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ABSTRACT 

This paper surveys recent advances in Sobolev spaces (also known as fractional-order Sobolev spaces, Besov 

spaces, Bessel or Riesz potential spaces, and Triebel–Lizorkin spaces) and their applications to modern 

analysis and partial differential equations (PDEs). The studied fractional Sobolev spaces unifying these 

classical spaces have proved to be useful tools in both linear and nonlinear PDE theory. Various classical 

tools of nonlinear analysis, including fixed point theorems, Leray–Schauder degree theory, variational 

methods, and blow-up arguments, have been extended to these spaces, significantly expanding their nonlinear 

analysis capacity. The report summarizes recent progress on fractional Sobolev spaces and related fields of 

nonlinear analysis, applications, nonlinear PDEs, and the Navier–Stokes equations, clarifying the advantages 

of employing fractional Sobolev spaces in these contexts. 
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1. Introduction 

Sobolev spaces constitute a fundamental toolset in contemporary analysis and partial differential 

equations (PDEs). Developed during the 1960s, these spaces provide a natural setting for the weak formulation 

of PDEs and underpin numerical approximation methods for their solutions. They have continued to play a 

prominent role in subsequent developments of theory and applications (Chen et al., 2024). 

Sobolev spaces arose from attempts to understand the analytic underpinnings of generalized functions. 

On one hand, these functions arise naturally in various physical applications, such as mass densities 

concentrated at points, edges and surfaces (delta distributions and bounded singular measures), concentrated 

dislocation lines and dislocation sheets in an elastic body (incompatible strains and thus incompatible 

displacement fields), the modeling of a beam with a sharp edge, crack or dislocation line (singularities in the 

third derivative of the displacement, corresponding to a bending moment and shear force, respectively), and 

incompressible fluid flow with a line vortex, to name a few. On the other hand, classical theorems of analysis 

refer repeatedly to differentiability and regularity of continuous functions. 
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2. Historical Development of Sobolev Spaces 

Sobolev spaces constitute a central concept in modern analysis, underlying a powerful technique for 

the treatment of partial differential equations without classical hypotheses and constituting an indispensable 

element in the numerical analysis of such problems. Fractional, vectorial, and weighted implementations 

represent just a few of the wide variety of variants actively investigated today. 

3. Fundamental Concepts 

The concept of Sobolev spaces, denoted by 𝑊𝑘,𝑝(𝛺) 𝑜𝑟 𝐻𝑘 (𝛺), lies at the core of modern partial 

differential equations (PDEs) and analysis. At the basic level, these spaces describe the order of smoothness 

of solutions, completely analogous to how 𝐿 
𝑝(𝛺) describes their size 𝑎𝑛𝑑 | 𝐿 𝑝|

𝑝
 =  ∫ |·|𝑝 

𝛺
 measures the pth 

moment of a function. This chapter covers the definition and some standard results, stating the key embedding 

theorems that make the analysis tractable and the discussion of the 𝑊𝑘,2-based spaces, often traditionally 

referred to as 𝐻𝑘, where norm equivalence is an important issue. 

The Sobolev space 𝑊𝑘,𝑝(𝛺), for an open set 𝛺 ⊂  ℝ𝑛 , comprises those functions that lie in the 

classical Lebesgue space 𝐿 
𝑝(𝛺), themselves having derivatives of distributional order up to k that also lie in 

𝐿 
𝑝(𝛺). Defining 𝐿𝑝-based Sobolev spaces uses only measurable functions and weak derivatives, the latter 

allowing for classical derivatives to be replaced by integration by parts or ( 𝐿1) limits thereof. For 𝑝 =  2, the 

closure of 𝐶∞with respect to Sobolev norms is an alternative construction. Additionally, the examination of 

boundary behavior and the ability to trace Sobolev functions to their boundary values forms the foundation 

for defining spaces of zero-trace functions suitable for boundary-value problems is presented (Chen et al., 

2024). 

3.1. Definition and Norms 

Various applied problems in biology, materials science, mechanics, etc, involve partial differential 

equations (PDEs) with solution spaces exhibiting internal structure that changes over time (Evseev & 

Menovschikov, 2020). Solution spaces can be represented as sets of functions valued in families of Banach 

spaces, with different problems imposing different relations among them (Evseev, 2020). The Sobolev spaces 

arising in these contexts are considered from the perspective of metric analysis. Although such families of 

Banach spaces may fail to be representable as metric spaces, the metric definition of Sobolev classes remains 

meaningful, thereby enabling the application of universal analytical methods. 

Adapting the metric-space definition of Sobolev spaces entails the introduction of crucial concepts 

such as upper gradients and the establishment of the Poincaré inequality. The evolution of a problem is 

described by a family of Banach spaces together with operators linking them, collectively defining the space 

of functions denoted by W¹,p((0,T); family of spaces). For monotone families of reflexive spaces, the weak 

derivative and its norm coincide with the minimal upper gradient. Connections with standard cases are 

investigated through local isomorphisms, and conditions are identified under which these isomorphisms 
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extend globally. Comparison with Reshetnyak’s approach reveals that his method neglects the internal 

structure of the involved spaces. 

3.2. Embedding Theorems 

Embedding theorems in Sobolev spaces extend the classical Rellich-Kondrachov theorem and provide 

the analytical foundation for Problems 1, 2, and 3. A. P. Calderón (1961) characterized the set of parameters 

𝑝 and 𝑞, with 𝑝 >  𝑞, for which a function with derivatives in𝐿𝑝 also belongs to 𝐿𝑞 ; for 1 <  𝑝 <  𝑛 the 

corresponding results in Sobolev spaces appeared in W. P. Ziemer (1989), further developed by J. L. Synge 

(1967), and extended to weighted Sobolev spaces in Z. Nehari (1962). Several related results concerning 

Hölder norms are due to R. A. Adams (1975). 

A compact embedding theorem customarily called the “Rellich-Kondrachov theorem” also plays an 

important role in the applications. The first proof is due to F. Rellich (1934) for the particular space 𝑊  
0
1(Ω), 

where 𝛺 is a bounded open set with piecewise smooth boundary. The extension to Lipschitz domains was 

given by V. G. Maz’ya (1960) and several simplified proofs appeared later. A comprehensive exposition of 

these results and their generalizations is contained in V. G. Maz’ya (1985). Generalizations to spaces with 

higher-order derivatives are also available. More recently embedding theorems were considered in the case of 

degenerate quadratic forms (Chua et al., 2011). 

4. Properties of Sobolev Spaces 

Existence of Solutions: Although the two-point boundary-value problem for the one-dimensional wave 

equation admits solutions continually differentiable with respect to the space variable, an analogous assertion 

cannot be established for the first boundary-value problem involving homogeneous Dirichlet conditions and 

nonlinearities of the form 

𝑓 =  𝑓 (
𝜕𝑢

𝜕𝑥
). 

Nonetheless, the associated solutions to the latter problem nevertheless exist and are unique in the space 

𝐻0
1(0, 𝜋) for all 𝑡 ≥  0.  

Continuity with Respect to the Variable 𝒕:  

The compactness of the embedding 𝐻0
1 (0, 𝜋) →  𝐿2(0, 𝜋) implies a continuity with respect to t that cannot be 

anticipated for the first boundary-value problem of the classical wave equation.  

Additional Regularity:  

The discussion turns once more to generalized solutions of the first boundary-value problem for nonlinearities 

of the form 

𝑓 =  𝑓 (
𝜕𝑢

𝜕𝑥
). 

The smoothness of the source function g entails an improved regularity with respect to the space variable; 

specifically, if 

𝑔(𝑥,·) ∈  𝐻𝑘(0, 𝜋) for some integer k ≥ 1, 



https://pijms.com/ 

                                   Pi International Journal of Mathematical Sciences                                                (52) 

then the corresponding solution enjoys exactly the same degree of smoothness. Higher continuity with respect 

to t requires, in addition, that  

 𝑔(·, 𝑡) ∈  𝐻0ᵏ(0, 𝜋), where 𝐻0ᵏ(0, 𝜋) denotes the subspace of 𝐻ᵏ(0, 𝜋) consisting of functions whose traces 

vanish at the boundary of the interval (0, 𝜋). Analogous arguments are also valid for the corresponding 

modified boundary-value problem. 

4.1. Compactness Results 

The theory of compactness in Banach space operators takes on special significance in the context of 

Sobolev embeddings. The most useful criterion for compactness of Sobolev embeddings is the Riesz–Fréchet–

Kolmogorov criterion. Owing to Rellich–Kondrachov theorem, the Sobolev embeddings of the form  

𝑊𝑘,𝑝(𝛺) →  𝑊𝑚,𝑞(𝛺)  with 𝑘 >  𝑚 

and also, the embeddings of 𝑊𝑘,𝑝(𝛺)  into any (Lebesgue) space 𝐿𝑞 (Ω) with q < 𝑃𝑛,𝑘
∗  (and 𝑃𝑛,𝑘

∗  defined 

accordingly) are compact. 

A further step in the direction of continuity and differentiability properties of Sobolev functions are 

the Hörmander–Mihlin multipliers that act continuously, but not compactly, on Lebesgue and Sobolev spaces. 

4.2. Continuity and Differentiability 

The embeddings of Sobolev spaces reveal a considerable amount of information about the regularity 

of functions in Sobolev spaces. In particular, if 𝑛 < 𝑚 the spaces 𝑊𝑚,𝑝(𝛺) continuously embed into spaces 

of functions with 𝑙 continuous derivatives for 𝑙 < 𝑚. 

The general framework of Sobolev embedding theorems is as follows: 

• Let 𝑚 be a positive integer. 

• Let 𝛼 = (𝛼1, 𝛼2, … , 𝛼𝑛)be a multi-index of non-negative integers representing partial derivatives. 

• Let 𝑝 ∈ [1, ∞). 

In the spaces there is a continuous embedding. 

5. Applications to Partial Differential Equations 

Partial differential equations (PDEs) are equations that involve rates of change with respect to more 

than one independent variable. Many fields of study, such as physics, biology, and engineering can use PDEs 

to describe natural processes and phenomena that continually vary. PDEs allow dynamic systems to be 

examined while also describing initial process evolution in the case of the phenomena lacking quantitative 

data. Explicit solutions rarely exist for anything except simple underlying processes, and so proving that an 

equation has at least one solution is often an important step in any investigation. Using a method underpinned 

by stable numerical algorithms, a technique for showing the existence of solutions is demonstrated. The use 

of functional analysis allows for proper spaces and operators to be identified for solving the PDE. To develop 

sufficient background, several important results from the analysis of Banach space-valued functions are also 

presented. The approach is then illustrated by a selection of linear and semilinear elliptic PDEs, showing the 

fundamental theory underlying the methods. The presentation aims to provide a clear introduction to several 
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core ideas relevant to PDEs, suitable for graduate students with a background in introductory analysis 

(Manqoba Mavuso, 2017). 

Locally integrable functions can be decomposed into measureable subsets whose partial derivatives 

belong to different Lebesgue spaces. These functions are described within nonuniform Sobolev spaces, which 

possess measureable coefficients and include the classical Sobolev spaces as a special case. They arise 

naturally in the study of PDEs with measures or highly oscillating coefficients. A class of nonuniform 

fractional Sobolev spaces is introduced, and their properties are studied when the orders are real numbers 

between zero and one. These fractional spaces are useful in the analysis of local estimates for solutions of heat 

equations as well as the convergence of Schrödinger operators. Recent advances on the local energy estimates 

for heat equations and Schrödinger operators are extended to the setting of these nonuniform fractional 

Sobolev spaces (Chen et al., 2024). 

5.1. Weak Solutions 

The formulation of elliptic problems in spaces of Sobolev-type led to the introduction of the concept 

of weak solutions, defined as mappings u that satisfy certain integral relations involving the coefficients of 

the elliptic system and test functions, representing a relaxation of classical differentiability requirements (Zhao 

& Chen, 2017). Such weak solution frameworks encompass a wide array of boundary-value problems 

including Dirichlet, Neumann, Robin, and mixed problems; interior and boundary a priori estimates; Fredholm 

and bifurcation theories; singular perturbations; homogenization; isomorphisms with Besov spaces on 

boundaries; and solvability of Navier-Stokes systems. A weak solution u to a given PDE is one that satisfies 

the equation in the distributional sense. Recent research has investigated the partial regularity of very weak 

solutions to nonlinear elliptic systems of A-harmonic type, where the mapping u belongs to a Sobolev space 

of lower integrability exponent and satisfies a corresponding integral identity. The main challenge in extending 

these results to nonhomogeneous systems lies in constructing appropriate test functions below the natural 

exponent, a task accomplished by employing Hodge decomposition, Sobolev embedding, Young’s inequality, 

and Poincaré’s inequality, ultimately improving the integrability exponent and demonstrating that very weak 

solutions are indeed weak solutions. 

5.2. Regularity Results 

Open problems of the theory of non-local equations with integrable kernels concern higher 

differentiability. If 

𝐾(𝑥) ≡  |𝑥|{−𝑁−2𝑠}, 

then solutions of the non-local Dirichlet problem ℒ𝑢 =  𝑓  with 𝑓 ∈  𝐿𝑝(ℝ𝑁), 𝑝 ≥  2,  belong to the 

fractional Sobolev space 𝑊{2𝑠,𝑝}(ℝ𝑁) (see § 6 of (Cozzi, 2016)). It is a natural issue to understand to what 

extent this property holds for kernels comparable to the fractional one. The study of nonlinear and non-local 

equations ℒ𝑢 =  𝑓 leads to similar problems, involving nonlinear integra-differential operators related to the 

fractional 𝑝 −Laplacian.  
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More precisely, we consider a class of linear integro-differential operators of order 2𝑠, acting on smooth 

functions 𝑢 by 

ℒ𝑢(𝑥) =  𝑃𝑉 ∫ (𝑢(𝑥) −  𝑢(𝑦))𝐾(𝑥, 𝑦)𝑑𝑦 
 

ℝ𝑁  for all 𝑥 ∈  ℝ𝑁, where 𝑠 ∈  (0, 1). 

The kernel 𝐾: ℝ𝑁 × ℝ𝑁 →  [0, +∞] is symmetric and satisfies the two-sided bound 

(1 / 𝜅) |𝑥 −  𝑦|{−𝑁 − 2𝑠} ≤  𝐾(𝑥, 𝑦)  ≤  𝜅 |𝑥 −  𝑦|{−𝑁 − 2𝑠}  

for every 𝑥 ≠  𝑦 with some 𝜅 ≥  1. Operators of this form arise in many applications, either in their linear 

form, or as linearizations of nonlinear operators in a broad class of fractional 𝑝 −Laplace equations and 

corresponding evolutions. They play important roles in physics as infinitesimal generators of Lévy processes, 

in mathematical biology as propagation phenomena of diffusion processes driven by long range interactions, 

and also in economics in the context of Hamilton–Jacobi equations with fractional derivatives. 

6. Nonlinear Problems in Sobolev Spaces 

Nonlinearity arises frequently in PDEs whenever the coefficients depend on the unknown functions or 

their derivatives. Investigating nonlinear PDEs in Sobolev spaces entails the study of existence, uniqueness, 

and stability of solutions. Because linear problems and nonlinear problems exhibit significant qualitative 

differences, new challenges are encountered. (Manqoba Mavuso, 2017) 

6.1. Existence Theorems 

A nonlinear partial differential equation (PDE) is an equation relating an unknown function to its 

derivatives, while containing nonlinear terms. Equations of the form 𝐿𝑢 = 𝐺, with L a linear operator and G 

nonlinear, are nonlinear PDEs. The theory of PDEs spans a wide spectrum with varied difficulties; 

sophisticated algorithms and the linear theory can be used to solve the nonlinear problem under some 

conditions (Manqoba Mavuso, 2017). 

Modern methods in PDE theory apply to linear problems with 𝐿 elliptic, parabolic or hyperbolic, and 

G possessing appropriate continuity and growth properties in the function’s derivatives. Challenges arise in 

nonlinear problems due to the inadequacy of classical derivatives. Marrying these methods with the 

appropriate notion of derivative leads to Sobolev spaces. The necessary rigorous development of these spaces 

was achieved by Sobolev and others by 1938, yet their numerous applications continue to emerge. 

The machinery of Sobolev spaces thus provides essential tools in addressing nonlinear PDEs. The initial task 

in their analysis is the proof of existence theorems for solution classes. Concomitantly, the attendant theory 

offers means to improve the smoothness of the solutions. In light of three decades of extensive investigations, 

it is anticipated that the theory will continue to exert substantial influence in the literature. 

6.2. Uniqueness and Stability 

Uniqueness and stability of nonlinear partial differential equations (PDEs) in Sobolev spaces play a 

central role in the theory of such PDEs. Under suitable conditions, nonlinear PDEs admit unique solutions that 

depend continuously upon initial data and forcing terms, properties often referred to as uniqueness and 

stability, respectively. In general, the gaps between existence and uniqueness/stability persist, particularly for 

nonlinear equations and higher-order Sobolev exponents. However, such gaps decrease with increasing 
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smoothness of initial data and are closed by intermediate pseudomeasures, thereby establishing well-

posedness within the Cauchy problem framework. The study of uniqueness and stability builds on 

foundational existence arguments within various Sobolev-regularity milestones. Comprehensive overviews of 

these developments use the Cauchy problem for the Euler and Navier–Stokes equations as a common reference 

model. Various approaches permit generalizations to other contexts, including Musielak–Orlicz–Sobolev and 

Besov spaces (Priola, 2019). 

7. Sobolev Spaces in Nonlinear Analysis 

Nonlinear problems in Sobolev spaces constitute a vibrant area of contemporary research. The theory 

encompasses key existence results (Manqoba Mavuso, 2017), uniqueness, and solution stability. Nonlinear 

partial differential equations (PDEs) typically present increased difficulty compared to linear problems. In an 

appropriate Sobolev space setting, most nonlinear PDEs admit a weak formulation. Such weak solutions 

frequently arise as critical points of suitably defined functionals. A common strategy for securing existence 

involves first establishing the existence of a minimizer for the functional and subsequently demonstrating that 

this minimizer corresponds to a critical point. Variational arguments and fixed point theorems serve as 

powerful tools for addressing these issues (Chen et al., 2024). Variational methods underpin innumerable 

studies of nonlinear PDEs set in Sobolev spaces. Fixed point techniques offer an alternative route to existence 

proofs applicable to certain classes of nonlinear problems. 

7.1 Variational methods 

7.2 Fixed point theorems 

7.1. Variational Methods 

Variational methods provide general and flexible tools to solve nonlinear problems formulated through 

Sobolev spaces. Consider a nonlinear partial differential equation modeled by an elliptic problem, featuring 

the Laplace operator or a general second-order elliptic operator. The existence of solutions can be formulated 

within Hilbert or Banach spaces, such as, or Sobolev spaces of higher order, where it reduces to finding an 

element that satisfies a weak formulation of the problem. Under suitable conditions, the problem can be recast 

in variational form as a critical-point problem on the aforementioned spaces. Existence, uniqueness, and 

stability of solutions depend on the topological and geometrical structure of the underlying Banach space. The 

Palais–Smale condition, bounded perturbations, and convexity in Banascale play crucial roles (Manqoba 

Mavuso, 2017) (De Filippis & Mingione, 2019). Critical-point theory, exemplified by the Mountain Pass 

Lemma, offers robust techniques in this framework (Moameni, 2017). 

7.2. Fixed Point Theorems 

Fixed point theorems are an important tool in nonlinear analysis for investigating existence and 

stability of solutions of nonlinear equations in function spaces. Variational methods and fixed point theorems 

represent major techniques for establishing existence results within the framework of Sobolev spaces (Gargav 

et al., 2016). 
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Acknowledging the fundamental role that Sobolev spaces play in nonlinear analyses, a brief presentation of 

fixed-point principles provides a valuable introduction to the use of Sobolev methodology for tackling 

nonlinear problems. The scope is restricted here to a concise summary, aimed at setting the stage for 

subsequent applications. 

8. Sobolev Spaces in Functional Analysis 

Sobolev spaces underpin fundamental structures in functional analysis as well as in the theory of partial 

differential equations (Zheng et al., 2016). Consider an open set 𝛺 ⊂ 𝑅ⁿ, an integer 𝑘 ≥ 0, and 𝑝 ∈ [1, ∞]. A 

k-th order weak derivative of 𝑓 ∈ 𝐿ᵖ(𝛺) is an 𝐿ᵖ(𝛺) function g satisfying 

∫ 𝑓
𝛺

𝐷𝛼𝜙 𝑑𝑥 =  (−1){|𝛼|} ∫ 𝑔
𝛺

𝜙 𝑑𝑥 for all 𝜙 ∈ 𝐶𝑐
∞(𝛺). 

The Sobolev space 𝑊{𝑘,𝑝}(𝛺) is the Banach space of 𝐿ᵖ(𝛺) functions whose weak derivatives through k-th 

order are also in Lᵖ(Ω), equipped with the norm  

‖𝑓‖
𝑊{𝑘,𝑝}(𝛺)  =  ∑  {|𝛼|≤𝑘}  ‖𝐷𝛼𝑓‖{𝐿ᵖ(𝛺)}. 

This space extends readily to fractional and negative exponents 𝑘. The closure 𝐻𝑘(𝛺)  of  𝐶𝑐
∞(𝛺) with respect 

to 𝑊{𝑘,2} −topology is a Hilbert space (Mukherjee & Tice, 2023). The duality between these spaces is pivotal 

for various applications. 

8.1. Banach and Hilbert Spaces 

In functional analysis, a Banach space is a vector space equipped with a norm under which it is 

complete—that is, every Cauchy sequence converges within the space. A space that also possesses a scalar 

product and is complete with respect to the norm induced by this scalar product is called a Hilbert space; such 

a structure provides a rich geometric framework. Many Sobolev spaces fall into one of these two categories. 

When p is equal to 2, 𝑊{𝑘,𝑝} (Ω) is a Hilbert space, commonly denoted 𝐻𝑘(𝛺). For other values of 𝑝 , 

𝑊{𝑘,𝑝}(𝛺) forms a Banach space, sometimes labeled as 𝑊𝑝
𝑘(𝛺). This linear space encompasses functions on 

𝛺 with weak derivatives up to order k belonging to 𝐿𝑝(𝛺). 

Recall that distributions extend the class of functionals to include not only those representable by 

integration. Consider a bounded and open subset 𝛺 of 𝑅𝑛 and the Banach space 𝑊{𝑘,𝑝}(𝛺) for p in the interval 

(1, ∞), noting that its dual space is denoted by 𝑊{−𝑘,𝑞}(𝛺). Here, q is the conjugate exponent of p, satisfying 

the relation 1/𝑝 +  1/𝑞 =  1. 

8.2. Duality Theory 

Sobolev spaces play a central role in modern analysis and partial differential equations (PDEs). They 

enable the use of flexible function spaces for formulating and solving linear nonlinear PDEs. Numerous tools 

provide key links to functional analysis, nonlinear analysis, calculus of variations and applications. In 

particular, duality theory develops the relevant framework (Hao Ooi & Cong Phuc, 2020). 

Sobolev spaces can be viewed as spaces generated from Dirac measures, gradually built through 

Morrey spaces, which provide a framework for treating smooth function spaces up to dimensional 
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embeddings. For highly smooth data, the amplitudes capture global propagation scales, with Riemann–

Lebesgue parameters playing a universal role in the analysis of homogeneous operators and equations. 

9. Numerical Methods for Sobolev Spaces 

Numerical methods for Sobolev spaces systematically treat the approximate computation of functions 

residing in these spaces as well as the numerical solution of boundary value problems, whose solutions belong 

to some Sobolev space. Due to the conceptual difficulties involved in the approximate pointwise evaluation 

of measurable functions, it is usually more convenient to approximate the functions by some finite set of 

functionals. Thus one considers, for finite sets 𝛤₁, … , 𝛤𝑛  within the topological dual space 

𝑊{𝑘,𝑝}(𝛺)∗  𝑜𝑓   𝑊{𝑘,𝑝}(𝛺), the problem of approximating functions 

𝑓 ∈  𝑊{𝑘,𝑝}(𝛺) by 𝑎{1,𝑛}(𝑓)𝑔{1,𝑛}  + … +  𝑎{𝑛,𝑛}(𝑓)𝑔{𝑛,𝑛} 

for adequately chosen 𝑔{𝑖,𝑛} ∈  𝑊{𝑘,𝑝}(𝛺)  and linear functionals 𝑎{𝑖,𝑛}  mapping 𝑓 ∈  𝑊{𝑘,𝑝}(𝛺)  to a real 

number 𝑎{𝑖,𝑛}(𝑓) based only on a linear evaluation of f, i.e., 

𝑎{𝑖,𝑛} : 𝑊
{𝑘,𝑝}(𝛺)  →  ℝ,  𝑎{𝑖,𝑛}(𝜆₁𝑓₁ +  𝜆₂𝑓₂)  =  𝜆₁ 𝑎{𝑖,𝑛}(𝑓₁)  +  𝜆₂ 𝑎{𝑖,𝑛}(𝑓₂). 

The actual approximation then consists in computing 𝑎{𝑖,𝑛}(𝑓) with the help of minimal realizations of the 

functional evaluations in the classical sense and in performing additions and scalar multiplications with real 

numbers. As a first proof of concept for linear functionals in the classical sense, set for 𝛺 ⊂  ℝ𝑑 , 𝑛 ∈  ℕ, and 

points 

𝑡₁, … , 𝑡𝑛 ∈  𝛺, 𝛤𝑛: =  {𝛿{𝑡1}, … , 𝛿{𝑡𝑛}} 

 where 𝛿{𝑡𝑖} is the Dirac evaluation at 𝑡𝑖. For 𝛼 ∈  𝑁  
0
𝑑 with |𝛼|  ≤  𝑘, define furthermore. 

9.1. Finite Element Methods 

Finite element methods (FEM) are among the most popular discretization schemes used in scientific 

computing. Over the past few decades, the finite element exterior calculus (FEEC) framework has been 

developed to construct and analyze finite element methods for a broad range of linear elliptic problems, 

possibly with mixed boundary conditions (Gillette et al., 2012). Extending FEEC to parabolic and hyperbolic 

evolution systems thus holds considerable promise for developing new finite element schemes for various 

evolving systems in science and engineering. 

Arnold, Falk, and Winther demonstrated that mixed variational problems and their numerical 

approximations can be understood within the FEEC framework, which thus applies to many linear elliptic 

problems. Holst and Stern further extended the approach to semi-linear problems and to elliptic PDEs on 

Riemannian manifolds. Based on these foundations, it is possible to develop a further extension of FEEC to 

parabolic and hyperbolic evolution equations. Combining the recent FEEC results with classical semi-discrete 

finite element methods, one obtains a powerful general framework. Following Thomeé and Geveci, error 

estimates for Galerkin FEM approximations can be established in the most natural Hilbert space norms. This 

strategy extends results originally proven in two spatial dimensions to arbitrary spatial dimensions and a 
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family of mixed methods. The Holst–Stern framework also accommodates extensions to certain semi-linear 

evolution problems. 

9.2. Spectral Methods 

Spectral methods are a class of numerical techniques designed to resolve differential equations, 

producing solutions expressed as series of certain specified basis functions. These approaches permit the 

representation of partial differential equations (PDEs) as systems of ordinary differential equations (ODEs), 

which, upon temporal discretization, can be solved by means of established ODE solvers. This framework 

encompasses methods such as the Fourier pseudospectral and Chebyshev collocation velocities. 

An algebraic system of equations emerges from the spatial discretization of PDEs through these 

procedures. Techniques like Lagrange and Tchebychev orthogonal polynomials facilitate space–time 

approximations that culminate in linear systems, where the coefficients are encoded within matrices 

constituted from the fundamental polynomials. The solution of the resultant linear system provides the 

polynomial coefficients continually within the interval. Both time-dependent and steady-state solutions are 

approachable via this methodology. 

10. Recent Advances in Sobolev Spaces 

Partial differential equations (PDEs) and Sobolev spaces are among the most important mathematical 

tools in applied mathematics and engineering. PDEs allow the mathematical modeling of a broad class of 

physical and natural phenomena, covering applications including heat conduction, electromagnetic potential, 

fluid dynamics, solid mechanics, and more. Sobolev spaces form a rich function space framework with strong 

analytical foundations and useful as a rigorous setting for the analysis of PDEs. They typically allow natural 

existence, uniqueness, and stability proofs and form a convenient framework for embedding a wide range of 

boundary conditions. Selected applications of Sobolev spaces include nonlinear analysis, calculus of 

variations, and numerical approaches to PDEs and control-theoretic problems. Increasingly challenging 

mathematical contexts have encouraged the investigation of new versions of Sobolev spaces, including the 

introduction of fractional and nonhomogeneous definitions and extensions to Riemannian manifolds and other 

structures. 

Nonuniform Sobolev spaces are studied, i.e., spaces of functions whose partial derivatives lie in 

possibly different Lebesgue spaces. These arise naturally in the study of certain PDEs. Nonuniform fractional 

Sobolev spaces play a role in local estimates for solutions of heat equations and in the convergence of 

Schrödinger operators. Recent advances on local energy estimates for solutions of heat equations and the 

convergence of Schrödinger operators extend to nonuniform fractional Sobolev spaces (Chen et al., 2024). 

10.1. Fractional Sobolev Spaces 

Fractional Sobolev spaces extend the classical Sobolev theory by incorporating a fractional 

differentiation order, thus enriching the functional-analytic framework applicable to modern analysis and 

PDEs. The fractional Sobolev space 𝑊𝑠,𝑝(ℝ𝑛) with 𝑠 ∈ (0,1), comprises functions defined on ℝ𝑛 whose 

fractional derivatives, expressed as 
(𝜏ℎ𝑓−𝑓)

|ℎ|𝑠
 for translation operator 𝜏ℎ , are sequences in 𝐿 𝑃(ℝ𝑛)uniformly 



https://pijms.com/ 

                                   Pi International Journal of Mathematical Sciences                                                (59) 

bounded with respect to parameter ℎ. According to Jankowiak and Nguyen (Jankowiak & Hoang Nguyen, 

2014) , improved fractional Sobolev inequalities featuring effective remainder terms have been established, 

extending analogous results from the standard Laplacian to the fractional scenario and yielding refined 

constant estimates. By differentiation at critical endpoints, these developments lead to enhanced Moser–

Trudinger–Onofri-type inequalities on spheres and their Euclidean-space counterparts through stereographic 

projection. Characterizations via generalized Littlewood-Paley g-functions and Lusin-area functions, as 

demonstrated by Sato et al. (Shuichi et al., 2017) , establish the equivalence of 𝑊𝑠,𝑝(ℝ𝑛) membership to the 

inclusion of such functional operators within 𝐿 𝑃(ℝ𝑛), thereby furnishing interpretations compatible with 

metric-measure-space theory and facilitating the introduction of Sobolev spaces exhibiting smoothness indices 

in the interval (0,2]. Nonuniform variants, encompassing functions whose partial derivatives belong to distinct 

Lebesgue spaces, arise naturally in PDE analysis; their fractional counterparts have been instrumental in 

deriving local estimates for heat-equation solutions and convergence results for Schrödinger-type operators 

(Chen et al., 2024). 

10.2. Sobolev Spaces on Manifolds 

Sobolev spaces are pivotal for the study of linear and nonlinear partial differential equations (PDEs). 

As a consequence of elliptic and parabolic regularity theory, Sobolev spaces of arbitrarily large smoothness 

can be defined on sufficiently smooth manifolds; fractional-order spaces can be defined by interpolation. In 

geometry and topology, PDEs are often defined on manifolds not assumed a priori to be smooth but carrying 

a much weaker structure. The resulting geometric questions therefore lead to the need to analyze linear and 

nonlinear PDEs on nonsmooth manifolds. Sobolev spaces on nonsmooth metric-measure spaces are a subject 

of active study, but alternative methods are required to study such spaces on nonsmooth topological manifolds. 

Frequently, such topological manifolds arise as quotients of smooth manifolds by group actions. If the action 

is free, the quotient inherits a canonical smooth structure. In the absence of freeness, the quotient is not a 

manifold but rather a stratified space. However, if the group acts properly discontinuously and the stabilizer 

of each point acts trivially on the tangent space at that point, the quotient admits a canonical smooth structure. 

This condition is fundamental in the theory of orbifolds and Coxeter groups. (Ammann et al., 2004) A number 

of classes of non-compact manifolds, known as Lie manifolds, arise in connection with the Yamabe problem 

and the positive mass theorem. (Behzadan & Holst, 2018) A structural Lie algebra of vector fields associated 

with such a manifold determines a natural family of differential operators and a definition of the Sobolev 

spaces. The manifold's interior carries a complete metric unique up to Lipschitz equivalence that induces a 

Riemannian distance function also Lipschitz equivalent to those defined by other choices of metric. This 

metric defines bounded geometry on the interior, permitting the use of the exponential map. On the interior, 

the Sobolev spaces associated to the Lie structure can also be defined by partitions of unity or by requiring 

that the Laplace operator, associated to a compatible metric and computed with respect to an injective vector 

bundle morphism, of any order applied to the section belongs to appropriate 𝐿𝑝 spaces. The corresponding 

spaces of negative order consist of the duals of the (𝑝, 𝑞) −Sobolev spaces, where 1/𝑝 + 1/𝑞 = 1. 
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11. Applications in Physics and Engineering 

Sobolev spaces provide a consistent framework for estimating the degree of regularity of functions or 

distributions on arbitrary domains in . The formation of Sobolev spaces is guided by the idea that the physical 

energy of a system can be expressed in terms of integrals of functions and their derivatives up to a certain 

order. Therefore, the state of the system can be described as an element of the corresponding Sobolev space, 

and the governing equations prescribe relations between these spaces. For example, the case of a vibrating 

elastic string can be described by functions in an energy space formed using the energy of the stretching 

configuration and the energy of the motion. The wave equation can then be seen as a relation between states 

whose components belong to these spaces. This approach naturally leads to a theory of weak solutions because 

the model equations need only be satisfied in appropriate spaces of distributions (Manqoba Mavuso, 2017). 

Sobolev spaces appear systematically in many branches of Analysis and Partial Differential Equations. 

PDE models governed by conservation laws describe the evolution of mechanical systems under suitable 

constitutive relations and boundary conditions. The natural framework for these models is provided by 

Sobolev spaces because the physical quantities involved are measured by integrals of the corresponding 

functions and their derivatives. For instance, a use of Sobolev spaces to describe the motion of an elastic string 

demonstrates a direct relation with well-versed physical quantities and formulations (Chen et al., 2024). Other 

concrete applications of these developments appear in various parts of Physics and Engineering ranging from 

Fluid Dynamics to Elasticity theory. 

11.1. Fluid Dynamics 

Sobolev spaces are instrumental in the mathematical formulation of problems in fluid dynamics (Breit, 

2023). The motion of an incompressible fluid over a time interval is governed by the Navier–Stokes system if 

the fluid is viscous. Existence and regularity of weak solutions occupy a central position in current research. 

The problem has been studied extensively for domains with given moving boundaries. Velocity and pressure 

of the fluid are θ and π, respectively. The fluid density is normalised to unity. The variation of the fluid domain 

is described by ζ. Equations (11.10)–(11.19) generalise the required system. Part of the theoretical interest 

stems from the fact that the pertinent boundary conditions are given on a moving domain that is only Hölder 

continuous with respect to time. They prove the existence of boundary suitable weak solutions for the 

incompressible Navier–Stokes equation in a moving domain whose boundary is prescribed by ζ. The standard 

theory of maximal regularity applies to problems in domains with 𝐶2−𝛽 boundaries and boundaries that are at 

least Lipschitz in time. The authors extend this theory to domains with boundaries that are 𝐶2 in space and 𝐶𝛽 

in time with 𝛽 >  1/2 by exploiting fractional Sobolev spaces in time. 

11.2. Elasticity Theory 

Sobolev spaces are a common framework for studying the existence and regularity of solutions to 

systems of partial differential equations in a variety of applications, including fluid dynamics and elasticity 

theory. The formal theory of linear elliptic systems in bounded regions is well understood and provides a solid 

foundation for the corresponding theory on unbounded domains. Equations of anisotropic finite elasticity, for 
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example, are typically posed on an infinite domain, and the accompanying linearized problems lead to linear 

elliptic systems on ℝ𝑑. Without a Poincaré-type inequality, the construction of a natural function space setting 

for such problems is not straightforward, and the formulation and interpretation of appropriate boundary 

conditions is problematic (Ortner & Suli, 2012). 

A common approach to circumvent these difficulties is to work on weighted function spaces. These 

spaces, traditionally studied in the context of unbounded domains with complement sufficiently “thin” near 

infinity, have been extended over the years to include a wide variety of power-type or exponential weights on 

many different classes of unbounded both regular and irregular domains. This Note proposes a more direct 

approach to the construction of an existence, uniqueness and regularity theory tailored to linear elliptic systems 

of elasticity posed on an infinite domain within the framework of homogeneous Sobolev spaces. 

12. Computational Aspects of Sobolev Spaces 

In recent years, researchers have developed new software tools to aid in the numerical computation of 

solutions to problems posed in Sobolev spaces, while benchmark problems have also been formulated and 

analyzed for this purpose (Buffa & Ortner, 2009). Progress in the theoretical and numerical treatment of 

Sobolev spaces to PDE and nonlinear analysis provides a foundation upon which to build computational 

approaches for these benchmark problems. Finer a priori knowledge about the appropriate Sobolev spaces and 

their analytic properties can improve the accuracy of simulation strategies such as finite elements; thus, 

numerical analysis of elliptic problems and discontinuous Galerkin methods also contribute to the design of 

such tools. From the numerical treatment of nonlinear elasticity to the analysis of domain decomposition 

preconditioners, advances in Sobolev spaces and PDE are tightly interlaced with computational developments. 

13. Challenges and Open Problems 

Despite the well-developed theory and widespread applicability of Sobolev spaces, a number of 

fundamental theoretical and computational issues remain unresolved. 

On the theoretical front, the existence of minimizers for functionals with anisotropic Sobolev norms remains 

an open problem. The compactness and embedding theorems needed to secure the lower semicontinuity of 

these anisotropic integrals have not yet been established. Moreover, the exhaustive character and nonlinear–

linear (N–L) characterization problems for anisotropic Sobolev spaces are not fully resolved, limiting the 

possibility of a general framework to treat differential systems. Extending classical inequalities, such as the 

Morrey-Sobolev and Hardy inequalities, from isotropic to anisotropic Sobolev spaces also remains an 

outstanding challenge (Chen et al., 2024). 

From a computational perspective, the development of robust and efficient numerical methods for 

anisotropic Sobolev spaces is largely unexplored, while the design of numerical algorithms for nonlinear and 

coupled PDE systems that employ anisotropic function spaces is an evolving area of research (Zheng et al., 

2016). These challenges suggest several promising avenues for future investigation, including the 

establishment of anisotropic embedding theorems, the generalization of classical inequalities to anisotropic 

contexts, and the creation of advanced computational techniques for associated differential equations. 
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14. Future Directions in Research 

Sobolev spaces with derivatives in spaces of different order arise naturally when studying PDE 

solutions exhibiting directionally dependent smoothness. These nonuniform Sobolev spaces share 

fundamental properties with classical Sobolev spaces, including the Lebesgue embedding theorem and 

compactness results that allow weakly convergent subsequential extraction. Such spaces also admit 

corresponding versions of trace, extension, and pointwise characterization theorems. These results enable 

analysis of PDEs involving anisotropic smoothing and establish well-posedness and convergence of 

Schrödinger operators with delta-point interactions. Extensions to distributions and fractional derivatives are 

also considered (Chen et al., 2024). 

The convergence analysis of Discontinuous Galerkin (DG) discretizations for energy minimization 

problems necessitates theoretical tools beyond the linear framework. Broken Sobolev spaces with Sobolev 

indices in [1,∞) provide an appropriate functional setting; many classical Sobolev-space techniques generalize 

to this context. A compactness result states that from any bounded sequence in a broken Sobolev space, 

possessing uniformly summable jump terms, one can extract a weakly convergent subsequence whose limit 

lies in a classical Sobolev space of possibly lower index. This ensures that any weak limit of discrete global 

minimizers is a candidate solution of the continuous problem. The analysis defines broken Sobolev norms that 

incorporate jump contributions, establishes embedding theorems (including broken Poincaré–Sobolev 

inequalities and trace theorems), and introduces a reconstruction operator mapping broken Sobolev functions 

to Lipschitz-continuous functions—auxiliary results critical for the convergence analysis (Buffa & Ortner, 

2009). 

Methodological advances in the theory of function spaces with dominating mixed smoothness have 

wide-ranging applications. Leading results include limiting cases of Sobolev embeddings and convolution 

inequalities , hyperbolic wavelet approximation and multivariate trigonometric polynomial approximation 

with hyperbolic cross frequencies , approximation of multivariate periodic functions by trigonometric 

polynomials and nonlinear approximation with finite dictionaries , refined characterizations of function 

spaces, entropy numbers, and associated differential operators , Caldern–Zygmund-type conditions for 

generalized smoothness spaces , maximal inequalities , decompositions of distributions and their relation to 

Besov spaces , covering methods for Besov-type spaces , and sparse-grid algorithms for boundary integral 

equations (Schmeisser, 2006). 

15. Conclusion 

Advances in Sobolev Spaces underpin developments in modern analysis and the theory of partial 

differential equations (PDEs). Refinements in the understanding of embedding theorems and compactness 

properties of Sobolev spaces furnish sharper analytical and topological tools permitting the systematic 

treatment of linear, nonlinear, deterministic, and stochastic PDEs. The versatility of Sobolev spaces is further 

exemplified by their instrumental role in numerical methods and their broad applicability in fields such as 

continuum mechanics, fluid dynamics, elasticity, dynamical systems, and mathematical biology. 
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Sobolev spaces provide the key framework for formulating PDE problems in the context of weak solutions, 

expanding the range of solvable problems by accommodating less restrictive conditions on regularity. 

Embedding theorems play a pivotal part in alternative strategies for analysing nonlinear PDEs within the 

Sobolev-space setting, while new inequalities involving fractional Sobolev and Besov spaces support the study 

of fractional PDE models. The demand for deeper understanding and wider applicability has stimulated 

ongoing research into the properties of these functional spaces. Open problems pertain to the structural and 

qualitative behaviour of solutions to nonlinear PDEs. As a discipline, PDE theory continues to serve as the 

primary source of motivation for studies in Sobolev-space-related topics (Chen et al., 2024) (Buffa & Ortner, 

2009) (Anceschi et al., 2023). 
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