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Fifty years of the exact solution of the two-
dimensional Ising model by Onsager

Somendra M. Bhattacharjee and Avinash Khare

The exact solution of the two-dimensional Ising model by Onsager in 1944 represents one of the
landmarks in theoretical physics. On the occasion of the fifty years of the exact solution, we give a
historical review of this model. After briefly discussing the exact solution by Onsager, we point
out some of the recent developments in this field. The exact solution by Onsager has inspired sev-
eral developments in various other fields. Some of these are also briefly mentioned.

1. Introduction

It is usually said that every theoretical physicist must
know (ideally must be taught) the landmarks of theoreti-
cal physics. Some of these are: g-2 calculation in quan-
tum electrodynamics, Onsager’s exact solution of the
two-dimensional Ising model etc. It is our privilege to
briefly discuss Onsager’s exact solution of the Ising
model and its influence in the subsequent developments
of statistical mechanics'. To appreciate why it is re-
garded as one of the landmarks of theoretical physics, it
Is worth remembering that for a long time it remained
the first and the only (mathematically rigorously) ex-
actly solvable model exhibiting phase transition. Its dis-
covery completely changed the course of development
in statistical mechanics and also other areas of physics.
Before Onsager’s exact solution, it was not clear if the
formalism of statistical mechanics could handle phase
transition. The solution established beyond doubt that
phase transitions appear as singularities in the thermo-
dynamic functions and these functions need not have
simple discontinuities as hypothesized by Ehrenfest be-
fore. Furthermore, of all the systems in statistical me-
chanics on which exact calculations have been per-
formed, the 2-dimensional Ising model is not only the
most thoroughly investigated but it also the most pro-
found. Its significance was instantly recognized. In this
context we would like to recall the letter written by
Pauli to Casimir immediately after the World War IL
Casimir in his letter had expressed his concern about
being cut off for so long from theoretical physics of al-
lied countries. Pauli in his reply said ‘nothing much of
interest has happened. except for Onsager’s exact solu-
tion of the two-dimensional Ising model’2.

The plan of the article is as follows: In §2 we first de-
fine the Ising model and give an historical account of
the various approximate solutions developed leading to
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the exact solution of Onsager’. We shall also briefly
mention the relevance of the model. A short sketch of
the life and works of Onsager is given in §3. In §4 we
review the exact solution of Onsager* and its impor-
tance. Some of the open, unsolved problems are also
mentioned here. It must be made clear here that eur aim
is not really to discuss the exact solution since there are
several places where an excellent account has already
been given. In §5 we discuss the various developments
in this field which have been directly inspired or influ-
enced by Onsager’s work.

2. The model and its brief history

The Ising model was in fact first written down not by
Ising but by his thesis supervisor W. Lenz’ in 1920 who
was then working in Rostalk University in Germany. It
is somewhat unfortunate that the physics community has
given him no credit for this work. This is perhaps be-
cause even though Lenz introduced the model, he did
not do any calculations using this model. It is perhaps
worth recalling that Lenz is instead well-known for his
work on Runge-Lenz vector in the context of the acci-
dental degeneracy in the hydrogen atom problem. Lenz
moved to Hamburg as professor in 1921. One of his first
Ph D students was Ernest Ising who was born on May
10, 1900. In late 1922, Lenz asked Ising to study his
model and the phenomena of ferromagnetism. Ising
studied the model and found its exact solution in one
dimension and showed that theré is no phase transition -
from para to ferromagnetism®. Since then the model is
known as the Ising model. Let us now briefly state the
Ising model.

The model

It is a lattice model. Consider a d-dimensional periodic
lattice (d=1,2,3,...) having an array of N fixed points..
The lattice may be of any type. For example, one could
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have 3-dimensional cubic or hexagonal lattice. How-
ever, we shall mostly considering the two-dimensional
square lattice since it is for this that Onsager obtained
his exact solution. With each lattice site is associated a
spin variable S; (i = 1,2,..., N) which is a number being
+1 or—1.Ifitis 1 or —1 we call it spin up or spin down.
Clearly, a given set of numbers {S;} specifies a configu-
ration of the whole system and that there are in all 2"
different configurations. The energy of the system in a
given configuration S; is defined to be

E{S;}=-> J;SS; —BENLSi, ¢9)

<ij> i=1

where B is the external magnetic field. Usually one as-
sumes that the interaction is isotropic (i.e. J;j=J > 0)
and that there is only nearest-neighbour interaction. For
example, for a 2-dimensional square lattice, the number
of nearest neighbours is 4. Given the energy of the sys-
tem, the goal is to compute the canonical partition func-
tion (B= (kT)™', where k is the Boltzmann constant and
T is the temperature)

oBT=Y . Ee‘BE{Sf} , )

St 5 Sy

and hence the thermodynamic properties, and to see if
the model exhibits and phase transition at a finite nonz-
ero temperature. In other words, in magnetic systems,
each molecule has a spin that can orient up or down
relative to the direction of the applied external magnetic
field B. The question one would like to ask is if this
model could lead to spontaneous magnetization i.e. if
below a certain critical temperature T,, M(B=0, T)
which is essentially same as the order parameter
L(B=0,T), is nonzero or not. Here the magnetization
M(B,T) is related to the partition function by

d
M(B,T) = +3_B[ln Q(B,T)].

It is worth pointing out here that the Ising model equally
well represents a model for (i) binary alloys and (ii) lat-
tice gas. Binary alloys are mixtures of two types of
molecules (for example [B-brass has a cubic structure
made out of Zn and Cu atoms) and the question is if be-
low a certain temperature. T, there is a phase transition
with atoms of the same type clustering together. On the
other hand, in lattice gas models, one considers a mix-
ture of molecules and holes (i.e. empty spaces) on a lat-
tice and the question is if below T, there is a condensa-
tion of molecules into one region of space and holes in
the rest of the lattice? Yang and Lee’ discussed this
model and gave a detailed mapping between it and the
Ising model. It may be noted here that the lattice gas
models are of relevance in the context of gas-liquid and
liquid—solid transitions. We thus see that the study of
the Ising model is of relevance in a number of phenom-
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ena. Infact for J < 0, this model could very well repre-
sent (I) antiferromagnetic ordering, (ii) superlattice
structure in any alloy, and (iii) a solid-like arrangement
of molecules with repulsive forces.

A point in order at this stage. Many people tend to
dismiss the Ising model as an over-simplified represen-
tation of intermolecular forces. However the point to
note is that the essential features of the cooperative phe-
nomena (i.e. long range order), specially near T, do not
depend on the details of the intermolecular forces but on
the mechanism for propagation of long range order and
Ising model offers much hope for an accurate study of
this mechanism.

Historical developments

As mentioned above, Ising was able to obtain the exact
solution of the model in 1-dimension® and show that
there is no phase transition at T # 0. He then gave some
arguments and erroneously concluded that even in two
or three dimensions this model will not exhibit any
phase transition. This dissuaded several people from
working on this model and prompted I-Icaisenberg8 to
introduce more complicated vector interaction between
spins known popularly as the Heisenberg ferromagnetic
interaction. It is interesting to note that Ising seriously
believed in his conclusions and felt very frustrated that
the model has no usefulness and gave up physics re-
search! Being a Jew, he was prosecuted in Germany and
was dismissed from his job in 1933. He managed to run
away from Germany and lived in Luxemberg from 1939
to 1947. During all this time he had no contact with
physics and lost track of future developments about the
model. Only in 1947 when he went to USA to teach did
he realize that his name has become immortal because of
the work done by other people!

Almost a decade after Ising’s work, Bragg and Wil-
liams® studied the model in the mean field approxima-
tion. They were inspired by an earlier work of Gorsky'.
The essential assumption here is that the energy of an
individual atom in any configuration is determined by
the average degree of order prevailing in the entire sys-
tem rather than by the fluctuating configurations of the
neighbouring atoms. Clearly, this approximation is exact
in the limit d — . One of the serious criticisms of this
approximation is that it is independent of the dimension
d. This approximation predicts a phase transition in the
Ising model at finite T for any d which is clearly wrong
for d =1 as one knows from Ising’s exact calculation.

Soon afterwards, Bethe'' improved upon the Bragg—
Williams approximation by treating somewhat more ac-
curately the interaction between the nearest neighbours.
It turns out that this approximation is in fact exact for 1-
dimension and hence does not predict phase transition at
any finite nonzero T while for 2 and higher dimensions,
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it does predict spontaneous magnetization. Soon afterwards,
Peierls'” wrote a paper entitled ‘On Ising’s model of ferro-
magnetism’ in which he gave a simple argument showing
that at sufficiently low temperature, Ising model in 2 or 3
dimensions must exhibit spontaneous magnetization. It
turned out much later that his argument involved an incor-
rect step13 but nevertheless, the conclusion and the general
procedure are correct. This was an important step, and the
method is used even now in various situations.

The first exact quantitative result for the 2-dimensional
Ising model was obtained by Kramers and Wannier (see
ref. 15) when they located the transition temperature by

- using the symmetry of the two-dimensional lattice to re-

late the high- and low-T expansion of the partition func-
tion. On February 28, 1942 there was a meeting of the
New York Academy of Sciences in which Wannier gave a
talk on this work. At the end of his talk, Onsager made a
remark announcing that he has been able to obtain the
exact solution of the 2-dimensional Ising model for a
square lattice and without external magnetic field. It is
very significant though, that he published his results in a
journal only two years later. In fact this was always his
style. He could see through the math and get the final re-
sult but was careful to publish his results only after he had
satisfactorily settled all the mathematical questions.

3. Onsager - His life and works

Lars Onsager was born at Oslo in 1903. Even though he
got his degree in chemical engineering in 1925 he de-
voted most of his time to studying math and physical
sciences. In 1931 he wrote two monumental papers in
Physics Review about reciprocal relations in irreversible
processes. Eventually, for this work, he received Nobel
Prize in Chemistry in the year 1968. The Nobel citation
noted that the publication (two papers in Physical Review
of length 22 and 15 pages) was one of the smallest ever to
be awarded a Nobel prize! In 1933 he was offered the
Sterling post-doctoral fellowship at the Chemistry De-
partment of Yale University. But there was one small
problem. Onsager had never written his Ph D thesis! He
was persuaded to write one which he did on the properties
of Mathieu functions. This work is recognized as one of
the significant contributions to the subject. In 1934 he
became the faculty member of the department. From 1944
till his retirement in 1972 he occupied the J. Willard
Gibbs chair of Theoretical Chemistry at Yale University.
In 1972, he moved to Miami University where he worked
in the Centre for Theoretical Studies till his death in 1976.

During his entire career, Onsager only published about
60 papers but each was an important one published only
after he was fully satisfied with its significance and its
mathematical rigour. Many a time he announced his re-
sults in conferences as a remark after some talk but pub-
lished the results much later or never did! We will see one
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such example below. He would call himself a chemist but
truly speaking he was one of the last true universalists of
this century. For more information see ref. 14.

4. Onsager’s exact solution of the 2-D Ising model

To appreciate Onsager’s exact solution, it is worth re-
calling the work of Kramers and Wannier'>'® before
Onsager where they showed that the partition function
for this problem can be written as the largest eigenvalue
of a certain matrix. Onsager’s method was similar to
these authors except that he emphasized the abstract
properties of rather simple operators rather than their
explicit representation by unwidely matrices. It must be
said here that his method is highly nontrivial and compli-
cated. Actually his derivation can be easily followed step
by step but the overall plan is quite obscure. Since a
simplified version as given by Bruria Kaufman'’ has been
discussed at a number of places including textbooks we
shall merely quote the result. Onsager showed that the
canonical partition function Q(B=0,7) in the limit
N — oo is given by

lim InQ(B=0,T)=In(2 cosh(2[3.l))+——l—‘[1t do
N—eo 2w Jo

In %(1+,/1—x2 sinzq)), 4)

where k =2 sinh (28 J)/cosh® (2 J). From here it fol-
lowed that the specific heat C(B = 0,T) defined by

2
C(B,T)= kB> aaﬁz [InQ(B, ], (5)
diverges logarithmically at T — T, where T, is given by
tanh 2J =L:> kT =2.269185 6)
kT, 2 77

For comparison, k7./J is predicted to be 4 and 2.88 in
the mean field and the Bethe approximations respectively.
Over the years, several alternative simplified methods
have been given but all of them are quite involved and
lengthy. Bruria Kaufman!’ gave a simplified proof
which is based on spinorial representation of the rota-
tion group and it is this proof which is essentially given
in K. Huang’s book on statistical mechanics. Further,
using Onsager’s proof, the exact partition function and
hence other properties of several other 2-dimensional
lattices have been deduced. Finally, Onsager and Bruria
Kaufman'® calculated spin correlation functions

Further developments

To justify calling the phenomenon at T=T7, a phase
transition, one has to examine the long range order i.e.
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spontaneous magnetization and show that it is nonzero.
This is a very difficult calculation since it has to be done
with B #0 (but could be small) at the beginning of the
calculation and finally putting it equal to O at the end of
the calculation. On August 23, 1948 there was a talk by
Tisza at Cornell University. At the end of the talk, On-
sager walked up to the blackboard and coolly announced
that he and Bruria Kaufman had solved this problem and
they indeed found that the long range order is nonzero.
Infact he even wrote down the formula on the black-
board. He repeated his comments at the first postwar
IUPAP conference on Statistical Mechanics at Florence
in 1949 after a talk by Rushbrook. However, Kaufman
and Onsager never published their calculations; they
only appeared as a discussion remark'®. In print the first
full calculation was in fact published by Yang®. Why
did Onsager not publish his results? Years later, only in
1969 did he give the reason. In computing the long
range order, Onsager was led to a general consideration

of Toeplitz matrices but he did not know how to fill out-

holes in the maths — by the time he did, mathematicians
were already there! What Onsager and Yang had ob-
tained was that as T goes to T, from below, the long
range order L(B=0,T) is given by

L(B=0,T) = (1-T/T,)"® @)

while it is zero if T approaches T, from above. It may be
noted here that both the mean field and the Bethe ap-
proximation predict completely wrong behaviour i.e. they
predict that L will go like (1-T/T,)"%. These approxima-
tions do not also reproduce the logarithmic divergence of
the specific heat. This difference with the approximate
theory is rather important. One realizes that near T, the
nature of singularity is rather subtle. No matter what ap-
proximation one does, short of an exact solution, one
never gets the log. This drives home a point that singular-
ity is due to certain special circumstances that get killed
by the approximations. It was several years later, that it
could be identified as the effect of fluctuation, as reflected
through fluctuation-response theorem. The universality of
various phase transitions comes from the nature of fluc-
tuations. It is the renormalization group approach devel-
oped by Kadanoff, Wilson and others, that gave the
proper framework to handle fluctuations®',

Unsolved problems

To appreciate how nontrivial Onsager’s exact solution
of the 2-dimensional Ising model was, let us remember
that till today the exact solution of the 2-dimensional
Ising model in nonzero external magnetic field has not
been obtained. Further, the 3-dimensional Ising model
with or without external magnetic field is also an un-
solved problem. Similarly the 2-dimensional Ising
model with any additional interaction (as, e.g., nearest
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and next-to nearest neighbour interactions) is also an
unsolved problem. However special cases like the three-
spin interaction on a triangular lattice can be solved®.

5. Influence

Let us go back to the paper and discuss some of the de-
velopments where the 1944 paper played a direct role.

Duality

Duality between high temperature and low temperature
for the Ising partition function was known before the
Onsager Solution. However, Onsager used it to the full-
est extent and introduced the idea of star-triangle (ST)
transformation that could be used to solve the triangular
lattice problem. The existence of duality is important
because ‘it always converts order into disorder and vice
versa’®. Since the low temperature ordered phase is
characterized by an order parameter, it seems possible to
define an analogous quantity for the high temperature
phase also. It is only in the eighties that such ‘disorder’
parameters played an important role in conformal in-
variance. The ST transformation turned out to be impor-
tant in a different development when attempts were made
in the 70’s to solve more complex models, like vertex
models. The existence of duality and ST guarantees the
existence of commuting transfer matrices as expressed
through the Yang-Baxter equation. The solvability of
these models relies heavily on such commuting matrices?.

Transfer matrix

The major problem was to diagonalize the transfer ma-
trix. The largest eigenvalue determines the thermody-
namic behaviour. Onsager could find all the eigenvalues
for a finite lattice. This had implications far beyond the
original idea of getting only the free energy.

Onsager’s result showed that for a square (or any 2-
dimensional) lattice, four different terms are needed if peri-
odic boundary conditions are used. Why four was answered
in a clear way by Kasteleyn in 1963 when he gave a general
procedure for solving the Ising model using combinatorics
(‘dimers’). Kasteleyn showed that for a surface of genus g,
48 ‘terms’ are needed. For open boundary conditions i.e. for
strictly planar lattices, g =0 while, for periodic boundary
conditions, g =1 as it has the geometry of a torus®. This
also indicates that pushing the same approach to solve a 3-d
lattice would require an infinite number of terms.

Correlation length and correlation

Since Onsager could find all the eigenvalues, he could also
identify the correlation length. If A; > A, > A,... are the ei-
genvalues, then the partition function can be written as
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N
0= 1+(i2-] o ®

where N is the number of rows in the direction of trans-
fer. The phase transition occurs when the largest eigen-
value is degenerate. Close to the critical point, one can
write (A/A)Y ~ €™ where &=—(|In Ap/A; |)". This
identifies £ as a special length scale to characterize the
critical behaviour. The degeneracy of the eigenvalues as
T — T, in turn, implies a diverging length scale at the
transition point. In this way, Onsager showed that
& ~| T-T.|” with v=1. The renormalization group ap-
proach mentioned earlier is based on the idea of a di-
verging length scale so that the system is scale invariant
at the critical point. .

Later on, in 1949 Kaufman and Onsager showed that
at T= /., spin correlation I'(r) = < S(0)S(r) > decays as
2 for iarge distance'®. In 1965, Patashinskii and Pok-
rovsky suggested the now famous scaling form
I'(r,T) = r"*D(r/E) where, apart from the power law
prefactor, all distances are scaled by the correlation
length at the temperature®. Explicit calculations could
put the correlation function, in the proper asymptotic
limit, in the scaling form but it was also noted that for
T<T,, T ~ e™/r*. This anomalous behaviour in the low
temperature phase is a very peculiar property of the Ising
model in zero magnetic field. It is in the eighties that this
point got clarified through the use of directed polymers®.

Boundary effects

Onsager recognized the importance of boundary condi-
tions. He realized that changing the couplings in one
row to antiferromagnetic coupling (J/ — —J) would in-
crease the free energy in the ordered state because
across this line spins cannot be aligned as in the bulk.
This change, in other words, will force an interface in
the system. The increase in free energy is then the en-
ergy of the interface or the surface tension. Since the
interface vanishes at the critical point, the surface ten-
sion also vanishes at T =T,. The exact solution showed
_ that the surface tension vanishes as (T, — T)* with u=1.
More general arguments later on proved that g+v=2
for the 2-dimensional Ising model. For any other model
the right hand side would involve the specific heat ex-
ponent also.

Finite size effects

Since the partition function was known for finite lat-
tices, the specific heat could also be calculated. It was
shownethat, at T'= T, the specific heat per spin, C, is
finite. No phase transition can take place in a finite sys-
tem. Furthermore, C~1In N as N — o (for a N — oo lat-
tice). It took many years to grasp the significance of this
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result until the idea of finite size scaling was introduced in
1970. Finite size scaling now plays an important role in the
analysis of numerical data in a wide variety of problems.

A more dramatic result, though cannot be found ex-
plicity, in the Onsager paper, is the finite size behaviour
of the free energy. Collecting various terms, from the
calculation of the specific heat, it was found that for an
m X n lattice
lim M=£+lln2+ll+.., ©)

m—e  mn T 2 12 n
where G is the Catalan constant. This is to be contrasted
with eq. 8 for T # T, where there is an exponential ap-
proach to the large lattice (thermodynamic) limit. In
1986, Affleck argued using conformal invariance that in
two dimensions, at criticality.

. InZ CTC
lim — = const +—
m—e mn 6n

. with ¢ the central charge as the only quantity required to

identify the critical behaviour (‘universality class’) in 2
dimensions®®. A comparison of the two gives ¢ = 1/2 for
Ising model.

Experiment

The simplicity and wide applicability of the 2-
dimensional Ising model and its solution still leave be-
hind a queer sensation that, after all, the model is a bit
artificial. So far as the exponents are concerned, they are
universal and a wide variety of systems do have Ising ex-
ponents. It however remained a challenge to find an ex-
perimental system that could exhibit the behaviour one
finds from a landmark of theoretical physics. The chal-
lenge was met when an alloy was found in 1974 which
showed the behaviour of magnetization exactly like the
Onsager result with only 7T, as the adjustable parameter”’.

1. Based on talks given by two of us at Institute of Physics, Bhu-
haneswar on November 28, 1994.

2. Phys. Today, Feb. 1977, p. 77.

3. Two excellent review articles on Ising model are Newell, G. F.
and Montroll, E. W., Rev. Mod. Phys., 1953, 25, 353-389;
Brush, G., Rev. Mod. Phys., 1967, 39, 883-893. Whereas the
first article gives an excellent technical discussion, the latter has
a very good account of the historical developments; An excellent
textbook on Ising model is by McCoy, B. M. and Wu, T. T, -
Two-Dimensional Ising Model, Harvard University Press, 1973.

. Onsager, L., Phys. Rev., 1944, 65, 117-149.

Lenz, W., Z. Phys., 1920, 21, 613.

. Ising, E., Z. Phys., 1925, 31, 253-258. .

Lee, T. D. and Yang, C. N., Phys. Rev., 1952, 87, 410-419.

. Heisenberg, W., Z. Phys., 1928, 49, 619-636.

. Bragg, W. L. and Williams, E. J., Proc. R. Soc., 1934, A145,
199; 1935, A151, 540.

10. Gorsky, W., Z. Phys., 1928, 50, 64.

11. Bethe, H. A., Proc. R. Soc., 1935, A150, 552-575.

12. Peierls, R., Proc. Camb. Phil. Soc., 1936, 32, 471-476, 477-

481.

CURRENT SCIENCE, VOL. 69, NO. 10, 25 NOVEMBER 1995



GENERAL ARTICLE

13. Fisher, M. E. and Sherman, S., unpublished; Griffiths, R. B.,
Phys. Rev., 1964, A136, 437-439.

14. Various papers in J. Stat. Phys., 78, Jan 1995, a special issue
dedicated to Lars Onsager.

15. Kramers, H. A. and Wannier, G. H., Phys. Rev., 1941, 60, 252-262,
263-276.

16. Montroll, E., J. Chem. Phys., 1941, 9, 706; 1942, 10, 61.

17. Kaufman, B., Phys. Rev., 1949, 76, 1232-1243.

18. Kaufman, B. and Onsager, L., Phys. Rev., 1949, 76, 1244-1252;
for an overview see, Au Yang, H. and Perk, J. H. H., 1987,
Al44, 44-104.

19. Onsager, L., Nuovo Cim., Suppl., 1949, 6, 261.

20. Yang, C. N., Phys. Rev., 1952, 85, 809-816.

21. See, e.g., the articles in Phase Transitions and Critical Phe-
nomena (eds Domb, C. and Green, M.), Academic Press, 1976,
vol. 6.

22. Baxter, R. J., Exactly Solvable Models, Academic Press, 1982.

23. Kasteleyn, P., J. Math Phys., 1963, 4, 287-293.

24. Patashinskii, A. Z. and Pokrovsky, V. L., Zh. Eksp. Teor. Fiz.,
1966, 50, 439-447 (English translation) Sov. Phys. JETP, 1966,
23, 292-297.

25. Fisher, M. E., J. Stat. Phys., 1984, 34, 664.

26. Affleck, L., Phys. Rev. Lett., 1986, 56, 746-748.

27. Ikeda, H. and Hirakawa, K., Solid Stat. Comm., 1974, 14, 529

MEETINGS/SYMPOSIA/SEMINARS

IUTAM-Symposium on Interaction Between Dynamics
And Control In Advanced Mechanical Systems

Date: 21-26 April 1996
Place: Eindhoven, The Netherlands

Contact: Prof. D. H. van Campen
Chairman, Dept. of Mechanical Engineering
Eindhoven University of Technology
P.O. Box 513
NL-5600 MB Eindhoven, The Netherlands
Telefax: +31 40 447 355 .

IUTAM-Symposium on Innovative €omputational Meth-
ods for Fracture and Damage

Date: 30 June-5 July 1996
Place: Dublin, Ireland

Contact: Dr. P. E. O’Donoghue
Chairman, Dept. of Civil Engineering
University College Dublin
Earlsfort Terrace
Dublin 2, Ireland
Telefax: +353 1475 4568

IUTAM-Symposium on Variable Density Low Speed Tur-
bulent Flows

Date: 7-10 July, 1996
Place: Marseille, France

Contact: Professor L. Fulachier
Chairman, Institut de Mécanique Statistique de la
Turbulence
12, Ave. Général Leclerc,
F-13003 Marseille, France
Telefax: +33 91 08 16 37
Phone: +3391 505439

CURRENT SCIENCE, VOL. 69, NO. 10, 25 NOVEMBER 1995

Professor J. L. Lumley
Sibley School of Mech. and Aeros. Engin.
Upson and Grumman Halls
Cornell University
Ithaca, NY 14853, USA
Telefax: +1 607 225 12 22
Phone: +1 607 225 40 50

TUTAM-Symposium on Mechanics of Granular and Porous
Materials

Date: 15-17 July 1996
Place: Cambridge, UK

Contact: Dr. N. A. Fleck
- Chairman, University of Cambridge -
Engineering Department
Trumpington Street
Cambridge CB2 1PZ, UK
Telefax: +44 1223 332 662
Phone: +44 1223 332 650

National Symposium on Polymers

Date: 26-27 February 1996
Place: Vallabh Vidyanagar

Topics include: Polymer synthesis and characterization;
Polymer for specialized applications; Biodegradable poly-
mers, environmental and ecological aspects of polymers;
Polymeric dyes; Mathematical modelling in the field of poly-
mers; Coordination polymers.

Contact: Prof. V. S. Patel
Coordinator, National Symposium on Polymers
Department of Chemistry, Sardar Patel University
Vallabh Vidyanagar 338 120
Phone: 02692-30411
Fax: 91-02692-46475

821




