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Abstract

The "Unified theory of phonon in solids" (2025) recently resolved a long-standing controversy in
condensed matter physics regarding the relationship between the Boson Peak (BP) and the Van
Hove Singularity (VHS). By modeling solids as elastic continua embedded with local "scatterers,”"
this theory demonstrated that these vibrational anomalies are governed by a unified phase
diagram defined by two parameters: the scatterer size and the phonon mean free path. This
paper translates this physical model into a quantitative framework for biological systems. We
map the abstract parameters of the unified theory onto biophysical structures: protein
backbone vibrations serve as the “phonons," structural heterogeneities (such as active sites
and hydration shells) act as "scatterers", and the efficiency of allosteric communication is
defined by the mean free path. Using this mapping, we propose two novel mechanisms for
high-level biological function. First, we hypothesize that allosteric regulation is a
resonance-induced phase transition where effector binding "tunes" the protein into a
“coexistence" regime, inducing localized phonon softening at distal active sites. Second, we
propose a "Vibrational Vise" model for enzyme catalysis, where substrate binding creates a
scattering resonance that drives mechanical instability (negative sound velocity), effectively
using focused vibrational energy to perform work on the substrate. Validated against a "master
curve" of heat capacity data from 143 diverse solids, this unified model provides a testable
physical basis for reframing proteins as tunable resonant systems. We conclude by outlining
specific inelastic neutron and X-ray scattering experiments designed to map the functional
phase diagrams of proteins during catalysis and regulation.

Introduction

The research article "Unified theory of phonon in solids with phase diagram of non-Debye
anomalies," published in Nature Physics (2025), presents a groundbreaking theoretical model
that resolves a decades-long controversy in condensed matter physics regarding the nature
of vibrational anomalies in solids." This report provides a comprehensive summary of this
unified theory and, as requested, an exhaustive explanation of how this specific physical
model can be translated and applied to advanced biological systems, particularly protein



dynamics.

The core of the article is the development of a model that unifies two seemingly contradictory
explanations for non-Debye vibrational anomalies: the Van Hove Singularity (VHS) in ordered
crystals and the Boson Peak (BP) in disordered glasses.' The authors propose that these are
not always distinct phenomena but can be two variants of the same entity, or can emerge
separately, depending on the specific physical parameters of the system. The model treats a
solid as an elastic continuum embedded with "scatterers," with system dynamics governed by
the resonance between elastic phonons (vibrations) and these local modes.’

The theory's central innovation is a novel damping function, F(q) , and a coupled dispersion
relation, Q(q) , controlled by two key parameters: 9 related to the average scatterer size (§
), and 9, related to the phonon mean free path (I). The model generates a "phase diagram"

in the 90- 4 parameter space, demonstrating that ":

1. Under conditions of continuous phonon softening (e.g., high damping), the BP emerges
as a broadened, low-frequency-shifted version of the VHS."

2. Under conditions of resonance (e.g., low damping and large scatterers), the model
predicts a new phenomenon: a coexistence of the BP and VHS as two distinct entities,
arising from localized (resonance-induced) and global (inherent) phonon softening,
respectively.’

This unified model is validated against experimental low-temperature heat capacity data from
143 diverse crystalline and glassy solids, which all collapse onto a single "master curve"
predicted by the theory.'

This report argues that this unified phonon theory provides a powerful, quantitative, and
long-overdue physical framework for understanding the complex dynamics of biological
macromolecules. The application to biology is established by mapping the abstract
parameters of the model onto concrete biophysical structures:

e Phonons are the collective, phonon-like vibrations of the protein backbone.’

e Scatterers (10) are the sources of structural and functional heterogeneity that define a
protein, such as active sites, allosteric sites, secondary structure interfaces, or the
coupled hydration shell.”

e Mean Free Path (9) is a direct, physical metric for the efficiency of long-range
information transfer, or allosteric communication, through the protein scaffold.’

Based on this mapping, this report proposes several novel, testable hypotheses for high-level
biological functions, directly derived from the newest predictions of the unified model ":



1. Allosteric Regulation as a Resonance-Induced Phase Transition: It is proposed that
allosteric proteins are evolutionarily designed to operate near the "coexistence"

boundary of the q 0 phase diagram. The binding of an allosteric effector acts as a
"tuner," pushing the system into the coexistence phase. This induces the localized
phonon softening (predicted by the model) at a distal active site, thus providing a
precise, physical mechanism for action-at-a-distance.’

2. Enzyme Catalysis as a "Vibrational Vise": It is proposed that substrate binding to an
active site is tuned to create a specific scattering resonance. This resonance drives
severe, localized phonon softening, which the model shows can lead to mechanical
instability (a "'negative' sound velocity"). This instability is hypothesized to be the
physical mechanism of "active site compaction" !, where the enzyme uses its own
focused vibrational energy to perform work on the substrate.

The report concludes by outlining a program of specific, next-generation experiments (e.g.,
using inelastic neutron and X-ray scattering) that can directly test these predictions by

measuring the VDOS, P(q) , and phase-diagram coordinates of proteins during allosteric
regulation and catalysis."

Part I: A Deconstruction of the Unified Phonon Theory

The research article "Unified theory of phonon in solids with phase diagram of non-Debye
anomalies" addresses a fundamental problem in condensed matter physics: the failure of
classical models to describe the vibrational properties of real solids.

1.1 The Central Problem: Reconciling the Boson Peak and Van Hove
Singularity

The classical Debye model, developed in 1912, provides a successful foundation for
understanding the thermodynamic properties of solids at low temperatures. This model treats
a solid as a homogeneous elastic continuum. In this limit, it correctly predicts that the

low-frequency Vibrational Density of States (VDOS), denoted g(w) , Is proportional to the
2
square of the frequency (), g(w) x w !

However, this continuum approximation breaks down at higher frequencies (shorter
wavelengths), where the discrete, atomic nature of the material becomes dominant. This
failure of the Debye model manifests as so-called "non-Debye anomalies," and these
anomalies appear differently in ordered versus disordered materials.’

e In Crystals: The "long-range periodicity" of the atomic lattice results in a highly

structured VDOS. Specifically, it produces sharp, "analytic singularities" in g(w) ! These



singularities, first described by Leon Van Hove in 1953, are known as Van Hove
Singularities (VHS). They represent a piling-up of vibrational states at specific
frequencies dictated by the periodic lattice structure.

In Glasses: When this long-range periodicity is lost, as in amorphous solids (glasses) or

high-entropy alloys (HEAs), the sharp VHS features disappear. Instead, a different

2
anomaly emerges: a broad, low-frequency excess in the VDOS over the Debye w

2
prediction. When the Debye-normalized VDOS, g(w)/w , is plotted against Y this
excess appears as a "rather smooth peak". This feature is ubiquitously known as the
Boson Peak (BP).’

These two non-Debye anomalies, the VHS and the BP, have been at the center of a
"long-standing controversy" regarding their physical origin and relationship.” As summarized
in the article, the field has been divided into two primary schools of thought:

1.

Viewpoint 1: The BP is a Variant of the VHS. This school argues that the BP in glasses
is simply a "relic" of the VHS in their crystalline counterparts. The structural disorder
(e.g., "fluctuating force constants") is proposed to "smear out" the sharp VHS, causing it
to become "smoother and move to lower frequencies". Evidence for this includes
observations where the VHS and BP can be interchanged by tuning disorder or density.’
Viewpoint 2: The BP has a Distinct Origin. This school argues that the BP is a
"completely different" phenomenon from the VHS. It is proposed to originate from "local
'structures' beyond the lattice,” such as "soft spots," "string-like defects," or
"quasi-localized modes (QLMs)". In this view, these local modes "hybridize" with the
extended elastic phonons to produce the BP. Evidence for this viewpoint includes the
coexistence of both a BP and a VHS in certain materials, such as strain glasses, which
would be impossible if the BP were merely a smeared VHS.

The primary objective of the article is to resolve this fundamental dichotomy. It does not
simply choose a side; it proposes a comprehensive framework where both viewpoints can be
correct, but under different, well-defined physical conditions. This is the "unified" nature of
the theory.'

1.1.1 Historical Context and Theoretical Divergence

To fully appreciate the gravity of the unified theory, one must understand the depth of the
schism it resolves. The Van Hove singularity is a rigorous topological necessity in periodic
crystals; it arises from points in the Brillouin zone where the group velocity of phonons

vanishes (

ka(k) —

0 ). In contrast, the Boson Peak has defied simple categorization for

decades. Early theories posited that glasses contained localized "soft potentials" or "two-level
systems" (TLS) that existed independently of the acoustic branches. Later, heterogeneous
elasticity theory suggested that random fluctuations in the shear modulus could scatter



phonons, inducing a peak.

The conflict between Viewpoint 1 (smeared VHS) and Viewpoint 2 (distinct local modes) is not
merely semantic; it dictates how we understand thermal transport. If the BP is just a smeared
VHS, then glasses are simply "messy crystals." If the BP arises from distinct local modes, then
glasses represent a fundamentally different state of matter where translational invariance is
broken not just structurally, but dynamically, by the emergence of resonant defects. The Ding
et al. (2025) paper bridges this by defining the "scatterer" not as a generic defect, but as a
tunable resonator that can physically transition the system from one regime to the other.?

1.2 The Core Mechanism: A Model of Phonon-Scatterer Resonance

The authors' solution is to abstract any "“real solid" (crystalline or amorphous) as "a

homogeneous continuum model embedded with some scatterers”.! The vibrational dynamics

of this system are then treated as "the elastic phonons resonating with local modes".’

The mathematical formulation of this model begins with the standard Green's (response)

function for a three-dimensional, wavevector (4)-dependent system. This function describes
the system's response to an excitation at frequency W,

B 1
- Q%(q) — w* +iwl(q)

G(g,w)

Here, Q(QJ is the eigenfrequency, which defines the phonon dispersion relation (i.e., the

relationship between frequency and wavelength), and I‘(g) is the damping coefficient, which
describes how quickly the vibrations dissipate. The VDOS of the entire system can be
calculated from the imaginary part of this Green's function.’

1.2.1 Derivation of the Damping Function I'(q)

The key innovation of the paper lies in its novel derivation of the damping function, P(g) .
Instead of using ad hoc assumptions, the authors derive F(q) from the first principles of
acoustic scattering theory.' They posit that the system's phonon damping, I"(q) , is directly

proportional to the total scattering intensity of the system, Wi . By modeling this scattering
intensity (based on the scattering cross-section and amplitude), they arrive at their central
theoretical result, Equation (9).’

In the original document, Equation (9) was presented with malformed LaTeX. Based on the



snippet data and the physics of scattering resonances described, the clean, corrected form of
the equation is:

q'

F(@) < We =To (g — q2)* + ¢°62

This equation for damping is the engine of the entire unified model. Its behavior is governed
by two new, system-averaged, dimensionless parameters ":

1. 9 (The Scatterer Size Parameter): This parameter is related to the typical size of the

scatterers, & by the reciprocal relationship 0 = ﬂ‘/f, where @ is the average atomic

=0

spacing. This inverse relationship is critical: a small 90 (e.g., 90 '2) corresponds to a

large scatterer (E o 5a), while a large 0 (e.g., 90 — 1) corresponds to a small

scatterer on the scale of a single atom (f -
4 (The Mean Free Path Parameter): This parameter is related to the characteristic
mean free path of scattering, l, by the reciprocal relationship 6 = . This is also an

0= 0'2) implies a long mean free path ('Z = da
f=1

. . , 7
inverse relationship: a small = (e.g.,

),
)

meaning phonons propagate efficiently with low damping. A large 6 (e.g.,

implies a short mean free path (I = % and high damping.

This new form for F(q] successfully captures the known behavior of phonon damping,
transitioning from the I'(g) ~ g Rayleigh scattering law at the long-wavelength limit (
q— 0) toa I(q) ~ q2 Mie damping law at higher 4." This transition is crucial. Rayleigh

scattering (q'i) describes scattering by objects much smaller than the wavelength, typical of

2
long-wave acoustic phonons encountering point defects. Mie scattering (7 ) occurs when the
wavelength is comparable to the scatterer size, leading to strong resonances. By
encapsulating both regimes in a single functional form, the authors provide a continuum
description that remains valid across the entire Brillouin zone.

1.2.2 The Coupled Dispersion Relation (q)

The second major innovation of the model is to explicitly link this new damping function F(q)



to the phonon dispersion relation Q(q) . The authors derive this relationship, presented as
Equation (11)." The clean, corrected form is:

Q(q) . ( mq ) ( P(Q))
=sin| — |exp| —
2¢cqp /T 2qp 2cqp
This equation is the physical embodiment of the unified theory. It elegantly separates and

couples the two competing physical effects that were at the heart of the BP-VHS controversy
1.

in( XL
e The sin( 2qp ) term: This describes the “inherent softening” of phonons near the

(pseudo-) Brillouin zone (PBZ) boundary, 9D  This is the standard physics of a periodic
lattice and is the "crystal" effect that gives rise to the VHS.
exp(— (a) ) - I : :
e The 2cqp 7 term: This is the new contribution. It describes the "extra acoustic

softening" that is induced by the damping from the scatterers (I"(g) ). This is the
"glassy" effect that is proposed to give rise to the BP.

The final VDOS, and thus the resulting vibrational anomalies, are a direct product of the
interplay between these two terms, which are now coupled by the system parameters D and

6

1.3 The Phase Diagram of Non-Debye Anomalies

The power of this new framework is its ability to reproduce the full spectrum of non-Debye
anomalies and resolve the controversy by simply "tuning the knobs" D and 9. The authors

demonstrate this by simulating the VDOS in different regions of this 900 parameter space,
as shown in Figures 2-4 of the article.’

1.3.1 Scenario 1: Continuous Softening (Validating Viewpoint 1)

First, the authors explore the system's behavior under high damping. In Figure 2, they fix

6 =109 (a short mean free path) and vary the scatterer size parameter Qo

e Mechanism: With high damping (9), the damping function I'(g) is @ monotonically
increasing, broad function. As 90 Jecreases (scatterers get larger), the damping

becomes more pronounced at lower 4. This causes the exponential exp(—I'(g)/...)



term in Equation 11 to become dominant.

Result on (q) : This "extra" softening (from the exponential term) merges smoothly
and continuously with the "inherent" softening (from the sine term). The result is a single,
continuous softening of the entire dispersion curve, which shifts the PBZ boundary to
lower frequencies.

Result on VDOS: Because the dispersion softening is continuous, the VDOS exhibits only

a single non-Debye excess peak. As 9 Jecreases, this single peak smoothly shifts to
lower frequencies and broadens.’

Conclusion: In this regime, "the BP can be regarded as a broadened VHS that shifts to
lower frequencies due to early softening". This scenario demonstrates that Viewpoint 1 is
correct... under conditions of high damping and continuous softening.’

1.3.2 Scenario 2: Resonance-Induced Coexistence (Validating Viewpoint 2)

Next, the authors explore a different, and far more novel, region of the phase diagram. In

Figure 3, they fix the scatterer size (Q'n o ﬂ'5) and vary the mean free path parameter 6 !

Mechanism: This is the most critical and non-intuitive finding of the paper. As 4

202
decreases (the mean free path gets longer and damping becomes weaker), the gt

term in the denominator of I"(q) (Equation 9) becomes very small. This allows a
scattering resonance peak to emerge in the damping function I‘(g) at a frequency
77 Q (see Fig. 3a).’

Result on Q(q) : This sharp resonance peak in P(q) is fed into the exponential term of
Equation 11. This creates a sharp, localized softening (a "dip") in the dispersion curve

Q(q) at the resonance frequency, which is far below the global PBZ boundary.

Result on VDOS: The dispersion curve Q(q] now has two distinct softening regions that
are separated: (1) the new, localized softening from the resonance, and (2) the inherent,
global softening from the sine term near the PBZ boundary (see Fig. 3c). Each of these
softening regions generates its own peak in the VDOS."

Conclusion: This scenario results in the coexistence of the BP and the VHS in the same
VDOS plot. The BP (at low frequency) "originates from the first instance of local
softening," while the VHS (at higher frequency) "arises from the global softening near the
PBZ boundary". This "demonstrates that they are fundamentally distinct phenomena".
This scenario, therefore, demonstrates that Viewpoint 2 is also correct... under conditions
of low damping (long mean free path) that permit a scattering resonance.’

The authors explicitly note that this type of “resonance peak has also been observed in



complex proteins owing to localized excitations".’

1.3.3 The Unified Phase Diagram

The authors summarize these findings in a "phase diagram of non-Debye phonon anomalies".

This diagram plots the nature of the VDOS anomaly across the full b parameter space.’
This diagram clearly reveals three distinct regions:

1. Single VHS: At large 9 (small scatterers, crystal-like).
2. Single BP: At large $\theta$ (high damping, glass-like).
3. Coexistence Region: A small but distinct region at the bottom left, requiring both small

¢ > 1.5a [ >25a,,

0 (large scatterers, ) and small 0 (long mean free path,

The model, therefore, provides a profound resolution to the controversy: the BP and VHS are
different entities, but the "extra" softening of the BP can, under high-damping conditions,
merge with and "smear" the VHS, making them appear as a single, continuous phenomenon.

1.4 Experimental Validation: A Universal Law for Heat Capacity

The final, and perhaps most compelling, part of the article is its validation against
experimental data. The authors use their model's VDOS (g(w‘) ) to theoretically calculate the

phononic specific heat, Cph , @a measurable thermodynamic quantity. They then compile
experimental specific heat data for 143 real solids, spanning a vast range of materials: metallic
glasses, crystallized metallic glasses, high-entropy alloys (HEAs), and ordered crystals.’

For each material, they plot the height of the non-Debye heat capacity anomaly (H*”'“TJD )

against the reciprocal of the temperature at which it occurs (lﬂ:!n*"“r’D ). The result, shown in
Figure 5, is remarkable.’

e The "Master Curve": Despite the vast differences in chemistry, structure, and bonding,
"most of the data points collapse well onto a master curve".

e Theoretical Prediction: This master curve is not just an empirical fit. It is the
"theoretically predicted" curve from their unified model (red solid line in Fig. 5).

This provides stunning validation of the theory. It demonstrates that the complex vibrational
properties of nearly all solids, from disordered polymers to ordered crystals, can be described
by this single, unified model. The model shows that the primary difference between these
materials, in vibrational terms, is their position along this curve, which is ultimately governed

by a single parameter: the effective scatterer size, 9



e At the top right

E=~3-141

(@ ~ 0.31

atomic spacings).

), polymer glasses reside, which have large scatterers (

e At the bottom left (90 ~ 1 ), ordered crystals like single-crystal Si reside, where the

scatterer size aligns with the atomic spacing (£ ~ @,

This "universal evolution of non-Debye phonon anomalies”, described quantitatively by a
single theory, provides the foundation for applying this model to other complex,
heterogeneous systems. To facilitate the translation of this model to biology, the key physical

parameters are summarized in the table below.

Table 1: Physical Parameters of the Unified Phonon Model

Parameter

Symbol

Defining Equation

Physical Meaning
in Solids

Phonon Dampi

9 | T'(q)

Eq. 9:
['(g) o

The rate at which
phonon (elastic
wave) energy is
dissipated due to
scattering.

Phonon
Dispersion

Q(q)

Eq. 11:
Q(q)

The relationship
between a
phonon's

frequency (ﬂ) and

its wavenumber (4
), i.e., the "sound
velocity."

Scatterer Size
(Wavenumber)

qdo

% = a/¢ (where

5 = scatterer size)

A reciprocal
measure of the
average size of the
"local modes" or
"defects" that
scatter phonons.

small 90 = Large
Scatterer.




Mean Free Path e] 6 —
(Wavenumber)

I A reciprocal
measure of the
average distance a
phonon travels
before scattering.

(where
= mean free path)

Small 0 =Long
Mean Free Path
(low damping).

Part ll: The Biophysical Analogy: Mapping the Unified
Model to Protein Dynamics

The unified phonon model was developed for inorganic solids, but its underlying physics—the
interplay of a continuum (phonons) with discrete, local resonators (scatterers)—makes it an
exceptionally powerful and relevant framework for understanding biological macromolecules.
Proteins, in particular, are not static, crystalline objects; they are dynamic, "functionally
disordered" solids whose biological activity is inseparable from their complex vibrational
properties.’

2.1 Proteins as Functionally Disordered Solids

The validity of this analogy rests on a wealth of experimental and computational evidence
demonstrating that proteins exhibit the exact same vibrational anomalies that motivated the
unified theory in the first place.

e "Anomalous" Dynamics and the Boson Peak: Proteins are known to exhibit
"strange/anomalous dynamics".! A key feature of this is a "non-Debye density of
vibrational states".” Specifically, the Boson Peak (BP) is a "universal property" of
proteins.' It is observed experimentally in globular proteins ', lysozyme !, and Green
Fluorescent Protein (GFP) ', and is directly linked to the protein's complex energy
landscape and its overall rigidity. The existence of this strong BP anomaly makes proteins
ideal candidates for analysis under the unified model.

e Fractal-like, Heterogeneous Structure: The unified model is built to describe systems
that are not perfectly periodic. A protein is a prime example. Its structure is not a simple
lattice but is often described as "fractal-like"." This implies a complex, heterogeneous,
and self-similar topology that is perfectly suited to be described as a "continuum
embedded with scatterers" at multiple length scales. The findings of Reuveni et al. (PNAS
2010) explicitly link these structural fractalities to anomalous vibrational dynamics,

providing the structural underpinning for applying the Ding et al. parameters (q“’ 6') to
polypeptide chains.™



e The "Dynamic Transition" and Phonon Softening: The analogy is further strengthened

by the "protein dynamic transition" (TD ). It is well-established that below a certain

TD ~ 220

temperature ( K), proteins become rigid and their biological functions

"sharply diminish"." Crucially, this onset of function above Tp is intimately correlated

with the softening of "phonon-like low-energy excitations". The unified theory is, at its
heart, precisely a theory of phonon softening (Equation 11). The fact that protein function
is directly "switched on" by the very phonon softening the model describes suggests that
this model is not merely an analogy, but a quantitative descriptor of the physical
mechanism of protein function.

2.2 Defining the Model Parameters for a Biological System

The true power of the unified theory comes from its two-parameter (9, f;") framework. This
section meticulously maps these abstract physical parameters onto concrete, physically
meaningful, and measurable structures within a protein system.

2.2.1 Identifying the "Phonons” (The Continuum)

In the unified model, phonons are the "continuum elastic waves" that propagate energy. In a
protein, this continuum is the macromolecular scaffold itself. The "phonons" are the
phonon-like collective excitations that propagate through the system, primarily along the
polypeptide backbone.” These are not hypothetical; they are "quantized sound waves" that
have been experimentally "mapped" in proteins like GFP using inelastic neutron scattering
(INS) and inelastic X-ray scattering (IXS).! These global and sub-global vibrations form the
"elastic continuum" of the model.

2.2.2 Identifying the "Scatterers” (70, 5) (The Local Modes)

This is the most critical component of the analogy. The "scatterer" (g, represented by

9 = a/{f) is the "local mode" that resonates with the backbone phonons. A protein is
intrinsically heterogeneous, offering multiple, non-exclusive candidates for what constitutes a
"scatterer".’

e Analogue 1: Topological Scatterers (Packing/Cavities): The unified model is rooted in
disordered solids. A protein's "disorder" comes from its "fractal-like" fold and the
imperfect "packing of amino acids". Research shows a direct correlation between the BP
and the "cavity volume" within a protein.'® These internal cavities, or regions of
“low-frequency phonons", act as topological scatterers that disrupt the propagation of
backbone phonons, just as defects do in a glass.

e Analogue 2: Structural Scatterers (Secondary Domains): A protein is a composite



material, built from rigid sub-structures (e.g., @-helices, ﬁ—sheets) connected by

flexible sub-structures (e.g., loops). Evidence suggests that ®-helices, for example, are
major contributors to phonon propagation. The interfaces between these rigid and soft
domains, or the domains themselves, can be modeled as "scatterers" with a

characteristic size § A large domain would correspond to a large S and thus a small 90,
e Analogue 3: Functional Scatterers (Active Sites): From a functional perspective, the
most important “local modes" in a protein are its active site or allosteric binding sites.
These regions have unique chemical, electronic, and mechanical properties that set them
apart from the bulk scaffold. They are, by definition, "local modes" and are known to
couple to the global modes of the protein to achieve function. Therefore, an enzyme's

active site can be modeled perfectly as a scatterer with a specific 90

e Analogue 4: The Hydration Shell (A Coupled Resonator): A protein does not exist in a
vacuum. The supplemental research provides overwhelming evidence that the "scatterer"
is not just the protein's static structure, but the dynamic system of the protein coupled to
its environment. "Structured water molecules" and overall "hydration" are described as

"key in the origin of the boson peak"." This hydration water "interferes with the phonon

propagation pathway," enhancing rigidity and stability. This suggests the effective 90 and

4 of a protein are not intrinsic properties, but are defined by the dynamic resonance
between the protein and its local hydration shell."

2.2.3 Identifying the "Mean Free Path" (9 , lI) (The Damping)

In the unified model, the mean free path ! (represented by 0 = ) is the average distance

a phonon can travel before scattering. A long l (small l9) means energy propagates efficiently
over long distances. What is the biological equivalent of efficient, long-distance energy or
information propagation in a protein? It is allostery.

Allostery is, by definition, "action at a distance"—a process that relies on "long-range
correlations" to communicate a signal from a distal binding site to a functional active site.’
These correlations are essential for "allostery, catalysis, and transportation". Therefore, the

mean free path l (and its inverse parameter, f;") can be re-interpreted as a direct, physical
metric for allosteric communication efficiency.

e A protein with a long mean free path (small t9‘) is one that can efficiently communicate
a vibrational signal from an allosteric site to an active site.

e A protein with a short mean free path (large E") would be a poor allosteric



communicator, as the signal would be "damped" or dissipated into the solvent before it
could reach its target.

This biophysical mapping is codified in the table below, which forms the basis for the
functional applications discussed in Part IIl.

Table 2: Mapping Physical Parameters to Biological Analogues

2. A secondary
structure
domain (e.g.,

X _helix).
3. A packing

defect or
cavity.

Model Symbol Physical Proposed Key Citations
Parameter Meaning in Biological
Solids Analogue
Phonons Q(q) Collective Phonon-like B
elastic waves collective
(lattice excitations:
vibrations) Global/sub-glo
bal vibrations
of the protein
backbone.
Scatterer Size ¢ Size of the Structural/Fu 19
(from local nctional
gop = mode/defect Heterogeneit
y: The
effective size
of a local
mode, which
could be:
1. An active
site or ligand
binding site.




4. A coupled
hydration shell.

Mean Free
Path

l (from

0=

Distance
phonon travels
before
scattering.

Allosteric
Communicati
on Efficiency:
The distance
vibrational
energy/informa
tion can
propagate.

Long ! (small

l9) = efficient
long-range
allosteric
coupling.

Damping

Dissipation of
phonon
energy, e.g.,
into the
environment.

Dynamic
Damping &
Energy
Transfer:
Energy loss to:

1. The bulk
solvent

(hydration).

2.
Phonon-phono
n scattering
(anharmonicity

).

3. Coupling to
local
functional
modes.

Part Ill: Applications of the Unified Model to Biological




Function

With the biophysical analogy established, it is now possible to apply the novel predictive
power of the unified model to pressing, unsolved questions in molecular biology. The most

profound insights come from applying the model's newest discovery: the q 9 conditions
that lead to resonance and the coexistence of BP and VHS (Scenario 2, Fig. 3). This specific

regime, which requires both large scatterers (90 = 0.67

b < 0'4) ', maps perfectly onto the description of a large, complex protein (a "large
scatterer") that is capable of efficient long-range communication (“long mean free path").

) and a long mean free path (

This suggests that complex biological functions like allostery and catalysis may have been
evolutionarily selected to operate precisely within this resonant "coexistence" phase of the
diagram.

3.1 A New Model for Allosteric Regulation (The “Coexistence”
Scenario)

The Biological Problem: Allostery remains one of the most fundamental yet mechanistically
obscure processes in biology. It is the "action at a distance" by which the binding of an
effector molecule at a distal site (Site A) regulates the function of a distant active site (Site B).
While it is accepted that this involves a "coupling of global and local vibrational modes" and a
change in "long-range correlations”, the precise physical mechanism of this coupling has
been elusive.’

The Hypothesis: This report proposes that allosteric proteins are physical systems

evolutionarily designed to operate in or near the "coexistence region" of the %9 phase
diagram. The allosteric binding event acts as a "tuner” that pushes the protein into this
resonant phase, providing a physical-mechanistic pathway for the signal.

This "Resonant Tuner" model for allostery unfolds as follows:

1. Apo-Protein (Resting State): The protein in its unbound (apo) state exists at a specific

coordinate (';'rﬂs‘w'3 , 9*135'0 ) in the phase diagram. This state may be "off," characterized by
a single, non-resonant VDOS (like Fig. 2b) and a relatively short mean free path.

2. Effector Binding (The "Trigger"): The allosteric effector molecule binds to Site A. Per
our analogy, this binding event fundamentally alters the nature of the local "scatterer." It
changes the local mass, stiffness, and hydration, thus defining a new effective scatterer

size (90:bound ) and, critically, a new coupling to the continuum (eb‘m”d ).

3. Inducing Resonance (The "Rattle"): This new (0:bound | Osound ) state is not an



accidental coordinate. It has been selected by evolution to lie within the coexistence
region (small 9, small |9). This change in parameters induces the scattering resonance

peak in the damping function P(QJ , just as shown in Figure 3a of the article. This is the
"rattle" in the system—a specific frequency of the protein scaffold is now in strong
resonant hybrid-vibration with the bound effector.’

4. Localized Softening (The "Action"): As demonstrated by Equation 11, this new

resonance peak in F(q) immediately and unavoidably creates "highly localized"

softening (a dip) in the phonon dispersion Q(q) . This localized softening is the "action"
propagated from Site A. It is not a vague, global "conformational change" but a specific,
frequency-dependent change in the protein's mechanical properties.”’

5. Functional Consequence: This localized softening, propagated from Site A, alters the
VDOS at the active site (Site B). This change in the VDOS at Site B directly changes its
local flexibility, its "energy landscape”, and its binding free energy (which is directly
related to VDOS changes), thus switching its catalytic activity "on" or "off."

This is a new, quantitative, and testable mechanism for allostery. It reframes the allosteric
effector from a simple "key" that "changes the protein's shape" to a "resonant tuner" that
pushes the entire protein-ligand system into a new vibrational phase (the "coexistence
phase") with distinct, non-local functional properties. This directly and physically explains
how the local modes couple to the global ones: via resonance-induced localized softening.’

3.1.1 Mechanisms of Distal Coupling via Phonons

The notion that binding induces resonance is supported by the work of Klinman et al. (JACS
2025), who found that "environmental reorganization" and "protein scaffold motions" are
intimately linked to catalytic barriers. In the framework of Ding et al., the allosteric effector
modifies the boundary conditions of the elastic continuum. By altering the scattering

cross-section (m ) at a specific location, the effector modifies the global damping function

I'(g) . Since (q) depends on I'(g) globally (Eg. 11), a change in scattering at Site A must
propagate to Site B via the modified dispersion relation. This is not a mechanical lever, but a
modification of the medium's refractive index for phonons, akin to a photonic crystal tuning its
bandgap.

3.2 A Phonon-Resonance Model for Enzyme Catalysis

The Biological Problem: How do enzymes achieve their "enormous rate accelerations"? The
classical "lock-and-key" model is static and insufficient. A growing body of evidence points to
the crucial role of dynamics, specifically "protein scaffold motions" and "transient active site
compaction" that stabilize the reaction's transition state.’



The Hypothesis: The active site itself is a "scatterer” (9. The enzyme-substrate binding
event is tuned by evolution to create a specific resonance that actively drives catalysis, in a

manner analogous to "phonon catalysis".’

This "Vibrational Vise" mechanism for catalysis proceeds as follows:

1. Apo-Enzyme: The active site is a "scatterer" (9)ina specific damping environment (9
).

2. Substrate Binding: The substrate docks with the active site. This binding forms a new,
combined enzyme-substrate "scatterer” with new effective parameters (90.E5 | Oes ).
3. Tuned for Resonance: This new (90:ES Oes ) state is not arbitrary. It has been

evolutionarily selected to create a strong resonance peak in F(g) (Fig. 3a) at a
functionally relevant frequency—a frequency that is coupled to the reaction coordinate.

4. Localized Softening = Mechanical Instability: This resonance in I'(q) drives severe,

localized softening (a Q(q) dip) at the active site. The article explicitly notes that under
such strong resonance, the local softening can become so severe that it results in a
"'negative’ sound velocity". This is, by definition, a mechanical instability.

5. Functional Consequence (The "Vise"): This "mechanical instability" is the "transient
active site compaction” that the experimental literature has been searching for. The
enzyme uses the resonant vibrational energy from its own scaffold (its global phonon
bath), focuses it via the resonance of the enzyme-substrate complex, and channels it to
perform physical work on the substrate. This instability is the "vise" that compresses the
substrate, stabilizes the high-energy transition state, and enormously accelerates the
chemical reaction.’

This model reframes the enzyme from a passive "scaffold" to an active, dynamic machine. It
actively uses its own thermal (phonon) bath, channeling and focusing the energy via
resonance to drive catalysis. The experimental observation that the VDOS "softens" upon
ligand binding is the direct experimental signature of this resonance-induced softening
mechanism.

3.3 A Speculative "Functional Phase Diagram” for Proteins

The "master curve" (Fig. 5) from the article is perhaps its most profound contribution. It
proves that a key thermodynamic property (HND ) of 143 different solids is, in essence, a

universal function of a single structural parameter (90 )." This report proposes that biological
function is similarly a universal function of the model parameters. We can, therefore,
conceptualize a "functional phase diagram" for any given protein, plotting its biological



activity as a function of its position in the b parameter space.

This conceptual 3D plot would have:

e X-axis: 90 (Structural Heterogeneity): This axis represents the protein's intrinsic, static
structure. A "Wild-type" protein has one 90 A "Mutant" protein (e.g., with an amino acid

substitution in the active site) has a different 90. Changes in "packing of amino acids"
also move the protein along this axis.

e Y-axis: 0 (Environmental Damping): This axis represents the protein's dynamic
environment and coupling to its surroundings. This is not a static property. Being

"Hydrated" vs. "Dry" represents two different b values." Being "Apo" vs. "Ligand-bound"

also changes 9. "Densification” or high pressure, which is known to "depress the peak
8 1o

intensity", is a direct analogue of tuning

e Z-axis: Biological Function: This is the measured output, e.g., Catalytic Rate (kmf ) or
Allosteric Efficiency.

A protein's function is not a single point; it is a surface in this phase space. Evolution has
selected for proteins that live on a "functional peak" in this landscape. This framework
provides a powerful, unified explanation for many disparate observations in biophysics:

e This explains Mutagenesis: A point mutation that kills function is one that changes 9,

moving the protein off the functional peak in the 90 - 4 plane.
e This explains Allostery and Catalysis: As proposed in Sections 3.1 and 3.2, ligand

binding is a jump in the %P0 plane—from a "functionally off" coordinate to a
"functionally on" coordinate (e.g., into the resonant "coexistence" phase).
e This explains Environmental Effects: The "protein dynamic transition" is explained as a

shift along the 4 -axis. Dehydrating a protein or "densifying" it changes its 00
parameters, moving it off the functional peak and killing its activity. The physics
governing the function of a protein and the heat capacity of silica glass are, in this model,
one and the same.’

Part IV: Synthesis and Future Directions
4.1 Summary of the Unified Biophysical Model

The "Unified theory of phonon in solids" is far more than a specialized article in materials



science; it is a generalizable, mechanistic framework for understanding any system governed
by the interplay of collective vibrations and local resonators. This report has provided an
exhaustive summary of this theory and constructed a detailed, evidence-based mapping of its
parameters onto biological systems.

This "Unified Biophysical Model" recasts proteins as tunable, resonant systems whose
"scatterers" (active sites, allosteric sites, hydration shells) and "mean free paths" (allosteric

coupling) define their position on a q 0 "functional phase diagram."

The model's key predictive insight is the coexistence of the BP and VHS, which emerges from
a scattering resonance. This report has uniquely applied this novel physical mechanism to
propose:

1. Allostery is a resonance-induced phase transition in %9 space, where an effector
tunes the protein into the coexistence phase, causing localized softening at a distal site.

2. Catalysis is a resonance-focused mechanism (a "vibrational vise") that uses the
protein's phonon bath to create a mechanical instability ("negative" sound velocity) at
the active site, performing physical work on the substrate.

This framework provides a new, quantitative physical language for describing protein function,
moving beyond phenomenological descriptions (e.g., "conformational change") to a
predictive, mechanistic model based on VDOS, damping, and resonance.

4.2 Proposed Experimental Tests (Testable Hypotheses)

This unified biophysical model is not merely a philosophical framework; it makes concrete,
testable predictions that can be verified with current experimental techniques, primarily
Inelastic Neutron Scattering (INS) and Inelastic X-ray Scattering (IXS), which directly measure

the VDOS (g(w) ) and the dynamic structure factor S(q’ w) (from which Q(q) and I"(g)
can be derived).

4.2.1 Experiment 1: Map the Allosteric Coexistence Phase

e Objective: To directly test the hypothesis that allosteric regulation involves inducing the
resonant "coexistence" phase.

e System: A well-characterized allosteric protein (e.g., the Met repressor or Dihydrofolate
reductase).

S(q, w) and VDOS in three

e Action: Perform high-resolution INS/IXS to measure the full
distinct states:
1. Apo-protein (unbound).
2. Substrate-bound (at the active site only).

3. Effector-bound (at the allosteric site).



e Prediction: The unified model predicts that in state (3), and only in state (3), the system
will enter the coexistence region. The experimental signature will be:

a) The emergence of a resonance peak in the damping function I'(g) .
b) The appearance of two distinct peaks in the VDOS (a BP and a VHS), consistent
with the "localized" and "global" softening shown in Figure 3c of the article.

o c¢) This will be absent in states (1) and (2), which will likely show a single, smeared BP
(asin Fig. 2b).!

4.2.2 Experiment 2: Ride the Catalytic "Master Curve”

e Objective: To test the hypothesis that catalytic rate (k"ﬂf ) is a direct, universal function

of the active site's "scatterer" properties (90 ), as predicted by the "master curve".
e System: A well-studied enzyme (e.g., Dihydrofolate reductase or Green Fluorescent
Protein).
e Action:
1. Create a library of point mutations at or near the active site. Each mutation

represents a different "scatterer" and thus a different %
2. For each mutant, measure two independent properties:

m a) The catalytic rate, keat , (the biological function).

m b) The low-temperature specific heat, CP’I , (the thermodynamic/vibrational

property).
e Prediction: This experiment creates two plots:

o a) Vibrational Plot: Plot the measured heat capacity anomaly (HND ) vs. 1/Txp
for all mutants. The model predicts this data will "collapse" onto the universal "master
curve" (Fig. 5), quantitatively demonstrating that the mutations are, in physical terms,

only "tuning 90
o b) Functional Plot: Plot the measured Keat vs. the measured Hyp (or the fitted

90 for all mutants. The model predicts a direct, non-linear correlation, proving that
catalysis is a quantitative function of the VDOS anomaly.

4.2.3 Experiment 3: Map the Protein's Functional Phase Diagram

e Objective: To test the hypothesis that a protein's functional "phase diagram" can be

experimentally mapped by tuning its environmental parameters (90 and E").
System: A single, highly stable protein (e.g., Lysozyme or GFP).

Action: Systematically measure the VDOS (via INS) while tuning the environment.



1. Tune 4 (Damping): Systematically vary the hydration level from a dry powder (high
damping, large 9) to a fully hydrated solution (low damping, small 9).”

2. Tune P (Structure): Systematically apply hydrostatic pressure to "densify" the
protein, which alters the internal packing and cavity distribution (5, and thus 90),

mimicking the "densified 5102 gat point in Figure 5 of the article.”
e Prediction: This 2D experimental matrix (Hydration vs. Pressure) will allow for the first

experimental mapping of a protein's %9 phase diagram. It will be possible to observe
the VDOS evolve from a single BP (at high damping/pressure) toward the resonant
“coexistence" phase (at low damping/ambient pressure), directly correlating the known
loss of function in dry or densified states with a specific, physical coordinate on the
unified model's phase diagram.

Unified Biophysical Phase Model: Phase-Transition Diagram
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