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Abstract. We introduce a new function space, dubbed as the Barron spectrum space,
which arises from the target function space for the neural network approximation. We
give a Bernstein type sufficient condition for functions in this space, and clarify the
embedding among the Barron spectrum space, the Bessel potential space, the Besov
space and the Sobolev space. Moreover, the unexpected smoothness and the decaying
behavior of the radial functions in the Barron spectrum space have been investigated.
As an application, we prove a dimension explicit L7 error bound for the two-layer
neural network with the Barron spectrum space as the target function space, the rate
is dimension independent.
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1 Introduction

Several target function spaces have been scattered in the literature for the neural network
approximation, such as the potential space, the reproducing kernel space [23,29,42], the
Sobolev space [44], the Besov space [17] and its variant of the dominating mixed smooth-
ness [54], among many others. In Barron’s seminal work [2], he proved that for a func-
tion that has a finite first moment of the magnitude of the Fourier transform, the con-
vergence rate for a feedforward artificial neural network with sigmoidal nonlinearity is
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O(n~1/2) with n the number of the neurons. Roughly speaking, such function class may
be rephrased as

f has Fourier transform  f with /d]fo(x)|dx<oo. (1.1)
R

For any f € L'(R?), its Fourier transform is defined by

f@)= [ fee 2 cax,

The novelty of this result lies in the fact that the convergence rate is independent of the
dimension of the ambient space, and cracks the curse of the dimensionality [4, 16]. The
spectrum norm was extended to second order to study the approximation rate for hing-
ing functions by Breiman in [9]. Hornik et al [26] introduced the spectrum norm of arbi-
trary positive integer order m:

[ max{L|x|"} F(x)]dx

Several works have been devoted to study the spectrum norm in the literature; see [10,
§7.2] and [16,45]. In a series of work [19,20], E et al have defined a function class, which
is dubbed as Barron space. Barron space contains infinitely wide neural networks with
certain controls over the parameters, which depends on the activation function used in
the neural network. The relation among Barron spaces and the so-called Fourier-analytic
Barron space have been established in [11, §7]. They have studied the pointwise behavior
of the functions in Barron space, and have proved the direct and inverse approximation
theorems for the two-layer neural network approximation. It is worth mentioning that
the approximation class for the deep neural network have recently been investigated
in [19,24].

Motivated by (1.1), for s€R and 1<p<2, we introduce a new function space B , (le),
called Barron spectrum space, which consists of f € L (R?) with [p,|x[* |f(x)]|dx < oo (see
Definition 2.1). Compared with the original Barron class or the Fourier-analytic Barron
space, we include the LP-norm in addition to the spectrum norm and our definition is in-
dependent of the choice of the activation functions. It is a Banach space as shown in the
next part. We shall study the properties of Bs,(IR?) and clarify the relationship among
B; ,(R?) and certain commonly used target function spaces for the neural network ap-
proximation. For any s > —d/p and 1 <p <2, we prove the embedding

+d/
B;,l P(RY) — Bs,p (RY) — B (RY)

holds, where Bglq(le) is the Besov space with « € R and 1 < p,q <oco. With the aid of this
inclusion, we establish the embedding between Bs,p(le) and the Sobolev space. More-
over, we prove the relation between Bs,p(le) and the Bessel potential space. Another
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consequence of the above inclusion is that the function in B; , with a nonnegative index
s is smooth. We give a precise estimate for this statement; cf. Theorem 4.4. Moreover,
the smoothness of the functions in B, with a negative index s may be characterized by
LP—modulus of continuity as addressed in Section 3.

To understand the radial basis function neural networks [41], we study the radial
function in B (R?) with a nonnegative index s. Roughly speaking, the radial functions
in B, with certain p become smoother as the increasing of the dimension, though at
the expense of an exponentially large embedding constant with respect to the dimension.
Moreover, we prove a decaying result in the spirit of Strauss’ inequality [53], which shows
that the decaying rate of the radial function in B; ,(IR?) at infinity is (1—d) /2.

As an application, we derive the approximation rate of the two-layer neural network
with Bs ,(IR?) as the target function space. For the two-layer neural networks with com-
monly used activation functions, we prove L7 approximation rate with an explicit dimen-
sion dependence. The rate is O(n~79)) with (q) =min(1—1/4,1/2) and n the number
of neurons, which is dimension independent. This recovers the classical approximation
results [2,9, 30, 46, 48] when g =2, while we only need a target function with a smaller
smoothness index s. In case of 1 <g <2, the rate 1—1/g may be improved to 1/2 when
s>1/2. We conclude that B; ,(IR?) may also be used as a target function space for the
neural network approximation in high dimension.

Barron spectrum space B, (IR?) may be regarded as one realization of Barron’s def-
inition (1.1). It definitely admits other realizations such as f is a tempered distribution,
and endowed with merely the spectrum norm. This realization is a special case of the
so-called Fourier Besov space [27] or Fourier-Herz space [12, 33], which has been ex-
ploited to prove the global existence of the solution for Navier-Stokes equation [34] and
Keller-Segel equations [27]. We shall study the relationship among B ,(IR?) and this
realization as well as some other target function spaces in the neural network approxi-
mation [3,10,37,48], just name a few of them, in the future work.

The paper is organized as follows. In Section 2, we introduce the Barron spectrum
space and prove some basic properties. In Section 3, we give some sufficient conditions
for functions in the Barron spectrum spaces. In Section 4, we clarify its relation to the
Sobolev space, the Besov space and the Bessel potential space with suitable indices. In
Section 5, we discuss the decay behavior of the radial functions in the Barron spectrum
spaces. And in the last section, we show an application of the Barron spectrum space for
the approximation of two-layer neural networks.

Finally, we make some conventions on notation. Throughout this paper, we denote
by C a positive constant which is independent of the main parameters, but may vary
from line to line. The symbol f < ¢ means that there exists a positive constant C such that
f<Cg, and f 2 ¢ means that there exists a positive constant C such that f >Cg. Moreover,
f ~ g abbreviates f S¢S f. Given any p€[1,00], let p’:=p/(p—1) be its conjugate index.
Also, for any subset E C RY, XE denotes its characteristic function. For any x € RY, let
[x[l,:= (X9 |x;|")V/P be the ¢, norm of x with 1 <p <co. We may use |x| in lieu of ||x||,
without abuse of the notations. We denote the unit ball of the ¢; norm on IR¥ by B¢, whose
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volume is 2¢/d!. The ball of the /; norm on IR? centered at the origin with radius r >0 is
denoted by B{(r), whose volume is 2?r? /d!. We denote the surface area of the unit sphere
by wy_1,i.e., wg_1=21"2/T(d/2).

2 Barron spectrum space and its basic properties

Definition 2.1. Let 1 <p <2 and s € R. The Barron spectrum space consists of functions
f€LP(RY) satisfying

171, = [, Il 1)l <o,

Moreover, define

1£ 118, ey = I1f Il Lo ey + 11 N, -
We firstly show that B; ,(IRY) is a Banach space.
Theorem 2.1. (i) For 1<p<2and —oo<s< oo, lep(le) is a Banach space;

(ii) Bsp(IRY) is not a Banach space if the norm | f HBSP(IRf’) is replaced by ||f||,, whenever
s+d/p>0.

We shall frequently use the Hausdorff-Young inequality [50]. For any 1 <p <2 and
feLP(R?), there holds

1 ey < 15 ey 1)

LY

Proof of Theorem 2.1. (i) It is easy to verify that |- || 5, ,(Re) is anormand B (RY) is a linear

metric space. Thus, it remains to check that lep(le) is complete. For any Cauchy series
{fi };"’:1 in Bs ,(IRY), there exists f € LP(RY) such that

fim || =i ey =0

]—00

From the Hausdorff-Young inequality (2.1), it follows that

lim |7~ 7,

]—00

L 1Rd

Therefore, there exists a subsequence {f;, } such that

~

hmf]k( x)=f(x) ae x€R%

k—o0

Define a measure y by setting that for any measurable set E CIR?,

E :/ S da.
)= [l ax
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From the fact that {f;} is the Cauchy sequence in B, ,(IR?), it follows that

lim /IR 1Fi ()~ F (@) du(x) =0.

k,i— 00

This implies that there exists a subsequence {fj, } and g€ L'(y) such that

lim ]?]-km(x):g(x) p—ae xR

m—ro0

It is easy to verify that for any measurable set E CR?, u(E) =0 is equivalent to |E| =0.
This leads to
lim f; (x)=g(x) ae. xeR%.

m— 00
Therefore,
g(x)=f(x) ae. x€R?

and then f € B; , (RY). This proves that B; ,(R) is a Banach space.
(ii) If B, (R?) is also complete equipped with the norm |- ».» then by Banach'’s theo-
rem, we would have that for any f € B; , (le ),

1£1l5,., vty ~ £l -

Therefore,
£ e (rey S N F o, 22)
We shall show this is not the case by the following example.
Define

,
n
fn(x);: <22k(5+2d)¢k> (X),
k=1

where ¢ (x) =TT%, ¥ (x;) with

27k ¢, %z—k< |t <27k,

llbk(t) = ’f’ _27](,1, 2,](,1 < |t| < szk,
0, otherwise.

We only give the details for d =1 because the extension to d >1 is straightforward.
A direct calculation gives

1 & oksan 3mx 27mx X
fn(x)zmkgf (s+2) 2cos?—c057—cosy
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By trigonometric identity, we have

27tx X . TIX . bnx . 3nx
5 —cos? = —2sin i 2sin s +sin o)

5 3mx
cos ? —COS

Using the elementary inequality |sinx| <|x|, we obtain

En2x2
= 2 4k

3mx 27tx
2C0S—— —COS ——
2k

7 oS

This gives
n
fulx)|<4)2%,  |x<l.

Moreover, for |x| >1, we have

(1€ g 1242

Using the above two estimates, we get

full gy =2 |, Ifa(x)lPax
n p 2
2<sz(s+2>> <4p+<—2
k=1
)y
k=1

IN

Il
N
N

Hence,
1/ 2 1 \Y? K(542) < on(s+2)
[ frllprry <2777 4+7‘(2 <2P—1> Y 2 <2 :

This means that for any fixed #,
[ frllLr(r) <0
By the Hausdorff-Young inequality,

£l oy

n 1y
1)V ((s+1)p ~n(s+1/p).
i 4007 (L)

On the other hand, a direct computation gives

fully, = Y2 [ [xb()
k=1

]
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For such f, with sufficiently large n, it is impossible for the inequality (2.2) to be true
because the right-hand side of (2.2) is O(1), while the left-hand side is O(2") when
s > —1/p. Therefore, we conclude that B;,(R) is not complete endowed with merely
the spectral norm |[-||, . This proves the second statement and completes the proof of
Theorem 2.1. O

A direct consequence of the above theorem is
Corollary 2.1. For s€R, By 1(R?) is a commutative Banach algebra under convolution.
Proof. By Young’s inequality, we obtain that for any f,g € B 1 (R%),
||f*8||L1(1Rd) < Hf”Ll(le) ||8||L1(]Rd)-

Moreover,

IF#gl,= [ I g (lds= [ IxISLF s dx<|Lf 1, I8l mo
A combination of the above two inequalities leads to
Hf*gHBs,l(IRd) < HfHBS,l(JRd) HgHLl(]Rd) < HfHBS,l(JRd) HgHlel(]Rd)'
This proves the assertion. O
It is natural to discuss the chain of embedding for B; ,(R?) with varying s and p.
Theorem 2.2 (Monotonicity of Bs ,(R?)). (i) Let 1<p<2and —d/p<sy <s,. There holds

Bs, p(RY) < By, ,(IR?). (2.3)

(ii) Let 1<p<2ands>0. There holds
Bs1(RY) < By »(R?) < Bs o (RY).

Remark 2.1. We point that the inclusion (2.3) is proper. Indeed, consider the distance
function on IR:
f(x):=max(1—|x],0).

Thus, for any x € R,

]?(x) _ <sin7rx>2'

7TX

It is clear that
11|y = (27 (14p)) /7
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with 1<p<2. And for any —1<s<1,

71, =2 % soir’ I o [ wder 2, [T
) "

< 00.

s m2(1—s)
This implies that f € B; ,(R) with —1<s<1, while

2 [*sin?(7mx) 2 [®sin?(7mx)
1fllo, =~ ‘_T_MEﬁA‘fT_

:%(/ —dx—/ de>:oo.
7T 1 X 1 X

Hence f ¢ By, ,(R). This means that the inclusion (2.3) is proper.

dx

To prove Theorem 2.2, we need an interpolation inequality that connects the spectrum
norms of different orders, which is key to the properties of B; ,(R?). This inequality also
motivates our definition for B; ,(RY).

Lemma 2.1. Let 1<p <2and —d/p <s; <sy. There exists C(p;s1,52) such that for any
f € B, p(RY),

<C(pisus2) | FIT ey £ 110 (24)
where y = (52—51)/(52—1—51/;9) and

/p
14 24 )”
C(p;s1,82):= .
(pisvsa):==3 <<d+s1p><d—1>!

For large d, C(p;s1,52) ~ (2e/d)%2*1.

The dependence of C(p;s1,s;) on d is sharp by substituting f(x) =e~ %" into (2.4).
The proof of Lemma 2.1 is based on Fourier modes splitting.

Proof. Let K >0 be a constant to be determined later on. Decompose

£, = [ P [ 7l
b Jlxlh=K [l >K
By symmetry, we obtain that for any s > —d,
/ HxHidx:Zd/ (x1+---+xg)°dxg---dxy
Ix[l; <K Xyt g <Kxi>0

o0 oo rK
zzd/ / / #dtdy; ---dyg_
0 0 Jyit+-tya

K
zzd/ tS/ dyr---dyg_dt
0 nt+yi1<ty;>0

2d Kd+s

T @d=1)ld+s @3)
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It follows from the Hausdorff-Young inequality (2.1) and the above identity that

s1p 1y
e (L 7 a)
[[x[l; <K

i/ od 1/p
S1+
< (=) Wl

Joy < I35 el |7

On the other hand, it is clear that

/|x|1 €15 ()l dx <

Combining the above two inequalities, optimizing with respect to K, and then taking

Sz-‘rd/P)

7

/
_ [ s2—s1 Hvasz <(d+51p)(d—1)!>1/” 1/(
so+d/p HfHLp(]Rd) 24

we obtain (2.4). O

A direct consequence of Lemma 2.1 is the integrability of f for any function f €
B; ,(R?) with a nonnegative index s.

Corollary 2.2. Let s> 0 and 1< p <2. Then for any f € B ,(R?), there holds feLY(RY).

Proof. 1f s=0, then f € L' (RY) because

171 ey =111
If s >0, then we take s1 =0 and s, =s in (2.4). Thus,
1 1 gy = Mo S A e 1™ S 0 s, 26)
where y=s/(s+d/p). O

We are ready to prove Theorem 2.2.

Proof of Theorem 2.2. (i) By (2.4), we obtain

1 o, SIS N 2oty + (A =7) (1]

This immediately implies

Us, "

115, ey S 15l ey

and hence (2.3) is true.
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(ii) Using Corollary 2.2, we have that for any f € B;;(R%) with s >0, f € L'(R%).
Therefore, by the Fourier inversion theorem and (2.6) with p=1, we obtain

1 Nty < [ o S0y

L1(R¥)
Thus, forany 1<p <2,
1/ 1/
LNy < IF Py I oy SNy e

This proves that f € B, ,(IR?) and the embedding B; 1 (R?) < Bs ,(R?).
Next, invoking Corollary 2.2 again, we conclude that for any f € B; ,(RY), feLY(RY).
Therefore, using the Fourier inversion theorem again and (2.6) with 1 < p <2, we obtain

ey <[ g S -

L1(R%)

Thus, ,
11172 (g < <A ey 1 I ey

Combining the above two inequalities, we obtain

2—
11y S L S I - @7)
This proves that f € B;»(IR?) and the embedding Bs , (IR?) < B (RY). O

To deal with the endpoint for s=—d and p=1 in Theorem 2.2, we recall the definition
of real Hardy space H' (IR¥).

Definition 2.2. [51] The Hardy space H'(IR%) is defined by
H'(RY):= {f is a distribution | ¢ (f): =sup|@;* f| € L} (R?) },
£>0

where ¢ is Schwartz function with fle ¢(x)dx=1, and for all yGIRd and t€(0,00), gy (y):=
19(y/t). Moreover, define

HfHHl(IRd):: H§0+(f) HLl(IRd)'
Theorem 2.3. Let L{(IR?) be the subspace of L' (R?) with zero mean. There holds
H'(R?) — B_g1(R?) = Lj(R?). (2.8)

To prove Theorem 2.3, we need the following Hardy type inequality due to BOUR-
GAIN [5,6], and we refer to [22, Chapter 3, Corollary 7.23 with p=1].
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Lemma 2.2. There exists a positive constant C such that for any f € H'(RY),

-~

7|
oo M @ <Clf ey 9)

Proof of Theorem 2.3. We rewrite (2.9) as

£ 1oy S N ray

which together with
1 T ray < I W ey

yields that H'(R?) — B_; 1 (R?).
On the other hand, for any f € B_;;(R%), f € L'(R¥), and then f is uniformly contin-

~

uous. By [|f]|, , <oo, we conclude that f(0) =0. This implies

/IRdf(x)dxzo.

Hence f € L}(R?). This proves the second embedding of (2.8) and completes the proof.
O

3 Sufficient conditions for functions in Barron spectrum spaces

In this part, we give sufficient conditions for functions in Bs ,(IR?) with suitable indices.
We start with the characterization in one dimension. To this end, we firstly introduce the
LP—modulus of continuity: for any f € LP(R) with 1<p<oo and t € R, define

wp(fit): =+ =FO) o)
It is clear that w,(f;t) —0as t—0 for any f € LP(R).

Theorem 3.1. Suppose that f € LF(R) with 1< p <2 satisfies wy(f;t) < C|t|* with0<a <1,
then f € B; p(R) with —1/p<s<a—1/p.

The following example shows that Theorem 3.1 fails whens=a—1/p.
Example 3.1. Let1<p<2and —1/p<p<0, and let f be an even function with

1

:m, x>0.

f(x)
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A direct calculation gives

[ifeords=2 [~ (xxf)Pax
:2/01(x—l—x_ﬁ)_pdx+2/loo(x+x—l3)—de

1 )
SZ/ xpﬁdx+2/ x Pdx
0 1
_ 2 2
S 14+pp p—1

This shows f € LP(R).
Without loss of generality, we may assume 0 <t < 1. For any x > ¢, there exists a
constant 0 <8 <1 such that

[fxt) = f () [ =t (x+61)[ <t|f'(x)],

because 51
! _ 1_16357 -
|f (.’X)’— (x+x_ﬁ)2

is positive and decreasing for x > 0. This leads to
[ frn—f@Prar<e [If ()
t t
1 )
<(1-B)Pt (/ x—<1—ﬁ>de+/ x—Zde>
t 1

t1+pp tP
+3,71)
1-B)p—1 2p—-1

1 1
=(1=p)" [(1—/3)19—1 +2;9—1}“%'

<(1-p’[¢

On the other hand, a direct calculation gives us that for any x>0,

flatt) = f(x)| = f(x) = fx+1) <P

Hence,
tl +ppB

1+pp’

t
| 1fG4n =)<

Choose a =+1/p. Then, for any 0<t <1,
wp(f;1) <ClH".

By Theorem 3.1, we conclude that f € B; ,(R) with —1/p <s<p.
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Using [56, Theorem 126], we obtain the following growth property for f
1f(x)[~ x| B~1  for |x|—c0.

Hence,
oo
I£1l0,2 [ x| dx=co,

We conclude that f ¢ Bg ,(IR). This means the range of the index s in Theorem 3.1 cannot
be extended to s=a—1/p.

Proof of Theorem 3.1. By the Hausdorff-Young inequality (2.1), we obtain that for any
ke Nu{0},

PN
/ZkSIXI<2k+1|x| £ (x)[dx

1/p N , 1/p'
< / x|°P dx / X pdx)
<(foppnl7as) ([ )

1/p
<2k(s+1/p) </ met 1 jd p/d >
S [ A )
52k(s+1/P)Hf(._|_t)_f(.) e

Szk(sﬂ/p) Hf(_}_t) —f() H LP(IR%)
< oK(s+1/p—a),

where we have chosen t =27%=2 and have used the fact that for any |x| € [2F,2F+1),
|77 —1)2 =4sin’(7rxt) > 16x°12 > 1.

Summing up for all k, we obtain that for —1/p<s<a—1/p,

1 —~ b ~
— [ IxPIf)ldx+ Y [ |f(x)|d
o= [ e 3 [ s
<of /lxspdx)””u I T
- 0 LPI(]Rd) k=0

S TNy (1+Sp)1/P HfHLp RY) —|—ZZ (a=1/p=s)

< 0o.
This implies that f € B; ,(R). O

The high dimensional analog of Theorem 3.1 also holds true provided that
LP—modulus is replaced by a more general average operator. Let y be a finite Borel
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measure with unit total mass. For any f € R, we define the average operator: for any
feLP(RY) and for any x €RY,

Mif():= [ fetty)dn(y);
see [7]. For >0, let K be the set of all  whose Fourier transform satisfying
11— 7i(&)| ~min(1,|¢]*)  forany € R, (3.1)

Theorem 3.2. Let 1 <p<2,d>2and ¢>d/(2p). Suppose that u € K, and f € LP(R?)
satisfying

<Cltf*

t —_—
HMVf f LP(R7)
for some C >0 and 0<a <20. Then f € Bs ,(R?) with —d/p<s<a—d/p.

The index ¢ specifies the possible range of the Lipschitz order a, which limits the
range on the upper bound of s. Before proving the above result, we adapt some examples
from [7, §2] to show that K, may be realized.

Example 3.2. Let du(x) =do(x)/w,_1, where do(x) is the usual surface measure on the
unit sphere $?~!. For any t € R, the average operator M;: is the spherical mean M!

defined for any x € R4,

Mif(x)=—— [ fletiy)do(y).

B wd—l Ggd—1

In this case, for any ¢ € RY,
#(%) =jas2-1(I¢])

with j, the spherical Bessel function given by
ju(x)=2"T(v+1)x "], (x), x€R, (3.2)

where [, with v> —1 is the standard Bessel function of the first kind defined by

(x/z)v & ixcosf _: 2v
1/+1/2)F(1/2)/o e sin“’ 6d6. (3.3)

]V(x) = F(

By [8, Corollary 1.4], we have that for any ¢ € RY,
1—jas2-1(1¢]) ~min(1,[g]?).
Hence e K.

The next example concerns how to achieve a bigger index ¢ via a combination of the
spherical mean.
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Example 3.3. Define the average operator: For any x € R?,
t 2K\ 1 I+1 Al
I=1
The corresponding measure is
2\ & 2k
n=2(i) pen ()

where w=do(x)/w,;_1 is the normalized surface measure on the unit sphere defined in
the above example, and w¥ is its dilation by k. By [7, Example 2.9], we obtain that for any
CERY,

—f([¢]) ~min(1, ).

Hence, u € K.

Proof of Theorem 3.2. We distinguish p=1and 1 <p <2.
Let 1< p <2 firstly. Noting that for any £ €R?,

~

(MiLf=F)(&)=(7te) 1) f(2),

and using the Hausdorff-Young inequality, we have

Ly ]Rd

([ h-aear Feras)” <M

which, together with the estimate (3.1) yields

( /lbl/gf(c)v”dc) <HMuf f

Using Holder’s inequality, we obtain that for any k€ NU{0},
x[*| f(x)|dx
S FE ]

1/p R , 1/p
< / x|°P dx / X pdx) .
<(fopalt7as) ([

By (2.5) and the fact d+sp >0, we have

(3.4)

Lr ]Rd

/ ’x’spdx</ ’x’sp x< Wq— 12(k+1)(d+sp)'
2k < x| <2k+1 |x| <2k+1 d+sp
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It follows from (3.4) that

p/
<CP Pk

ragaeli 27k
/2k§|x|<2k+1’f(x)| deHM f f LP(RY) —

Using Holder’s inequality, the Hausdorff-Young inequality, and the fact that —d/p <s <
a—d/p, we get

< 1,d°/? / S|F(x)|d OO/
1£1l,, <max( )( \x\éllx’ |f(x)] x+k§% S

1/}7 o]
< s/2 / sp ra —k(a—d/p—s)
<max(1,d )<< |x|31|x| dx> Hf LP’(Rd)+CI§)2

1/}7 o]
<max(1a7%) (£4-1) (Hme(nzd)+C2S+d/”22_k("‘_d/p‘s)>
k=0

leslf(x)!dx>

< 00,

This proves f € B; ,(IR).
The proof for p=1 is exactly the same provided that we replace (3.4) by

sup [£(&)| < | Mpf—f

2|>1/t LY(R)

because the Hausdorff-Young inequality still holds true for p=1. O

Before closing this section, we extend Example 3.1 to high dimension to show that the
index a in Theorem 3.2 cannot be extended to « —d/p. This example is taken from [7].

Example 3.4. Let 1<p<2and —d/p < <0. Define

1

= E]Rd 0l.
FirEE CERAO

fx):
Let M;: be the spherical mean as in Example 3.2. By [7, eq. 3.5], we see that

|1

S
LP(R%)
with a =B+d/p.
By Theorem 3.2, we conclude that f € B; , (R?) for any —d/p<s<p. A direct calcula-
tion gives us that for any £ €R?,

~

F@ =i [ 07 Vaa(2mlgh .
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Proceeding along the same line that leads to [56, Theorem 126], we have that for any

ZeR\{0}: ~
F@)I~11e.
This implies
B| 7 R
£, [, JePIF@ldez [ dr=co

Hence f ¢ Bg,(R?). This means the range of the index « in Theorem 3.2 cannot be ex-
tended tos=a—d/p.

4 The relationship among the Barron spectrum space, the Bessel
potential space, the Besov space and the Sobolev space

We start with the embedding between the Bessel potential space and the Barron spectrum
space. Let « >0 and G, be the Bessel potential of order «, i.e., for any x € R4,

1 ' acd _nlx? 1 dt
Ga(X)—WA tze dr — (41)

Define the operator .#,: for any ¢ € LP(R?) with 1< p < oo and for any x € RY,

Zu(8)(x):=Gaxg(x)
for a >0 and .#(g): =g for a =0.

Definition 4.1. [50] Let «a >0 and 1< p <oo. The Bessel potential space ZF(R?) is the
set of the function f € LP(IR?) that can be written as f =.7,(g),g € L (R%). Moreover, the
norm of f is defined by

1N 2 rey = 181 L (o) -
Theorem 4.1. Let 1<p<2and a>s+d/p>0. There holds
L (RY) < B, ,(RY). (4.2)

The embedding (4.2) fails when a =s+d/p, because for 1 <p<2,s=—d/p and a =0,
there holds
B—d/p,p(le) —LF (le) :"%Op (le)'

We refer to Remark 4.1 for a further discussion about a =s+d/p #0.
Proof of Theorem 4.1. For any f € L (R?), write f =.7,(g) with g€ LP(R?). Recalling the
fact that for any x € R?, G, (x) = (1+47%|x|?)~*/2, we obtain

£l :/Rd 13 IGa(x)I|§(X)!dxSmaX(LdS/Z)/RdIXIS(1+47T2IXI2)*“/2!§(JC)Idx-
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A straightforward calculation gives

’x’sp q oo pspt+d—1 4
Xx=wy 1| ————55—7dr
/IRd (1-+472|x|?)pe/2 i 1/0 (1+472r2)pe/2

Wi_1 oo  pd—l+sp dr
_(2n)d+sp/o (1442)pe/277

Let t =tanf. Rewrite the above integral as

|x|5P _ Wi ez d—1+sp (a—s)p—1—d
/]Rd (11472 x[2)Pa/2 dx= (27t)d+SP/0 (sinf) (cosf) de
Wi d+sp (a—s)p—d
- z(zﬂ)d+spB< 5’ > , (4.3)

where for any z,w >0, B(z,w) is the beta function defined by
1
B(z,w)::/ 11— 1) v 1dt.
0
By Holder’s inequality, the Hausdorff-Young inequality (2.1) and (4.3), we obtain

£ 1L, < max(Le/2) |- (14472 [2) /2

LP(RY) HgHL”/(]R"’)

<max(1,d2) |- (14472 [2) /2

L (R ||g||LP(]Rd)
:CSHngf(]Rd)

with

/2 _ _
c, = max(Le )(wd—l)l/pBl/p d+sp (a=s)p=d\
(27r)s+d/p 2 2 2

The constant C; is finite provided that a >s+d/p > 0.
Next, via Young’s inequality and f(x) =.7,(g)(x), we have

HfHLP(IRd) < HGaHLl(JRd) HgHLP(]Rd): HgHLP(IRd): Hf“gf(JRd)'
This gives (4.2). O

Now we study the embedding between the Barron spectrum space and the Besov
space, which is defined by

Definition 4.2. [57] Let ®(IR?) be the set of all systems ¢ = {¢; 20CS (R?) such that

supp ¢0CF0::{x€1Rd | |x|<2},
supp ¢jCFj=={x€Rd |21 < IX|§2"“}, i=1,2,3,--.
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For every multi-index « there exists a positive number c, such that for all j=0,1,2,---,
and for all xeRY,
21V (x) | < cu,

and for every x € R?, YiZo¢(x)=1.
LetscRand 1<p,g<co. Let p={¢; =0 € ®(R?). Define

By (RY):={ f €7 (RY) | |[flp,, ey <0 }

© A V|1 1/
s = 2/%4 ; .
||fHBplq(IRd) (E) <‘P]f> Lde))

Theorem 4.2. (i) For 1<p<2,and s> —d/p, there holds

with

BT (RY) < By (RY). (4.4)

(i) If1<p<2and a>s+d/p>0, then for all 1 <q < oo,

B} ,(R?) = By , (RY). (4.5)

(iif) For 1<p<2ands€lR, there holds
Bs p(RY) < BS, 1 (RY). (4.6)

Taking s =0 and p=1 in (4.4), we find that the Bump algebra B{ | (R?) [40] embeds

into By1(IRY). The Bump algebra has been used as the target function space in [17] to
measure the degree of approximation for the neural network.

Proof. (i) For any s> —d/p and for any 1<p <2, It follows from the facts [57, Proposition
2 §2.3.2 and Proposition, §2.5.7]

B "P(R?) — BY, (R) — LV (RY).

pl
This gives that
ARG HfHB;d/p(le)' (4.7)
It remains to bound | f ]|, -
By definition,
supp ¢ #D

implies that |[j—k| <1, j,k=0,1,---.
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A direct calculation gives that for any j=0,1,--,

/2
/ [ du < 20+ @rsp) MAX(L AP )Wy
j d+sp

By the Hausdorff-Young inequality, we get

| I Felar= [ 1o Feolax

Tik=0
]+1
L [ Ixlligx)I7oldx
k=j—1
]+1
L [ Ixliloroldx
k j—1

]+1

1/p 1/p'
sp
< 2 (et dx) ([ jostoreorar)

d 2 1/p
< <2 P max(1,d" )w‘i_1> Di(std/p) Z H oif)”
d+sp el

LP(RY)

Therefore, summing over j, we obtain

URSWARHISEE

d+sp sp/2
<3 <2 max(1,dP/%)w,-q

) B
S B (R (4.8)

which together with (4.7) leads to
115, e S I

LP(RRY)

s+d/ .
BLHY7(RY)

This gives (4.4).
(ii) Forany a >s+d/p>0,1<p<2and 1 <gq<oco, we rewrite (4.8) as

HfHUS<Z2’ )| (g,f)

LP(RY)

1/q o 1/q
2q’f(s+d/p—a)>
L) (£

j=0

<22’W 4; f

SN 1lgs, ray -
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Moreover,
B; .(R?) < B) | (R) — LP(RY).
This gives
Hf”LP(]Rd)rSHf”Bglq(]Rd)'
A combination of the above two inequalities leads to (4.5).
(iii) For any f € B, with 1<p <2, by Corollary 2.2, there holds

© AV
Hf’|BZO,1(]I{d) = ;)2]5 (‘ij) < 22]5 ‘P]f L1(RY)
= Hgbof L1(R?) +22]S ('b] L1(RY)

<\

-
Ll(wﬁg /rjuxul Fo)ld

Sl + [ I 1Fldx S 11,
This gives (4.6).

The endpoint s = —d/p in Theorem 4.2 is subtle. We have the following result.

Corollary 4.1. (i) There holds
BY | (R") = B_41(RY).

(if) For 1<r<p<2, there holds
B) 1(R)NL"(RY) = B_g/p,,(RY).

21

(4.9)

(4.10)

Proof. (i) The first embedding (4.9) is a combination of the following well-known fact [57,

Remark 2 in §2.5.8]
By (RY) = F),(R") =H'(R)
and the embedding H'(R?) < B_;;(R?) proved in Theorem 2.3.
(ii) To prove (4.10), we firstly claim

- 2wy 1\ MY
—d/ d—1
[ ) ldx <3 (Z) il .

Given the above inequality, using the Hausdorff-Young inequality, we have

£, < /xgrxr—d/*’rﬂx>rdx+ R OIE

<(fpoerres) "7

1/r d 1/p
pwgi_q 4%wy 4
< _
= <d(p—1’)> ||f||L’(]Rd)+3< d > ||f||Bg/1(]Rd)’

L( IRd

#2000 [ (1)) o)

(4.11)
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which together with (4.7) gives (4.10).
It remains to prove (4.11). We follow the line that leads to (4.8). A direct calculation
gives

2 2d
/(1+]x!)’ddx§wd_1/ pi-ldy =412
To 0 d

and for j €N, there holds

1+ |x]) dx= L P 42w, (n2
A( +|x|) x—wdfl/;],_l m r_wdfl/zj—l r r=2wy_1In2.

j
For j=0,1,---, using the Hausdorff-Young inequality, we obtain

j+1

J AP ldx= [ Q) () F(x)

Y k=j—1
]+1

L 0D g f ol

k]l
j+1

R —
<(P9)" 8 0

Therefore, summing over j, we obtain

[ @) P 1F )l dx < ﬁ) el ol
1/p
§3<2da[;dl> PZH "

Zdwd_ r
§3< 7 1) 1 W5, (re)-

This yields (4.11) and finishes the proof. O

A combination of Theorem 4.2, Corollary 4.1 and embedding (4.6) yields the following
chains of embedding.

Corollary 4.2. For1<p<2ands>—d/p,

B (R) = By (R) < B, 1 (RY),
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and
B (RY) = B_41(RY) = B4 (RY),
B)1(R)NL'(RY) = B d/,,,,(m% VPRY),  1<r<p<2.

As a consequence of Theorem 4.2, we establish the relationship between the Sobolev
space and the Barron spectrum space.

Definition 4.3. Let s >0 and 1< p <. The Sobolev space W*(IR%) is defined as a class
of functions that together with all the distributional derivatives of order less than s are in

L?(R%) with finite norm
[VEf(x) = VEf () IP
LP(RY) </H{dA{d ’x y|d+ s—k)p dxdy ’

where k= |s] is the integer part of s. The double integral is dropped when s is an integer,
and we make the obvious modification when p = co.

Hf”WSfP(]Rd): HVﬁf
1Bl <k

Theorem 4.3. (i) If1<p<2and a>s+d/p>0, then
WP (RY) < B ,(R?). (4.12)
(ii) If s> —d is not an integer or if s> —d is an integer and d > 2, then
Wt (RY) — By 1 (R?). (4.13)

The inclusion (4.12) essentially fails for « =s+4d/p with 1 < p <2; see Remark 4.1.
To prove Theorem 4.3, we need the following Hardy type inequality proved in [32].

Lemma 4.1. Let k€N and d >2. There exists C such that for any f € WF1(R?),

[ ldr<c | o4

LY( IRd

Proof of Theorem 4.3. (i) To prove (4.12), we distinguish the following two cases.

Case a). If a is not an integer and a >s+d/p with 1 <p <2, then the embedding (4.12)
follows from (4.5) with g = p and the equivalence between the Sobolev space and the
Besov space, i.e.,

WP (R?) =Bj ,(R?) < B, ,(RY).

Case b). If a is an integer and a >s+d/p with 1 <p <2, then (4.12) follows from (4.5)
with g =co and the embedding W*" (R%) — B%,oo(le ), i.e

WP (RY) = By o (R?) — By, (R?).
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(ii) When s+d is not an integer, we obtain (4.13) by taking p=1 in (4.4) and the equiv-
alence B} }?(R?) =Wst41(R?).
If s+d is an integer, then we take k=s+d >0 in Lemma 4.1 and obtain

110, <[ 9| e

This immediately implies
1 1,y (rey SIS i ey -
Hence (4.13) is valid. O

We also study the relationship between the Barron spectrum space and the Sobolev
space in another direction. The starting point is Corollary 2.2, which shows that Fourier
inversion theorem is valid for any f€8; , (R?) with s>>0, and we may study the derivative
of f. We firstly introduce the Holder space C*(IR%); see [57].

Definition 4.4. Lets>0, k= |s] and y=s— [s]. The space C*(R?) is defined as a class of
k—th order differentiable functions f with finite norm

1 £l s (ray: = sup | £ (x) [+ max sup [V f(x)|

xeR4 H“HIkaele
o vl
fmax sup VSOV
o=k yeRrd x 2y [x—y|
Theorem 4.4. Let 1<p<2ands>0. Then
Bs p(R?) — C5(R7) (4.14)
with
I9°F oo < @ IIf N, when s€NU{o}. (4.15)
and

VEF ()~ V() | <27 L) fll, Jx—y|" s xyeR? and k=|s]. (4.16)

Theorem 4.4 shows that any function in Bs,(IR?) with a nonnegative index s is a
smooth function. In particular, any function in B; ,(R?) with s€(0,1) is a Holder function
with a Holder constant 2(277) (14-d%/2) || f ], .

Proof of Theorem 4.4. (i) By Corollary 2.2, we obtain f e L!(R?) for any f e By, (R?). There-
fore, the Fourier inversion holds true: For a.e. x € RY,

flx)= [ F(&)e*m™eae.
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This implies that f is a bounded and continuous function and

1fllcoray SN f s, (mey -

Next, for any j€{1,---,d} and —oo <h < o0, we write, for a.e. x eRY,

f(x+he‘)—f(x) o T [} nx-éeiznhgj_l
]]1 = Rdf(g)e2 Tdé-

By the fact that || ||, <oco, we conclude that for any j€ {1,--,d},

J ; 3 i27Tx-
a—i(X)=2m/Rdéjf(§)e2 €d¢ ae x€RY, (4.17)

and hence V f is continuous and

IV fllcoray <2711l -

This immediately implies the embedding (4.14) with s=1.

Suppose (4.14) holds true with s=Fk. This means that for any f € By ,(R?), f € C*(IR?).
We are ready to prove that (4.14) is also valid for s=k+1. By Theorem 2.2, we obtain that
forany f € Biy1,(RY), f € By ,(RY) and then

a“f(x):(27ri)k/ﬂid§“f(é)ei2”x'éd§ ae x€RY,

where ¢% =¢!---Z}* with nonnegative integers &; and ||a||; = || (a1,---,a4) ||, =k. By the
inductive hypothesis, we have

s

k
COR < @) f1l, , (re) - (4.18)

Proceeding along the same line that leads to (4.17), we write that for any je{1,---,d}, he R
and [, =k,

. N R ‘ i2nh§j_
P lakhey) =) ~ @)t [ FF@ET I de ne xeRY

From the fact that || ||, A <oo, it follows that for any j€ {1,---,d},

%(3{) — (27Ti)k+1 /Rdéaéjf(g)eiznx.gdél se xEeRY.

In particular, we obtain that for any multi-index a with ||a||; =k+1,

9% f(x) = (271i) <1 /R @6z, ae xeRY 4.19)
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This immediately gives us that for a = (aq,---,a4) with ||a||; =k+1,

IV fllcoqmay < @) I,

which together with (4.18) gives that the embedding (4.14) is valid with s=k+1. By induc-
tion, the embedding (4.14) is valid for any s € IN. The estimate (4.15) follows from (4.19).

(ii) Recall that B; ,(RY) < B ,(IR?) by Theorem 2.2. Then for any s >0 with k= [s]
and f€B; ,(RY), we conclude f €Bx,p (RY). Hence the identity (4.19) is true with ||a||, =k.
Thus, for any a.e. x,y € R4,

a“f(x)—a“f(y):(2m)"/wg“]?(§) (eiznx-g_eizny.g> dz.

By the inequality that for any x,y,& € R,

P2 _ pi2my ‘ <min(2,27|x—y||&]),

we write, for any a.e. x,y € RY,

0 f) -0 f () | < ) [ [aIF17(@)|
<@m* [ I2I1f(@)|min(2.27x—yll¢])de
) I (< IO
vt [ @)l

I§1>71x

i27XE _ pi2my ‘ dz

A direct calculation gives us that
k 7 d Sz 1—7| 7y d
N 1ol (N 4 < R FOO1E:
< eyt [ RGEHEGIES
—yl

gt
< Ha—y|" 7 f]

(%4

and
k|7 s —Y| 7
de= [ 7IF(©)]d
J N 3 OIS I 4 H G
< (V) lx=y[" |1,
Combining the above three inequalities, we conclude that for any a.e. x,y €RR?,

[0 f(x) =% f(y)| <27 (1+d72) || f |,

x—yl|". (4.20)
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This together with (4.18) immediately implies

||f||cs(1Rd)5”fHBs,p(JR"’)‘

Hence the embedding (4.14) holds true when s is positive but it is not an integer.
The estimate (4.16) follows from (4.20). O

The proof of Theorem 4.4 is elementary and it yields the precise estimates (4.15)
and (4.16). If we give up these two estimates, then the relation (4.14) may be proved
in a much simpler way. Resorting to the relation (4.6), and using B, , (R?) < BS, o (R?),

we get B; ,(RY) < BS, ,(R?). This immediately implies (4.14).

Remark 4.1. It follows from Corollary 4.2, Theorem 4.3 and Theorem 4.4 that the Barron
spectrum space is an intermediate space among certain Besov spaces and certain Sobolev
spaces. We may also exploit these results to show that the embedding (4.12) is sharp.

(i) If s is a non negative integer and & >s+d/p with 1 <p <2, then

WP (R?) < By ,(R?) = C3(IR?) — W*(RY). (4.21)

(i) The embedding WT4/P#(R?) < B, ,(IR?) fails when s >0 and 1< p <2. Otherwise,
we would have
WeH/PP(RY) — By, (RY) — C*(R?).
Hence Ws*4/P.P(RY) — C*(R?) for 1< p<2. This is absurd.

The exceptional case is p=1, i.e.,

WL (RY) — By (R?) = C(RY) W ®(R?)  seNU{0},d>2,
W R — B, 1 (RY) = C*(RY)  s>0,s¢NU{0}.
(ili) The inclusion .Z" , y p(le) — Bs,p(RY) essentially fails for 1 < p < 2 because
,i’;id/p(]Rd) =Wst4/PP(R?) when s+d/p is a positive integer.

5 The radial functions in 5; ,(R?)

The functions with rotation symmetry in Bs,(IR?) frequently appear in the radial basis
functions neural network; see [23,41]. Denote by B§?§(IR‘1 ) the set consisting of radial
functions in Bs,(IR?). The theorem below shows that the functions in Bgf‘;;i(]Rd) with
certain p are smooth, and they become smoother as increasing of the dimension, while at
a cost of an exponentially large embedding constant with respect to the dimension.



28 Y. Meng and P. B. Ming / Commun. Comput. Phys., x (202x), pp. 1-40

Theorem 5.1. Let d>1,1<p<2d/(d+1) and s>0. Then
1 /
BE(RY) — Wa+/7).2 (IR (5.1)
with

VAq )
I tersmnage < (Y52 +CE0 ) 1l

where for d >3,

d_l 1/P _d+1 d
Ad:5<%> (T(d/2))@ 0 2,

p vy
A2:<n2<4—3p>> '

Remark 5.1. The remarkable point of this theorem is that the smoothness index of the
functions in Bsff‘;;i (R?) may exceed s when 1< p<2d/(d+1) and d is sufficiently large, i.e.,
d>sp’. Tracking the constant in (5.1), we find it is exponential large with respect to d, i.e.,

and for d=2,

d/(4p’ .
Imbedding constant ~ <2—7re> dt/ 14l as d— oo.

It follows from (5.1) that B3 (R?) < W*/22(IR?). This means that the radial functions

in B, 1(IR?) do not become smoother in high dimension. This may be due to the fact that
the Fourier transform of the radial function in L!(IR?) does not have a uniform decaying
rate at infinity; see [52].

To prove Theorem 5.1, we recall the following representation formula for the Fourier
transform acting on the radial function, which may be found in [52, Theorem 3.3 in
Chapter IV and p. 155, footnote 8].

Lemma 5.1. Let d >2 and Bessel function J;_), be as in (3.3). Suppose f is a radial function
in LP(R?) with 1< p <2, thus f(x) = fo(|x|) for a.e.x €R?. Then the Fourier transform f is
also radial and has the form f(x) = Fy(|x|) for all x € R, where

Fo(lx]) = Fo(r) = —7= 2/2/ fo()J4—2) 2(27trs)s" 2 dis.

We also need a pointwise estimate for the spherical Bessel function.
Lemma 5.2. Let j, be the spherical Bessel function as in (3.2).
i) Ifv>1/2, then for any x >0,

i (x)| <5002V (v+1) |x| /2. (5.2)
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(ii) There holds
. 2
sup|x'/Zjo(x)] </ = (5.3)

x>0

The estimate (5.2) may be proved by checking the constant in [43, Theorem 2.1],
and (5.3) may be found in [55, Theorem 7.31.2].

Proof of Theorem 5.1. We prove p=1 firstly. Using Holder’s inequality and the Hausdorff-
Young inequality, we obtain

|l FPax <1,

It follows from (2.7) that

N 1 2
Pl gy SN 17y < 15 s,

Lo (]Rd

1£ 12 ray < C(L0,) I f I, -

A combination of the above two inequalities gives (5.1) with p=1.
It remains to consider 1 < p<2d/(d+1). For any f € B;f}fl(le), let f(x)=fo(|x]). By
Lemma 5.1, we have

~

Fy =it [ fuaa(@mrlx]) folry . (5.4

We firstly assume d > 3. It follows from Holder’s inequality that

‘/0 jd/2—1(27Tr]x])f0(,,)rd—1dr

%) i 1/p %) ' 1/P/
<([T1nwretar) ([l eolp-ar)
1 | (s tas)
= i /2 Ps?—ids )
1/ , 1f] LP(R9) </ Jd/2—1(5)|" 8 )
w, h(2m|x|)*/ P 0
Note that for v>0,
1 — F(V+1) & ixcosf _:. 2v
]V(x)_F(v+1/2)1“(1/2)/0 e sin“’ 6do,
which immediately implies
. I'(v+1) T,
< v =1. )
|]”(x)|—r(u+1/2)r(1/z)/o sin”6d6=1 (5:5)

Let K> 0 be a constant to be determined later on. By (5.5), we get

K K K4
i i d—ld </ d—ld ——
[ liaa@l's s < st 1ds =
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Using (5.2) and noting 1 < p<2d/(d+1), we obtain

[ iz a(9)1F's* 1 ds <[5(d/2-1)V022 Ir (@ )" [ 100 g
K K
. Kd-(a-1)p'/2

1/6nd/2-7/6 P
<[5d'/°2 I'(d/2)] @Dy /2—-d

The above two estimates give us that
. Kd-d-1)p'/2
(@—Dp/2-d

00 d
[l a1 st ds < 5 at/ext 2 ora )

Optimizing with respect to K, choosing

2d/[d—1
K:(5d1/62d/277/6r(d/2)> [d=1]

7

and noting 1 < p <2d/(d+1), we obtain

14
d/2)) @7 2| | ray

o sl o
su ’x’d/p’ (x)[ < 7T B
WPO f (1-2d/[(d—1)p'])"/»
SAdHfHLP(]Rd)'

Using the above inequality, we obtain, for s >0, there holds

[ F P < sup 7 FG0 [ 15170 P

I¢]>0

A
<Al f e 1f 1o, < £ 11, -

Proceeding along the same line that leads to (2.7), we obtain

£ 12 rey < C(P:0,8) PN f I, (e -

A combination of the above two inequalities gives that f € Ws/2+4/(2p).2(R%),
The proof for d =2 is the same provided that we use (5.3) in lieu of (5.2). O

In what follows, we study the decaying behavior of the functions in B;?;(Rd). The
decaying behavior of the radial function in various function spaces dates back to the so-
called Strauss’ inequality [53]; see also [36].

Theorem 5.2. Let d>2,1<p<2and s>0. Every function f € Bgf}?(]Rd ) is almost everywhere
equal to a function fo, which is a continuous function except x #0 such that

sup le(d‘”/zlfo(x)!SC!If!IZp(Rd)IIfIIiZ7/ (5.6)
xeR4\ {0}
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where C >0 is a constant depending on d,p and s, and

_s+(d-1)/2
 s+d/p

Proof. 1t follows from Corollary 2.2 that Fourier inversion theorem is valid for any f €
B; ,(R?) with s >0. Denote fo(r) = f(|x|). The representation formula (5.4) is also valid
by exchanging the role of f and its Fourier transform, i.e., for any r >0,

fO(T’):Wd—l/O jd/2_1(27'trp)ﬁ)(p)pd*1dp‘
We firstly consider 4 > 3. By (5.2), we have that for any » >0,
fo(r)| <5V 2r(d/2=1)! %5002 [T fafo)l 2.

Let K>0 be a constant to be specified later on. By Holder’s inequality and the Hausdorff-
Young inequality, we obtain

K~ d—1)/2 Kdl/Z /v’ r K~ I d—1
/Olfo(p)lp(‘) dpé(/o pld-1r "‘”’)dp> (/O !fo(p)l”p‘dp>

~1/p (% -1y pr2 ! VP
Swd,lp </0 p( =1)(p/ —p/P)dP> Hf

Kld/p—(d-1)/2]
< ;
Wi/ P (d—(d—1)p/2)""

1/p

LF' (R%)

11l r ey -
It follows from (5.2) and s > 0 that

[ TRl 2dp <t KID2 1]
K S

Combining the above two inequalities and optimize with respect to K, i.e.,

1/(s+d/p) . .
K= Al S p( 25+d—1 />1/< +d/p)< p >1/(d+ p),
HfHLP(]Rd) 2(d/p—(d—1)/2)V/r Wit

we obtain (5.6).
The proof for d =2 is the same provided that we replace (5.3) by (5.2). O

6 Application to neural network approximation

As an application of B (R?), we prove L1 approximation rate for two-layer neural net-
work (NN) with Bs,(IRY) as the target function space. We shall not give a literature
review on the approximation of NN, and refer to [45] and [14] for surveys.
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Let o be an activation function on R and a two-layer neural network is defined as

My (0):= {h(x) Y cio(a;-x+b;) | bi,ci€R, a;,x €R* }

We consider the approximation over the hypercube D:=(—1/2,1/2)%, and define y(q) =
min(1—-1/¢,1/2) for any 1 <g < co. The main result reads

Theorem 6.1. For any 1 <g<ocoand 1< p <2, suppose that f € Bl,l/q,p(le). If there exist
a>q/(q—1) and A>0 such that

o) <AQ+[E)™, (6.1)

then there exists f, € M, (o) such that

1~ Fulliaeoy < Cvad” @@ (£, +lfl ) 62)

where C depends on o,xo,A and «, while is independent of q,d and n.
If f € Bs ,(R?) with s >1—1/4q, then (6.2) changes to

1~ Fullps(y S Cy/adVEI-sn 1@ o (63)

The above theorem proves L7 approximation bound for the target function belonging
to the Barron spectrum space for commonly used activation functions. The rate y(g) is
the same with [15], which may be improved when 1 <g < 2; cf., Corollary 6.1.

MAKOVOZ [38, Theorem 3] proved L7—error when ¢ is a sigmoid with the rate y(g) =
1/2+41/[g*d], where g* is the smallest even integer satisfying ¢* >, the extra term 1/[g*d]
is significant for small 4 while vanishes when d — co. This rate is better than () in (6.2),
while the finiteness of |||, has been assumed, and the dependence of the error bound
on d and ¢ is unclear.

Taking s=1/2 and g=2 in (6.3), we obtain

1f = fullzpy SCAY4 ™ 2| fll g, rey-

This recovers [48, m =0 in Theorem 2], in which the authors have assumed that || f ||, +
| f1l,, is finite. Recently, the same authors improved this result in [49, Theorem 5] when
0 is a sigmoid under weaker regularity on f, i.e., a finite || f[|,, 4| f|l,, , suffices for the
above error bound, while this improvement is achieved at the cost of a constant that
depends on the dimension exponentially. We proved the algebraical dependence of the
error on the dimension, which has been ignored in [48].

If the activation function is ReLU, i.e., ¢(x) =max(x,0), then Breiman [9] proved

1f = fall 2oy <Crn ™21 £l
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where the dependence of the error bound on d is unknown. We may infer L7-estimate
from the uniform approximation result in [31, Theorem 2]: there exists a universal con-
stant C such that

1= Full sy < 1 = Foll () < Crmax (/log, V) /214 .

If we take s=1 and p=2in (6.3), then

1f = filla(oy < Cv/ad ™" B2 £l g ay-

The convergence rate is less sharp than that in [31, Theorem 2], while our result requires
a smaller index on the spectrum norm with an algebraic decay on the dimension.

The estimate (6.2) is invalid for g =00, while we believe similar estimate remains true
if we exploit the deep sampling theorem of Dudley as in [38,39] and [31], which will be
left for further pursuit.

Remark 6.1. As observed in [48, Corollary 1], the decaying condition (6.1) need not be
satisfied by ¢ per se, a finite translation of ¢ suffices. Moreover, this condition is stronger
than the one in [48], i.e., they have assumed a=1. Nevertheless, this condition is satisfied
by a finite shift of the commonly used activation functions such as sigmoid, arctan, hy-
perbolic tangent, ReLU, and k—th power of ReLU for k=0,1,2,---; We refer to [48, Table
1] for an elaboration on this point.

Our proof is based on the representation (6.4), which has been assumed in the proof
of several approximation results for NN; see, e.g., [30]. While this formula is valid for
functions in B (R%) with s >0 as proved in Corollary 2.2. Another tool in proving
Theorem 6.1 is the cube slicing theorem of Ball [1, Theorem 4], which helps us to clarify
the dependence of the estimate on the dimension.

Lemma 6.1. Define the hyperplane
H;:= {xE]Rd |w-x=t, |w| :1}
for any t €R. Then
|HiND|< V2,
where D= (—1/2,1/2)% is the hypercube.

Proof of Theorem 6.1. By the growth condition on ¢, we conclude that ¢ € L}(RR), and
there exists xo # 0 such that 0°(xp) #0. For any f € Bl_l/q,p(]Rd) with 1 <g < oo, using

Corollary 2.2, we have ]?6 L'(RR?), hence Fourier inversion theorem is true. Invoking the
fact that o € L'(R) again, using Fubini’s theorem and changing of variables, we obtain

_ U((C/.X‘ )~x—|—s) 7 —i27T8x0
)= [ G (@ edsdg (64
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We rewrite the above representation as an expectation as [2]. Let z=({,s) € Z with Z: =
R?xR. Forany 1<g<1/(1—s) when0<s<1and 1<gq<co fors>1, we define

1/
F(x;z)::<”§”1> "C/%0) X +3) (s +0@)F (),

| %ol o (x0)

xo| \ 7 - x(1-1/4)
o= (200) i) witn ey (1emax (o L))
w(z)::% with Q:= zh(z)dz'

Hence, we write f as

f=QEy[F(x;z)] with leF(x;z)::/ZP(x;z)w(z)dz.

The neural network approximation may be viewed as

n

fulw) =2y Fxiz),
i=1
where Z=(z1,--,2z,), and it is clear that f, € M, (o).
Let

=R - QW and Z=2Z2Q-QZ,

n n

and denote @W(z) =[]/, w(z;). For any measurable function G defined over Z, we define
the expectation of G with respect to w as

Eo(G):= L G(2)w(z)dz.
Z
Using Fubini’s theorem again, we obtain

Ea (If = fu() L)) = | Balfx)—fulx2) v

By definition, we write

P~ )= Y (BuF(72)—F(w7).

ifng

Fori=1,---,n, we denote X;(x)=E,F(x;z)—F(x;z;), which is independent and E#X;(x)=
0 for all x € D. By the Marcinkiewicz-Zygmund inequality [13, Theorem 2, p. 386], for
any 1<g<oo,
q . q/2
<ZX$> ] , (6.5)
i=1

Ew <C'(q)Ex

i=1
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where

1, 1<g<2,

C(g)= T((g+1)/2)\""

2 ————= , 2<g<oo.

f( NG ) ="
The constant C(g) is optimal; see e.g., [21,25].

Hence, there holds
q/2
_ QC 1 !
]Ew(l\f—fn(-;z)qu(D))S<%> /DIEW <§X?(x)> }dx.

By Holder’s inequality, for any a € R" and 1 < g < co, there holds
lall, <n{1/271/D lal|,

where (1/2—1/q)+=1/2—1/qif 4>2, and 0 otherwise.
Note the elementary inequality:

(a+b)71<217 1 @1 4+b7)  a,b>0, 1<g<co.
Combining the above three inequalities, we obtain

Ea (1Al ) < (L) a0 [ fpz)ax. (60)

n

It remains to bound Q and E,|F|7. A direct calculation gives that for any ¢ € RY,

h ,S dS:/ d5+/ 14s|— /12|x fa(l—l/q)ds
/]R (&s) s|<lIg ;7 [2]xol] \S|>HCH1/[2\X0H( d H‘:Hl 2w}

gl 2
ol alq—1)—q
<max(2q/[a(q—1)—q],1/|x0])(1+]|C]l;)-

This immediately implies

Q<max(24/(a(q—1) )1/ %0 5o/ (£l ,,, +11f oy ,,,)-
Forany xeD,

|s+G-x/x0] > max(0, [s| =[¢-x|/|xo[) = max(0,[s| = [|g[], / [2|xo]),
which immediately implies

o7 R (2) < AT (A [s & x /%0 ]) 0D (14 max (0, |s| — [|&]] /[2]x0 )Y < A9,
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Using Fubini’s theorem and the above inequality, we write

. Il
/Dle]F(x,z)]qugfz|a(x0)~(;)’q’xo|/D]a(((f/xo)-x+s)]’7dxw(z)dz

AT g

=Tt JzTxl

/ l0((&/x0)-x+s)|dxw(z)dz

Using the cube slicing Lemma 6.1, we get

/|a (&/x0)-x+s) |dx</ ((1]/x0)t+s)|dxd

\/_/Z/HmD

—/f/ ((|€]/x0)t+s)||H:ND|dt

<V2 / o ((1€]/x0)t+s)|dt
< \/—| Xo / dt
2l 7
2\/7A|XO’
=Tl
A combination of the above two inequalities gives

2v2dAT _2v/2dgAT
GEHCEDRE

Substituting the bounds for Q and E|F|? into (6.6), we get
1f = Fulliamy 7D (If Ny, + 1 f Ly, )
with C=C;(x0)C(g)d"/ 27 and
C1=16A(|xolq)" "max(q/[a(g—1) —q],1/ |x0])[(x0)| .

Using the fact C(q) ~ /g for large g, we obtain (6.2).
Using the interpolation inequality in Lemma 2.1, the above estimate changes to

1f = fullzagpy <Cn="D(C(p:1=1/4,8)+C(p;=1/9,9) | f 1 5, (e

Noting that

/le|P x;2)|1dx <

C(p,1-1/g,s)~d'~1/17s and C(p,—1/q,5)~d /173

for large d. This gives (6.3) and completes the proof. O
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Theorem 6.1 may be extended to domain Dg: = [~R/2,R/2]%. The estimate (6.2)
changes to

1f = Fall s oy SCRIE/ 0 ga Bl =r O (£, +IfN,.,,, ), (67

where C depends on o,xy,A and a while independent of g,d,R and n. The proof is the
same with that leads to (6.2) except that the constant in the cube slicing Lemma 6.1 is
replaced by v/2R% 1.

For 1<g<2, therate y(g) in (6.7) may be slightly improved at a cost of a lager prefactor
concerning R,d and a smaller target function space.

Corollary 6.1. Under the same condition of Theorem 6.1, for 1 <q <2, there holds
1f = fullpapge) < CRAAT1/2g1 /4 =1/ /15,5, (Re) - (6.8)
where C depends on o,xo,A,p and « while independent of q,d,R and n.

Proof. For 1<q<2, one use Holder’s inequality to obtain

1f = fill ooy <mes (DRI V2 f = full 2y -

Taking g=2 in (6.7), we obtain

1= Fulizog SCREA 212 (1, £, ).

A combination of the above two inequalities and Lemma 2.1 give (6.8). O

7 Conclusion

We introduce a new function space B; ;, that may be viewed as a classical realization of
the Barron function class. The embedding between Barron spectrum space and the Besov
space has been established, which leads to the embedding among Barron spectrum space,
the Sobolev space and the Bessel potential space. These embeddings also show that 5; ,
is smooth with a non-negative index s. The dimension independent approximation rate
has been proved for two-layer neural network with B; , as a target space. The connection
among this space and other Baron type spaces will be discussed in a forthcoming work,
partial results in this direction may be found in [11]. The fine properties of the Barron
spectrum space and other Barron type spaces may be useful for study the approximation
and the estimation of the neural network models [47] as well as the convergence behavior
of certain NN based methods for partial differential equations; see; e.g., [18, 28, 35].
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