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Abstract

Random Fourier features (RFF) represent one of the most popular and wide-spread techniques in
machine learning to scale up kernel algorithms. Despite the numerous successful applications of RFF's,
unfortunately, quite little is understood theoretically on their optimality and limitations of their perfor-
mance. To the best of our knowledge, the only existing areas where precise statistical-computational
trade-offs have been established are approximation of kernel values, kernel ridge regression, and kernel
principal component analysis. Our goal is to spark the investigation of optimality of RFF-based approx-
imations in tasks involving not only function values but derivatives, which naturally lead to optimization
problems with kernel derivatives. Particularly, in this paper, we focus on the approximation quality of
RFFs for kernel derivatives and prove that the existing finite-sample guarantees can be improved expo-
nentially in terms of the domain where they hold, using recent tools from unbounded empirical process
theory. Our result implies that the same approximation guarantee is achievable for kernel derivatives
using RFF as for kernel values.

1 INTRODUCTION

Kernel techniques [3, 30, 17] are among the most influential and widely-applied tools, with significant impact
on virtually all areas of machine learning and statistics. Their versatility stems from the function class
associated to a kernel called reproducing kernel Hilbert space (RKHS) [2] which shows tremendous success
in modelling complex relations.

The key property that makes kernel methods computationally feasible and the optimization over RKHS
tractable is the representer theorem [11, 25, 39]. Particularly, given samples {(z;,y;)}7; C X x R, consider
the regularized empirical risk minimization problem specified by a kernel k£ : X x X — R, the associated
RKHS 7, € R¥, a loss function V : R x R — R29 and a penalty parameter \ > 0:

n

min Jo(f) = - S V(i £) + A1, (1)

€5,
FEH i=1

where H;, is the Hilbert space defined by the following two properties:
1. k(-,z) € Hy (Vo € X),! and

2. f(z) = (f,k(-,2))q¢, (Vo € X,Vf € Hy), which is called the reproducing property.

Yk(-,x) denotes the function y € X +— k(y,z) € R while keeping x € X fixed.



Examples falling under (1) include e.g., kernel ridge regression with the squared loss or soft-classification
with the hinge loss:

V(f(i),y:) = (f(zi) —9:)?, V(f(#:),y:) = max(1 — y; f(x4),0).

(1) is an optimization problem over a function class (Hj) which could generally be intractable. Thanks
to the specific structure of RKHS, however, the representer theorem enables one to parameterize the optimal
solution of (1) by finitely many coefficients:

)= chk(-,xj), cj €R. (2)

As a result, (1) becomes a finite-dimensional optimization problem determined by the pairwise similarities
of the samples [k(z;, z;)]:

n

crrelﬁr}?Jo ZV y“ch (@i, 25) +)\ZZcicjk(xi7xj), (3)

i=1 j=1

where the second term follows from the reproducing property of kernels.

However, in many learning problems such as nonlinear variable selection [20, 21], (multi-task) gradient
learning [38], semi-supervised or Hermite learning with gradient information [41, 26], or density estima-
tion with infinite-dimensional exponential families [28], apparently considering the derivative information

(0P f(x;) == % X := R%) other than just the function values (f(x;)) turns out to be beneficial.

In these tasks contalmng derivatives, (1) is generalized to the form

min J(f) ZV (yu {or f(xz)}pel ) +A Hf”%c : )

feHk

The solution of this minimization task —similar to (1)—enjoys a finite-dimensional parameterization [41]:

=2 ep0POk(x), (ep €R),

j=1pel;

Zfz (pi+a;) .. . .
where 0Pk (x,y) := WM. Hence, the optimization in (4) can be reduced to
x1 Td -yl Yd

mmJ = Tll; Yi, { Z Z cj,pap’ok(xi,xj)}peli + )\Z Z Z Z CipCi.qO® % (xi, %), (5)

j=1pel; i=1pel; j=1q€l;

where ¢ = (Ci’P)ie{l onbpel; € R2i=1 151 |T;| denotes the cardinality of I;, and we used the derivative-
reproducing property of kernels

P f(x) = (f,0POk(-,%)) 5, -

Compared to (3) where the kernel values determine the objective, (5) is determined by the kernel derivatives
ap’qkz(xi, X ) .

While kernel techniques are extremely powerful due to their modelling capabilities, this flexibility comes
with a price, often they are computationally expensive. In order to mitigate this computational bottleneck,
several approaches have been proposed in the literature such as the Nystrom and sub-sampling methods
[36, 9, 22], sketching [1, 37], or random Fourier features (RFF) [18, 19] and their approximate memory-
reduced variants and structured extensions [12, 7, 4].



The focus of the current submission is probably the conceptually simplest and most influential approx-
imation scheme among these approaches, RFF.2 The RFF technique implements a rather elementary yet
powerful approach: it constructs a random, low-dimensional, explicit Fourier feature map (¢) for a continu-
ous, bounded, shift-invariant kernel k& : R? x R? — R relying on the Bochner’s theorem:

k(x,y) = (p(x),0(y)), ¢ :RT 5 R™.
The advantage of such a feature map becomes apparent after applying the parametrization:
fx) = (w,p(x)), weR™ (6)

This parameterization can be considered as an approximate version of the reproducing property

f(X) = <fv k('ax»i}{k s

f € Hy is changed to w € R™ and k(-,x) € Hy to p(x) € R™. (6) allows one to leverage fast solvers
for kernel machines in the primal [(1) or (4)]. This idea has been applied in a wide range of areas such as
causal discovery [15], fast function-to-function regression [16], independence testing [40], convolution neural
networks [6], prediction and filtering in dynamical systems [8], or bandit optimization [13].

Despite the tremendous practical success of RFF-s, its theoretical understanding is quite limited, with
only a few optimal guarantees [29, 23, 27, 14, 32].

e Concerning the approximation quality of kernel values, the uniform finite-sample bounds of [18, 31] show
that

||k — EHLw(st) = sugS ’k(x, y) — E(x,y)’ =0, <|8|\/m—1 logm) ,
x,y

where § C R? is a compact set, 8| is its diameter, m is the number of RFFs, O,(-) means convergence in
probability. [29] recently proved an exponentially tighter finite-sample bound in terms of |§| implying

[ = E]l 55y = Oas. (Viog TSI/ vm) . (7)

where O, s (-) denotes almost sure convergence. This bound is optimal w.r.t. m and 8], as it is known
from the characteristic function literature [5].

e In terms of generalization, [19] showed that O(1/4/n) generalization error can be attained using m = O(n)
RFFs, where n denotes the number of training samples. This bound is somewhat pessimistic, leaving the
usefulness of RFFs open. Recently [23] proved that O (1/4/n) generalization performance is attainable in
the context of kernel ridge regression, with m = o(n) = O (y/nlogn) RFFs. This result settles RFFs in
the simplest least-squares setting with Tikhonov regularization. Recently, the result has been sharpened
[14] to m = O (y/nlog d}) with no loss in excess risk, where the effective degrees of freedom d} can often
be significantly smaller than the number of samples.

e [27] has investigated the computational-statistical trade-offs of RFFs in kernel principal component analysis
(KPCA). Their result show that depending on the eigenvalue decay behavior of the covariance operator
associated to the kernel, m = O(n?/3) (polynomial decay) or m = O(y/n) (exponential decay) RFFs are
sufficient to match the statistical performance of KPCA, where n again denotes the number of samples. [32]
proved a similar result showing that m = O (y/nlogn) number of RFFs is sufficient for optimal statistical
performance provided that the spectrum of the covariance operator follows an exponential decay, and
presented a streaming algorithm for KPCA relying on the classical Oja’s updates, achieving the same
statistical performance.

In contrast to the previous results, the focus of our paper is the investigation of problems involving kernel

derivatives [see (4) and (5)]. The idea applied in practice is to formally differentiate (6) giving

P f(x) := P f(x) = (w,Pp(x)), (8)

2As a recognition of its influence, the work [18] won the 10-year test-of-time award at NTPS-2017.




which is then used in the primal [(4)], and optimized for w. From the dual point of view [(5)], this means
that implicitly the kernel derivatives are approximated via RFFs. The problem we raise in this paper is how
accurate these kernel derivative approximations are.

Our contribution is to show that the same dependency in terms of m and |8| can be attained for kernel
derivatives as for kernel values depicted in (7). To the best of our knowledge, the tightest available guarantee
on kernel derivatives [29] is

7t = 0P| 5, = Ons. (J81Vim T ogrm).

In this paper, we prove finite sample bounds on the approximation quality of kernel derivatives, which
specifically imply that

0Pk — PR 5. 5 = O, (VIoE TSI/ Vi) ©)

The possibility of such an exponentially improved dependence in terms of |§| is rather surprising, as in case
of kernel derivatives the underlying function classes are no longer uniformly bounded. We circumvent this
challenge by applying recent tools from unbounded empirical process theory.

Our paper is structured as follows. We formulate our problem in Section 2. The main result on the
approximation quality of kernel derivatives is presented in Section 3. Proofs are provided in Section 4.

2 PROBLEM FORMULATION

In this section we formulate our problem after introducing a few notations.

Notations: N:={0,1,2,...}, Nt := N\{0} and R denotes the set of natural numbers, positive integers
and real numbers respectively. For n € N, n! denotes its factorial. T'(t) = [;°2'"'e™"dz is the Gamma
function (¢ > 0); I'(n + 1) = n! (n € N). Let n!! denote the double factorial of n € N, that is, the product of
all numbers from n to 1 that have the same parity as n; specifically 0!! = 1. If n is a positive odd integer, then

nll = /22T (2 4+ 1). Fora €N, ¢, := cos(Z2 +) is the ' derivative of the cos function. For multi-indices

: Ip| Ipl+lal
p,q € N¢ |p| = Z?lej7 vP =[], 0%, and we use OPh(x) 1= o) gPag(x y) = PR a0v) b

P— i = 3p1 Dd — 5P1 Pd Aq1 Tq
J=1" am"'axd’ ’911"'81(16111'“611(1

denote partial derivatives. (a,b) = Zle a;b; is the inner product between a € R? and b € R?. a” is the

transpose of a € RY, ||all, = \/(a,a) is its Euclidean norm, [aj;...;ay] € RXm-14m is the concatenation
of the a,, € R% vectors. Let 8§ C R? be a Borel set. ML (8) is the set of Borel probability measures on
§. A™ = @ A is the m-fold product measure where A € MY (8). L"(8) is the Banach space of real-
valued, r-power Lebesgue integrable functions on 8 (1 <7 < 00). Af = [ f(w)dA(w), where A € MY (8)
and f € L'(8); specifically for the empirical measure, A,, = % S O A f = % S, f(w;i) where

Wim = (W), M A and ., is the Dirac measure supported on w € 8. 8o = {s; — sy : 81,82 € 8}.

For positive sequences (an)nen, (0n)nen, an = O(by) (resp. an, = o(by,)) means that (‘g—") is bounded
"/ neN
resp. lim,, o, ¥ = 0). Positive sequences (a, )nen, (bn)nen are said to be asymptotically equivalent, shortly
b

Ay ~ by, if limy, oo ‘Z—: =1. X,, = Op(ry) (resp. Og.s.(r)) denotes that ):—"" is bounded in probability (resp.
almost surely). The diameter of a compact set A C R? is defined as |A| := Supy yea X — ¥l < oo. The
natural logarithm is denoted by In.

We continue with the formulation of our task. Let k : R? x R — R be a continuous, bounded, shift-
invariant kernel. By the Bochner theorem [24], it is the Fourier transform of a finite, non-negative Borel
measure A:

k(x,y) = l;(x -y) = g e‘/jl“’T(x’Y)dA(w) @ /Rd cos (wT(x — y)) dA(w) (10)

® /Rd [cos (w”x) cos (wTy) + sin (w”x) sin (w”y)] dA(w) = /]Rd (Dw(X), 0w (¥))ge dA(w), (11)



where

Pw(Xx) = [cos (wa) ;sin (wa)].

(a) follows from the real-valued property of k, and (b) is a consequence of the trigonometric identity cos(a —
B) = cos(a) cos(B3) + sin(c) sin(8). Without loss of generality, it can be assumed that A € M} (R?) since
I~€(0 ( ) and the normalization k((’b)') yields
k(X, y) / T A(w)
= = cos (W' (x — d
k(0) R (W =) A (RY)
——
=:P(w)eML (RY)
Let p,q € N?. By differentiating® (11) one gets
Pk (x,y) = /d (OP o (%), 0% (¥ ) ) g2 dA(w). (12)
R
The resulting expectation can be approximated by the Monte-Carlo technique using wi.,, = (wj)}nzl A
as
_— 1 &
TPE(xy) = [ | (0700 (). 0% (3)) s A () = D (0P, (x), 0%, (¥))
7j=1
= (pp(x), 0q(¥))gzm - (13)
where A, = L Z;ﬂ:l O, s
1 T T m
p(x) = \ﬁ (976, ()21 = FPp0(x) = = (] [etp (%) ool (] X)]) 1, (14)

R2m
Specifically, if p = q = 0 then (13) boils down to the celebrated RFF technique [18]:
~ 1 . m
k() = (po(x), 0(¥))gan po(x) = 7 (cos (wj x) ssin (w)x)) ;_, -
Our goal is to prove that similarly to p = q = 0 [(7)], fast approximation of kernel derivatives [(9)] is

attainable. Alternatively, we establish that the derivative (see ¢p and (13)-(14)) of the RFF feature map
(po) is as efficient for kernel derivative approximation as g for kernel value approximation.

3 MAIN RESULT

In this section we present our main result on the uniform approximation quality of kernel derivatives using
RFFs. Its proof is available in Section 4.

Theorem (Uniform guarantee on kernel derivative approximation). Suppose that k : RY x RY — R is a con-

tinuous, bounded and shift-invariant kernel. Forp,q € N¢, assume Cp o = \/fRd |wpta? Hng dA(w)/op.q <
oo and for some constant K > 1, the following Bernstein condition holds:

p+q|n |
/ WP A w) < MR n—23,. (15)
re (0p,a) 2

3By the dominated convergence theorem, the differentiation is valid if fRd |wP+a| dA(w) < oco.



where 0pq = \/fRd lwP+a? dA(w). Let L, = VOE ¢ = 14y/6In2 + 1, Cy = 36K[In2 + 1] and C3 =

2y/m’
V6 (1 + ‘/52) Then for any t > 0 and compact set § C R?
2

In

. — C3/dIn(16[8|Cpq +4) C;  Co 241/6 Lt
’ <{w1:m:Hapqu_ap’qk||m(8xs>>U"’“‘( . vm = +ﬁ+ﬁ++\/ﬁ Vit 2

with probablity at most 2e~*.

Remarks.
o Growth of |8,,]: The theorem proves the same dependence [(9)] on m and |$| as is known for kernel
values (p = q = 0). The result implies that

S

[Pk — @HLW(SmXSm) =50

i (S| = eo(m),

e Requirements for p = q = 0: In this case g0 = 1,
wo+o|m
o 2 AN ) = 1, thus (15) holds (K = 1).
— The only requirement is the finiteness of Co 0 = [pa Hng dA(w), which is identical to that imposed in

[29, Theorem 1] for kernel values.

o L°(8 x 8)-based L"(8 x §) guarantee: From the theorem above one can also get (see Section 4) the
following L"(8 x 8) guarantee, where r € [1, 00).

Under the same conditions and notations as in the theorem, for any ¢ > 0

wd/Q\S\d

A™ [ S Wi - |09k — Pk
H | 29T (4 +1)

Lr(sx8) = TP

vm
+Cl+02+M[\/i+LmtD}> <2t

. (()3\/2d1n(16|S|c,[,,ol 9

vymo om o m 2
This shows that
6Pk — aPE| ., .5 = Ous (m*% 18|13 \/log |5|) .
Consequently, if |S,,| — co as m — oo then dP-a; is a consistent estimator of 9Pk in L™(8, X 8 )-norm
provided that m=2|8,,|* V1og[8,m] =72 0.

e Bernstein condition with [p;q] # 0: Next we illustrate how the Bernstein condition [(15)] translates
to the efficient estimation of ‘not too large’-order kernel derivatives in case of the Gaussian kernel. For
simplicity let us consider the Gaussian kernel in one dimension (d = 1); in this case A = N (0, 02) is a
normal distribution with mean zero and variance o2. Let 7 = p + ¢ € Nt and denote the Lh.s. of (15) as

ol dAe)
Vel aA)]

By the analytical formula for the absolute moments of normal random variables

A n(A) =

o 1 if nr is even . 1 if nr is even

"(nr — ! nr — 1)!!

' ) \/% if nr is odd ( ) \/% if nr is odd

Arn(A) = T = - : (16)
[o27(2r — 1)!]2 [(2r — 1))



Since A;.,(A) does not depend on o, one can assume that o = 4/ [, [w|?dA(w) = 1 and A = N (0,1).

Exploiting the analytical expression obtained for A, ,(A) one can show (Section 4) that for

— 7 =1: Since A ,(A) < %, (15) holds with K = 1.

— r=2: K =2 is a suitable choice in (15).

— r =3 and r = 4: Asymptotic argument shows that (15) can not hold.

It is an interesting open question whether one can relax (15) while maintaining similar rates, and what
are the trade-offs.

e Higher-order derivatives: In the Gaussian example we saw that (15) holds for » < 2, but it is not
satisfied for r > 2. For kernels with spectral densities proportional to e (¢ € NT; the £ = 1 choice
reduces to the Gaussian kernel), it turns out that (15) is fulfilled with » < 2¢-order derivatives; the proof
is available in Section 4. In other words, kernels with faster decaying spectral densities can guarantee the
efficient RFF-based estimation of kernel derivatives, without deterioration in the |§| and m-dependence.

e Difficulty: The fundamental difficulty one has to tackle to arrive at the stated theorem is as follows.

By differentiating (10) one gets
0 h(x.y) = [ P ()0 (7 (x - ) dA(w).
By defining

gz(w) = WP (—w)%|p1q| (sz) , (17)

the error we would like to control can be rewritten as the supremum of the empirical process

sup ‘Op’qk:(x, y)— 6/l’vq\k(x,y)‘ = sup |(A — Apm)gal,
x,yE€S8 zZESA

where G := {g, : z € Sa}. For p = q = 0 (i.e., the classical RFF-based kernel approximation)
gz(w) = cos (sz) (z € 8a)
which is a uniformly bounded family of functions:

SUpP |9l poo (gay < 1.
ZESA

This uniform boundedness is the classical assumption of empirical process theory, and allowed one [29] to
get the optimal rates. For p,q € N%\{0}, however, the functions g, are unbounded and so G is no longer
uniformly bounded in L (Rd). Therefore, one has to control unbounded empirical processes for which
only few tools are available.

The key idea of our paper is to apply a recent technique which bounds the supremum as a weighted sum
of bracketing entropies of G at multiple scales. By estimating these bracketing entropies and optimizing
the scale the result will follow. This is what we detail in the next section.

4 PROOFS

We provide the proofs of the results (main theorem and its consequence, remarks on the Bernstein condition)
presented in Section 3. We start by introducing a few additional notations specific to this section.
Notations: The volume of A C R? is defined as vol(4) = [, 1dx. v(a,b) = fob e~'t*~1dt is the incom-

plete Gamma function (a > 0, b > 0) that satisfies y(a+ 1,b) = ay(a,b) — b~ and 7 (3,b) = y/merf (ﬂ),

where erf(b) = % f(? e~ dt is the error function (b > 0). Let (F, p) be ametric space. The r-covering number



of F is defined as the size of the smallest r-net, i.e., N(r, F,p) = inf {¢ > 1: 3 (fj)§:1 s.t. FC Uﬁlep(fj, r},
where B,(s,r) = {f € F : p(f,s) < r} is the closed ball with center s € F and radius r. For a set of real-
valued functions F and r > 0, the cardinality of the minimal r-bracketing of F is defined as Nyj(r, F,p) =

inf{n > 1:3{(fj.r, f,u)}j=1, fi.L, fiuv € F (Vj) such that p(f;,, fiv) <randVfe F 3j 0 < f< fiv}
The proof of the main theorem is structured as follows.
1. First, we rescale and reformulate the approximation error as the suprema of unbounded empirical
processes, for which bounds in terms of bracketing entropies at multiple scales can be obtained.

2. Then, we bound the bracketing entropies via Lipschitz continuity.
3. Finally, the scale is optimized.

Step 1. It follows from (17) that,

2
l9all = 1192l 2ga 2y = VAGE < \/ [ o are).

=i0p,q

Define f,(w) := A“;) so that

9p

Ifzll <1 Vze8a = sup|f] <1, (18)
feF

where F := {f, : z € Sa}. The target quantity can be rewritten in supremum of empirical process form as

sup |0P9k(x,y) — OP9k(x,y)| = sup |Ags — Angs| = 0p.qsup [(A — Ap) f| =t 0pq [A — A £
X,yES zZESA feEF

By the Bernstein condition [(15)] the following uniform bound holds:

n ‘wp-l-q‘n n! n—2
sup Alfa|" < / —wdA(w) < EK (n=2,3,...). (19)
R

f2:2€8A d (Up,q)n

The uniform L?(A) boundedness of F [(18)] with its Bernstein property [(19)] imply by [34, Theorem 8] that
for all t > 0 and for all scale S € N

A™ ({wl:m : sup |\/E(A — Am)ff > min Fg + 36K + 246 {\/i—i- Lmt} }) < 2e7Y, (20)
feF S m

v/ 2
where
S
_ i 36K Hy VEK
Eg:=2 S\/m+1422 s\/6H, + , Ly :=—~——, H,:=In(N,+1),
= v/m 2v/m
Ny = N7, F, |I1), Hy =1n(Nog + 1),

and Nj is the cardinality of the minimal generalized bracketing set of F. Formally, Ny = No(K) := inf{n >
1: 3fje.fiv € F(G = 1,...,n), Alfjr— fiv]" < 2Q2K)"2(n = 2,3,...), and for Vf € F, 3j €
{1, cee ,n} such that f]}L < f < fj7U}-

Step 2. We continue the proof by bounding the entropies Hy and Hg (s > 1) in (20). Using (15) for the
envelope function F':= sup;cx |f|, we get

|wPtalr n!

A(F") = A ([;gﬂ]") = A (;ggw) < [ ran) < FET -2
d prq



Hence F also satisfies the weaker A (F™) < %(2]()"‘2 (n=2,3,...) Bernstein condition. Consequently, one
can choose Ny = 1 [34, remark after Definition 8], and Hy = In(Ng + 1) = In 2.
Next we bound H, (s > 1). The F function class is Lipschitz continuous in the parameters (f,, fz, € F):

|WP(—w)Ueprq) (w'21) — WP(—w)Iep g (w'22)]|
Op,q

|‘*’p+q| [Clpral (@'21) = Clptql (W Z2)’ (a) WP |w” (21 — 22)|

[for (W) = far (W) =

Op,q Op,q
() |wPta|
< wlly |21 — 2z2l]
p.a
=:G(w)

where we used the Lipschitz property of u + ¢|p4q(u) (Wwith Lipschitz constant 1) in (a) and the Cauchy-
Bunyakovskii-Schwarz inequality in (b). Thus, by [35, Theorem 2.7.11, page 164] for any ¢ > 0,

)
) <
Ny 7o) £ N (Sl ). 21)

'G”:W C2(w)dA (w

From Lemma 2.5 in [33] it follows that

where

jwll dA(w) =: Cp,q-

d
2| M
N (M, ) < (" +1) L W0

for any compact M C R?. Choosing M = 8a, § = 27° and using that [Sa| < 2|8|, one can bound the Lh.s.
n (21) as

1

Ns:N 2_Sa s I SN 9st1, 0
1) <8 (e

s+3 d
5A7||'|2> < (2( 18|Cp,q + 1) 5
—_———

<2:Kg
where K|g| = 8/8|Cp.q + 1. Thus for any s > 1,

Hy =In(N, +1) < dln (2'Kjg)+1) <d [sm2+In (Kjg +1)] <52+ (Kjg+1)].
iy Bl

<2°(K|s|+1) dln(ﬂ%\sﬁ?)::fﬂm
Hence,

36K In2

Es <27%/m+14V61n2 +14Z25 6sKjs) +——

14, /6K s 35_,27°/s

Step 3. By (22), to control Eg as a function of the scale S, we study the behaviour of the h(t) = 27t/

function. It is easy to verify that A is monotonically decreasing on [ﬁ, oo) as its derivative

—39t _ /12t In?2
V2t In <0

it
11y —
h (t) - 92t




on [21112,00). Using this monotonicity, one gets h(s f z)dz for any s such that 21n2 < s-— 1 &
21n2 + 1 < s, specifically for all 2 < s since m < 1 Hence applylng change of variables (27% = e, i.e.
x = 55) we arrive at
s
Sooovs =h) X0, h(s) <+ [Th(a)de =+ —— [20 e tVidt
— ~~ \/ Inz(2)
% <f h(z)dz
<itids Sn *t\fdt b+t [*Ferf(vST2) — 275V/STn2] .
Plugging this estimate to (22) results in
36K In2 1 1
<2 5m 4+ 14V + 2o 4 14, 6K | = + —— [ﬁerf(\/Shﬂ) _ oS Sln2}
S Vm 2 mz(2) L 2
_ 1 1 ﬁ Cy
<279m+14V6, /Kig x | =+ — Y= | + C1 + —=
181 2 1m3(2) 2 vm

1 1 C
<2-S/m + 14\/6\/d1n(16|8|cp,q +4) (2 + I f) +C+ T% =: (%),
n?2

where we used the fact that erf(b) < 1 for any b > 0, 275§ > 0, C; = 14V/6In2, C; = 36K In2 and
Kig) = dln (2I~(|S‘ —|—2) = dIn(16/8|Cp,q +4). Let us choose the scale S such that 275/m < 1, i.e.

;r{:; < S. In this case, by defining C3 = 76 (1 + 1 \3/(;2)>7 we have
n?2

Cs
(+) =1+ 03\/dln(16\8\0p’q T+

Combining this result with (20), we obtain

C5/dIn (16[S[Cp.q + 4
Am({wlzmzllAAmfz 31/dIn (16[8]Cp g + )+Cl+1+02+36K+24\/6’ {\/i+Lmt:|}>§2et'

vm vm m Vm 2
By redefining Cy and Cy as C7 = 14v6In2 + 1, Cy = 36K[In2 + 1] and taking into account the op g
normalization, the claimed result follows. O

The proof of the consequence is as follows. Let r € [1,00) be fixed. Then

L™ (8x38) = (/S/S ‘ap,qk(xv y) - ap@lk(X’y)

1
< </S/S H(f)pﬂk8P’Qk||zm(8><s)dxdy> = [Hap’qk*3"’%”2&(5%)\/012(8)

= |07k — FPaE|| 5, 5, vOL7 (S),

1
s

[Pk — P

dxdy)

1
I

Using the fact (which follows from [10, Corollary 2.55]) that vol(§) < TSI one arrives at

= 24r(4+1)

7Td/2|8|d

P,q
6Pk — G (4]

e, < P TR, [

Hence the main theorem implies the claimed L"(8 x 8) bound. O
The Bernstein condition-related results can be obtained as follows. Recall that the goal is to check
(15) and we apply the expression for A, ,(A) given in (16).
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e Forr=1:

A (A A " 1 if n is even " n
N n —(n— 1N <(n-DN"<(n-1)
1.n( )*/R‘W‘ (w)=(n ) \/g i nis odd <(n < (n )

n!
< 50
-2
where the last inequality is equivalent to 2 < n. Hence, ( 5) is satisfied with K = 1.
e For r = 2: In this case nr is even and Ay, (A) = Z2210% by (1
that for some K > 1 and for n = 2,3

6). For (15), it is enough (K"2 < K™)

nn n!
—

!
Aon(A) < DK™ & (2n
’ 2
%,_/
% (n+ ) T'(n+1)

n (a)
e For r
ASn(

ﬁs;w()"@;s(“?() X

we used that I' (n+ 3) <I'(n+1) for n > 2. (23) holds e.g. with K = 2 since 1 < 2% < /3
= 3: Let us restrict n to even numbers (n = 2¢, £ € NT) in (15).
) = (‘E;' DY and (15) can be written as

In this case by by (16)

(60—1)! 2 (20)!
=73

202 +
= K22 y(eN*.
3¢
%ﬁ (3€+ )151:1Z
Using the bound, T' (3¢ + §) > T'(3¢) = (3¢ — 1)!, we have

8\ 1 v (20)!
(15> ﬁ(séq) < SR

5 , VleNt
should also hold. By the Stirling’s formula u! ~ v/27u (%) hence
(8)41 T (361)34 1; 27 (20) <2£>2e
15) /m e - 2 e
as { — oo. Taking In(-) however

In(Lh.s.) = ¢In (15> +1n (1/v7) +In (V27(BE— 1)) + (30— 1) (3¢ — 1) ~ 1] ~ (3¢ = 1) In(3¢ — 1)
In(r.h.s.) = ln( 2“24)) _

In(2) + 24[In(20) — 1] ~ 2¢1n(2¢).

Since In(l.h.s.) is asymptotically larger than In(r.h.s.), (15) can not hold
e For r = 4: nr is even, Ay n(A) _ (4n-1)!

=Tl - by (16), and (15) is equivalent to

(4n -1 < TK" (VTx5x3)".
22n

= (2n+ )
By using the I'(z + 1) = 2I'(z) recursion

F(2n+;> = (zn_;) (zn_§>...(n+3)r<n+3>§ o

Kn—Q
2 ~— —
I'(n+1l) K-1Kn-1
1. 2. n—1.

>(n-1)"~!

Since I' (n + 2) > I'(n + 1) for all n € N* and f(n) = n" grows faster than g(n)
(15) can not be satisfied for all n > 2

= K" for any fixed K,

11



Bernstein condition for higher-order derivatives (faster decaying spectral densities): We

prove that in case of kernels with spectral density decaying as fa(w) o e (¢ € NT*), the Bernstein
condition (15) holds for r < 2¢-order derivatives. This example extends the case of Gaussian kernels where
¢=1andr <2 Let/e& NT and the spectral measure associated to kernel k be absolutely continuous w.r.t.
the Lebesgue measure with density

w2t

fa(w) = cpe

for some ¢y > 0. fy is positive, we determine ¢; by guaranteeing that

1 /f( )d / —w Qo = 2 /Oo — g = & /OO —yy3—1qy = < = ¢
= w)aw = Ccype w = 4C e w = — e 2 = — Cyp =
]RA Re 40 A Yy Yy 7 26 74 F(i)

using that y = w?, w = y#, dw = Ly ~'dy and the pdf of the Gamma distribution (b= 1, a = &)

pa o r
g(y;a,b) = ') y e ™, 4 >0,a>0b>0 = /0 y* e Wdy = b(:) (24)

Consequently, one obtains

|
N

r(-
Apn(A) = Jelol™mdA(w) Y

Vol ar)| kS

3

+

AR
—

AR N

(25)

N W)=
N |~

[E——
f3

)

-

by using (24) with b= 1, a = =1 and the value of ¢

r r —w?t > r —x2t Ce > —y, = L Ce r+1 F(%)
/R|w|dA(w)=/R\w| coe dw:20g/0 w'e dwzz/o e Yy2iyar 1dy=€F< 57 ): F(i)

Next we apply induction to prove (15). We consider r := 2/ first.
e n = 2: By definition A, =1 (Vr € N*).

e n — n + 1: By the inductive assumption it is sufficient to show the existence of K, > 1 such that

Ar,n+1

By = < (n+1)K, (26)

rn
since Ay < %!K;’L and L:l (n + 1)K, imply Ay i1 < L—EU!KZLH_Q.

P

Introducing the ¢, := e shorthand, we get
prd

r(n+1)+1 n r(n+1)+1
() @) et T e
TOor(d) (e T(E) Ve r(tgH) Vel (’"
© 1 2mn+1 n+1
< < .
= Ve 2 Ve

n+i

3) @ T (%57
)W(

— &h

+2)wm 1 rm+l
n+1

) Ve

(a) holds if

< rln+1) r

min S o g (#1)

12



where zpin, ~ 1.46163 is the minima of the Gamma function on the positive real line since z — I'(2) is

monotonically increasing on [zpmin,00); in case of » = 2¢ the r.hes. of (27) isn+2 > 4 > zpin. In (b)
we used the I'(z + 1) = 2I'(z) property, (c) follows from r < 2¢. Consequently, K, = max( is a

suitable choice in (26).

1
Ve 1
Let us now fix r < 2¢ arbitrarily (instead of » = 2¢). In this case (27) might not hold since

n+2 rn+l) r
< — < 2.
20 =T ar T ="T

However, apart from finite many n values z,;, < ”2—';2; indeed ng := [20z:n — 2] < n is sufficient for this
property. Hence we can guarantee

F(rn-i—l +2L€) (a<’) F(rn+1 22)

V2 T 2e) 2t 200y 9 p 1
Ve T (%) — e T ()
. (e
with D, ,, := ezt giving
D 1
B, < \/Tcﬁ(n—f—l), n=2 .. ne—1, B, < ”\/t, n=nene+1,...
T (
Thus, one can choose K, = max (?/%f e, %, 1cr , 1) in (26).
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