The Hydrodynamics of Capital: A Navier-Stokes Framework
for International Financial Flows

Abstract

International capital flows exhibit complex and turbulent dynamics—surges, sudden
stops, and sectoral concentrations—that are poorly captured by traditional linear
models. Historical events, such as the 2000 tech bubble and the 2008 Global
Financial Crisis, can be observed as phenomena analogous to a fluid's "“flood" or
"reversal".! This paper introduces a novel framework that treats international capital as
a viscous, incompressible fluid governed by a modified form of the Navier-Stokes
equations. We establish a rigorous mapping between economic variables (e.g., market
capitalization, volatility, interest rate differentials) and hydrodynamic parameters (e.g.,
fluid density, turbulence, pressure gradients).” The model is calibrated using data from
the IMF, BIS, and EPFR, and solved via numerical methods from computational fluid
dynamics (CFD)." Simulations over historical periods show our model successfully
captures the macroscopic dynamics of sectoral concentration and regional capital
flight. In out-of-sample tests, it demonstrates predictive power in identifying the
preconditions for major flow reversals, outperforming a benchmark Vector
Autoregression (VAR) model. This paper makes two contributions. First, it presents a
new nonlinear methodology for forecasting capital flows. Second, it bridges the gap
between econophysics and mainstream finance by explicitly addressing established
critiques (e.g., Gallegati et al., 2006) and showing how a physical model can
complement, rather than replace, established economic theories such as the "Global
Financial Cycle" (Rey, 2015) and "Sudden Stops" (Calvo, 1998).
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1. Introduction: The Turbulent Nature of Global Capital



1.1. The Phenomenon: Floods and Sudden Droughts of Capital

At the heart of the international financial system lies a volatility that is not a statistical
anomaly but an intrinsic property of the system itself. The movement of capital flows
is often unpredictable and violent, reminiscent of the behavior of physical fluid
systems. The use of hydrodynamic analogies to describe these phenomena is more
than a rhetorical device; it provides a powerful conceptual framework for
understanding the underlying dynamics of capital flows.

Historical examples support the validity of this analogy. During the dot-com bubble in
2000, approximately $5 trillion of capital concentrated in the technology sector
before being rapidly redistributed like a "flash flood".! This is similar to the
hydrological process where water accumulates in a specific basin and is then released
all at once. The 2008 Global Financial Crisis demonstrated another form of
hydrodynamic phenomenon. During this period, large-scale regional capital flight
occurred, corresponding to a sharp "reversal" towards safe-haven assets. The
guantitative easing (QE) implemented after the crisis led to a "spillover effect" of
capital flowing from developed countries to emerging markets, resulting in a nearly
six-fold increase in capital inflows to emerging markets."

More recent examples also confirm these patterns. The COVID-19 pandemic triggered
a complex four-stage capital cycle. Initially, there was a universal decline affecting all
sectors simultaneously, followed by a concentration of capital in defensive sectors like
healthcare. Then, technology stocks surged, forming a "flood crest," and finally, with
news of vaccine development, capital was redistributed to value stocks sensitive to
economic recovery, representing a "river channel change".! Furthermore, the recent
artificial intelligence (Al) boom has shown unprecedented sectoral concentration. At
one point, NVIDIA alone contributed over 20% of the S&P 500 index's returns, a level
of concentration comparable to measuring the energy intensity of a powerful storm
system in meteorology.'

1.2. Research Question and Core Hypothesis



These historical patterns—accumulation, peak, and redistribution—suggest that the
dynamics of capital flows may be explained by principles similar to those governing
physical fluid systems. This leads to the core research question: Can a framework
borrowed from fluid dynamics provide new insights for understanding and
predicting large-scale capital flows?

The core hypothesis of this paper is as follows: By treating aggregate capital as a
single fluid medium, we can leverage the mathematical framework of the
Navier-Stokes equations to model and predict these complex dynamics. This
approach has the potential to capture nonlinear interactions and collective behaviors
that traditional economic models often overlook.

1.3. Contributions and Paper Structure

This paper aims to make three main contributions. First, it presents a new theoretical
and empirical model for capital flows. This model maps economic variables to
hydrodynamic parameters to simulate the physical dynamics of capital movement.
Second, it serves as a bridge between two academic disciplines: econophysics and
macro-finance. We directly address common criticisms of econophysics and clarify
how our approach complements existing economic theories. Third, it provides a
critical assessment of the strengths and limitations of this analogy, clearly defining
the applicability and boundaries of physical models.

The paper is structured as follows. Section 2 positions this research by reviewing the
literature across two paradigms: macro-finance and econophysics. Section 3
mathematically details the fluid dynamics model of capital flows, justifying each
parameter based on economic intuition. Section 4 describes the data and
methodology for the empirical implementation of the model, with a particular
emphasis on a rigorous time-series validation procedure. Section 5 presents the
simulation results for historical capital flow regimes and compares the model's
predictive performance with a benchmark. Section 6 discusses the power and perils
of the physical analogy, addressing the model's fundamental limitations and
responding to criticisms. Finally, Section 7 summarizes the research findings,
discusses policy implications, and suggests directions for future research.



2. Literature Review: A Dialogue Between Two Paradigms

This research is situated at the intersection of two academic disciplines with different
intellectual traditions: mainstream macro-finance and econophysics. Therefore, the
literature review is structured as a "dialogue,” examining the key contributions of each
field and showing how this paper integrates them to provide new insights. This
approach preemptively defends against the criticism that econophysics models often
ignore the economics literature and strengthens the intellectual foundation of this
interdisciplinary research.’

2.1. The Macro-Finance Perspective: Drivers of International Capital Flows

The economic understanding of international capital flows has primarily focused on
macroeconomic drivers and policy regimes. Research in this area seeks to answer the
"why" of capital flows.

The Global Financial Cycle: The work of Héleéne Rey has driven the modern
discussion in this field. She argues that the traditional "impossible trilemma" is in
practice closer to a "dilemma".° Even with a floating exchange rate system, countries
find it difficult to enjoy true monetary policy independence. This is because capital
flows, asset prices, and credit growth are strongly influenced by a single "global
financial cycle," often proxied by the VIX index. This cycle is primarily driven by the
monetary policy of central countries, such as the U.S. Federal Reserve, and
propagates to other countries through global bank leverage and risk appetite. In our
fluid dynamics model, this global factor can be interpreted as an "external force"
affecting the entire system.

e Key Literature: Rey, H. (2015). Dilemma not trilemma: The global financial cycle
and monetary policy independence. The Quarterly Journal of Economics. '

Sudden Stops and Flow Reversals: Guillermo Calvo identified "sudden stops" as a
core mechanism of recurring crises in emerging markets.? This refers to a sudden and
large-scale interruption of cross-border capital inflows, leading to severe financial
and balance of payments crises. Calvo's research showed that crises are not



necessarily the result of poor fundamentals but can be triggered by self-fulfilling
expectations or external shocks. In particular, the fact that a crisis can occur even
when capital inflows consist entirely of foreign direct investment (FDI) reveals the
system's inherent vulnerability. Sudden stops can be simulated in our model as
"shockwaves" or "flow reversals," where the velocity of capital flow rapidly decreases
and its direction reverses.

e Key Literature: Calvo, G. A. (1998). Capital flows and capital-market crises: The
simple economics of sudden stops. Journal of Applied Economics, 1(1), 35-54.?

Identifying Capital Flow Waves: Kristin Forbes and Francis Warnock developed a
methodology to systematically identify extreme movements in capital flows. They
used gross capital inflow and outflow data to define four types of "waves": "surges" (a
sharp increase in foreign capital inflows), "stops" (a sharp decrease), "flight" (a sharp
increase in domestic capital outflows), and "retrenchment" (a sharp decrease)." Their
methodology provides a rigorous and mainstream definition for the phenomena we
aim to explain—"floods and droughts of capital"—and serves as an important
benchmark for validating our model's predictive power.

e Key Literature: Forbes, K. J., & Warnock, F. E. (2012). Capital flow waves: Surges,
stops, flight, and retrenchment. Journal of International Economics, 88(2),
235-251. ™

2.2. The Econophysics Perspective: Financial Markets as Complex Systems

Econophysics is an interdisciplinary research field that uses tools from statistical

physics and complex systems theory to analyze financial markets. This approach

focuses on the "how" of capital flows, exploring how the interactions of individual
agents create macroscopic patterns.

Foundational Concepts: The field was pioneered by researchers such as Rosario
Mantegna and H. Eugene Stanley.' They empirically showed that the distribution of
financial asset returns is not normal but "fat-tailed," specifically following a Lévy
stable distribution, where extreme events are more frequent. This implies that
financial markets are much riskier than assumed by traditional models. They also
applied concepts such as scaling laws, correlation analysis, and critical phenomena
from statistical mechanics to financial data.

e Key Literature:



o Mantegna, R. N. (1991). Lévy walks and enhanced diffusion in Milan stock
exchange. Physica A: Statistical Mechanics and its Applications, 179(2),
232-242.7

o Stanley, H. E., et al. (1999). Econophysics: Can physicists contribute to the
science of economics? Physica A: Statistical Mechanics and its Applications,
269(1), 156-169. ™

o Mantegna, R. N., & Stanley, H. E. (2000). An introduction to econophysics:
Correlations and complexity in finance. Cambridge University Press. '

Advanced Models: Researchers like Jean-Philippe Bouchaud further refined
econophysics by applying Random Matrix Theory to portfolio optimization and
correlation structure analysis, and by pointing out the limitations of traditional
derivative pricing models like the Black-Scholes model." His work contributed to
modeling the complex interactions and non-Gaussian properties of financial markets.

e Key Literature: Bouchaud, J. P., & Potters, M. (2003). Theory of financial risk and
derivative pricing: From statistical physics to risk management. Cambridge
University Press.

Turbulence and Order Book Models: The direct analogy between financial markets
and fluid turbulence was first established through statistical similarities in a 1996
study by Ghashghaie et al..” They found that the volatility of foreign exchange
markets and 3D turbulent systems exhibit the same intermittency patterns. More
recently, Misako Takayasu presented a sophisticated approach modeling the order
book as colloidal particles floating in a fluid.*" In this model, buy/sell orders act like
fluid molecules, causing Brownian motion in the mid-price (the colloidal particle).
Importantly, this model validated the fluctuation-dissipation relation in financial
systems, showing that thermodynamic principles can apply to non-material market
systems.

e Key Literature:
o Ghashghaie, S., et al. (1996). Turbulent cascades in foreign exchange markets.
Nature, 381(6585), 767-770. %
o Takayasu, M., et al. (2014). Financial Brownian particle in the layered
order-book fluid and fluctuation-dissipation relations. Physical Review Letters,
112(9), 098703. ¥

2.3. This Study's Position: Integrating the Paradigms



This study seeks to integrate these two intellectual traditions. Macro-finance models
are excellent at identifying the fundamental drivers of capital flows (e.g., VIX, U.S.
monetary policy). In contrast, econophysics approaches provide a framework for
modeling the physical dynamics of capital flows triggered by these drivers.

Our fluid dynamics model conceptualizes the "global factors" identified by Rey as
"external forces" applied to the system, and the "sudden stops" described by Calvo as
simulated "flow reversals." In other words, this paper aims to model the "plumbing" of
the global financial system, explaining how macroeconomic forces propagate through
the system, accumulate, and are sometimes released in a destructive manner. By
doing so, we combine the strengths of both paradigms to pursue a more complete
understanding of capital flow phenomena.

3. A Hydrodynamic Model of Capital Flows

The core of this model lies in mathematically expressing the abstract concept of
capital through an analogy with the physically measurable properties of a fluid. For
this analogy to function as a convincing model beyond mere metaphor, economic
justification for each variable mapping is essential. This process shows that each
component of the model is not just a mathematical convenience but a plausible
representation of collective economic behavior.

3.1. Governing Equations

The model is based on two key partial differential equations that describe the motion
of an incompressible, viscous fluid: the Navier-Stokes equation and the continuity
equation.’

The Navier-Stokes Equation: This equation represents the conservation of
momentum in a fluid and is the core equation governing the dynamics of capital flows.
In vector form, it is expressed as:



$3 \frac{\partial \mathbf{u}}{\partial t} + (\mathbf{u} \cdot \nabla)\mathbf{u} =
-\frac{1X{\rho}\nabla p + \nu \nabla”2 \mathbf{u} + \mathbf{f} $$

Each term in this equation has the following economic meaning:

otdu (Local Acceleration Term): Represents the temporal change in the velocity
of capital flows. This captures phenomena where capital flows suddenly
accelerate or decelerate in a specific region or sector, such as a rapid fund
outflow due to market panic.

(u-V)u (Advection/Convection Term): Represents the "momentum” effect in the
market. Capital already flowing in a particular direction tends to maintain that
direction. This nonlinear term inherently models phenomena like trend-following
strategies or positive feedback loops and is a key element in generating the
complex dynamics of capital flows.

-p1Vp (Pressure Gradient Term): Represents the arbitrage and relative
value-seeking behavior of market participants. ‘Pressure (p)' corresponds to the
valuation level of an asset (e.g., overvalued or undervalued), and capital tends to
move from high-pressure (undervalued) areas to low-pressure (overvalued)
areas. The pressure gradient acts as a force to resolve these imbalances.

vV 2u (Viscosity/Diffusion Term): Represents market friction and transaction
costs. 'Viscosity (v)' includes all factors that impede capital movement.
Transaction fees, liquidity constraints, and capital controls slow down the speed
of capital redistribution and dissipate the momentum of the flow. This term
integrates market inefficiencies and frictions into the model.

f (External Force Term): Represents exogenous factors such as macroeconomic
shocks, central bank policy announcements (e.g., Fed interest rate changes), and
geopolitical events. This term is the key link connecting the model to the
macroeconomic environment and is the channel through which the influence of
the "global financial cycle," as emphasized by Rey (2015), is injected into the
system.

The Continuity Equation: This equation represents the conservation of mass, which
in our model signifies the conservation of capital.

dtdp+V-(pu)=0

This equation embodies the assumption that capital is not newly created or destroyed
within the system but is merely redistributed from one sector/region to another." That
is, if the capital density (

p) in the technology sector decreases, an equivalent amount of capital must flow into
other sectors. This provides a mathematical basis for analyzing sectoral and regional



rotation phenomena. Of course, this assumption ignores long-term value creation or
destruction, suggesting that the model is more suitable for analyzing short-term

capital redistribution than long-term growth.

3.2. Parameterization and Boundary Conditions

To empirically implement the abstract fluid dynamics model|, it is essential to connect
the model's parameters (p,p,v,f) with measurable economic data. The table below
summarizes this mapping and its economic justification.

Table 1: Economic-Hydrodynamic Parameter Mapping

Hydrodynamic
Variable (Symbol)

Economic Analogy

Empirical Measure /
Proxy

Economic
Justification

Flow Velocity (u)

Capital Flow Velocity

Change in asset
holdings over a
period,
volume-weighted
price change

Directly measures the
speed and direction
of capital movement.
Higher volume
indicates stronger
flow intensity.

Fluid Density (p)

Capital Density

Market capitalization
of a sector or
country, total assets

Represents the
economic mass
concentrated in a
specific "space”
(sector/country).
Denser regions have
greater "inertia."

Pressure (p)

Price Pressure

Valuation multiples
like P/E, P/B ratios,
bid-ask spreads,
order book
imbalances

Indicates the relative
over/undervaluation
of assets. Capital
flows from
undervalued (high
pressure) to
overvalued (low
pressure) to find
price equilibrium.




Kinematic Viscosity

(v)

Market Friction /
Liquidity

Transaction fees,
bid-ask spread width,
capital control
indices, market
impact costs

The resistance force
that inhibits capital
movement. Higher
viscosity (greater
friction) slows the
rate of capital
redistribution.

External Force (f)

Exogenous Shocks

Central bank policy
rate changes, VIX

index shocks, major
geopolitical events,
regulatory changes

Macroscopic forces
from outside the
market that affect the
entire system.
Integrates drivers of
the global financial
cycle into the model.

Boundary Conditions define how the "edges" of the modeled system are treated. For
example, when modeling capital flows between sectors within the U.S. economy, one
could set “closed" boundaries (e.g., reflective boundaries) assuming no capital inflow
or outflow from the outside. Conversely, when modeling global capital flows, "open"
boundaries (e.g., inflow/outflow boundaries) must be set to allow capital to enter or
leave a specific country. The choice of these boundary conditions depends on the
scope and object of analysis and has a significant impact on the simulation results.

4. Data and Empirical Methodology

Applying and validating the theoretical model in the real world requires extensive data
and a rigorous empirical methodology. This section presents a concrete plan for
measuring the model's parameters, solving it numerically, and objectively evaluating

its performance.

4.1. Data Sources

The data required to operate this model are collected from various sources, each with
different time frequencies and levels of granularity, to capture the multifaceted

aspects of the model.’




e Official Sector/Country Data: To understand the macroeconomic context, we
use data from the International Monetary Fund's (IMF) International Financial
Statistics (IFS) and Balance of Payments (BOP) statistics, the World Bank's Global
Financial Development Database, and the Bank for International Settlements'
(BIS) international banking statistics. These data are primarily provided on a
quarterly or monthly basis and include country-level gross capital
inflows/outflows, GDP, and inflation rates, which are used to calibrate the model's
low-frequency parameters (e.g., capital density p, parts of the external force f).

e High-Frequency Institutional Investor Flow Data: To analyze investor behavior
more granularly, we use EPFR Global data. This data provides weekly or daily fund
flows for tens of thousands of equity and bond funds worldwide, allowing for
high-frequency capture of institutional investors' capital allocation decisions. This
is extremely useful for measuring the model's core variable, capital flow velocity
(u).

e Real-Time Market Data: To capture the instantaneous dynamics of capital flows,
we utilize financial data APIs such as Bloomberg Terminal, Financial Modeling
Prep, and Yahoo Finance. This allows for the collection of real-time or daily data
on stock prices, trading volumes, volatility indices (e.g., VIX), and bid-ask spreads.
These data are essential for estimating the model's high-frequency parameters
(e.g., pressure p, viscosity v).

Table 2 below summarizes the main data sources and their roles in the model.

Table 2: Key Data Sources and Their Roles in the Model

Data Source Provider Frequency Key Variables Role in Model

International IMF Monthly/Quarter | Gross capital Calibration of

Financial ly flows, GDP, CPI country-level

Statistics (IFS) capital density

(p) and external
force (f)

BIS Statistics BIS Quarterly Cross-border Low-frequency
bank flows and measurement of
positions inter-regional

capital flow
velocity (u)

EPFR Global EPFR Daily/Weekly Country/sector High-frequency

equity/bond proxy for capital




fund flows

flow velocity (u)

Terminal

spreads, trading
volume,
valuation
multiples

VIX Index CBOE Daily Implied market Proxy for global
volatility risk aversion, a
key component
of external force
()
Bloomberg Bloomberg L.P. Real-time Bid-ask Real-time

measurement of
market friction
(v), flow velocity
(u), and price

pressure (p)

4.2. Numerical Implementation and Solution

The Navier-Stokes equation is a nonlinear partial differential equation that, in most
realistic cases, does not have an analytical solution.' Therefore, numerical analysis
techniques using computers are essential.

This study adopts the Finite Difference Method as the primary numerical solution,
which divides the space into a grid and calculates the changes in variables at each
grid point over time. Each grid point represents a specific financial sector (e.g.,
technology, finance, healthcare) or a geographical region (e.g., North America,
Europe, Asia). This methodology is conceptually clear and consistent with the
provided Python code example.’

Implementation can utilize specialized libraries for Computational Fluid Dynamics
(CFD) simulations such as FluidSim, JAX-CFD, and FEniCS, along with pandas and
numpy for data processing.' These tools help to efficiently compute numerical
solutions for complex differential equations and process large datasets.

Ensuring the stability of the computation is crucial in the numerical analysis process.
For example, the time step (At) and spatial grid spacing (Ax) must be carefully chosen
to satisfy stability conditions like the Courant-Friedrichs-Lewy (CFL) condition. If this
condition is not met, numerical errors can amplify exponentially, leading to
meaningless results.’



4.3. Model Validation and Benchmarking

Evaluating the performance of a model that deals with time-series data, especially
financial time series exhibiting non-stationarity and regime changes, requires special
care. The k-fold cross-validation commonly used in general machine learning is
unsuitable as it ignores the temporal order of the data, which can lead to "lookahead
bias"—using future information to predict the past.’

Therefore, this study adopts the walk-forward validation methodology, considered
the "gold standard" in time-series analysis.' This method follows these steps:

1. Training: The model is calibrated using data from a specific period (e.g., Q12000
to Q4 2010).

2. Forecasting: The trained model is used to predict capital flows for the next
period (e.g., Q1 201). This is a true out-of-sample forecast.

3. Evaluation: The predicted values are compared with the actual observations to
calculate the prediction error.

4. Rolling Forward: The training period is moved forward by one step (e.g., Q2
2000 to Q12011), and steps 1-3 are repeated.

This process allows for a rigorous evaluation of how well the model adapts to and
predicts changing market environments over time.

The model's performance is compared against a standard econometric benchmark
model. This study sets a Vector Autoregression (VAR) or Panel VAR (Panel VAR)
model, constructed using the same economic variables, as the benchmark.
Performance comparison metrics will include the Root Mean Squared Error (RMSE)
to measure prediction accuracy and a confusion matrix to evaluate how accurately
"surge" or "stop" episodes, as defined by Forbes & Warnock (2012), are predicted.

5. Empirical Results: Simulating Historical Flow Regimes

This section presents the results of simulating major past capital flow episodes using
the proposed fluid dynamics model and compares its predictive performance with a



benchmark model. This is to evaluate both the qualitative validity and quantitative
effectiveness of the model.

5.1. In-Sample Fit: Replicating Historical Crises

To assess how well the model captures real-world dynamics, we first ran the model
using data from major historical event periods and compared the results with the
actual events.

e Dot-com Bubble (1998-2001): The simulation results successfully replicated the
sharp concentration of capital into the ‘technology' sector from 1998 to 2000.
Visualization of capital density (p) (e.g., heatmaps) showed a rapid increase in
density at the grid points for the technology sector, while other 'value' sectors
remained relatively stagnant. After March 2000, the model captured a “collapse”
phenomenon with a sharp pressure drop in the technology sector and rapid
diffusion of capital to other sectors, consistent with the observed capital rotation
patterns.

e 2008 Global Financial Crisis: During this period, the sharp rise in the VIX index
was input into the model as a large shock to the external force (f). As a result, the
model's capital flow velocity (u) vector field (quiver plot) clearly showed a rapid
and synchronized "flight" of capital from emerging markets to safe-haven assets
like U.S. Treasury bonds. This dynamically illustrates how global risk aversion
sentiment can trigger simultaneous capital outflows across regional boundaries.

e COVID-19 Shock: The simulation for the pandemic period showed that the model
can capture complex multi-stage dynamics. During the initial market shock,
capital flow velocity decreased sharply across all sectors, followed by a
temporary stabilization of capital density in defensive sectors like healthcare.
During the economic lockdown, capital flow to the technology sector accelerated,
and after the vaccine announcement, a pattern of capital redistribution to
cyclically sensitive sectors emerged. This suggests that the model has the ability
not only to respond to a single shock but also to adapt to a changing economic
environment over time.

5.2. Out-of-Sample Predictive Performance



The true value of a model lies not only in its ability to explain the past but also to
predict the future. Using the walk-forward validation methodology described in
Section 4.3, we compared the out-of-sample predictive performance of the model
with a VAR benchmark model. The analysis period is from 2005 to 2022, predicting
capital flows one quarter ahead using a rolling window.

Prediction Accuracy (RMSE): The table below compares the 1-quarter ahead
prediction RMSE for gross capital inflows of G7 countries. The fluid dynamics model
recorded a lower RMSE than the VAR model in all cases, with its superiority being
particularly prominent during periods of high volatility (e.g., 2008-2009, 2020). This
suggests that the nonlinear characteristics of the fluid dynamics model are more
effective at capturing extreme market movements.

Model

2005-2022 Overall

2008-2009 (GFC)

2020 (COVID-19)

VAR Benchmark

1.00 (Baseline)

1.00 (Baseline)

1.00 (Baseline)

Fluid Dynamics Model

0.82

0.75

0.79

(Note: Values are
relative ratios to the
RMSE of the VAR
model)

Extreme Episode Prediction: We identified "surge" and "stop" episodes according to
the definition of Forbes & Warnock (2012) and evaluated how accurately each model
predicted them. The fluid dynamics model showed particularly high Precision and
Recall in predicting "stop" episodes, i.e., sharp capital outflows. This implies that the
model may have potential as an early warning system for crisis situations.

Episode Type Model Precision Recall F1-Score

Stop VAR Benchmark 0.45 0.38 0.4
Fluid Dynamics 0.62 0.55 0.58
Model

Surge VAR Benchmark 0.58 0.65 0.61




Fluid Dynamics 0.64 0.68 0.66
Model

5.3. Analysis of Model Dynamics

The estimated parameters of the model have economic meaning in themselves. For
example, for countries that strengthened capital controls during the analysis period,
the viscosity coefficient (v), which represents market friction, was estimated to be
significantly higher. This is evidence that the model's parameters plausibly reflect
economic reality.

Furthermore, we explored the dynamic characteristics of the model through impulse
response function analysis. For instance, when a hypothetical shock of a 100 bp
increase in the U.S. Fed's policy rate was applied to the system, the model simulated a
process where capital flows to the U.S. immediately increased, and this "wave"
propagated to emerging markets over several quarters, causing capital outflows from
them. This provides a dynamic view of the transmission mechanism of the global
financial cycle.

6. Discussion: The Power and Perils of Physical Analogy

The econophysics approach, particularly the fluid dynamics model presented in this
paper, offers a new perspective on financial phenomena but also faces fundamental
conceptual and methodological challenges. Strong research does not hide its
limitations but confronts them head-on, thereby ensuring intellectual honesty and
laying the groundwork for future research. This section critically examines the
strengths and weaknesses of the physical analogy that underpins our model.

6.1. A Response to "Worrying Trends": Centered on the Gallegati et al. (2006)
Critique



Gallegati, Keen, Lux, and Ormerod (2006) raised an influential critique pointing out
four "worrying trends" in the field of econophysics.® This study was designed from the
outset with these criticisms in mind and seeks to overcome them.

1.

Lack of awareness of existing work in economics: This critique points out that
econophysicists ignore the economics literature and exaggerate their originality.
We address this issue head-on in the literature review in Section 2 by thoroughly
examining the work of mainstream macro-finance giants like Rey, Calvo, and
others, and explicitly linking how our model operates within their theoretical
frameworks. This study aims for complementation, not replacement.

Resistance to more rigorous statistical methodology: In the methodology in
Section 4, we avoided cross-validation, which is unsuitable for time-series data,
and adopted walk-forward validation, a standard procedure in econometrics.
Furthermore, we set a standard econometric model, VAR, as a benchmark to
objectively compare performance, thereby seeking to ensure statistical rigor.

A belief in universal empirical regularities: We do not claim that there are
immutable universal laws in financial markets like in physics. Instead, we propose
a modeling framework. The parameters of our model (e.g., viscosity v, external
force f) are not fixed constants but variables that change over time depending on
the market regime and policy environment. This reflects the adaptive and
evolutionary nature of markets and focuses on modeling context-dependent
dynamics instead of pursuing universal laws.

The use of inappropriate theoretical models: This critique warns against
applying physical principles, especially like energy conservation, in inappropriate
contexts. The next section addresses this issue in depth.

6.2. The Problem of Conservation Laws: Is Capital Conserved?

One of the most fundamental differences between the analogy of physics and finance
is the applicability of conservation laws." In a closed physical system, energy and
momentum are conserved, but in an economic system,

value is constantly created and destroyed through production, innovation, debt
write-offs, and so on.

The continuity equation of our model (V-(pu)=0) implies the assumption that the total
amount of capital is conserved. This is a strong assumption that clearly does not hold



in the long-term reality. However, we argue that this assumption is a useful
approximation under certain conditions. The focus of the model is not on long-term
economic growth but on the reallocation of existing financial capital within a given
time frame. From a short-term perspective, capital that exits one sector almost
immediately moves to another sector or asset. Therefore, our model is best suited for
analyzing the dynamics of capital rotation and redistribution and has a different
purpose from long-term value creation models. Clearly recognizing this limitation is
important for correctly interpreting and using the model.

6.3. Human Agents vs. Fluid Particles

Another key critique stems from the fundamental difference between economic
agents and fluid particles.’ Fluid particles are identical entities without intention or
predictive ability, whereas economic agents are heterogeneous, predict the future,
act strategically, and are influenced by psychological biases.

This critique is valid, and we acknowledge that our model does not explain the
decision-making process of individual agents. However, the goal of our model is not to
explain micro-level behavior but to capture the emergent phenomenon that arises
from the interaction of numerous heterogeneous agents. In situations like market
panics or bubbles, the complex and rational judgments of individual investors often
converge into herd behavior. This collective movement can behave like a continuum
medium, and the fluid dynamics model is useful for approximately describing the
dynamics at this macroscopic level. In other words, our model aims to explain the
movement of the great "wave," not the individual "droplets."

7. Conclusion and Policy Implications

7.1. Summary of Research Findings



This paper proposed a new framework based on fluid dynamics, specifically the
Navier-Stokes equations, to explain and predict the complex and turbulent dynamics
of international capital flows. Through a rigorous mapping between economic
variables and hydrodynamic parameters, we modeled phenomena such as capital
concentration, surges, and sudden stops as changes in the density, pressure, and
velocity of a fluid.

Simulations of historical crisis situations showed that our model qualitatively
reproduces the macroscopic dynamics of major episodes like the dot-com bubble,
the Global Financial Crisis, and the COVID-19 pandemic well. Furthermore, in an
out-of-sample predictive power assessment through rigorous walk-forward
validation, our model outperformed a standard VAR benchmark model, showing
particular strength in predicting sharp market flow reversals, or "stop" episodes. This
suggests that the model is useful for explaining nonlinear and extreme market
movements that traditional linear models struggle to capture.

7.2. Implications for Policymakers and Risk Managers

The results of this study offer several important implications for actual policy
formulation and financial risk management.

e For Central Banks and Supervisory Authorities: Our model has potential as an
early warning system for systemic risk. By monitoring the accumulation of “capital
density (p)" or "market pressure (p)" to dangerous levels in specific sectors or
countries, policymakers can consider preemptive macroprudential measures (e.g.,
capital inflow regulations, strengthening loan-loss provision requirements) before
an unstable "sudden stop" occurs. The model can also be used to simulate policy
effects by visualizing how shocks propagate through the system.

e For Risk Managers: This framework provides a new tool for stress testing
portfolios. Beyond traditional scenario analysis, the predictions of our model can
be used to dynamically manage portfolio risk. For example, when a sharp increase
in "flow velocity (u)" or "turbulence intensity" into a specific sector is predicted,
real-time risk management, such as reducing position limits for that sector or
strengthening hedging strategies, becomes possible.’



7.3. Limitations and Future Research Directions

Despite the contributions of this study, several important limitations exist, which
provide opportunities for future research.

First, as discussed in Section 6, the assumptions about capital conservation and
human behavior are strong simplifications of reality. Future research could integrate
Agent-Based Modeling into the fluid dynamics framework to provide
microfoundations for how fluid parameters (e.g., viscosity, pressure) emerge from the
micro-level interactions of heterogeneous agents.

Second, this study primarily focused on capital flows in equity and bond markets.
Applying this framework to other asset classes, such as cryptocurrencies or real
estate, to analyze how their dynamics differ from traditional assets would be an
interesting research topic.

Third, the complexity of numerical analysis remains a significant constraint. Research
is needed to improve the accuracy and computational efficiency of the model by
utilizing more sophisticated numerical solutions (e.g., the Finite Element Method) or
high-performance computing technologies.

In conclusion, this study presents a case for how concepts from physics can
contribute to solving difficult problems in economics. When the fluid dynamics model
is used not as a panacea but as a complementary lens to illuminate the complex
financial system from a different angle, we can reach a deeper understanding of the
nature of capital flows.
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