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Abstract. Asano-Ruelle-Slawny method is generalized to discuss analyticity and
uniqueness of the correlation functions in terms of the group structure associated with
any lattice systems. The use of Poisson formula for abelian groups gives a simple method to
obtain explicit domains where the above properties are verified.

1. Introduction

The analysis of the zeroes of the partition function Z is one of the
standard methods of statistical mechanics used to derive general proper-
ties of lattice systems. A powerful technique, based on Asano’s contrac-
tion [1], was given by Ruelle to study domains of zeroes of Z in the
complex variable z = e~ 2#* [2]; the main idea is to reduce the study of the
zeros of the partition function to the study of smaller polynomials
associated with the local structure of the lattice.

More recently the Asano-Ruelle technique was generalized by
Slawny [3] to discuss domains of zeroes in all the complex variables
zp=e" 2P7® where J(B) is the interaction associated with the bond B;
the idea of Slawny is to start with the Low Temperature (L. T.) expansion
of the partition function expressed as a summ over a certain group I,
called the L. T. group. He then makes use of the group structure associated
with lattice systems to give general conditions for the partition function
to be the Asano contraction of the partition function of small subsystems.
Using then a theorem due to Ruelle [4] this extension of the Asano-Ruelle
technique yields new results concerning the analyticity properties of the
free energy and the uniqueness of the equilibrium state for ferromagnetic
systems at low temperatures.

In the following we shall extend Slawny’s results to arbitrary lattice
systems and give a general method to obtain explicit domains where Z is
different from zero. These results then imply the analyticity and uniqueness
properties of the free energy and the correlation functions, and they
follow from a generalization of the Asano-Ruelle-Slawny method.

We consider an arbitrary spin 4 lattice system {A, %}, defined by a set
of lattice sites A and a set # of bonds, Z C%(A); we then discuss the

zeroes of polynomials of the form M(zg)= ) []zp where G is any
peG Bef
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subgroup of #(%) and zg is a complex variable associated each bond B
of 4. Using the group structure of the lattice we give a necessary and
sufficient condition for M(zg4) to be the Asano Contraction of smaller
polynomials M(zg,) reflecting the local group structure of the lattice.
It then follows immediately from Poisson Formula for abelian groups
that the zeroes of M(z,4,) can be discussed in terms of the zeroes of poly-
nomials of the form:
M@Zg)=1+ Ble_.LgEB where Z; = e

Since domains of zeroes of such simple polynomials are most easily
obtained we then have directly domains where M(z,) is different from
zero. In fact in the following discussion we have restricted our attention
only to the “trivial” domains defined by |Z5| < 1 for all B, |Zg| > 1 for all B
and| ) arg23'<n.
Be%;

For the application to statistical mechanics the groups G of special

interest are the “High temperature (H.T.) group 2™ and the “Low
Temperature (L.T.) group I'”; it should be remarked that for G = ¢ the
small polynomial is not the partition function of the small subsystem as
it is for the case G=1I". Applying the above simple results to the special
group X (resp. I') we obtain immediately explicit domains Dg such that
the partition function Z is different from zero if zz € Dy for all B in &
and zp=tanhK(B)(resp. zz = e~ 2X®). The analyticity and uniqueness
property of the pressure and the correlation functions follow then immedi-
ately.

As direct consequences of these simple results, we recover in particular

— Lee-Yang circle theorem for ferromagnetic systems with two body
forces [5].

— Ruelle’s result of unicity of the equilibrium state for ferromagnetic
systems with two body forces and external field [4].

— Sarbach and Rys’ result concerning the antiferromagnetic Ising
system with two body forces [6].

— The uniqueness of the equilibrium state w invariant under transla-
tion for any lattice system at high temperature [7],
we extend Slawny’s result to conclude that for any lattice system there
exists at low temperature a unique state w invariant under the full symmetry
group
we obtain explicit domains where analyticity and uniqueness properties
of the pressure and correlation functions hold.

To conclude this analysis we have applied the general results to the
study of some specific examples with many body forces. In particular
we have shown in one example the usefulness of the duality transformation
to improve the domains of analyticity.

1—zp

I1. Asano Contraction and Zeroes of the Partition Function

With any spin  lattice system {A, #}, defined by a finite set A of
lattice sites together with a family # of bonds where # C #(A), we can
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associate a group structure defined by means of the following abelian
groups [8]:
PAN)={X;XCA}; X - X'=X0vX"-XnX"

“Group of configurations”,

PRB)={B;:BCA}; P -B=pop —Bnp
“Group of Graphs”,

H = { BCc%; || B= qS} “High Temperature group”,
Bep

I'={BC%;3X CAsuch that (— 1)B~*I = —{ iff Be B}
“Low Temperature group”,

The “High Temperature” expansion of the partition function is given by

Z =2 T] coshK(B) ). [] tanh K(B) (1.1)

Be% peX Bef

and we are interested in domains which do not contain the zeroes of Z as
function of the complex interactions {K(B)}. More generally with each
bond B in # we associate a complex variable zz and we consider the
polynomial in the complex variables zg = {z} 5.4 defined by

M(zg)= ) 2 (1.2)
BeG

where G is any arbitrary subgroup of #(%#) and for any § in #(%)
2# = [] z. Using the identity (Poisson formula for abelian group [9])

Bef
Y f®=I6l ¥ 1)
BeG BeG
where _ — -
d G ={BCB;0,B)=(—1)F"Fl=+1VBe G}
an ~ —
fB=2712"%" f(B)oyPB)
we then have: pe@®
M(zg)= Y Z#=IG27 [] (1+25) ) % (1.3)
peG Be# BeG*
where .
PRI R et (1.4)

1+zp B 142,

Proposition 1. For any subgroup G of P (%) the zeroes of the polynomial
M(zg)= ), 2% such that zg+ — 1 for all B in B, are related to the zeroes
peG
of the polynomial N _
M(Zg)= ) #*
BeGt
by the transformation Eq. (1.4).
The H.T. and L.T. groups defined above have the property that

=% wi=r (1.5)
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moreover zg = tanh K(B) implies Z5 = e~ 2¥® and the Poisson Formula
applied to the H.T. expansion of the partition function Z yields the well
known “Low Temperature” expansion [8]:

Z=|A 2R [T XB® Y ] e 2K, (1.6)

Be® BeI'Bep

n
Let #= () %, be a finite covering of #; the idea of the Asano
i=1
Contraction combined with Ruelle’s theorem [2] is to obtain information
on domains of zeroes of M(zz), from a knowledge on domains of zeroes
of the “smaller” polynomials:

M(zg)= Y 2% rtesp. M(Zg)= Y 3P (1.7)
B.eG, ﬂieGil

where G, and G; are the subgroups of 2(%,) C 7 (%) defined by:
G, ={Bn%B;;feG} Gil‘_‘{FiC£i;Jﬂ(ﬁ_i)=1VB€Gi}

which yields:
G =GP (%))
ie. the elements J; of G} are precisely the elements of G* which are
subsets of 4,.
If G=2", Gt =TI and G{ is the subgroup of I defined by those 8; C 4,.
IfG=TI,G*= 4 and Gl is the subgroup of #~ defined by those f; C %,;.
Let us remark that for G = I', which corresponds to the L. T. expansion
and zp = e~ **®) the small polynomial M(zg) is related to the partition
function of the subsystem {A;; %;}, A4;= () B by Eq. (1.6); the corre-

Be%;
sponding statement is however not correct for G =.¢".

Let #=uU%, be a finite covering of # and
P(zg5) = Z ez’ Plzg)= Y, crpzh
BB

be a family of polynomials. The polynomial P(zg) is the “Asano contrac-
tion” of {P(zg,)}ifcy= ]_'[c,-’ pn®,; Mmoreover a variable zp is said to

undergo contraction if B belongs to more than one %, [3]. The interest
of this definition lies in the following theorem:

Theorem (Ruelle [2]). If P(z) is the Asano Contraction of {P;(z4)} and
if P(z5)+0 when zg¢ R, p for all Bin #;,i=1,2,...,n, then P(z5)+0
when zz¢ — || (— Ry p) for all Bin B, where R, p,i=1,...,n Be B, are

closed subsets of the complex plane which do not contains 0 if zg undergo
contraction.

Proposition 2. Let G be any subgroup of P(#B), #=u0%B; and
G,={BnB;;BeG}. M(zg)= > z* is the Asano Contraction of

BeG
M(zg)= Y, z% if and only if the subgroup of P (%) generated by LG}
BieG,
coincide with G*.



Invariant Equilibrium States 87

-3
>
1

-

'2’8 plane zg plane

{—%,
1+,

Fig. 1. The homographic mapping Z; =

The proof of this proposition is identical with the one given by
Slawny [3] for the particular case G = I' and we shall not repeat it.

In consequence all covering & = U 4, of % for which the Asano-Ruelle
method applies are obtained in the following manner:

Given G, we first find G*; let Gt,i=1, ..., n be a family of subgroups

of G* which generate G*, then %, = {Be U ﬁ}. The simplest covering
peG+
B =0, is obtained by means of the generators g of G*; in this case

2#;=g; and, using Proposition 1, the zeroes of M(z4 ) such that zg# — 1
for all Bin % are obtained directly from the zeroes of the polynomial
MEg)=1+ []12 if 2(B)nG"={4,g} (1.9)
Be%,
where zj is related to Zy by the transformation Eq. (1.4).
For example with G = ¢, which corresponds to the H.T. expansion
and zz =tanh K(B), we have G* =TI and we can choose the covering

=y, 9.={(Bar}. (1.10)

red

To study domains of zeroes of M(zg) for the case 4, =g;, we shall
use the following remarks:

M(Zg)=1+ [] %z is different from zero
Be4%,
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Fig. 2. Domains D; ; such that M(z,)=+0if zz€ D, 5

i) either if 63" < argzy <55  for all Be 4,

where
(zk—)n<ZoPr<Tom>*<k+ 1) k=0,1,2,...,

ii) or if |Zg| < dp for all Be B, wherelldg < 1.

Moreover the homographic transformation zgz= T;—ZE mapps the
line arg Z; =4 onto the circle x* + (y—cotg 6)* = 1 + (cotg 5)2 z=x+1iy
and the circle |Z;|=¢ onto the circle (x i gj) +y* = ( ] ngz )2
(see Fig. 1).

Proposition 3. For the covering % = U%,; defined by the generators
of G, M(z4)+0 if zge D, g for all B in & where
i) either D, p is the open set intersection of the interior of the two circles

x*+(yFcotg dg)® =1+ (cotg 5z)*> where 5520 and Y dp=n
Be%i

ii) or D, p is the open set outside (resp. inside) of the circle

1+02%\? 2 2
(x— Q’j) +y2=( QBZ> if og>1 (resp.gp<1)
1— g3 1 —gp

where .

[] es=1 (see Fig. 2).

Be®;
It is important to notice that in order to apply Ruelle’s theorem we must
take 65>0 or gg>1 dor all B which undergo contraction (otherwise

lB—O)

III. Applications

Let {Z*, 8} be an infinite spin 3 lattice system with finite range inter-
action J(B)= kT K(B); moreover, to simplify the following discussion,
we shall assume the system to be invariant under translation, i.e.
K(t,B)=K(B) for all aeZ’, Be 4.
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With 4, a fundamental family of bonds, i.e. for all B € £ there exists
one and only one ae€Z’, By %, such that B=1,B, we consider the
class [ By] of bonds congruent to By € 4,

[Bol={t.By;acZ}.
The free energy of the system is defined by
p= lim ——log Z(A) 2.1)
a-zv |4

where A —7Z" in the sense of Van Hove and we thus have:

p=Ilog2+ ) logcosh K(B)+ hm ——log ) [[tanhK(B) (22)
Bedo |A| pest 4 Bep

p= ), K(B)+A1im /11 log Y []e *%® (2.3)

Be%o [ Bel 4 Bep

where A4, and I', are the groups associated with the finite system
{A,%8,} and B,={Be $; BCA}.
Let us first consider the H. T. expansion of the finite system {4, %}

G=4,, zzp=tanhK(B), G'=TI,
and the covering

Bs=\J7v, 9=1{B;Be#,,B>r}.

red

We have:
M@z,)=1+]]Z5.

Bar

Since z, does not undergo contraction while zz undergo a contraction
of order at most equal to | B} if | B| = 2, Ruelle’s theorem yields the following
result:

Proposition 4. 1. The partition function Z(A) of the finite system
{A, B} is different from zero in the complex domain:

|B]
large™ 2P <5,;  |tanh K(B)| < (tg 52—3) |B|=2 (2.4)

where {0p}p.4 are arbitrary real numbers such that

5020, 5B>O’ 6taB=5B’ 50"‘" Z 5B=7I
Bar
IB| 2 2

2. The partition function Z(A) of the finite system {A, & 4} is different
from zero in the complex domain:

z —

1+ 03 | 208 HIB|

le” 2P <po<1; zp=tanh K(B)¢ —[ —{z; 2 2
{—o3 | op—1

2.5)
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where
es>1 o.p=0p and ¢, [] es=1.
HES
Corollary 4.1. 1. The free energy is an analytic function of the complex
variable zg=tanh K(B), B€ %, in the domains defined by Eq. (2.4) or
Eq. (2.5).
2. At high temperature, i.e. at temperature T such that

J(B) b5 \1®! _
tanh oT ‘<<tg 5] > Bé Sp=m

IBl22

there exists a unique equilibrium state w invariant under translations.

Moreover the correlation functions w(oy) are analytic functions of
zg, Be %, in the domain defined by Eq. (2.4).

3. For systems with non zero external magnetic field such that
le” 2Pk < 0o < 1 there exists a unique equilibrium state « invariant under
translation in the domain defined by Eq. (2.5). Moreover in this domain the
correlation functions are analytic functions of zg.

Indeed the first part of this corollary follows from Vitali’s theorem.

The second part from Ruelle’s theorem [4] and the fact that for all
finite X CZ’ and any & >0, the free energy p(K + AKy) with K4 (Y)=1
if Y e(X) and zero otherwise, is analytic in the domain.

5. \1Bl e \IXI
large 2" <5,;  |tanh K(B)| < (tg 7’*) ;  |tanh A< (tg Z)
60 + Z 53 =T—E&
522
g =number of bonds in [X] containing the site r.

Therefore w(oy) = di/l p(K + AKy)|, =, has same value for all transla-

tionally invariant equilibrium state.
Letting e —>0 we conclude the proof.
The last part is obtained in a similar manner taking:

I1 —(1)q [tanh A| < 0!
QO Bsr QB_ Q Q+1
|Blz2

and letting 9 > 1

As consequence of Proposition 4 Part 2 we recover the Lee-Yang
circle theorem for the zeroes of ferromagnetic systems with two body
forces and external field: indeed if |B| <2 for B in 4 and q is the coordina-
tion number, we have that the partition function is different from zero
in the domain:

1__ —1/q_1 2
le2PH < 1 —¢ |tanhKij|¢—{Rez<( £ }

(1—g)~Mit1
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and therefore for all ¢ € [0, 1] the partition function is different from zero
in the domain |e”?/* <1 —¢ if tanh K;;>0. By symmetry argument
we obtain the same result for |e” 2% >14¢ and ¢—0 we obtain the
Lee-Yang Circle theorem.

As consequence of Corollary 4.1 Part 3 we also recover Ruelle’s
result concerning the unicity of the translationally invariant equilibrium
state for ferromagnetic systems with two body forces and non zero external
field [4].

It should be noticed that the condition Eq. (2.5) is particularly well
suited for system such that |B| <2 for all B in 4. Indeed it is for this case
only that Eq. (2.5) yields the whole positive axis.

From Corollary 4.1 Part 2 we obtain immediately unicity of the
translationally invariant equilibrium state for T > T, where

1B|
i(fz < (tg Z) q = coordination number.
This result which is very simple yields upper bounds on the critical
temperature which are not as good as those obtained by more refined
techniques [7].

Let us now consider the L. T. expansion of the finite system {4, % ,}:
G=r,, zz=e kB Gi=x,

7
tanh

and the covering %,=|Jk; defined by the generators k; of A ;:
ME)=1+ [] 2s.

Bek;
Using Proposition 3 combined with Ruelle’s theorem we obtain the
following result:
Proposition 5. The partition function Z(A) of the finite system {A, % ,} is
different from zero in the domain:

larg tanh K(B)|<dp  if zp does not undergo contraction

5.
lzg=e KB < [] tg ’2’3 if zg undergo contraction (2.6)
k3B
where
8,20, 0,5>0, 6, 5=0;p ) Sip=7.
Bek;
Definiting an invariant equilibrium state w to be an equilibrium state
invariant under the full symmetry group [8] (Translation group and
Internal symmetry group) we then have the following result (see also
Slawny [3]):

Corollary 5.1. 1. The firee energy is an analytic function of the complex
variables {zg=e™**®}, . in the domain defined by Eq. (2.6).

J(B)
_, B 5. .
2. Ife " T <[] tge—=2 with Y 6, y=n, there exists a unique inva-
. . . k;oB 2 Bek,
riant equilibrium state w.




92 C. Gruber et al.

Moreover the correlation functions w(oy) are analytic functions of
zg in the domain defined by Eq. (2.6).

Part 2 of this corollary follows from Ruelle’s theorem and from the
fact that for any Be &, # subgroup of 2(A) generated by 4, the group 4~
associated with %' =% uU {1, B} is generated by 4, and 7,k where
k=(B,B,,...,B,)

Therefore

My(z5,)¥0 for |zgz <rg
and
- _1
) My(Zx)#0 for |Zgl<o<1 |Zz/<o ™
yields

M,(zz)#0 for |zz/<ry B¢ U [B;]
i=1

_1\ng
1—g ™
|zg,l < — 1| B
140
lzg—1l<e@

and ny is the number of generators k; containing the bond B. Letting
0> 0 we conclude at the unicity of the equilibrium state w invariant under
translation and such that w(cy) =0 if X ¢ # which is precisely the unicity
of the invariant equilibrium state.

It should be remarked that in Corollary 4.1 we have the uniqueness
at high temperature of the translationally invariant equilibrium state
while in Corollary 5.2 we obtain the uniqueness at low temperature of the
invariant equilibrium state.

In conclusion this last corollary extends to arbitrary ferromagnetic
systems a similar result derived by Slawny [3] for a special class of
ferromagnetic system with even bonds; moreover a lower bound on the
critical temperature is immediately given by

J(B) n(B) T

— = log{tg——|.

kT = 2 o B\
To conclude this general discussion on analyticity and uniqueness
properties we shall remark that the domain which we have considered

were the simplest ones and therefore the result could be improved
by means of a finer analysis of the domain to be considered.

IV. Examples
1. v-dimensional Ising Model with External Field

In this example we consider the v-dimensional Ising model with
interaction J=kTK;; between nearest neightbour and external field
h=kTK,.
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From Proposition 4 we have the following result:

Corollary 4.2. 1. The partition function of the v-dimensional Ising
Model with n.n. interaction J and external field h is non zero for complex

_ 2
(h, J) such that |larg e~ 2#* <5, |tanh BJ| <|tg ( " 4v50 )}
2. For real magnetic field h, the free energy is an analytic function of

2
the comp lex variable x = tanh BJ in the domain |x| <<tg 47t_ .
v

3. For real interaction J such that |tanh pJ| < (tgd)?, the free energy
is an analytic function of the complex variable z=e™ **" in the domain
larg z| < 7w —4vé.

In particular for v=2 and J real, |tanhfJ| <(]/2— 1)? yields

1
e 2 > —2—and we thus recover Sarbach and Rys result that for

1 . .
e 2 > —2—the free energy does not have singularity on the real h

axis [6].

Moreover for v=2 and h=0 we recover Ruelle’s result (Proposi-
tion 2.4, [10]); indeed in this case the model is selfdual and analyticity
for |tanh BJ] < (]/2 — 1)? implies analyticity for |e~2#’| < (/2 — 1)? which
is precisely the result of Proposition 2.4, [10].

2. Triangular Model with Three Body Forces and External Field

This model has been previously studied in the particular case h=0
by means of the group structure [8, 11]; in this case using duality argument
the critical point was located at tanh K, = e~ 2K = [/5— 1. This result
was later confirmed by the exact solution of Baxter and Wu [12] for the
free energy density at h =0. However analytical properties of this model
has not been investigated.

From Proposition 4 we obtain the following result.

Corollary 4.3. 1. The partition function of the triangular model with
three body forces J and external field h is non zero for complex (h, J) such
that:

6

2. For real external field the free energy is an analytic function of the
complex variable x =tanh J in the domain |x| <(2 — ]/5)3.

3. For h=0, the free energy is an analytic function in the domain
ltanh BJ| < (2—]/3)* and e~ 2V < (2—]/3)°.

The last statement of the above corollary follows from the fact that
this model is selfdual.

To study the analyticity properties in the complex variable z=e"
we use Proposition 5 with the generator «, of 2#” defined by:

Ka={Ba5ra1>ra27ra3} IBaI=3 rabeBa'
We thus obtain, since B, does not undergo contraction.

_5\3
larg e 2P" < 5, |tanhﬁJl<<tgn 0).

2ph
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Corollary 5.2. For ferromagnetic interactions the free energy is an

1
284 in the domain |z| < —-

33
Moreover using the symmetry relation Z(h, — K)=Z(—h,K) we
conclude that for antiferromagnetic interaction the free energy is analytic

analytic function of z=e~

|
fOV |Zl > ?3—

3. Ising Model with Four Body Forces and External Field

In this last example we consider the system defined by a two di-
mensional square lattice with four body forces J =kTK, and magnetic
field h=kT K, ; this model is self-dual [8] with (K,, K,)— (K¥, K¥) and
for h=0 the free energy can be easily computed.

We consider the L.T. expansion, ie. G=T,zz=e *(® and the
covering 4 = Uk, defined by the generators x, of #":

Ka={BuTapr sty  |Bld=4 1,€B,
Since B, does not undergo contraction we obtain from Propositions:

Corollary 5.3. 1. For real ferromagnetic interaction J the free energy
is an analytic function of z=e~ 2" in the domain |z| < (1/5— 1)*

2. For real field h the free energy is an analytic function of x =tanh fJ
in the domain |x| < ([/5. —1)4

The last statement follows from the selfduality property.

To conclude this example we shall show it is possible to improve the
domain of analyticity using another covering 4 =u%,;. We consider
again G =1 and the subgroup "; of ¢ defined by the set of generators
K, situated on a row (Fig. 3).

In this case M(zp) is related to the partition function of the one
dimensional chain defined by the bonds of 4;; using a H. T.-H. T. duality
transformation [11] this partition function is proportional to the parti-
tion function of the one-dimensional Ising model with nearest neighbour
interactions K*=K, and external field h* defined by tanh A}
tan Bh; ; tanh Bh;, ;, ie, e 2" = tanh (h¥, + h ).

Using the Lee-Yang circle theorem we conclude that for ferromagnetic
interactions M(z,) is different from zero if either |e~ 26| < 1 for all (i, j)or

le™2"| > 1 for all (i, j).
(i+1,)) h K
\
TTTTIITIT :

e j j#
() )
Fig. 3. Covering 4, and its H.T. — H.T. dual
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ok x TC
But [tanh (h};+ k¥, ;)| <1 corresponds to [arge ~>®*i.*hri)) < 5

therefore M(zz )+ 0 if Jarg e 2" < % for all (i, j)

. T
Le. |argtanh fh; || < 7

and thus M(zg) # 0 if e 2%+ > (J/2— 1).

We therefore obtain the following result:

Corollary 5.4. 1. For real ferromagnetic interactions the free energy

is an analytic function of z=e %" in the domain |z <(]/2—1)* and
|z > (/2 + 1)* (by symmetry).

2. For real field the free energy is an analytic function of z=e ™ %P’ in

the domain % <zl < [/5

[tanh K ,| < (]/5 —1)? is equivalent to e~ 2X4| >

O 00 0N L AW~

This last statement follows from duality and from the fact that
1
V2

References

. Asano,T.: J. Phys. Soc. Jap. 29, 350 (1970)

. Ruelle,D.: Phys. Rev. Letters 26, 303 (1971)

. Slawny, J.: Commun. math. Phys. 34, 271 (1973)

. Ruelle,D.: Ann. Phys. (NY) 69, 364 (1972)

. Lee,T.D., Yang,C.N.: Phys. Rev. 87, 410 (1952)

. Sarbach,S., Rys,F.: Phys. Rev. B 7, 3141 (1973)

. Gruber,C., Merlini,D.: Physica 67, 308 (1973)

. Merlini, D., Gruber,C.: J. Math. Phys. 13, 1814 (1972)

. Gruber, C., Hintermann, A.: Helv. Phys. Acta 47, 67 (1974)

10. Ruelle,D.: Commun. math. Phys. 31, 265 (1973)

11. Gruber,C., Merlini, D., Greenberg, W.: Physica 65, 28 (1973)
12. Baxter,R.J., Wu,F.Y.: Preprint

Communicated by G. Gallavotti C. Gruber

A. Hintermann

D. Merlini

Laboratoire de Physique Théorique Ecole
Polytechnique Fédérale Lausanne
CH-Lausanne, Switzerland








