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1  Introduction
Global initiatives aim to accelerate carbon neutrality and enhance sustainable productiv-
ity measures. In this context, the inflow of foreign investment, trade openness, produc-
tivity, resource efficiency, and related factors are pivotal to a nation’s economic growth 
and sustainable development. The impact of foreign investment on sectoral productivity 
is a crucial determinant of a nation’s effective resource utilization. In certain instances, 
FDI entails foreign investors assuming control over domestic enterprises, thereby exert-
ing direct influence on the advancement of those sectors. FPI primarily includes invest-
ments in equities and bonds, thereby affecting the overall economic activities [3]. Hence, 
the strategic management of investment inflows and resource efficiency is essential to 
ensuring the long-term sustainability of an economy. Moreover, foreign investments are 
susceptible to fluctuations in global market trends and policy alterations, which may 
pose challenges for host countries. For strengthening a country’s potential, productiv-
ity growth and energy efficiency are becoming more important than reliance on FDI 
inflows. The existing literature has examined the nexus between FDI, EI, and TFP, each 
as a dependent variable, yielding varied outcomes. FDI induces positive TFP growth 
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[3, 24], and FDI induces a negative impact on TFP [6, 35]. The response of productivity 
growth to FDI predominantly depends on the host nation’s absorptive capacity [7, 21]. 
The improvements in energy efficiency resulting from FDI are effective because of the 
competitive effect in the domestic market [36]. The negative relationship between TFP 
and EI, and the potential for productivity growth to imbue energy efficiency, are also 
widely discussed [62].

Recent literature [18, 19, 68, 74] emphasizes the need for scrutiny and policies to regu-
late FDI towards cleaner production practices and energy savings. The pollution haven 
hypothesis, which elucidates the consequences of FDI inflows, is examined in the lit-
erature [39, 61, 70]. Furthermore, recent studies [75] have explored the bidirectional 
causation between FDI and environmental degradation. The pollution halo hypothesis 
that FDI leads to the adoption of cleaner technologies and thus enhances environmen-
tal progress and standards is also supported by some literature [64]. The investment 
policy framework for sustainable development (IPFSD) articulates core principles to 
leverage FDI in promoting sustainable development goals [66]. Although the quan-
tity of FDI is significant, its quality is equally critical for long-term sustainable growth 
[45]. FDI stipulates the economy’s transition towards a diversified energy mix, but over 
time, energy efficiency may discourage energy diversification [27]. Several studies in the 
industrial sector have identified a positive correlation between FDI and energy efficiency 
[12, 69, 72]. FDI can enhance energy efficiency and security by diversifying energy 
sources, advancing technology, and promoting sustainable production practices. How-
ever, insufficient scrutiny of FDI effects may lead to volatility and vulnerability within 
the host nation. According to the pollution haven hypothesis, FDI distorts productivity 
in the host country in the long run [54]. The necessity to scrutinize the quality of FDI 
inflows and their impact on the domestic market environment [45, 74]. More inflows 
will counteract the policies and climate that affect economies’ efforts. Business strategies 
misaligned with sustainable goals, such as resource extraction, high resource or energy 
intensity, and a lack of technology transfer, may impede the country’s growth. Prioritiz-
ing the development of one sector at the expense of others can harm overall national 
growth, as in the Dutch crisis [42]. The impact of trade openness on countries’ resources 
is empirically examined using a threshold regression model. Recent studies highlight 
the sensitivity of resource efficiency with respect to policy uncertainties and structural 
changes to support the country’s transition towards net zero [46, 47]. The spillover effect 
of the transition positively affects other countries in driving sustainability [46].

This study conceptually links energy efficiency dynamics to an Econophysics-inspired 
propagation framework and empirically examines the relationship using a conventional 
proxy for Energy efficiency (the inverse of energy intensity). The novelty of the study lies 
in connecting insights from economic systems with analogies from Econophysics and 
wave propagation.

2 � Data and methods
Given that the panel data encompasses developed countries, emerging economies, and 
frontier nations, it is postulated that comparable characteristics and integration exist 
among these entities. We analyze the cross-sectional interdependence within the panel 
using the Pesaran CD test [50]. The Pesaran CD test is considered for N > T panels. A 
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panel unit root test is conducted using CIPS and CADF tests. Westerlund [30, 67] and 
Pedroni tests [48] are employed to confirm cointegration within panel data. To confirm 
the panel cointegration result, error-correction-based cointegration tests are also con-
ducted [49]. Observing cross-section dependence and mixed stationarity at I (0) and I 
(1) within the panel, the panel cross-sectionally augmented ARDL model (CS-ARDL) 
Eq. 1 is deemed appropriate for analysis [11].

Yit = Dependent variable for cross-section i at time t.
Xi,t = Independent varaiables.
αi = Cross-section fixed effects.
ρi,j = Short-run autoregressive coefficients.
θi, k = Short-run distributed lag coefficients.
λift = Common correlated effects to capture unobserved common factors.
εi,t = Error term.
The long-run coefficient is obtained as in Eq. 2

∑q
k=0

θi,k = cumulative effect of X on Y.
1−

∑p
j=1

ρi,j = adjusts for the persistence of Y.
Post-estimation of model residuals using cross-sectional dependence exponent esti-

mation [51, 52] is conducted, followed by CD* [53]. For deeper insights and robustness 
checks, we further analyze using the two other second-generation tests, commonly cor-
related effect mean groups (CCEMG) [10] and the augmented mean groups (AMG) 
[13], which estimates the long-run parameters. The CCEMG incorporates common cor-
related effects by averaging the independent variables across cross-sectional units. It 
addresses omitted-variable bias. AMG utilizes common dynamic components alongside 
strong heterogeneity. The flowchart of the methods employed is presented in Fig. 1, and 
the variable descriptions are presented in Table 1 (Appendix 1).

(1)Yi,t = αi +�

p
∑

j=1

ρi,jyi,t−j +

q
∑

k=

θi,k Xi,t−k +�ift + εi,t

(2)φi =

∑q
k=0

θi,k

1−
∑p

j=1
ρi,j

Fig. 1  Methodology flow chart
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This paper uses the Econophysics approach to theoretically formulate the concept of 
energy efficiency. Broader economic concepts, such as country dynamics and macroe-
conomics, serve as the theoretical foundations. Subsequently, the focus narrows to the 
possible factors affecting energy efficiency and to an appropriate parameter formulation.

3 � Empirical validation
The variance plot illustrates the instability of variables across countries in the panel data-
set. This underscores the importance of FDI stability, productivity stability, and minimal 
fluctuations in energy intensity, particularly in resource- and developing-economy con-
texts [8, 16, 37]. Countries with lower variance exhibit more consistent trends in invest-
ment, intensity, and productivity over time. We could further extend the inference using 
econometric approaches. The test for slope heterogeneity in variables is conducted, and 
the results are presented in Appendix 2. The variance plots by country are presented in 
Appendices 3–5, which confirm heterogeneity across countries.

Pesaran’s CD test in Table 2 tests the null hypothesis of cross-sectional interdepend-
ence. The result confirms cross-sectional dependence at the 1% significance level. Pesa-
ran panel unit root test with cross-section and first-difference means included; if the 
variables are below the critical values, the null hypothesis can be rejected, indicating 
stationarity. CIPS tests for overall panel stationarity (across the whole dataset). Pesa-
ran’s CADF test individual series within the panel, averaging across units. In both tests, 
Table 3 shows that FDI is stationary at level I (0). Nevertheless, first, differences were 
needed to make EI and TFP stationary to avoid a unit root.

Since mixed result is obtained in Table 4, further validity is tested using Westerlund 
ECM cointegration test in Table 5. Since the Pt pooled test of the whole panel and the 
Pa panel cointegration tests are significant, we confirm a long-term relationship between 
the variables.

As variables with mixed stationarity I (0) and I (1) exist in the panel, and variables 
showcase cross-sectional dependence, we proceed with the CS-ARDL methodology for 
estimating long-run and short-run relations. The selection of cross-sectional augmented 
lag structures of the model is given in Appendix 6. In CSARDL Table 6, when TFP is 

Table 1  Variables and data

Variable Description Data

ln FDI Natural logarithm of foreign direct investment, net inflows constant US$ (deflated) World bank (65)

ln TFP Natural logarithm of total factor productivity level (index 2017 = 1) Penn world table

ln EI Natural logarithm of primary energy consumed per unit of GDP (MJ/$2017 PPP 
GDP)

World bank data

Table 2  Cross-sectional interdependence

Variable CD test p-value Corr abs (Corr)

ln EI 65.80 0.000 0.166 0.433

ln TFP 39.02 0.000 0.098 0.524

ln FDI 225.07 0.000 0.568 0.579
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treated as the dependent variable, the short-run estimate shows that the lag of TFP 
has a positive and significant effect. FDI is also seen as positively significant to TFP in 
the short run. However, FDI lag is found to be insignificant with TFP in the short run. 
Whereas EI shows a negative relationship and is highly significant in both the short- and 
long-run. This confirms that energy intensity is negatively related to TFP in the short run 
and long run. The error-correction term of the model is − 0.443, with high significance, 
supporting the model’s validity. When analyzing FDI as a dependent variable, TFP shows 
a positive relationship and high significance in both the short- and long-run. Also, the 

Table 3  Pesaran panel unit root test

Panel cointegration tests are conducted using the Westerlund, Kao, and Pedroni tests to examine long-term relationships 
among panel data variables

Pesaran panel unit root test CIPS

Variables Test statistic I (0) Test statistic I (1)

ln TFP − 2.139** _

ln EI − 1.818 − 5.701***

ln FDI − 3.799*** _

Pesaran panel unit root test CADF

Variables t-bar t-bar

ln TFP − 1.899 − 3.368***

ln EI − 1.527 − 3.588***

ln FDI − 2.769*** _

Table 4  Panel cointegration tests

i. Westerlund test Statistic p-value

Variance ratio − 0.7556 0.2247

ii. Kao test Statistic p-value

Modified Dickey-Fuller t − 0.272 0.393

Dickey-Fuller t − 1.186 0.118

Augmented Dickey-Fuller t − 0.389 0.349

Unadjusted modified Dickey-Fuller t − 0.704 0.241

Unadjusted Dickey-Fuller t − 1.485* 0.069

iii. Pedroni test Statistic p-value

Modified Phillips-Perron t 2.189** 0.014

Phillips-Perron t − 2.540*** 0.0055

Augmented Dickey-Fuller t − 1.727** 0.0421

Table 5  Westerlund ECM cointegration

Westerlund ECM cointegration test

Statistic Description Value

Gt Individual panel − 2.050

Ga Average across all panels − 7.118

Pt Pooled test of the whole panel − 17.897**

Pa Panel cointegration − 6.902**
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lagged FDI is positive and highly significant. The error correction term is also negative 
and highly significant. The model with EI as the dependent variable confirms correlation 
with TFP alone. TFP is negatively significant in the short run, and lag TFP is positively 
significant in the relationship with EI.

Post-estimation of model residuals using cross-sectional dependence exponent esti-
mation suggests no further cross-sectional dependence in the model (Table 7), and first-
order autocorrelation is reported in Appendix 7.

The robustness check of long-term coefficient results can be verified using second-
generation tests such as CCEMG and AMG. The results of AMG and CCEMG are 
somewhat similar to those of CSARDL, as shown in Table 8. In Model I, with TFP as the 
dependent variable, FDI was positively significant, but in CSARDL, the long-run result 
was not significant. Also, in model III with EI as the dependent variable in CSARDL, 
none of the independent variables were significant in the long run, whereas in CCEMG 
and AMG, TFP is negatively significant with EI in the long run. The comparative results 
of CSARDL and the robustness check are given in Appendix 8.

Table 6  Estimation of CS-ARDL

Standard error in parenthesis *** p < 0.01, ** p < 0.05, * p < 0.1

Model I Model II Model III

Variables Ln TFP Variables Ln FDI Variables Ln EI

Short run Short run Short run

L. Ln TFP 0.557***
(0.0298)

L. Ln FDI 0.216***
(0.0253)

L. Ln EI 0.480***
(0.0289)

Ln FDI 0.00315**
(0.00132)

Ln TFP 2.502***
(0.968)

Ln FDI − 0.0000312
(0.00344)

Ln EI − 0.116***
(0.0200)

Ln EI − 0.110
(0.586)

Ln TFP − 0.456***
(0.0825)

L. Ln FDI 0.00131
(0.00180)

L. Ln EI − 0.149
(0.359)

L. Ln FDI 0.00177
(0.00420)

L. Ln EI 0.0117
(0.0149)

L. Ln TFP 1.216
(0.878)

L. Ln TFP 0.193**
(0.0863)

Adjustment term Adjustment term Adjustment term

Ln TFP − 0.443***
(0.0298)

Ln FDI − 0.784***
(0.0253)

Ln EI − 0.520***
(0.0289)

Long run Long run Long run

Ln FDI 0.0193
(0.0142)

Ln EI 2.817
(2.623)

Ln FDI − 0.0254
(0.0292)

Ln EI − 0.236***
(0.0841)

Ln TFP 6.038***
(1.945)

Ln TFP − 1.166
(1.027)

Observations 3,354 Observations 3612 Observations 3440

R-squared 0.223 R-squared 0.683 R-squared 0.432

Number of groups 86 Number of groups 86 Number of groups 86

Table 7  Post estimation of CS-ARDL: cross-sectional dependence exponent estimation

Model CD [50, 51] CD* [53]

Model I 1.85 (0.069) − 0.44 (0.662)

Model II − 1.39 (0.164) − 0.77 (0.444)

Model III 0.41 (0.680) − 1.38 (0.168)
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The CS-ARDL and robustness check results confirm that energy intensity shows a 
negative and significant relationship with TFP (as the dependent variable) in both the 
long and short runs. We confirm that energy intensity negatively and significantly affects 
TFP. This confirms that as energy efficiency (inverse of energy intensity) increases, pro-
ductivity will rise. Thereby, by adopting cleaner technologies and allocating resources 
(energy), TFP could be improved, pointing the possibility of the “Porter hypothesis” [38, 
55]. In CSARDL, TFP (as a dependent variable) is positively influenced by short-run FDI 
inflows, and in CCEMG and AMG models, FDI confirms a long-term positive influence. 
So, immediate productivity gains from technology spillovers or capital inflows fade off 
in the longer term. Thus, energy efficiency and FDI are important factors for a country 
to improve its productivity and sustain itself in the long run. TFP is positively signifi-
cant in all models, implying that high productivity attracts FDI. From CS-ARDL, with 
Energy intensity as the dependent variable, we infer that, in the long run, TFP negatively 
affects energy intensity (Table 8). So, productivity improvements lead to greater energy 
efficiency. However, FDI does not influence energy intensity. A summary of the econo-
physics studies are presented in Table 9.

Table 8  Robustness check using CCEMGG and AMG

Standard errors in parentheses, *** p < 0.01, ** p < 0.05, * p < 0.1

CCEMG AMG

Variables Ln TFP Ln FDI Ln EI Ln TFP Ln FDI Ln EI

Ln FDI 0.0106***
(0.00210)

− 0.00324
(0.00384)

0.0148***
(0.00363)

0.00249
(0.00633)

Ln EI − 0.133***
(0.0272)

0.0781
(0.288)

− 0.171***
(0.0301)

0.317
(0.319)

Ln TFP 3.089***
(0.679)

− 0.429***
(0.119)

2.718***
(0.525)

− 0.485***
(0.157)

c_d_p 0.639***
(0.205)

1.005***
(0.139)

1.123***
(0.138)

Constant − 0.104
(0.178)

0.119
(2.689)

− 0.0815
(0.322)

− 0.135
(0.0994)

17.77***
(0.845)

1.052***
(0.163)

Observations 3698 3698 3698 3698 3698 3698

Number of countries 86 86 86 86 86 86

Table 9  Summary of econophysics studies

Article Physics theorem Usage

Bentes, 2012 Shannon entropy Volatility

Ariolli, 2021 Feynman’s formulation of Quantum mechanics Price in transition amplitude

 Baaquie, 2018 Quantum field theory Theory of interest rate and stock prices

Cotfas, 2013 Schrödinger equation Rate of return

Ilinski, 2001 Gauge theorem Minimizing arbitrage

Los, 2001 Reynolds number of fluid mechanics Cash flow

 Maslov, 2002 Boltzmann entropy
Heisenberg uncertainty

Probability theory for quantum statistics

 Nastasiuk, 2014 Fractality- Brownian motion Non-differential price time continuum hav-
ing fractal properties

 Schinckus, 2018 Ising model Fluctuations of annual growth rates for firms

 Zhang, 2010 Schrödinger equation Cosine distribution of stock price
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We consider developed countries, emerging economies, and frontier market countries 
in the panel data. A better understanding of investment mobilization will help countries 
to overcome uncertainties and sudden changes in international trade. Stabilizing and 
controlling investment inflows are crucial to achieving long-term sustainable growth 
and security. Enhancing energy efficiency is necessary to maintain sustained productiv-
ity in all countries. The observations support Porter’s hypothesis. Improvements in TFP 
lead to greater energy efficiency. There might be an influence of other hidden factors in 
the long run. However, energy efficiency has strong potential to improve TFP. FDI can be 
attracted through high productivity. FDI inflows generate quick spillovers, as evidenced 
by positive short-run significance. So, rather than more FDI as an investment booster, 
countries need to incorporate energy efficiency to build sustainable productivity growth 
and eventually aim for high-quality economic development (HQED) [71].

4 � Econophysics approach in explaining energy efficiency
To capture the intricate dynamics of energy economics, researchers employ advanced 
methodologies ranging from time-frequency analysis to nonlinear methods. It is crucial 
to understand the roles of multiple parameters, their interdependencies, and cross-cor-
relations. The non-stationary and asymmetric characteristics of energy pricing, fluctu-
ations in clean energy stocks, and interactions with fossil fuels have been scrutinized 
using techniques such as unit root analysis, multifractal scaling, wavelet transforms, and 
dynamic cross-correlations [28, 58, 60, 63]. These methods yield a more comprehensive 
insight into how these factors respond to environmental disruptions, geopolitical con-
flicts, and macroeconomic trends [26, 73]. These interdisciplinary approaches elucidate 
these complexities by employing data-driven, multi-scale modelling of interdependen-
cies, efficiency, and volatility.

Theories in Econophysics are extensions of physics to economics; some include clas-
sical gas systems, the Schrödinger wave function, Heisenberg’s uncertainty principle, 
and related concepts. It encompasses thermodynamics, fluid systems, and quantum-
mechanical approaches. Black Scholes theorem, agent-based model, and Feynman’s path 
integral formalism are successfully applied to analyze empirical data in economics and 
finance, which validates and confirms the relevance of Econophysics. Most of the Econo-
physics research is clustered in Brazil and China. Studies from India are few [9, 20, 22, 
29, 33, 43, 56]. Econophysics is an interdisciplinary field in which physics theories are 
used to analyze and conceptualize economics. The Econophysics approach primarily 
relies on an analogy between these disciplines. The agenda of Econophysics is to perco-
late universality in the economic data to check all possibilities of generalizing the under-
standing of volatility and uncertainty in the market.

For a system to be considered a quantum system, it must have many degrees of free-
dom that act as independent variables. Two main principles of quantum systems often 
studied in Econophysics are quantum uncertainty and the quantum theory of probabil-
ity. Most of the study is based on the quantum theory of probability [4, 40]. Analogies are 
considered an essential aspect of Econophysics [57] to clarify the development of further 
formulations and testing. Critics of quantum finance claim that some of the quantum 
component’s characteristics vanish in the Econophysics approach [2]. When the real 
number is used instead of “i” in Econophysics, [2] argued that it breaks the quantum 
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sense as non-commutation and interference patterns, which are prominent for the wave 
function.

The Klein-Gordon equation is a relativistic generalization of the Schrödinger equa-
tion. Klein attempted a 5D unified theory that embraced general relativity and elec-
trodynamics [32]. Most studies in Econophysics that use quantum physics employ the 
Schrödinger equation as the core [31]. Within the scope of analysis, we did not find any 
valuable insights into applying the Klein-Gordon equation in economics or finance. This 
paper attempts to fill that void by introducing the Klein-Gordon equation for analyzing 
country dynamics and by linking energy efficiency using Econophysics. Here, we also 
explored the possibility of a better parameter formulation to improve the predictability 
of the response with respect to the unknown factors involved.

4.1 � Derivation and assumptions

For a country, uncertainty always exists in the market through money flow [25] and 
trade. Fluctuations in money flow influence inflationary and deflationary conditions. 
Trade fluctuations result in investments and productivity in the sectors. Uncertainty 
exists regarding the rise or fall of trade or exports, and the rate of change in investment 
inflows. Even the intrinsic value of the currency of a particular country can appreci-
ate or depreciate by the minute or second. The largest number of degrees of freedom 
is observed in the activities and their interactions among countries in the international 
market, which creates a dynamic system Fig. 2. This vast, dynamic nature exhibits uncer-
tainty leading to randomness.

Considering these concepts, we formulate analogies to energy, space, time, and 
momentum in the quantum perspective. Then, we propose a Klein-Gordon equation for 
quantum systems in country dynamics to analyze investment flows, productivity, and 
resource efficiency. Here, we explore various analogies with a quantum system. Fore-
most, the state of a quantum system is described in the coordinate vectors of space and 
time along with the wave function in which it is accelerating. In the case of a country, 
space is considered dependent on sectors such as agriculture, industry, and services. 
Its determinants can be seen by adjusting the probability of these states in the world 

Fig. 2  Dynamic system features
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scenario. The money flow is analogous to wave-particle duality. The wave function is tied 
to money flow. According to quantum mechanics, external factors force the wave func-
tion to collapse into one of its states, with a probability determined by the state of the 
quantum system. External factors can include political, economic, social, technological, 
environmental, and competitive (PESTEC) factors.

Momentum p equals p = m d
dt (x), We consider ‘p’ as the parameter for the develop-

ment of a nation, and mass ‘ m ’ as natural resources. Therefore, greater resource abun-
dance will hinder a nation’s development, and a less developed nation can achieve a 
higher rate of development than a developed nation. Both of these are observable in 
the world scenario, in which the resource curse dilemma and the stagnation of devel-
oped countries in prospering further are widely discussed as “secular stagnation” [5, 
14, 23]. Using the Klein-Gordon equation, the unity of space and time with energy and 
momentum, with no spin, is considered. Assumption of energy ‘E’ as the existence of a 
country over time, i.e., country dynamics. It is explained that energy exists in different 
forms; country dynamics also take different forms, such as political, economic, social, 
and geopolitical. Here, we examine the country’s economic dynamics with respect to 
development, sectoral interactions, and international trade and finance. Complexity and 
challenges in understanding the economic aspects of country dynamics arise from fluc-
tuations in the financial markets and interactions among known and unknown exter-
nal factors [56]. Reduced Planck’s constant ħ, equated as one by a fraction of the labour 
force (demographic dividend). Planck’s constant is one of the main constants in physics, 
as it is reduced and equated with a quantum particle’s position and momentum; it is 
considered the minimum distance a particle can move. No particle can move a shorter 
distance than the Planck length. Likewise, we equate the fraction of the labour force in a 
country with a reduced Planck’s constant, as it will always be a very small quantity. How-
ever, retaining a full analogy with quantum theory is of no use, as it may produce effects 
that might be unobservable within the scope of financial or economic circumstances [2].

Maslov [40] discusses Heisenberg’s uncertainty principle in economics, where fun-
damental constants set limits on economic measurements. Money/investment flows 
behave like quantum particles with probabilistic states and volatility, described by wave 
functions. This is also evident in [34], who formalizes money flows and financial mar-
kets using wave functions to model market dynamics and forecast currency fluctuations. 
Information flow in international trade is the speed of light (c). Baaquie [4] discusses 
quantum field theory and incorporates the speed of information propagation into eco-
nomic models. The speed of information influences both investment and market deci-
sions. It influences the productivity of three sectors, agriculture, industry, and the service 
sector of a country, through trade relations. ′m′ The mass is a country’s resource poten-
tial, influencing productivity. Country dynamics is mapped into quantum states, such 
as space as economic sectors and momentum as development. The economy’s sectors 
(agriculture, industry, and services) are spatial dimensions, and momentum corresponds 
to development parameters that affect dynamics. Related literature that discusses a simi-
lar perspective is [31], who models economic variables as quantum states that evolve 
over time and across sectors using the Schrödinger equation. For the Econophysics 
approach of the Klein-Gordon equation, we consider the derivation in Appendix 9 and 
transform it as follows from Eq. 3–12:
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The equation unifies space and time symmetrically, pointing to a relativistic nature. 
Here, the space factor is the economic sectors, which are time-variant and vary over the 
years, treated on an equal footing. The full spatiotemporal evolution of country dynamics 
would be covered with this formulation. Second order in time and space could represent 
symmetric dynamical processes with a broader range of solutions. This macroscopic-scale 
modelling enables country-level economic dynamics to be modelled as systems with many 
degrees of freedom, evolving over long time horizons and across multiple sectors, where 
a relativistic-like treatment offers conceptual benefits for capturing interactions. This per-
spective makes it mathematically simpler to model aggregate economic variables than 
micro-level quantum states, which might require more complex equations. The formaliza-
tion of money flow using wave functions and quantum states has been explored in previ-
ous literature [34]. Using a wave function ψ, we depict the probabilistic dynamics of money 
flow. The squared factor indicates the distribution or intensity of money flow throughout 
the economic network ∂

2ψ

∂t2
 . This enables us to account for uncertainty and volatility. The 

Eq. 10 is the Econophysics transformation of the Klein-Gordon equation.

Thus, by derivation, each term is equated and interpreted as follows: 
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That is, investment flows with adequate information. The importance of information 
transmission and control in international trade, and their influence on FDI, is signifi-
cant in the neoclassical view of trade [1]. Wavelet coherence, evaluating FDI and other 
economic variables, is utilized in previous studies along with an econometrics approach 
[15]. Financial investment inflow can be viewed as a product of the money flow factor 
and the square of a normalized quantity from systems dynamics or modelling inspired 
by quantum mechanics. This illustrates the notion that information control and effi-
ciency may influence the financial flows. Therefore, effective information management 
and transmission are essential because they lower uncertainty and facilitate improved 
decision-making. In future work, the study could extend to quantitatively analyze the 
causality of money inflow and information using ‘information quantifiers’ like entropy 
and Fisher information, which could help to capture the intricacy and predictability of 
this dynamics, thereby reducing the volatility and uncertainty [17].∇2ψ represents over-
all sectoral productivity.

We assume 
(

resource ∗ information ∗ labourforce
)2
ψ as the potential for an economy 

to consume those resources with the help of market information, and to utilize an effec-
tive labour force that influences growth. So, the energy consumption with labour input, 
according to market demand, aligns with the utility principle, thereby implying energy 
efficiency.

The derived equation is viewed through the lens of optimization and the equilibrium 
principle as in neoclassical economic theory [41]. Modifying McCauley’s definition of 
optimization principle and equilibrium principle, which he adapted from economist Hal 
Varian. The optimization principle can be interpreted as a country choosing the best 
opportunities for trade and exchange with international markets to stabilize and boost 
its development. A country can utilize resources efficiently and compete in the global 
markets. The equilibrium principle can be modified to account for sectors’ productivity 
as they adjust to market demand, consider investment attraction or capital flows, uti-
lize the labour force, and optimize resource consumption to support long-term coun-
try growth. Thus, stabilizing and boosting the country’s development. The final equation 
acts as a growing, accelerated second-order temporal differential equation. Inter-secto-
ral spillovers and structural rigidities formalize the continuum wave. Each sector show-
cases a spatial domain in which labour force gradients operate as population constraints. 
Along with this, productivity evolution maps into the sectoral ordering. Econophysics 
papers do not follow the strict standard procedures for boundary conditions, identifi-
cation restrictions, and testable comparative statistics used in traditional theoretical 
models. Boundary conditions, such as zero money constraints, will be falsifiable for the 
money flow to be satisfactory from a macroeconomic perspective. So, following open-
market interactions, it was analogized to wave propagation and modelled using radi-
ating-flux edge conditions, i.e., absorbing boundary conditions [44, 59], which allow 
leakage at the edges. The radiating flux edge will be applied to the average flux between 

(11)∂2ψ

∂t2
∗

1

inf ormation2
∼ financialinvestment

(12)
(

energyresource ∗ inf ormation ∗ labourforce
)2
ψ = Energyefficiency
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two countries and its variance. Waves’ slopes cannot be zero in this scenario, and con-
servation of amplitude is not guaranteed. Open economy boundary conditions suggest 
investment and information leakage.

5 � Conclusion
In this paper, CSARDL is used as a baseline for mixed I (0) and I (1) handling and cross-
sectional dependence. The robustness check is validated using AMG and CCEMG to 
confirm the long-term significance of the coefficients. For strengthening a country’s 
potential, productivity growth and energy efficiency are becoming more important than 
reliance on FDI inflows. Economies should prioritize energy-efficiency investments over 
chasing FDI inflows. Need for scrutiny of FDI to prevent energy-intensive production 
relocation. Energy efficiency standards should be a precondition for FDI approval in 
developing nations. Building productive capacity (TFP) first attracts FDI. Stabilizing and 
controlling investment inflows are crucial to achieving long-term sustainable growth and 
security. Enhancing energy efficiency is necessary to maintain long-term productivity. 
Quantum analogies and mathematical assumptions align with the possibility of formu-
lating energy efficiency. Mapping quantum-mechanical constructs (e.g., wave function, 
momentum, reduced Planck constant, mass) to macroeconomic variables (money flow, 
development parameter, labour force, natural resources) and adapting the Klein-Gordon 
equation strengthen the foundation. 

Appendix
See here Tables 10, 11, 12, 13, 14 and Figs. 3, 4, 5

Klein-Gordon derivation [32].
Quantum energy operator

Table 10  Descriptive analysis 1980–2022

Variable Observations Mean Std. dev Min Max

Country 3698 48.697 29.417 1 99

Year 3698 2001 12.411 1980 2022

Ln TFP 3698 −0.0516 0.231 −1.439 1.186

Ln FDI 3698 20.412 3.276 0 27.468

Ln EI 3698 1.168 0.656 −0.675 3.308

Table 11  Test for slope heterogeneity Pesaran, Yamagata 2008

Model I Model II Model III

Delta 84.471*** 77.979*** 78.286***

Adjusted Delta 88.698*** 81.880*** 82.202***
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Fig. 3  Variance of TFP by country

Fig. 4  Variance of FDI by country
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−p2x = h
2 ∂2

∂x2

−p2y = h
2 ∂2

∂y2

Fig. 5  Variance of EI by country

Table 12  Selection of lag structures

Model I IC 1 IC 2 Cross-sectional 
augmented 
structure

Lag 1 − 6.18* − 6.09* –

Lag 2 − 5.97* − 5.84* –

Lag 3 − 5.85* − 5.68* –

Lag 4 − 5.83* − 5.62* Selected

Model II – – –

Lag 1 0.123* 0.208* Selected

Lag 2 0.3* 0.426* –

Model III – – –

Lag 1 − 4.6* − 4.51* –

Lag 2 − 4.42* − 4.29* –

Lag 3 − 4.21* − 4.04* Selected

Table 13  Test for first-order autocorrelation

Model I Model II Model III

0.712 0.184 0.142
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Relativity: mass

Klein Gordon equation
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Table 14  Results combined for inference

Dependent 
variable

Independent 
variable

CSARDL CCEMG AMG

Case I TFP Energy intensity Negative Negative Negative

FDI Positive but no 
significance

Positive Positive

Case II Energy intensity TFP Negative but no 
significance

Negative Negative

FDI Negative but no 
significance

Negative but no 
significance

Positive but no 
significance

Case III FDI Energy intensity Positive but no 
significance

Positive but no 
significance

Positive but no 
significance

TFP Positive Positive Positive
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