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Abstract

This study presents a quantum electrodynamics (QED) framework that explains the anomalous
behavior of liquid water. The theory posits that water consists of two coexisting phases: a coherent
phase, in which molecules form phase-locked coherence domains (CDs), and an incoherent phase
that behaves like a dense van der Waals fluid. By solving polynomial-type equations, we derive key
thermodynamic properties, including the minima in the isobaric heat capacity per particle (IHCP) and
the isothermal compressibility, as well as the divergent behavior observed near 228K. The theory also
accounts for water’s high static dielectric constant. These results emerge from first-principles QED,
integrating quantum coherence with macroscopic thermodynamics. The framework offers a unified
explanation for water’s anomalies and has implications for biological systems, materials science,
and fundamental physics. Future work will extend the theory to include phase transitions, solute
interactions, and the freezing process.

Keywords: liquid water thermodynamics; coherent domains (CDs); quantum electrodynamics (QED);
two-phase model of water; energy gap in coherent water; isobaric heat capacity anomalies; isothermal
compressibility of water; static dielectric constant of liquid water; spontaneous symmetry breaking in
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1. Introduction

The enigmatic behavior of liquid water, illustrated by phenomena such as its maximum density,
maximum isothermal compressibility, very high thermal capacity, and ultra-high dielectric constant,
has fueled scientific inquiry for more than a century. These are just a few of many thermodynamic
properties in which water deviates significantly from the behavior of simple liquids. In 1892, Roengten
first speculated that water comprises interpenetrating "ice-like" and "fluid" structures, a classical
mixture model that laid the groundwork for later two-phase theories [1]. A radical departure emerged
in the 1980s with the quantum electrodynamic (QED) framework by Del Giudice and Preparata, who
proposed that water sustains macroscopic coherence through photon-exchange interactions, forming
ordered "coherent domains" (CDs) alongside disordered bulk regions [2,3].

Parallel developments in classical physics gained momentum with the evidence of metastable
coexistence of low-density liquids (LDL) and high-density liquids (HDL) in supercooled water [4].
This was corroborated by Mishima et al. through pressure-induced amorphous ice transitions [5],
while Wernet et al. used X-ray spectroscopy to identify structural motifs similar to LDL and HDL in
ambient water [6].

In fact, different experimental techniques such as small-angle X-ray scattering (SAXS) and Kerr
effect in liquid water show the existence of two different fluids normally interpreted as hydrogen-bond
networks and individual modes governed by collisional processes [7,8].

In 2012 Del Giudice et al. refined the calculations showing that water molecules can undergo phase
transitions to a coherent condensed phase, oscillating in unison with a self-trapped electromagnetic
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field. Such configurations imply the existence of quasi-free electrons capable of explaining a large
number of biological phenomena [9].

Modern studies highlight both numerically and experimentally that thermodynamic anomalies
are signatures of the existence of two separate intertwined phases [10].

In this paper, we follow the lines initially delineated by Preparata and Del Giudice [3,11] by
developing the thermodynamics of the coherent and incoherent phases making the assumption that
the incoherent phase behaves essentially as a polar van der Waals (vdW) fluid. Part I will provide a
detailed exposition of the theory, while Part II will explore the thermodynamic properties of liquid
water as derived from it. This approach will lead us to explain the origin of thermal anomalies such as
density and thermal expansion (Sec. 3.3), isobaric heat capacity per particle(IHCP) (Sec. 3.4), isothermal
compressibility (Sec. 3.5).

2. Part 1
2.1. Physics of the Two Fluids

It is universally accepted that the most accurate description of phenomena in condensed matter
lies in the realm of quantum electrodynamics (QED). Water is no exception. However, due to the
enormous difficulty of the mathematical task, the solution of the equations of water physics is often
approximated using semiclassical or classical models, in which the interactions between molecules
are described via phenomenological potentials. The solution of the resulting classical many-body
equations of motion is left to the numerical calculations of powerful computers. The thermodynamic
variables are calculated by averaging the dynamic configurations over a large number of particles.

This approach, although very popular, has significant limitations due to the limited power of the
available computers such as the low number of water molecules that can be simulated and the very
short evolution times of the dynamic equations that can be reached. Perhaps more importantly, the
potentials that are used to describe the interactions among molecules arise from phenomenological
arguments rather than from first principles.

Here we approach the two-fluid picture of liquid water having its origins into the existence of
a spontaneous symmetry breaking mechanism of the electromagnetic field in interaction with the
water molecules. This approach was first proposed in the late 1980s by a group of Italian theoretical
physicists who used high-energy physics methods to the condensed matter. The results that emerged
were surprising in many ways but did not meet with the favor of the community of physicists
historically engaged in the study of water, both because of the natural distrust towards colleagues
from another sector and because of the methodology based on analytical calculation rather than on
molecular dynamics simulations that were increasingly gaining ground in those years.

Recent advances in quantum electrodynamics (QED) have revealed that coherent domains (CDs)
emerge through spontaneous symmetry breaking of the electromagnetic field in interaction with water
molecules. This results in a macroscopic quantum ground state distinct from individual molecular
states, as demonstrated in [9,11-13]. Experimental validation comes from [14], showing that vibrational
spectra reveal that liquid water can be described as a mixture of high-density and low-density fractions.
In Ref. [15], it is argued that the existence of a low-density, low-entropy phase in bulk water organized
in tiny patches is necessary to explain the experimental observations.

After many decades, the two-fluid structure of water, initially strongly contested, is now accepted
by most scientists even if the justification given is largely phenomenological. By recovering the
QED approach, we obtain an analytical and accurate description of the structural, dynamic and
thermodynamic properties of water that allows not only to explain the still unexplained experimental
results but also to face the deep implications for biological systems, material science, and fundamental
physics.

In the following are the main outcomes of the QED theory of water.

1)  Liquid water is composed by two different mixed fractions over the whole range of existence
of the liquid: a coherent phase where molecules are phase-locked over an extended space-time
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region and a incoherent (or normal) phase made up of individual molecules forming a dense
incoherent fluid. The two phases are interspersed and cannot be separated as in the case of the
two-fluids model of superfluid “He. As a general rule, the incoherent phase predominates at high
temperatures and gradually decreases in favor of the coherent phase with decreasing temperature
in a way that will be described in the following paragraphs.

2)  The coherent phase is made up by an ensemble of Coherence Domains (CDs) that can be assumed
as spheres whose radius depends on the temperature. The centers of the CDs are arranged in
a regular configuration in order to minimize the energy of the system. When the temperature
decreases, the CDs tend to increase their size until they merge into a single macroscopic domain
for sufficiently low temperature. This may account for increased viscosity when temperature is
decreased and may account for the glassy nature of supercooled water [16].

3)  The molecules belonging to the coherent phase are energetically separated from the non-coherent
phase by an energy gap, protecting them from the thermal fluctuations. The reason of the existence
of an energy gap is due to a collective ground state different from the ‘perturbative” ground state
of the isolated molecules [11].

4)  The single CD at zero temperature is characterized by a collective interaction among the water
molecules through a macroscopic coherent electromagnetic field. These molecules are kept in
phase by the electromagnetic field whose profile is given by [11]

() ey < 3/4

X
81(r) = 30 . 1)
— ifx>3/4

where x = r/r¢p, r is the radial distance from the center of the CD and rcp ~38 nm is the CD
radius. The profile of the energy gap per particle for a single CD is given by &:(r) = dog3(r),
since the energy per particle is proportional to the square of the amplitude of the coherent
electromagnetic field.

In the bulk liquid composed by N¢p CDs, the profile of the energy gap at position ¥ is given by

8e(X) = G0cT*(¥) 2)
where
Ncp
I(x) =Y ai(lx 3. ©)
1=1

and where ¢; are the positions of the CD centers.

5) The CDs are arranged in a HPC configuration in order to minimize the total energy. As the tem-
perature increases, the molecules belonging to the coherent state migrate towards the incoherent
state, thus reducing the coherent fraction. A fluid of incoherent molecules is then formed which
fills the interstices between the CDs and the size of the CDs gets reduced. It is worth noting that
the arrangement of the CDs does not form a rigid crystal, as each CD can slide over the adjacent
ones, separated by the incoherent fluid.

In Figures 1 and 2 are shown the spatial arrangement of the CDs and the contouring map of I'(X)
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Figure 1. HPC arrangement of the CDs. Units are CD diameters

Figure 2. Color contouring map of the profile function T’?(%). Units are CD diameters

6) At a fixed temperature T and pressure P the total number of molecules N can be written as
N = N¢(T,P) + Ny (T, P) + Ny(T, P), being N, the number of molecules in the coherent phase,
N, the number of molecules in the incoherent phase and N, the number of molecules in the
vapor phase.

7)  The molecules belonging to the coherent phase are in an excited electronic state given by the
superposition of the ground state |0) and the 5d state |5d) corresponding to an energy of 12.06 eV
according to the formula
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|coherent) = cos «|0) + sin «|5d) 4)

with cos? a = 0.873 [11], whose energy gap is dp. ~=-0.3 eV per molecule. Since the excited state
|5d) is spatially quite more extended than the ground state |0), the intermolecular distance is
larger than would be predicted from the standard molecular size. Furthermore, the new electronic
configuration accounts for the tetrahedral coordination of the water molecules in the coherent
phase. In Ref. [17] this problem has been thoroughly discussed. This fact implies that the water
molecules in the coherent phase are arranged in an ice-like spatial configuration.

8)  Itis worth noting that the coherence involves the electronic levels |0) and the |5d) only, so that the
nuclei of the molecules are still able to perform vibrations but not rotations limited to small angles
around the equilibrium directions defined by the H-bonds that, in this context, are determined by
the modified electronic distribution of the coherent water molecules [17]. The kinetic contribution
to the partition function of the coherent phase is therefore purely vibrational.

9) The incoherent phase is treated as a polar fluid, where interactions are governed by a combination
of the Lennard-Jones potential and dipole-dipole forces. It remains in thermodynamic equilibrium
with the coherent phase, with which it continuously exchanges particles. A rigorous approach to
describing the many-body interactions within the incoherent phase would involve applying the
Bogoliubov diagonalization procedure, leading to a gas of quasi-particles and a phonon/roton-
like interpretation. This approach would provide a detailed understanding of the thermodynamic
properties of the incoherent phase, as well as the propagation of sound in liquid water.
However, in this study, we approximate the incoherent phase as a vdW liquid, whose thermody-
namic properties are well established. Although this approximation does not fully capture certain
characteristics of liquid water, particularly the pressure-temperature coexistence curve, our
primary goal is to demonstrate the qualitative explanatory power of our theoretical framework.

10) Solidification of liquid water (freezing) will not be taken into account in the present paper since it
is related to the onset of a different type of electromagnetic symmetry breaking, leading to an
energy gap of a different nature. The formation of ice will be the subject of a future work.

2.2. Definition of the Coherent Spatial Profile

The spatial modulation of the amplitude of both the matter field and the electromagnetic field
within a single coherence domain is approximately described by the radial profile of the spherical
Bessel function of the first kind, jy. As shown in Reference [11] and mentioned in Section 2.1, the
profile of a single coherence domain is given by Eq.(1) that decays exponentially in the peripheral
regions of the domain.

During the liquid condensation phase, a large number of coherence domains are rapidly packed
together, seeking maximum density due to a phenomenon of reinforcement of the evanescent electro-
magnetic field that connects adjacent domains, thereby providing an additional energetic gain in the
gap. The result is a high-density packing of coherence domains immersed in the incoherent phase of
the liquid. A simple one-dimensional calculation [3] for two neighboring CDs shows that the presence
of a second CD modifies the profile to become

sin(rx) | 17 o n2-)

, ifo<x <3

. X 7.[\/5 2—x
gz(X) - e%ﬂ o~ TX e~ (2—x) £ 3 (5)
7'(\/5( X ﬁ)’ if g <x< 1

The packing of coherence domains ensures that the electromagnetic field profile becomes the sum of
the electromagnetic fields of the various domains. The presence of many packed domains causes the
isolated domain’s spherical symmetry to be lost. Therefore, we use the volumetric fraction ¢,,,; rather
than the reduced radius to characterize the coherent phase:
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(6)

where v, is the volume occupied by the coherent phase and vy, is the total volume occupied by
the liquid.

Figure 3 illustrates the profile of the coherent electromagnetic field as a function of the coherent
fractional volume ¢, for an isolated single domain and for adjacent domains.

Profile of coherent gap
T T T

normalized coherent profile

0 1 1 1 1 1 L
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

fraction of coherent volume x

Figure 3. Normalized profile of the energy gap I (¢,,;) as a function of the fractional coherent volume ¢, = %

It is difficult to determine precisely the shape of the energy profile but it is reasonably expected
that the correct profile of the electromagnetic field will be found somewhere between the two extremes
defined in Egs. (1) and (5). Thus, we define in Eq. (7) a spatial profile of the domain as a linear
superposition of the two extreme profiles, with the overlap coefficient ay, , kept as a free parameter.

F(¢vol) = ¢, " 81 (¢vall/3) + (1 - a(onl) : g2(¢voll/3)' (7)

In this manner, the function I is defined as a function of the coherent fractional volume. The variation
of the coherent gap as a function of the fractional volume is given by the square of the I function
multiplied by the value of the gap at the center of the coherence domain, according to

Sc(Poo1) = S0cT% (Po0)- (8)

2.3. Free Energy of the Coherent Fluid

We now need to determine the thermodynamic potentials of the coherent and incoherent phases
in order to obtain the relation between the thermodynamic variables P and T and the coherent phase.
The free energy per particle of the coherent phase can be expressed as:

fc (pc; T, (onl) = fC,gap (pm ¢vol) + fc,L] (ﬁC) + fc,dd + fc,vib(T)/ (9)

where p. = z—; . The reference density py corresponds to the density at which the Lennard-Jones

potential reaches its minimum energy in the coherent phase and is treated as a free parameter in the
following.
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The coherent state, as a singular collective quantum state, is inherently defined at absolute zero
temperature. This arises from the fundamental observation that, since the quantum phases of the
electronic wavefunctions of individual molecules are locked to a common value, they cannot exhibit an
arbitrary phase factor of the form ¢/'¥, which is characteristic of an ensemble of incoherent particles
following a Boltzmann statistical distribution. As a result, the positional energy of the water molecules
is independent of temperature.

This argument does not extend to the vibrational degrees of freedom of the water molecules,
which exhibit normal thermodynamic behavior, as described below.

To characterize the short-range electrostatic interaction within the coherent phase, we utilize a
Lennard-Jones potential. At absolute zero temperature, the single-particle free energy associated with
this potential depends only on the density and is given by

fely = —bcLyf; (2 - ﬁ?)/ (10)

where J,1 is taken as a free parameter (see Section 3.2). Note that pg and 6,1 differ from those in
the incoherent phase because the molecules in the coherent phase occupy an excited electronic state.
As a result, they are larger than their incoherent counterparts, which in turn alters both the depth and
equilibrium position of the Lennard-Jones potential (Figure 4). The values of pg and J.1j have been
determined through numerical fitting of experimental data.

006 T T T T T

incoherent
coherent

0.04 - 8

< 0.02 b

o
T
L

-0.02 8

Lennard-Jones potential (eV

-0.04 4

-0.06 4

-0.08 I I I I I
1.5 2 25 3 3.5 4 4.5

Intermolecular distance (Ang)

Figure 4. Comparison of the Lennard-Jones potential for the coherent and incoherent phases.

The free energy contribution due to the energy gap is given by:

fc,gap - _‘50cr2(4’vol)ﬁgf (11)

where b=0.84 has been determined by a fit of the calculated energy gap as a function of density by
solving numerically the equations in Refs. [11,13].

Due to the strong electrostatic forces generated by the coherent electronic configuration, the
rotational motion of the molecules is almost entirely suppressed, reducing them to minor librations
around their equilibrium positions.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Although the dipole-dipole positional energy could, in principle, be calculated numerically, in
this analysis, we approximate it with a constant value, treated as a free parameter:

fe,dd = —0c,dd- (12)

The vibrational dynamics of coherent water molecules, represented by f, .ip, is associated with
the vibrations of the oxygen and hydrogen nuclei around their equilibrium positions and is restricted
by the electrostatic cage imposed by the coherent electronic state. Each water molecule has 6 degrees
of freedom, namely the librational motions around the three spatial axes, the two vibrational modes,
asymmetric and symmetric stretching and the bending.

We will approximate their dynamics to the dynamics of one-dimensional harmonic oscillators so
that their free energy can be written as:

— , b (&0
fenib = T;ig(wl) log [2 smh(zT)] , (13)
where g(w;) represents the density of states that are normalized so as to fulfill the normalization
condition:
Z ¢(w;) = number of degrees of freedom = 6. (14)
wj

The total number of degrees of freedom is six, consisting of three degrees of freedom associated with
the librational motions around the three spatial axes, along with the two vibrational modes, asymmetric
and symmetric stretching and bending.

The contributions from the asymmetric stretching, symmetric stretching, and bending modes, for
which w; > T, are essentially independent of temperature. As a result, Eq. (13) can be approximated

by:
_ , inh ()] + 1 Y,
fC,Vlb =T IZ g(wl)log |:281nh(2T):| + 2 12 g(wl)wl' (15)
librational stretching
bending

The free energy contribution from the higher-frequency modes thus becomes a temperature-
independent constant, which can be incorporated into the additive fitting parameter 6. 44.

Although the total number of vibrational modes per molecule must be six, the actual distribution
of the vibrational density of states g(w;) in liquid water is not known with certainty. Only the low-
energy modes (with fiw < 100 meV) are thermodynamically relevant at room temperature, due
to the Boltzmann population factor. The assumed form of g(w;) used in this work is reported in
Table 1, where we have approximated the spectral density of states as the sum of two delta functions,
weighted with g(w;). These values play a key role in the determination of the isobaric heat capacity
(see Section 3.4).

Table 1. Principal vibrational modes of the coherent fraction with corresponding spectral weights and energies.

Wavenumber (cm 1) Spectral weight g(w) Energy (meV)
52 0.61 6.5
161 4.39 20

Finally, the relationship between pressure and density is given by:

p— A2 afc,tot (16)

=P
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where P = % Note that P is not uniform inside the coherent phase since the energy gap depends
on the volumetric fraction ¢,,;. Therefore, we need to compute pressure and density of the coherent
phase as a function of ¢,,;. We perform such a calculation in Section 2.5.

2.4. Free Energy of the Incoherent Fluid

A more accurate description of the dynamics of the incoherent fraction would, in principle,
require a Bogoliubov diagonalization of the matter field fluctuations around the coherent background
configurations. In the present work, however, we adopt a simplified approach by modeling the
incoherent phase as a van der Waals fluid. We are aware that this approximation is quite crude in
certain respects—most notably in its description of the pressure-temperature liquid-vapor coexistence
curve.

For the incoherent phase at equilibrium with the vapor, the free energy per particle is given by

fu(P,T) = funaw(P, T) + fu,ad(P, T) + fuviv(T), (17)

where

mT\ 21— bp,(P,T)
27 pn(P,T)

is the van der Waals contribution to the free energy [18], with a4 and b being the standard van der Waals

fayaw (P, T) = —T{l +log

} —apn(P, T) (18)

parameters. These are related to the critical temperature T and critical pressure Pyt by

2772,
— Cl‘lt’ 19
T (192)
T .
p= St 19b
8P, crit ( )

The term f, 44(P, T) represents the contribution due to dipole-dipole interactions. Liquid water is
highly polar, being the dipole moment of vapor water molecule 57 = 1.85 D [19], which is equivalent
to 5.88 - 107° eV, and the strength of the interaction is controlled by the Debye-Langevin parameter
Higfn

3T

a= which in the whole thermal range of existence of the liquid is larger than 1, implying that

2
the average energy of adjacent dipoles W’gﬂ is always larger than the average kinetic energy of the

molecules 3T. This observation suggests that the behavior of dipoles is inclined towards organizing
themselves into quasi-crystalline formations, which results in the disruption of rotational symmetry.
A basic computation of free energy by averaging over the orientations of dipoles does not furnish
an accurate estimate of the free energy in this case. To achieve a more dependable assessment of
this quantity, one might consider employing a numerical approach. This can be effectively achieved
using computational techniques in molecular dynamics, which provide more precise insights into the
system’s free energy profile.

The generalized assertion that can be made is that, due to lack of the rotational symmetry, the
free energy is linearly proportional to « rather than being proportional to a?, which is the case in the
regime where « is small. Consequently, we assume that the dipole-dipole free energy is proportional
to the reduced density p, = £~

Perit :

fuda(P, T) = —0y 4apn- (20)

However, this term should not be included in the free energy calculation to avoid double-counting
its effects. The impact of this interaction is already reflected in the experimental values of the critical
temperature T and critical pressure Puit. The key point is that including this term does not change
the form of the free energy but only adjusts the value of the van der Waals coefficient a by 6;40crit,
which is already accounted for in the experimental data for P and Tt Therefore, we set 6, 45 = 0
eV.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Finally, the term fy;,(T) accounts for the residual dynamics of hindered rotations—molecular
librations around equilibrium orientations—as well as for the vibrations of the hydrogen atoms,
similarly to what was considered for the coherent phase.

As in the coherent case, we assume a total of six vibrational degrees of freedom: three associated
with bending, asymmetric stretching, and symmetric stretching, and three corresponding to librational
modes. However, as in the coherent phase, only the librational (low-energy) modes contribute
significantly to the thermodynamics, since the higher-frequency modes remain essentially unexcited in
the temperature range relevant for liquid water.

Although some difference in the vibrational density of states between the coherent and incoherent
phases is expected especially in the stretching modes [12], in the present work we approximate the
function g(w;) to be the same in both cases.

The vibrational free energy can therefore be written as

fn,vib = fc,vib +C, (21)

where C is an unimportant constant that will be absorbed in the parameter J. 44.
In order to completely define Eq. (18) we must express the density p,; in terms of P and T. This is
accomplished through the equation of state of the vdW fluid

s 80, T,
P, = -3 22
n=3 g, (22)

where P, = PICJ % and T= % are the reduced pressure and temperature of the vdW fluid. The density

pn can then be computed by numerically solving Eq. (22).

2.5. Solution of the Equilibrium Equations and Calculation of the Coherent Fraction

The analysis of liquid water reveals a two-phase composition: an incoherent phase behaving as a
polar vdW fluid, and a coherent phase consisting of coherence domains (CDs) of polar molecules at
essentially zero translational temperature (though vibrational components remain incoherent). These
phases coexist with the vapor phase along the liquid-vapor coexistence curve in the P — T plane.
The thermodynamics of this system involves determining the densities of all three phases and their
equilibrium pressure.

While the vapor and incoherent phase pressures and densities are known from vdW solutions,
the coherent domain’s internal density and pressure require careful analysis due to spatial potential
gradients.

For convenience we will isolate the positional component of the coherent free energy by defining
the component independent of temperature fyx as:

fOK = fc - fc,z;ib- (23)

At thermodynamic equilibrium, the chemical potentials of the coherent and incoherent phases
must be equal at the CD boundary. The coherent chemical potential is given by:

P
pe = fox + = (24)
Pc
where the tilde superscript means division by the reference density po, B = % and is given by:

- d
P = p? af:ﬁ)’f.

(25)
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The solution requires solving the coupled equations for pressure equality and chemical potential
equality at the CD boundary, namely

te(Pes Poot) = po(T) (26a)
PC (ﬁc/ ‘onl) = pn (T) (26b)

where po(T) = fu(T) + B — f.0p(T) and B, = L.

Egs. (26) determine both the coherent fraction ¢, and the density profile within the CDs as a
function of temperature along the liquid-vapor coexistence curve.

To solve for the equilibrium conditions, we can isolate I’?(¢,,;) from both the chemical potential
and pressure equations (24) and (25). Eq. (26a) can be reformulated as

2  uo(T) — 6ery (2 4 402 — 297 — 4pc)
ry(‘onl) = 50cﬁlc’(1 T b) . (27)

Similarly, from the pressure equality (26b) at the boundary:

Py — 61y (497 — 407)

500bp?+1

Th(poot) = : (28)

The physical solution must satisfy both equations simultaneously, which means finding values of
pc where FI% (¢w01) = I3 (¢y01)- This can be visualized by plotting both expressions as functions of .
for different temperatures as shown in Figure 5.

Il
0.8 0.85 0.9 0.95 1 1.05 1.1 1.15 1.2 1.25 1.3
reduced density

Figure 5. Solutions for I'>(¢,,;) from chemical potential (solid lines) and pressure (dashed lines) equations at
different temperatures. The intersections determine the physically meaningful solutions for the density at the CD
boundary for I'?(¢,,;) in the existence interval [0 1] only.

The intersection points provide both the equilibrium density at the CD boundary (g., from the
x-coordinate) and the corresponding value of T?(¢,,;) (from the y-coordinate) at each temperature.
The value of T?(¢,,;) must be between 0 and 1 for physical solutions. When I'?(¢,;) > 1, the coherent
fraction is 0, and when I?(¢,,;) < 0, the coherent fraction is 1.
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The numerical solutions of Eqs. (26) are shown in Figure 6 for ¢,,(T) and in Figure 7 for the
density (blue curve). Figures 8 and 9 show the profile of reduced coherent density and pressure inside

the coherent phase as a function of the inner reduced volume.
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Figure 6. Temperature dependence of both molar and volumetric (¢, (T)) coherent fractions, showing the

transition from fully coherent to fully incoherent behavior.
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Figure 7. Reduced coherent density at the boundary and in the bulk of the coherent phase as a function of

temperature.
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x10%

Pressure (bar)

Figure 8. Pressure profile within the coherent domain for different temperatures. The pressure increases towards
the center due to the coherent potential gradient.
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Figure 9. Reduced density profile within the coherent domain showing increased density towards the center due
to compression effects. The absence of an intersection between the density profile and the x-axis indicates that, at
~ 228 K, the system exhibits complete coherence ¢,,,;(228K) = 1.

The average density within the CD can be calculated by integrating over the volume:

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202507.2555.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 30 July 2025 d0i:10.20944/preprints202507.2555.v1

14 of 26
0¢val(T) pc(‘,bl l) d(P/ |
< pc(T) > 20 %0 (29)
e ( ) Pool ( T)
and the result is shown in Figure 7 (orange curve).
Finally, the molar coherent fraction, shown in Figure 6, is determined by:
< pc(T) > T
Prmol (T) Pc( ) ¢vol( )pO (30)

< A1) > Goo(T)po + (1= oo (T) Jpu(T)
where p,, (T) is the density of the normal (incoherent) phase.

3. Part II
3.1. Thermodynamic Properties

In this section, we present the thermodynamic properties of liquid water derived from the theoret-
ical framework developed in this work. Although not all the calculated quantities accurately reproduce
the experimental data, the main focus lies in the theory’s ability to capture the general trends and
qualitative behaviors of these properties as a function of thermodynamic parameters such as pressure
and temperature. The simplicity and effectiveness of the present theory in capturing the overall trends
of liquid water’s thermodynamic behavior, despite some quantitative discrepancies primarily arising
from the limitations of the vdW model, underscore its utility in providing fundamental insights into
the complex nature of water. By bridging quantum coherence with classical thermodynamics, the
framework offers a robust foundation for understanding water’s anomalies, paving the way for future
refinements and applications.

The following calculations illustrate the predictive capacity of our theory and its relevance in
understanding the general thermodynamic landscape of water under varying conditions.

3.2. Parameter Optimization

The theory depends on a number of parameters whose values are not known with high precision.
Given this uncertainty, a parameter optimization procedure was carried out by minimizing the
mean squared error between certain thermodynamic quantities predicted by the theory and the
corresponding experimental values over a range of temperatures.

The objective function used in the optimization is defined as

Etot = E(density) + E(compressibility) + E(dielectric constant), (31)

where E(g) denotes the mean normalized squared error associated with a given thermodynamic
quantity g, and is defined by

L[ am ]
E@) N lzzl Liexp(Ti) 1} ' (32)

with N representing the number of experimental data points available for quantity g, and T; the
corresponding temperatures.

The parameters selected for optimization are indicated in Table 2, together with their optimized
values.

The objective function was minimized using a MATLAB routine based on the FMINCON optimiza-
tion function.
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Table 2. Parameter values and their respective units.

Parameter Value Units
electric dipole for vapor 1.84 D
mass of water molecule 1.7280 - 1010 eV
Terit 0.0554 eV
Pyt (fit parameter) 2.17 - 10° eV*
rgference coherent density pg 212108 o3
(fit parameter)

coherent energy gap do, (fit 0.29 oV
parameter)

ay,, (fit parameter) 0 -

Jc 44 (fit parameter) 0.2 eV
J¢,17 (fit parameter) 0.066 eV

3.3. Density and Thermal Expansion Coefficient

The density anomaly is probably the most puzzling behavior of water. It is at the base of life in
the oceans and contributes to determine the climate on Earth. Unlike most other liquids, water exhibits
a maximum density at 4° C under ambient pressure and expands when cooled below this temperature.

In our theory, at temperature T the molecular volume of liquid water is the weighted average
of the molecular volumes of the coherent and incoherent phases, the weight being the volumetric
coherent fraction ¢, (T)

UHzo(T) = (onl(T)UC(T) + (1 - ¢vol<T))U"(T)' (33)

The density is therefore

OcPn
= . 34
PH;0 4)001 (pﬂ - Pc) + Oc ( )

where p., = v}—n The computed density along the liquid-vapor curve of coexistence is shown in

Figure 10. In Figure 11 is shown the computed isobaric thermal expansion coefficient.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202507.2555.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 30 July 2025 d0i:10.20944/preprints202507.2555.v1

16 of 26

» Density of water along the liquid-vapor curve
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Figure 10. Computed density of liquid water as a function of temperature along the liquid-vapor coexistence
curve, compared with the experimental data [20].

The anomaly arises from the fact that, when temperature decreases, the increasing density of the
incoherent phase is balanced by the decrease of its fraction, leading to the existence of a maximum of
the density which happens to be at 4 °C at atmospheric pressure.

0015 T T T T T T T T T

0.01 4

0.005
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O Experiment
-0.01 T
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150 200 250 300 350 400 450 500 550 600 650
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Figure 11. Computed isobaric thermal expansion of liquid water as a function of temperature along the liquid-
vapor coexistence curve compared with experimental data [20].
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3.4. Isobaric Heat Capacity

An intriguing and yet to be elucidated characteristic of liquid water pertains to its isobaric heat
capacity per particle (IHCP), which exhibits a notable minimum at a temperature of 309 K under
standard atmospheric pressure and a sharp decrease in the range 228-235 K [20,21]. In our theoretical
framework, the contribution to the IHCP arises from the standard incoherent component and the
vibrational degrees of freedom of water molecules, supplemented by the additional contribution of
the coherent molecules transitioning out of the zero-temperature state and migrating towards the
incoherent phase. This latter contribution becomes particularly significant at low temperatures, where
the derivative of ¢,,,; increases sharply, and is absent in existing models of liquid water’s IHCP to
date.

The enthalpy resulting from the contribution of the two phases can be written as

h(T) = (Pmol(T)hC(T) + (1 - ¢mol(T))hn(T)/ (35)

where
hen(T) = feu(T) — Tscn, (36)

where s, are the entropies of the coherent and incoherent phases respectively. s. corresponds to the
entropy of the vibrational configurations only, being the positional degrees of freedom frozen at zero
temperature by their coherent nature, so that we can write s = s ;3.

The IHCP is given by
oh(T) )
=\ =) - (37)
= (),

It is instructive to examine in detail the various terms contributing to the IHCP by expanding Eq.
(35). The IHCP may be expressed as the sum of the following components:

a mo
()

oh
Cp,vib,c :¢mol <815) » (38)

ohy
Cpn =(1 = Ppor) <8T)P

It is interesting to note that the term ¢, is analogous to a "latent heat" of transformation from
the coherent to the incoherent phase, modulated by the rate of change of the coherent phase with
temperature and accounts for the sharp increase of the IHCP at low temperature.

The relationship between the chemical potential and the enthalpy per particle is given by ¢, =

hen — T5¢,1, where 5. ; denotes the entropy of the coherent and incoherent phases. Given the equality
of the chemical potentials for the two phases, we derive:

9ol
Cp,c _T< 48)7;10 ) (_svdW + Scvib — Sn,vib) (39a)
p

w2,

c,i
Cp,vib,c :(Pmol Zi:gc,i4T2 sinh2 % (39b)

Ohyaw Wy i

cpn =(1 = Pmol) <( 3T >P + 12871,1‘4,1,2 sinnhlz o (39¢)

Here ¢, . represents the contribution from particles transitioning from the coherent to the incoherent
pc Tep p g
phase, with the difference primarily arising from entropy variation.
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The coherent and incoherent vibrational terms of the entropy are given by the standard expression
for the harmonic oscillator

Weni 1 _Yeni
Senvib = ch,n,i{(,:]’..n’zuwl — log (1 —e T ) }, (40)

i e T

where g, ,; and w, , ; are taken from Table 1.

Equation (39a) depends on the absolute entropy of the incoherent phase. However, the entropy
Sygw of a vdW fluid is inherently defined only up to an additive constant sy, since its low-temperature
behavior becomes intrinsically quantum and deviates from the classical expression, which exhibits a
logarithmic divergence as temperature approaches zero. To address this, we introduce a constant term
into the vdW entropy expression, which will later be calibrated against experimental data.

Accordingly, Eq. (39a) is reformulated as

Cpe=— (acgnfd ) P(hvdw — tvaw + T(S¢,vib — Snvib — 50)), (41)
where the entropy is expressed in terms of the known quantities yyqw and hyqw using the relation
# = h + Ts. The constant sy has been introduced to account for the aforementioned uncertainty in the
absolute value of the vdW entropy.

The expression in (39b) originates from the thermal capacity of the quantum oscillators with
strength g.; and oscillation frequency w, ;, as described in Table 1.

Finally, the formula in (39¢) represents the contribution of the vdW and vibrational components
within the incoherent phase. The explicit expression for the temperature derivative of the vdW enthalpy
at constant pressure can be obtained through straightforward algebraic manipulation, leading to

T
athW _ 3 4 Terit
( ), =373 . (42)

The calculation of c,(T) is shown in Figure 12 where we have chosen sy = 6 and where are
detailed also the contributions of the three terms of Egs. (39).
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Isobaric heat capacity per particle of pure water
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Figure 12. Isobaric heat capacity per particle of liquid water as a function of temperature at atmospheric pressure
compared with experimental data [21].

The computed values deviate from experimental measurements by less than 10% on average.
The calculation accurately reproduces the existence of the minimum-—a distinctive hallmark of liquid
water’s IHCP and, more importantly, the sharp increase of c;, in the thermal range 228-235 K. To this
day, this phenomenon lacks a fully satisfactory explanation in the literature. However, we believe that
our theory captures its essential nature by merely evaluating the temperature derivative of enthalpy.

3.5. Isothermal Compressibility

The isothermal compressibility of liquid water has historically been one of the puzzling properties
of water [22]. The anomaly is characterized by a minimum in compressibility at 319 K, which still lacks
a structural explanation.

In our approach, this anomaly finds a natural explanation, attributed to the differing behavior of
the two phases. The isothermal compressibility x7(T) is defined as

kr(T) = —i(g;)T, (43)

where v is the volume per molecule, P is the pressure, and T is the temperature.
This expression can be rewritten by considering the contribution of the two phases:

1(a[¢voz(T)(vc — o) +vn]> , (44)
T

KT ( T) == v oP
where ¢, represents the volumetric fraction of the coherent phase, v, and v, are the volumes per
particle of the coherent and incoherent phases, respectively.
The derivatives with respect to pressure of ¢, v¢, and v, can all be evaluated numerically, given
that their expressions are known. Specifically, ¢,,; depends on pressure via Eq. (28), while v, and v,
are determined by the equations of state (16) and (22), respectively.
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By performing the numerical differentiation at constant temperature and substituting the results
into Eq. (44), we obtain the outcome depicted in Figure 13, where a minimum is clearly visible and a
sharp increase at lower temperatures with a peak at ~ 228 K.

The computed values of the compressibility do not accurately reproduce the experimental data
for xt , since the van der Waals model is highly inaccurate in calculating xt for the incoherent phase.
Nonetheless, the inclusion of the coherent contribution captures both the presence of a minimum and
the divergence of xt at the temperature of the liquid-liquid critical point (LLCP).

3 x1 0_4 T T T T T
total
derivative v
251 ¢ 7
derivative v,
derivative x
2r O  experimental data |
- 15F
@
o
'_
4 1+
051 Oo0oo00000
0 —
_05 1 1 1 1 1

250 300 350 400 450 500
Temperature K

Figure 13. Isothermal compressibility of liquid water as a function of temperature along the coexistence curve. A
minimum is observed, consistent with the experimental observations.
3.6. Static Dielectric Constant

The static dielectric constant of liquid water is notably large, and in previous models, its behavior
is not easily described unless several simplifying assumptions are made. Our proposed theory,
however, provides an accurate description of this constant as a function of temperature within a certain
level of precision.

3.6.1. Coherent Component of the Static Dielectric Constant

In the dipole approximation, the interaction Hamiltonian describing the coupling between the
external electric field and the electronic system confined within the coherence domain V¢p is given by

Hint = _e/ % (f E), (45)
Vep

where E denotes the electric field and e is the elementary charge.
The coherent electronic state of the system, in the absence of the external field, can be written as a
linear superposition of the ground state |GS) and an excited state |54), namely

|coh, 0) = cosa |GS) + sina |5d), (46)

where the mixing angle « quantifies the degree of mixing between the two states. The normaliza-
tion condition for the coherent state is
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(coh,0|coh,0) =1, (47)

ensuring that the total probability is conserved.
When the external field is present, the macroscopic polarization P is defined as the expectation
value of the position operator over the coherent state modified by the field. This yields

eN,

ﬁ pu—
Vep

/ &% (coh, E|%|coh, E), (48)
Vep

where N, is the number of coherent electrons, and |coh, E) denotes the coherent state in the
presence of the external electric field.
By applying first-order time-independent perturbation theory, we obtain

<n‘fVCD d35c’<5c’- E) ‘coh,0>
Weoh — Wn
1

= |coh,0) — eE (49)
‘ > n;g)h \% 2me (wcoh - wn)

y (cosoc\/% N sinoc\/fn,ex> ),

\/wn_wo \/wn_wex

|coh, E) = |coh,0) —e )
n#coh

)

where wex=12.06 eV is the energy of the excited state |5d >, wy, are the energies of the various
excited levels of the water molecules |[n > and we,,=-0.29 eV is the energy of the coherent state.

Substituting Eq. (49) into Eq. (48), we obtain
ﬁ:ﬁ1+ﬁ2+ﬁ3+0(€3). (50)

where

~ 262 2 -

B — e~N, cos” « fno E (51a)
2meVep n#£0 (wcoh - wn) (w" - wO)
2 .

B — 2¢%* N, cos o sin & V/ fn0fn5d E (51b)

2meVep n#0 (wcoh - Wn) \/(wn - WO)(wn - C‘JSd)

2N i

B, — _ 2¢*Nsin” o fnsd < (510)

2meVep 170 (Weoh — wn) (wWn — wsq)

The component Py represents the susceptibility associated to the deformation of the ground state
of the water molecule subjected to the electric field. Its value is very small due to the large energetic
distance from the other excited states and has been computed to yield ). = 0.06.

The term P, represents the mixed term resulting from the combination of two states to produce the
coherent state. Since these states oscillate at different frequencies, the time average of this contribution
vanishes.

The last term, P, yields a significant contribution due to the fact that the energy denominators
in the sum are small, as the excited state |wsq) lies in close proximity to many unperturbed levels.
However, we cannot calculate it directly due to the unknown value of f,5;. Nonetheless, we can
estimate it by approximating the excited states of the single molecule as the energy levels of a harmonic
oscillator.

The oscillator strength f;; between energy levels i and j for a harmonic oscillator is defined as

fij = 2me(i — j)dawl (il 2]) (52)
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and the energy levels w;, close to wsq, shown in Table 3, are approximately evenly spaced. Assuming
that the energy levels can be approximated by those of a harmonic oscillator, we can adopt the
following approximation:

Py =

2 102 2 . 2 102 2
2¢“N, sin” y [(n|x|5d)| E_ ¢ Nism « Y ‘<n‘a+a+’5d>) £ (53)
Vep nZ0 Wn — Weoh VepwAwm, 1 Z5d

Here, we approximate w, — weon = @ and have used the relation

a+a’
= — 54
* vV 2Awm, 44)
Table 3. Experimental values of f,.
eV fOn
7.400 0.0500
9.700 0.0732
10.000 0.0052
10.170 0.0140
10.350 0.0107
10.560 0.0092
10.770 0.0069
11.000 0.0218
11.120 0.0223
11.385 0.0098
11.523 0.0086
11.772 0.0178
12.074 0.0101
12.243 0.0053
12.453 0.0025
We evaluate the sum as follows:
+ 2 + 2
Y ‘<n‘a+a ‘5d>‘ =) ‘(n|a|5d)+<n‘a ‘5d>‘
n##5d n##5d
= 3 ((n+1)|(n+1[5d) >+ — 1/5d)
n#5d (55)
+24/n(n+1)(n+1/5d) (n — 1|5d>)
= 2nsq + 1 = 2nsg.
Finally, using wsq ~ @ ~ nsqAw, we arrive at
L 26%p.ppsin®a s . =
L A (56)

Aw?m,

where we we have substituted ‘;\CIZ = Pcp0-

Next, we proceed to determine Aw. We restrict the range of the levels participating to the
oscillation to the levels with an energy higher than 11 eV and we find Aw= 0.21 eV.

Finally, by substitution into Eq. (56) (¢ = 0.0917, sin?a = 0.10, pg = 2.12 x 10% eV?, m, =
511 x 10° eV) we obtain 77, = 167. The value of the coherent fraction of the static dielectric susceptibility
of liquid water has been experimentally measured at room temperature [23], yielding a value of
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approximately 156. In that work, a good fit to the measured data is obtained by assuming the
coexistence of two fractions with distinct dielectric properties. The experimentally determined value is
in satisfactory agreement with the value calculated in our theory.

3.6.2. Evaluation of the Dielectric Constant

We can now determine the static dielectric constant of liquid water as a function of temperature
by weighting the contributions of the coherent and incoherent phases according to their molar fraction,

Qbmol:

sO(T) =1+ ¢mol(T)77€pc(T) + (1 - (pmol(T))Xn(T)/ (57)

where the incoherent contribution is described using the Debye-Langevin polarizability given by

200 (T
xn(T) = %T() (Ref. [24]). (58)

The resulting calculation is presented in Figure 14. The theory predicts a singularity in the static
dielectric constant at the same temperature where the isothermal compressibility, isobaric heat capacity
per molecule, and thermal expansion coefficient exhibit singular behavior.
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Figure 14. Static dielectric constant of liquid water as a function of temperature along the liquid-vapor coexistence
curve.

4. Discussion and Conclusions

To achieve a comprehensive understanding of the origin of water’s behavior, particularly the
properties that make it the most vital liquid for the existence of life on Earth, we have developed a
theory grounded rigorously in the first principles of quantum electrodynamics (QED). This theoretical
framework enables us to address a fundamental question that has intrigued physicists in recent years:
is water a homogeneous or an inhomogeneous fluid?

A compelling model proposed by Nilsson and Pettersson [22] describes water as consisting of two
coexisting liquid phases, characterized by fluctuations between two structurally distinct forms: a tetra-
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hedpral, low-density liquid (LDL) and a distorted, high-density liquid (HDL). These configurations are
supported by various modeling techniques. However, the mechanism by which these heterogeneous
fluctuating structures could evolve into metastable phases remains an open problem.

Our theory challenges the conventional view that hydrogen bonding serves as the fundamental
explanation for the behavior of liquid water. This traditional perspective relies heavily on the empirical
adjustment of parameters such as bond lifetime and strength, rather than deriving them from first
principles. Consequently, such models are not genuine theories but phenomenological approximations
that offer only partial and descriptive insights into the nature of liquid water.

Within our QED-based framework, hydrogen bonds are understood to result from the deformation
of electronic distributions in coherent molecular domains. As shown in Eq. (4), this deformation
induces a directional angular dependence in the electronic charge density, naturally accounting for the
tetrahedral coordination of water molecules observed in neutron and X-ray scattering experiments [6].
Furthermore, the disappearance of hydrogen bonding at elevated temperatures is consistent with our
theoretical predictions: as temperature rises, the proportion of coherent molecules diminishes, leading
to the weakening and eventual disappearance of hydrogen bonding.

On the mesoscopic scale, CDs exhibit a striking organizational duality. While adopting a hexag-
onal close-packed (HCP) arrangement (see Figures 1 and 2), the system simultaneously preserves
fluidity through lubricated sliding mediated by the incoherent phase. This coexistence of structural
order and dynamic disorder resolves the long-standing paradox of water’s anomalous viscoelastic
properties, which combine long-range electromagnetic coherence with short-range molecular mobility.

The theory introduces three foundational advances:

1. Itelucidates the physical mechanisms underlying the formation and stability of the distinct liquid
phases. The coherent low-density liquid (LDL) phase arises via spontaneous symmetry breaking
of the electromagnetic field, resulting in macroscopic quantum domains with an average size of
~ 50 nm characterized by an energy gap J. ~ 0.3 eV and a spatial distribution described by the
spherical Bessel function jy. The HDL phase, described as a polar van der Waals fluid, fills the
interstices between domains. Our solutions quantitatively determine the relative abundances of
these phases over a range of temperatures, reinterpreting the so-called liquid-liquid phase transi-
tion (LLPT) not as a true critical phenomenon, but rather as the temperature threshold—upon
cooling—at which the incoherent phase (HDL) vanishes.

2. The theory offers a first-principles explanation for several of water’s most perplexing anomalies.
The well-known density maximum at 277 K emerges from the competition between the volumetric
expansion of LDL domains and the densification of the HDL phase. The observed minimum in
the isobaric heat capacity near 309 K reflects a balance between the stabilization of the coherent
phase and thermal excitation. Most notably, the model accounts for the sharp divergence in
thermodynamic behavior near 228 K as a consequence of the complete disappearance of the HDL
fraction.

3.  The theory resolves the longstanding quantum-—classical duality exhibited by water. Below ap-
proximately 320 K, the system demonstrates macroscopic quantum coherence through extended
networks of coherence domains, while simultaneously retaining classical fluidity through the
intervening HDL phase. As temperature increases, the coherent fraction diminishes, leading to
the gradual loss of quantum coherence and explaining the crossover to purely classical behavior
near the critical point.

Future work to refine the theoretical framework presented here should address several key
areas. First, although the van der Waals (vdW) model provides a simple and insightful starting point,
it remains a mean-field approximation. The primary objective of this study has been to establish
a foundational theoretical perspective on the nature of liquid water rather than to reproduce all
thermodynamic properties in exact detail. Once this conceptual basis is solidified, further refinements
can be introduced to capture the full complexity of the water phenomenology. A more rigorous
treatment of the incoherent phase would involve modeling it as a manifestation of quantum fluctuations
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in the matter field, represented by quasi-particle excitations. This approach aligns with the framework
of quantum fluids, in which excitations correspond to fluctuations around the mean-field background.

Finally, significant uncertainty remains regarding the internal molecular dynamics, particularly
the energetics of vibrational modes. These degrees of freedom play a critical role in determining the
thermodynamic properties of water and must be accurately characterized to improve the predictive
power and quantitative accuracy of the theory.

Our results demonstrate that the anomalous properties of liquid water arise from its dual character:
a quantum-coherent system coexisting with quantum thermal fluctuations. This paradigm not only
resolves several long-standing thermodynamic anomalies, but also opens new avenues for research,
particularly in the study of biological water interfaces and the development of quantum-inspired
materials. The dynamic interplay between coherence and decoherence in water may prove to be a
fundamental principle underlying its unique role in both natural processes and emerging technologies.
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