,n...)
can then be performed through closure relations between

the |x,)’s, so that we finally get

Fy =Fn_1— (N — 1)0’2 Fy_o+ (N — 1)(N — 2)0’3FN_3

~(N=1)(N—2)(N—3)os Fxy_s+--,  (15)
where following reference [4], we have set
64 a3 "
— 2n — T 16
On zk:|¢k| g(v(l‘i’kQai)Q) ) ( )

for 3D bulk excitons, the explicit calculation of these
sums giving N" "o, = f(n)7""! with f(n) = 16(8n —
5)11/(8n — 2)!, and

i =647 Nad/V = 6471 (17)

The recursion relation (15) is nothing but the one given
in equation (12) of reference [4].

2.2 Explicit expressions of Fy for N large

A pedestrian calculation allows to check that equa-
tion (15) is fulfilled by the expansion

2

() 2 (03 g5

Fy ~expN |-N—=+N? (=2 -2
N exp |: 2+ <3 2)

5 3
—N?’(Z—0203+%)+"':| , (18)

for N (N a3 /V)" small, o,, being of order (a3 /V)"~1. The
above expression of Fiy is also valid for N (N a2 /V)™ not
small, which is what happens in usual experiments, as
the existence of excitons requires N a2 /V < 1, but their
number N is usually very large in a macroscopic sample.
In order to derive equation (18), we can look for Fy as

Fy =exp[-N(N —1)B2 + N(N = 1)(N —2)8s
—N(N —=1)(N =2)(N =3)Bs+---], (19)
and enforce its validity for N = (2,3,4,...), equation (19)
already giving Fy = F; = 1. For N = (2,3,4) we find
By =In (FQW) ~n [1 - %
85 = In (F;/"’F;W)

02 g3 02
swpe(Fo5) = (5-%)

—By=In (Fj/“Fgl/GFg/“)

~In |1+ (—— Jr5¥‘:23 +
~ 4 0203 6 5

in which we have used Fo = 1—09, F3 = 1—302+203, and
Fy=1—602+ 803 — 305 — 604 (see Eq. (7) of Ref. [4]) as
well as the fact that, for macroscopic volumes, the o,,’s are
always much smaller than 1. Note that the 3,’s given in
equation (20) are in (a3 /V)"~1, while the dropped terms
are in (a3 /V)".

By expliciting the o,,’s as given in equation (16), we

02
~ =

T -

(20)

get
I 2
Fy ~exp N 7f(22)7~,+ (fg%) i 2(2)) 2
] 3
(2 - s+ L2 ) i
~ 33 233 ., 19617 _,
= e N | “555 1+ 215767 Torrrate }

~exp N [-2.610"n+3.810°n° —9.510% > +---].
(21)
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2.3 n expansion of Fnyp/Fn

Actually, the quantities appearing in many-body effects
between excitons are not Fl, due to its superextensivity,
but ratios like Fyyp,/Fn. From equation (21) we find that

M:expp{a(@) ﬁ+3(@—m)ﬁ2

Fy 3 2
f(4)
4 (T _

o Eni )’
~
(Note that, when calculating Fny,/Fn from Eq. (21), we

should not forget that 7 also depends on N.) 7} being small,
equation (22) thus leads to

F2)f(3)+ @) 7+ ]

(22)

I 1 @ (18) - @) 7
N
— (@) =3fB3)f2)+2°(2) 7 + -
zl—ﬁﬁ 2021 P 3897 pe
128 32768 262144
~1-5210'np+2510%p> —1.210°3 + - .-

(23)

We see that Fix41/Fn is close to 1 for exciton densities
such that n = na3 < 1072. Let us recall that, for such
densities, Fiy is extremely small for macroscopic samples,

since typical N’s are of the order of 106.

3 Fy using a BCS procedure

We now turn to the derivation of various expressions
of Fy given in reference [4], following a BCS-like proce-
dure [12,13].

3.1 Compact expression of Fy

Let us introduce [14]

+o0 1 .
o) = D ™ (B ). (21)
N=0
Using equation (2), this state also reads
Wy) = exp <ei“’ > iay ka> [v)
Kk
= (25)

H exp (ei‘P oK a;r( bT_k) |v),
"

since the operators (al bT_k) with different k’s commute.

By using (GL)N|’U> =0for N > 2, |¥,) can be rewritten as

@) =TT (14 dneal bl ) 1oy -

k

(26)

We now introduce A, = (Puo—0|¥,).

[ak,aL,L_ = 0k,x and (U|aL|U> =0, A, is simply

By wusing

A = [ (1 + €% [wl’) = Z(e). (27)

k
Since (v|BY BiM|v) = 0 for N # M, we also have from
equation (24)

+oo
1 i
Ao =3 e WIB Bl (28)
M=0

It is then easy to check that the quantity we are interested
in, can be obtained from A, through

2m

d .

©IBY B0y = (0 [ SEe Ve, (2)
o 2m
By setting z = €', equation (29) leads to
dz 1

Fy = N! — =

=N § S S (30)

the contour C' being the circle of unit radius around the

origin. As =(z) is analytic inside this circle, the residue
theorem finally gives

(31)

which is exactly equation (10) of reference [4].

3.2 Recursion relation between the Fy'’s

Starting from equation (30), we can recover the recursion
relation (12) of reference [4]. Indeed, the integration by
part of the r.h.s. of equation (30) leads to

dz 1 d=(z)

c 2ir 2N dz

Fy = (N —1)! (32)

From the explicit form of Z(z) given in equation (27), we
get

dlnZ(z) o> et s o
dz ’Z1+z|¢k|2*2(*1) z Zk:|¢k| :

k n>1
(33)
which is valid for |z||¢x|? < 1. Because |z| = 1 and
>k [éx|? = 1, we can rewrite equation (32) as
al dz 1
Fny=(N-1)! —1)n ! n —_— =
N =( ) nz::l( ) zk:|¢>k| D i NI (2),
(34)

since the integral for n > N gives 0, the function =(z)
being analytical inside C'. Using the expression of Fiy given
in equation (30), we can thus rewrite equation (34) as

- 1!

N

Fn_ (35)
Y] P
= p)!

which is nothing but the recursion relation between
the Fn’s given in equation (12) of reference [4].
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3.3 Explicit expression of Fy in terms of the op’s
Starting from equation (30), we can also recover the ex-

pression of Fyy given in equation (9) of reference [4]. For
that, we rewrite =(z) given in equation (27) as

2(2) = exp (Z In(1 + z|¢k|2>>
k

Zn
e [0 Y] L @6)
n>1 k
which is again valid for |z||¢k|?> < 1. This leads to
H exp ( n+1 In Zn)
n>1
1] Z Sy eyt e
n

n>1 p>0

Since o, is very small for macroscopic sample, being in
(a2 /V)"~1, we can insert this expansion of Z(2) into equa-
tion (30). We get

dz on\P 2P
n+1 n
Pe=Ng TS o (o )
n>1p>0
(38)
in which the product and the sum can be commuted. The

integral over z differs from 0 for X’ np = N only. For a
given n, let us call p,, the corresponding p. Equation (38)

thus leads to
( n+1 On )Pn
n )

=N Y H
{pn}n= 1P
where the {p,, } are positive numbers such that Xnp, = N.
This expression of Fy is exactly the one given in equa-
tion (9) of reference [4].

(39)

3.4 1 expansion of Fy11/Fn

We can derive the 7 expansion of Fni1/Fn from
equation (30) by using a saddle point method. Equa-
tions (27, 29, 30) allow to rewrite F as

dz
Fy = N! Ng(z) 4
N %C 2imz . ’ (40)
1 2
) = —ho) + 5 Nl zlad) . (@)
For a given N, g(z) is extremum for zo such that

|dx|*

=0, 42

N LT aaT 42)

which also reads

=1. (43)

Z |¢)k|2
N/z + N |¢xl|?

N | ¢k |?, being of the order of 7, is small, while o1 = 1.
Equation (43) thus leads to N/zp = 1 + O(7}). Conse-
quently, zo is positive (and real). Since

PPN S U o S [0 W
“ZO)*% N 2T o lon?

_ Z [
k

(1 + 20 |Pk|?)?
9" (z0) is also positive. Using the principal branch cut of
the logarithm, and writing g(z) as g(z0)+3 (2—20)% ¢ (20),
we are led to transform the integral of equation (40) into
an integral along the imaginary axis. By setting z — 2o =
iy, we get

+oo

: (44)

(45)

The simplest way to obtain Fiyy1/Fy is to note that equa-
tion (40) leads to

dz _ Nae)

Fyy1=(N+1)! 7{

46
o 2imz? (46)
so that, by calculating the integral as we did for Fy, we
immediately obtain Fxi1/Fn = (N+1)/z. For large N’s,
this leads to a quite compact expression of this ratio,
namely

OSSN

~

Fnyq

47
FN Z0 20 ( )

In order to obtain the dependence of N/zy with 7}, we
set N/2g =1+ 17+27°..., and use this expansion in
equation (43). We then get

1=l {1 = (V|gwl* + i +727%)
k

H(N o>+ )2+ O (7)), (48)
from which we deduce
11 =—-Noz/i=—f(2),
Y2 =71 + 27 N oa/ij+ N2os /i = f(3) — f*(2) (49)

and so on ... Using this procedure, we recover all the
terms of Fy11/Fn as obtained from the recursion rela-
tion (15).

Figure 1 shows the N/zy dependence of Fy11/Fn, as
obtained from the numerical resolution of equation (43).
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1-n33n/2

/F

N+1"7 N

0.5

0.02

0

0 0.5 n 1

Fig. 1. Solid line: n = Na2/V dependence of Fny1/Fn as
obtained from equation (47), using N/zo as numerically calcu-
lated from equation (43). Dotted line: Asymptotic expansion of
Fny1/Fn obtained from the first two terms of equation (23).
Fny1/Fn stays close to its perfect boson value 1, for 7 ex-
tremely small only.

The insert shows its small 77 behavior for comparison with
the first terms of the 7 expansion of Fny1/Fn, as given
in equation (23), namely 1 — (337/2)n + ---. Because of
the very large prefactors of this expansion, we see that n
has to be extremely small for Fxi1/Fn to be close to its
perfect boson value 1.

4 Some numerical results on Fy for N
up to 200

Although the total number of excitons in a macroscopic
sample is usually large, it is interesting to study Fx for
not too large N’s, since calculations of Fj are then nu-
merically tractable. In order to perform such calculations,
the recursion relation (35) between the Fy’s turns out
to be much more convenient that the compact expression
of Fiy given in equation (31), or even the explicit expres-
sion of Fy in terms of o, as given in equation (39): In-
deed the number of terms in this sum becomes rapidly
extremely large.

Reference [4] gives the explicit expression of Fy for
1 < N < 5. Further calculations show that the num-
ber of terms X'y contained in Fly increases very rapidly
with N: We find Yo = 42, Yy = 627, Y30 = 5604,
Y40 = 37338 and more than 10° for N = 50. Due to
equation (39), this number of terms X'y is nothing but
the number p(N) of partitions [15] of N: For large N, it

increases as (1/4N+/3) exp(m/2N/3).

4.1 Sample volume for Fy to be close to 1

We could naively expect that Fj is close to 1 when the
exciton density is such that excitons exist. Figure 2 shows

the sample volume in ag units for which Fy = 0.8, as a

5x10° T T T T T T
Via,
4x10° |

3x10° [

2x10°

F,, = 0.8 (3D) |

1x10°

L 1 L 1 L
0 50 100 150
N

200

0.016 . ; . ; . : .

N2 axs/ V _. FN = 08 (SD) i

0.014 4

0.012 - .

0.010 -

0.008 : . : ' : : :
0 50 100 150\ 200

Fig. 2. Sample volume in Bohr radius units for which Fn =
0.8, as a function of N for 1 < N < 200 in 3D systems. 100
excitons must occupy a volume as large as 10° exciton volumes
to have a Fn factor rather close to its perfect boson value 1.
The lower figure shows N2a2/V for Fx to be equal to 0.8. For
N > 50, the density n = N/V to have Fy = 0.8 decreases
as 1/N.

function of N. We see that for only 100 excitons, this vol-
ume should be as large as 10 exciton volumes for Fiy to
deviate from its perfect boson value 1 by 0.2 only. Figure 2
also shows N2a2/V as a function of N for Fiy to be equal
to 0.8. We see that, for NV > 50, this quantity stays con-
stant, so that for large NN, the exciton density to have
Fy = 0.8 varies as 1/N. As shown in Figure 3, it is inter-
esting to note that, in 2D samples, the order of magnitude
of these results are essentially the same. Actually these 2D
results are of importance for the possible observation of
Bose-Einstein condensation of excitons, as the present ex-
periments on this subject are made on quantum wells.

Figure 4 shows Fy as a function of a3/V for vari-
ous N between 50 and 100. We see that Fy deviates
extremely rapidly from its boson value 1 when V/a3 de-
creases slightly from infinity.

From all these figures, we conclude that, except for
very large samples with volumes above 10°% exciton vol-
umes, the factor Fy appearing in the norm of the
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S/a’?
2x10°
1x10° [
F,= 0.8 (2D)
0 L 1 L 1 L
0 50 100 150 N 200
2 2 R T T T T T T
N"a,7S F,=0.8 (2D)
0.30 —
0.25 —. -
0.20 - ..k -
0 . 5IO . 1(I)O . 1;0 N 200

Fig. 3. Same curves as Figure 2 for 2D systems. The orders of
magnitude for 3D and 2D systems are essentially the same.

4x10°

0 2x10°

6x10° , 3 8x10°
a’’Vv

Fig. 4. Values of F for N = 50,60, 70, 80,90, 100 as a func-
tion of a2/V. Fy decreases extremely rapidly from its exact
boson value 1, when the sample volume decreases.

N-ground-state-exciton state is extremely small even if
we have only 100 excitons. Consequently, in most exper-
imental conditions, Fj, which comes from the fact that
excitons are not perfect bosons, cannot be replaced by its
bosonic exciton value 1.

NaXB/V

1.01x10°

1.00x10° ™ .

9.90x10™ | b
-

200

N ax3 IV
9.69x10° [

F,.,/ F, =0.995

9.68x10° re .

9.67x10°

0 50 100 150 N

Fig. 5. Densities for which Fn41/Fn remains equal to 0.95
and to 0.995, as a function of the exciton number N. We see
that these densities reach their large /N limit once N gets larger
than 50.

200

4.2 Exciton density for Fy41/Fn to be close to 1

As shown in equation (21), Fiy contains an additional fac-
tor NV in front of all N a3 /V dependent terms which makes
its value extremely small for macroscopic samples. The su-
perextensivity of F explains why this quantity does not
directly enter physical effects. On the opposite, ratios like
Fn+1/Fn depending only on the density can reasonably
appear in physical quantities. They are linked to “purely
Pauli” effects, i.e., many-body effects which exist quite in-
dependently from any Coulomb process, so that these ra-
tios are crucial for the understanding of these novel many-
body effects between close-to-boson particles.

Figure 5 shows the exciton density Na2/V for which
Fni1/Fn stays very close to 1, namely 0.95 and 0.995,
as a function of the exciton number N. We note that this
density stays constant once N gets larger than say, 50.

5 Conclusion

We have rederived important relations verified by the
quantity Fy which enters in the N-exciton normalization



24 The European Physical Journal B

factor and which differs from 1 because excitons are not
true bosons. To do that, we have followed our new commu-
tation technique for interacting close-to-bosons, and also
a procedure inspired by the one used in the BCS theory
of superconductivity.

We have given explicit expressions of Fy and
Fnip/Fn valid for Na2/V but N?a3/V large, as well
as some exact results for N < 200.

It is important to stress that Fx is a quite crucial
quantity in all many-body effects between excitons, be-
cause it is directly related to the “purely Pauli” part of
these effects.

We wish to thank O. Betbeder-Matibet for her help.

References

1. L.V. Keldysh, A.N. Kozlov, Sov. Phys. JETP 27, 521
(1968)

2. For earlier works on interacting excitons, see for instance
equation (5.3) in H. Haug, S. Schmitt-Rink, Prog. Quant.
Electr. 9, 3 (1984)

10.

11.

12.

13.

14.
15.

See for instance A. Fetter, J. Walecka, Quantum theory of
many-particle systems (McGraw-Hill, New York, 1971)
M. Combescot, C. Tanguy, Europhys. Lett. 55, 390 (2001)
M. Combescot, O. Betbeder-Matibet, Europhys. Lett. 58,
87 (2002)

O. Betbeder-Matibet, M. Combescot, Eur. Phys. J. B 27,
505 (2002)

M. Combescot, O. Betbeder-Matibet, Europhys. Lett. 59,
579 (2002)

O. Betbeder-Matibet, M. Combescot, cond-mat/0202049;
to appear in Eur. Phys. J. B

M. Combescot, O. Betbeder-Matibet, cond-mat/0207062;
to appear in Eur. Phys. J. B

M. Combescot, O. Betbeder-Matibet, cond-mat/0207061;
submitted to Solid State Comm.

M. Combescot, O. Betbeder-Matibet, submitted to Euro-
phys. Lett.

J. Bardeen, L.N. Cooper, J.R. Schrieffer, Phys. Rev. 108,
1175 (1957)

See for instance M. Tinkham, in Introduction to Supercon-
ductivity (McGraw-Hill, New York, 1975)

P.W. Anderson, Phys. Rev. 112, 1900 (1958)

M. Abramowitz, I. Stegun, Handbook of mathematical
functions (Dover Publication, New York, 1970), p. 825



