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Abstract

Morrey-Lorentz spaces, which are an extension of Morrey and Lorentz spaces, were introduced
by Ragusa [17] in 2012. Morrey spaces were introduced by Morrey [14] to investigate the
solutions of second-order elliptic partial differential equations. Lorentz [13] defined Lorentz
spaces and compared them with Lebesgue and Morrey spaces (see [13, Theorem 3]). In
particular, according to [13, Theorem 2], Lorentz spaces are separable, but Morrey spaces
are not. Lorentz spaces can be constructed by the real interpolation spaces of Lebesgue
spaces (see, e.g., [1]). Morrey spaces have weak Lebesgue spaces as proper subspaces. In
this study, by showing the proper embedding for Morrey-Lorentz spaces, we explained the
Morrey-Lorentz scale enjoys diversity. In addition, Morrey spaces are used to obtain the
Fefferman-Phong inequality (see (1)).

Olsen’s inequality represents the weighted boundedness of fractional integral operators
on Morrey spaces (see [16]). Taking the gradient of functions, we see that this inequality is
an extension of the Fefferman-Phong inequality; for a potential V' > 0,

/n lu(z)[*V (z)dz < Cy /Rn |Vu(z)|* dz. (1)

According to [2, p. 143], this inequality is a necessary condition for the positivity of the
Schrodinger operator —A — V. This is such an important problem that one considers the
optimality of the constant Cy appearing in the above estimate. As a result, when V be-
longs to some Morrey spaces, Olsen proved the above estimates. Since then, many authors
have investigated generalizations for Olsen’s inequality, including generalized Morrey spaces
[19], Orlicz-Morrey spaces [18, 3| of various types, and mixed Morrey spaces [15]. In par-
ticular, according to [20, Proposition 4.1], we can no longer relax the condition on the local
integrability (see [19]).

Olsen’s inequality cannot simply be proved by a mere combination of the Holder inequality
and the boundedness of the fractional integral operator on Morrey spaces. Seemingly, Olsen’s
inequality can be obtained by combining boundedness of the Riesz potential and Holder’s
inequality; however this is not the case. To this end, the proof of this inequality is very
difficult, and many authors have given alternative proofs. Tanaka [21] used the Calderdn-
Zygmund decomposition for the family of dyadic cubes to additionally give the vector-valued
extension. In addition, lida et al. [12] provided the atomic decomposition for Morrey spaces,
and as an application, they proved Olsen’s inequality. In [5], the author applied Tanaka’s
method to the generalization for its inequality. In this thesis, we refer to the ideas from the
paper by lida et al. to obtain an extension to its inequality for Morrey-Lorentz spaces. We
gave the main theorem as follows:



Theorem 1. Let 0 < a<n, 1 <p <pp<oo, 1l <qg <qg<oo,1<r <ry<oo, and
0 < po, 1y < 0. Assume that

If we suppose either of the following;
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then we have
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for any non-negative f € M (R™) and any g € WM®(R").

The Taylor and Fourier expansions are classically well known as decompositions of func-
tions classically. Decomposing functions yields approximations of functions. In this thesis,
we employ our “atomic decomposition” as a method for decomposition. The Taylor and
Fourier expansions use some power and trigonometric functions, respectively, while atomic
decomposition uses some functions with compact support that are orthogonal to polynomials
up to a fixed order. The origin of atomic decomposition goes back to the investigation of
Hardy spaces. We provided the atomic decompositions for Hardy-Morrey-Lorentz spaces as
follows:

Theorem 2. Suppose that the parameters p,q,r, s,t,v satisfy
0<g<p<oo, O0<r<oo, 1I<t<s<oo, 0O0<ov<l,

g<t, p<s, wv<min(qr).
Assume that {Q;}52, C Q(R™), {a;}32, € WM (R™) NPy, (R"): and {;}52, C [0,00) fulfill
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Then, f = Z;’il Aja; converges in S'(R™) and satisfies

1
HfHHMsJ S,p,q,r,s,t (Z()‘jXQj>U> . (2)
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Theorem 3. Suppose that the real parameters p, q, r, and K satisfy

0<g<p<oo, 0<r<oo, KENOO(E_TL_LOO)7
qo
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where qo :=min(1,q). Let f € HM? (R"). Then, there exists a triplet

{12 cl0,00), {Q}52 € QRY), and {a;}52, C L¥(R") N P(R")

such that f =372, Nja; in S'(R") and that for all v > 0,

1
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This paper presents the author’s achievements, systematically combining [5, 9].

Additionally, the present author investigated many kinds of operators, including the
boundedness of bilinear fractional integral operators of Grafakos type [4, 11], universality
of neural networks with ReLLU activations [6], boundedness of composition operators on Mor-
rey and weak Morrey spaces [7], predual spaces of weak Orlicz spaces [8], and pointwise
multiplier spaces from Besov spaces to Banach lattices [10].

References

1]

2]

J. Bergh, J and L. Lofstrom, Interpolation spaces, An introduction. Grundlehren der
Mathematischen Wissenschaften, no. 223. Springer-Verlag, Berlin-New York, 1976.

C. L. Fefferman, The uncertainty principle, Bull. Amer. Math. Soc. (N.S.) 9 (1983),
no. 2, 129-206.

V. S. Guliyev, S. G. Hasanov, Y. Sawano and T. Noi, Non-smooth atomic decompo-
sitions for generalized Orlicz-Morrey spaces of the third kind, Acta Appl. Math. 145
(2016), 133-174.

N. Hatano, Bilinear estimates on Morrey spaces by using average, Anal. Math. 46
(2020), no. 2, 283-291.

N. Hatano, Fractional operators on Morrey-Lorentz spaces and the Olsen inequality,
Math. Notes 107 (2020), no. 1-2, 63-79.

N. Hatano, M. Ikeda, I. Ishikawa and Y. Sawano, A global universality of two-layer
neural networks with ReLLU activations, arXiv:2011.10225.

N. Hatano, M. Ikeda, I. Ishikawa and Y. Sawano, Boundedness of composition operators
on Morrey spaces and weak Morrey spaces, J. Inequal. Appl. 2021, Paper No. 69, 15.

N. Hatano, R. Kawasumi and T. Ono, Predual of weak Orlicz spaces, arXiv:2104.12045.

N. Hatano, R. Kawasumi and Y. Sawano, Sparse non-smooth atomic decomposition of
quasi-Banach lattices, preprint.

N. Hatano, T. Nogayama and Y. Sawano, A remark on the paper “Vector-valued oper-
ators with singular kernel and Triebel-Lizorkin block spaces with variable exponents”
by Kwok Pun Ho, to appear in Kyoto J. Math..

3



[11] N. Hatano and Y. Sawano, A note on the bilinear fractional integral operator acting
on Morrey spaces, Trans. A. Razmadze Math. Inst. 173 (2019), no. 3, 37-44.

[12] T. lida, Y. Sawano and H. Tanaka, Atomic decomposition for Morrey spaces, Z. Anal.
Anwend. 33 (2014), no. 2, 149-170.

[13] G. G. Lorentz, Some new functional spaces, Ann. of Math. 51 (2), 37-55 (1950).

[14] C. B. Morrey Jr., On the solutions of quasi-linear elliptic partial differential equations,
Trans. Amer. Math. Soc. 43 (1938), no. 1, 126-166.

[15] T. Nogayama, T. Ono, D. Salim and Y. Sawano, Atomic Decomposition for Mixed
Morrey Spaces, J. Geom. Anal. 31 (2021), no. 9, 9338-9365.

[16] R. A. Olsen, Fractional integration, Morrey spaces and a Schrédinger equation, Comm.
Partial Differential Equations 20 (11-12), 2005-2055 (1995).

[17] M. A. Ragusa, Embeddings for Morrey-Lorentz spaces, J. Optim. Theory Appl. 154
(2012), no. 2, 491-499.

[18] Y. Sawano, D. I. Hakim and H. Gunawan, Non-smooth atomic decomposition for gen-
eralized Orlicz-Morrey spaces, Math. Nachr., 288, no. 14-15, 1741-1775 (2015).

[19] Y. Sawano, S. Sugano and H. Tanaka, A note on generalized fractional integral opera-
tors on generalized Morrey spaces, Bound. Value Probl. 2009.

[20] Y. Sawano, S. Sugano and H. Tanaka, Generalized fractional integral operators and
fractional maximal operators in the framework of Morrey spaces, Trans. Amer. Math.
Soc., 363, no. 12, 6481-6503 (2011)

[21] H. Tanaka, Morrey spaces and fractional operators, J. Aust. Math. Soc. 88 (2), 247-259
(2010).



