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A normal substance expands when heated and contracts when cooled, and this 
phenomenon is known as positive thermal expansion. However, in the case of water, 
positive thermal expansion occurs as long as its temperature is above 4°C. Below 
this temperature water contracts when heated and expands when cooled, and 
this phenomenon is known as negative thermal expansion. The thermodynamic 
mechanism that causes negative thermal expansion has been a mystery for hundreds 
of years and the various theories advocated so far have failed to solve it. Recently, 
the author of this book succeeded in fundamentally elucidating the thermodynamic 
mechanism of the negative thermal expansion of water.

Since the thermodynamic properties of matter are determined by the interactions 
between particles, the mystery of negative thermal expansion can be solved 
fundamentally if the thermodynamic physical quantities, using the laws of 
thermodynamics and statistical mechanics, are determined; the experimental results 
are reproduced; and the phenomena in relation to the shape of the interactions 
between particles are explained. In this sense, this book unravels the mystery. 
In addition, it discusses mysteries of the isothermal compressibility, structural 
diversity, liquefaction point, and boiling point of water in relation to the shape of 
the interactions between particles. It explains the analysis and calculation methods 
precisely so that they can be easily understood by the readers. 

Makoto Yasutomi is a part-time lecturer at the Department of Physics 
and Earth Sciences, University of the Ryukyus, Japan. He earned 
his master’s in physics from the Graduate School of Science and 
Technology, Kumamoto University, Japan, where he studied the internal 
structure and evolution of stars. He completed his doctorate on the 

dynamic evolution of galaxies at the Graduate School of Science, Nagoya University, 
Japan, in 1991. Apart from teaching, he conducts research on liquids with a focus 
on the analyses of the compressibility of liquid water on the basis of the shape 
characteristics of its interparticle interactions and the thermodynamic mechanism of 
its density anomaly. He has authored or co-authored more than 30 articles in reputed 
international journals. Dr. Yasutomi is a member of the Physical Society of Japan, 
which comprises research scientists, engineers, teachers, students, and citizens from 
all over the world. The organization allows him the opportunity to continuously gain 
knowledge in his field by networking with other professionals, attending meetings, 
and sharing research results. His most notable research on liquid matter physics was 
featured in the 8th edition of the Who’s Who in Science and Engineering. 
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Preface

Water is an important and indispensable material for all living things

on earth. As is well known, it is closely related to natural phenomena

and life phenomena. Therefore, researchers from various fields have

studied the properties of water for centuries and elucidated various

interesting properties. As a result, water has become known to

have a variety of strange behaviors not found in ordinary materials.

Among them, one of its remarkable property is that it exhibits

negative thermal expansion below 4◦C. A wonderful phenomenon

of this property can be seen in areas where during cold winters the

surfaces of ponds, lakes, and rivers freeze but the water underneath

does not. This allows aquatic organisms to continue their life even in

extremely cold winters.

A normal substance expands when heated and contracts when

cooled (positive thermal expansion), regardless of temperature

T . However, in the case of water, positive thermal expansion

occurs as long as T > 4◦C, and below that, it contracts when

heated, and expands when cooled (negative thermal expansion).

The thermodynamic mechanism that causes this negative thermal

expansion has been a mystery for hundreds of years. Various

theories have been advocated so far to solve this mystery, but none

could elucidate the mechanism. However, recently, I succeeded in

fundamentally elucidating the thermodynamic mechanism.

Here, I would like to emphasize on what we should eluci-

date to “fundamentally solve the mystery of a thermodynamic

phenomenon.” Thermodynamic properties of a material are de-

termined by the interactions between the particles that make

up the material, and the associated physical quantities can be

derived using thermodynamic and statistical mechanics techniques.

Therefore, if the relationship between the functional form of
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interparticle interactions and the thermodynamic phenomenon can

be understood using thermodynamic quantities, the mystery of

the phenomenon can be fundamentally clarified. In this book, the

thermodynamic properties of water have been analyzed from this

standpoint and the physical mechanism behind the negative thermal

expansion of water has been elucidated. This has been done by

explaining the method carefully. Although difficult and complex

mathematical formulas have to be used for this purpose but the

meaning of the mathematical formulas, the derivation methods, and

the computation methods have been explained in as much detail

as possible to enhance understanding of the written mathematical

formulas.

The search for the thermodynamic properties of materials is

actually based on experimental facts. However, there are many

things that cannot be obtained by experiments alone, and many facts

have been elucidated from numerical experiments using the Monte

Carlo method or the molecular dynamics method. At present, most

of the experimental facts related to water are advanced enough to be

reproduced by numerical experiments using models.

Since a water model is developed mainly to reproduce experi-

mental facts with high accuracy, it incorporates various properties

of actual water molecules. However, it cannot be denied that the

elucidation of the thermodynamic mechanism that is responsible

for the phenomenon is unclear. This is because, in many cases,

it is not all of the various properties of water that generate the

thermodynamic phenomenon of interest, but only a limited number

of these properties. Therefore, in order to understand the physics

behind the phenomenon, it is necessary to build a model that

incorporates only the properties essential to the phenomenon and

remove other miscellaneous properties. A model built in such a way

is called a simplified model or core-softened model, which is also

discussed in the book.

I would like to thank Jenny Stanford Publishing for giving me the

opportunity to publish this book and senior editor Shivani Sharma

for the appropriate advices.

Makoto Yasutomi
Autumn 2020
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