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Abstract

In nonparametric independence testing, we observe i.i.d. data {(X;,Y;)}",, where X €
X,Y € Y lie in any general spaces, and we wish to test the null that X is independent
of Y. Modern test statistics such as the kernel Hilbert—Schmidt Independence Criterion
(HSIC) and Distance Covariance (dCov) have intractable null distributions due to the
degeneracy of the underlying U-statistics. Hence, in practice, one often resorts to using
permutation testing, which provides a nonasymptotic guarantee at the expense of recalcu-
lating the quadratic-time statistics (say) a few hundred times. In this paper, we provide
a simple but nontrivial modification of HSIC and dCov (called xHSIC and xdCov, pro-
nounced “cross” HSIC/dCov) so that they have a limiting Gaussian distribution under the
null, and thus do not require permutations. We show that our new tests, like the origi-
nals, are consistent against fixed alternatives, and minimax rate optimal against smooth
local alternatives. Numerical simulations demonstrate that compared to the permutation
tests, our variants have the same power within a constant factor, giving practitioners a new
option for large problems or data-analysis pipelines where computation, not sample size,
could be the bottleneck.

Keywords: independence testing, kernel-methods, permutation-free tests, Hilbert-Schmidt
Independence Critrion (HSIC), Distance Covariance.

1. Introduction

We consider the following problem: given observations D"

{(X;,Y;) : 1 <i<2n} drawn

i.i.d. from a distribution Pxy on the observation space X x ), we wish to test whether X
and Y are independent or not. Formally, this is stated as the following hypothesis testing

(©2023 Shubhanshu Shekhar, Ilmun Kim, and Aaditya Ramdas.

License: CC-BY 4.0, see https://creativecommons.org/licenses/by/4.0/. Attribution requirements are provided

at http://jmlr.org/papers/v24/23-0248.html.


https://creativecommons.org/licenses/by/4.0/
http://jmlr.org/papers/v24/23-0248.html

SHEKHAR, KiM, AND RAMDAS

problem:
H() : PXY = PX X Py, versus Hj : PXY 75 PX X Py,

where Px and Py denote the marginals of the joint distribution Pxy. For general observa-
tion spaces, a popular approach for independence testing is based on the Hilbert—Schmidt
Independence Criterion (HSIC), first introduced by Gretton et al. (2005). As we describe
formally in Theorem 1 in Section 2, the (population) HSIC of a joint distribution Pxy on
X x Y is the sum of squared singular values (i.e., the Hilbert—Schmidt norm) of a cross-
covariance operator defined using Pxy and positive definite kernels k£ : X x X — R and
¢:Y xY — R. Given the data D?", an unbiased empirical estimate of the population
HSIC can be computed in quadratic time. Introducing the notation k;; = k(X;, X;) and
l = 0V, Yy) for 1 <4, j,1,m < 2n, and (2n); == %, the empirical estimator of HSIC
can be defined as:

1 1 2
HSIC,, = @)y E kijli; + m ‘ g Kijlim — (QT E kijla, (1)
1<i#j<2n 1<i,j,Lm<2n 1<i,j,l<2n
i, 7,1, m distinct i, 7, 1 distinct

~—r
w

For characteristic kernels, Gretton et al. (2005) showed that the (population) HSIC is equal
to zero if and only if Pxy = Px X Py, and thus it can serve as a measure of independence
between Px and Py. This can be then used to define an independence test that rejects
the null when the statistic HSIC,, is larger than an appropriately chosen threshold. The
choice of the threshold is crucial in ensuring that the test achieves large power under the
alternative, while controlling the type-I error (at least asymptotically) at a specified level
ac (0,1).

The empirical HSIC criterion introduced above is an instance of a degenerate U-
statistic (Lee, 2019), and thus it has a complicated limiting null distribution — it is an
infinite weighted linear combination of independent chi-squared random variables, the ex-
act expression of which was derived by Gretton et al. (2007, Theorem 2). Due to the
intractable nature of this null distribution, we cannot directly use this to calibrate the in-
dependence test based on the empirical HSIC statistic. Instead, in practice, the rejection
threshold is often selected as the (1 — a)-quantile after recomputing the statistic HSIC,, B
times after permuting the indices of (X,)fgl Hence, this approach requires us to compute
the quadratic time statistic HSIC,, a total of B + 1 times, which might make this method
infeasible for larger n and B values.

To address the high computational cost of the permutation test, several alternatives
such as tests based on deviation bounds between empirical and population HSIC, or using
parametric approximations of the null distribution have been proposed. We discuss them
in detail in Section 1.2. However, these existing approaches are either too conservative in
practice or do not have theoretical guarantees on their performance.

In this paper, we propose a new and simple test that addresses the issues with existing
kernel-based independence tests. In particular, we define a new unbiased empirical esti-
mate of HSIC that has a tractable, standard normal, limiting null distribution under mild
assumptions. We then use this statistic to define an independence test, that we call the
cross-HSIC test, and show that it is consistent against arbitrary fixed alternatives and also
achieves minimax rate-optimal power against smooth local alternatives.
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1.1 Overview of Results

We propose a new statistic, based on the ideas of sample splitting and studentization, and
use it to define a new test of independence. Given the observations D" = {(X;,Y;) : 1 <
i < 2n}, drawn ii.d. from a joint distribution PXY on X x ), we first split it into two
equal parts, D} = {(X;,Y;) : 1 <i < n} and D2, = {(X;,Y;) : n+1 <i < 2n}. Using
these two splits, we construct two independent empirical estimates of the cross-covariance
operator (denoted by fi and f2), and define the statistic xHSIC,, as their Hilbert—Schmidt
norm:

xHSIC, = (f1, fo)us = n(nl_l)Zmz-j,fms,
i#]
1 1
S - hy, and o= ——— his,
h n(n —1) 1<;<n ol b n(n—1) n+1§%;jé2n ’
hij = M Zi, Z;) {k — k(Xj, )} @ {0Yi, ) — 05,9} (2)

The final statistic, denoted by XHSIC,, is obtained by normalizing xHSIC,, with an empirical
standard deviation term, stated in (6). Using this statistic, we define the cross-HSIC test,
U = 1gHSIC, >z, Which rejects the null when XHSIC,, exceeds the (1 — a)-quantile of the
standard normal distribution.

Our first set of results characterize the limiting null distribution of the XHSIC,, statis-
tic, and justify the rejection threshold used in defining the cross-HSIC test. To motivate
the more general results, we first consider the simple, but instructive, case of univariate
observations (that is, X = ) = R) and linear kernels k(z,2') = xz2’ and £(y,y’) = yy' in
Section 4. In this setting, we first show that for a fixed null distribution Pxy = Px x Py,
the existence of finite second moment is sufficient for XHSIC,, to converge in distribution

0 N(0,1). Then we show that under stronger moment assumptions, the XHSIC,, statistic
converges to N (0, 1) uniformly over a composite class of null distributions. We then move to
the case of general kernels and observation spaces, and derive analogous, but slightly more
abstract, requirements for the asymptotic normality of the XHSIC,, statistic in Section 5.
In particular, we identify sufficient conditions for the asymptotic normality of XHSIC,, for
the case of fixed k, ¢ and Pxy in Theorem 6, and for the more general case where k,, £, and
Pxy,, are all allowed to change with the sample-size n in Theorem 7. Overall, our results
imply that our XHSIC,, statistic converges in distribution to a standard normal distribution,
in most practically relevant scenarios, and thus the cross-HSIC test controls the type-I error
asymptotically at the desired level a.

Having established the type-I error control achieved by our cross-HSIC test, we next
analyze its power. Again, we first consider the case of univariate observations with linear
kernels to gain some intuition in Section 4 where we show that the cross-HSIC test is
consistent against any fixed alternative when Px and Py are (linearly) correlated. We also
consider the case of local alternatives and show that the cross-HSIC test can consistently
detect alternatives separated by a €(1/y/n) boundary. Similar results also hold for the
case of more general kernels. In particular, we first show in Theorem 9, that the cross-
HSIC test with characteristic kernels k and ¢ is consistent against any fixed alternative.
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Then in Theorem 10, we show that the cross-HSIC test instantiated with Gaussian kernels
achieves minimax rate-optimal power against smooth local alternatives.

Finally, in Section 7, we consider a related class of statistics, called the distance-
covariance (dCov). Using the equivalence between distance-based and kernel-based statis-
tics (Sejdinovic et al., 2013), we introduce a new distance-based statistic, called the cross-
dCov statistic. We then identify sufficient conditions for this statistic to have a standard
normal limiting null distribution, and for it to be consistent against fixed alternatives.

1.2 Related Work

Nonparametric independence testing is a classical topic in statistics that still remains a
subject of significant contemporary interest. A huge variety of methods have been developed
recently for this problem, such as those based on ranks (Heller et al., 2013; Weihs et al.,
2018; Deb and Sen, 2021; Shi et al., 2022), projections (Zhu et al., 2017), copula (Dette
et al., 2013) and mutual information (Berrett and Samworth, 2019). This paper focuses on
a particular class of kernel (and distance) based nonparametric tests, which are popular in
machine learning and statistics. In the rest of this section, we present the details of the
most closely related works to ours.

Nonasymptotic tail inequalities for HSIC. Gretton et al. (2005) introduced HSIC
as a measure of dependence between two random variables, and obtained a high probability
(nonasymptotic) deviation inequality between the empirical and population HSIC terms.
The resulting test has finite sample validity, and is uniformly consistent against alternatives
separated by a ©(1/+/n) boundary (in terms of HSIC). However, this test is overly conserva-
tive in practice. To address this, Gretton et al. (2007) suggested to calibrate the test based
on the null distribution of HSIC, and due to the intractability of the null distribution, they
used parametric approximations of the null distribution to select the rejection threshold.
This method, however, is a heuristic and does not have validity guarantees.

Modifications of the HSIC test statistic. Another class of permutation-free ker-
nel independence tests take an approach similar to our paper, and modify the empirical
HSIC statistic to make its null distribution tractable. Zhang et al. (2018) developed three
such tests, using block-averaged HSIC, random Fourier features (RFFs) and the Nystrom
approximation. The block-averaged HSIC statistic is obtained by partitioning the data
D?" into blocks of size b, and then computing the HSIC on these small blocks of data and
taking their average; this takes O(bn) time in total. The computational cost, then, varies
from linear in n for constant block sizes, to quadratic when b = Q(n). Furthermore, when
b = o(n), the block-averaged HSIC statistic has a limiting Gaussian distribution under the
null, which can be used for calibrating the test. The other two methods (RFF and Nystrom)
have a computational complexity of O(nb?), where b denotes the number of features used.
For the RFF method, the null distribution is a finite linear combination of chi-squared ran-
dom variables, while in the Nystrom method, the null distribution is based on a low-rank
approximation of the kernel matrices.

Jitkrittum et al. (2017) proposed a new measure of independence, called the finite set
independence criterion (FSIC), that is computed as the average of the squared differences
between the mean-embedding values of the joint distribution Pxy, and the product of
marginals Px x Py, at J different locations in X x ). For the J locations drawn ran-
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domly from a continuous distribution, they showed that FSIC is equal to 0 if and only if
X and Y are independent. Based on this, they constructed a Hotelling-type normalized

FSIC statistic (denoted by mi) using J locations selected to optimize a lower bound
on the power of the test. While the resulting linear-time test performed comparably to
the quadratic-time permutation test in practice, there are several important factors that
distinguish our work from theirs. Jitkrittum et al. (2017) analyze their test in the regime
where the kernels (k and ¢), and the number of features J are fixed; while the sample size n

goes to infinity, and in particular, show that l\ﬁSTCi has a limiting chi-squared distribution
under the null. However, if these parameters (k, ¢, and J) are also allowed to change with
n, the null distribution of their statistic may change. Furthermore, the consistency of their
test relies on an accurate estimation of the J x J covariance matrix, which is not possible
when J also increases with n, and lim,,_, J/n &~ 1. Our test does not suffer from these
issues, and we prove its consistency and type-I error control in more general settings.

For the specific case of Gaussian kernels, Li and Yuan (2019) analyzed an indepen-
dence test based on a studentized version of the empirical HSIC statistic. In particular,
for Gaussian kernels with scale parameter increasing at an appropriate rate with n, they
showed that the studentized empirical HSIC statistic has a standard normal limiting null
distribution, and the resulting independence test has minimax rate-optimal power against
smooth local alternatives. In contrast, our studentized cross-HSIC statistic has a limiting
null distribution for a much larger class of kernels, including unbounded kernels as well
as kernels induced by semi-metrics (Sejdinovic et al., 2013). Furthermore, when special-
ized to Gaussian kernels, our test also achieves minimax rate-optimal power, matching the
performance of the test studied by Li and Yuan (2019).

Other kernel-based independence tests. Deb et al. (2020) proposed a class of
kernel-based nonparametric measures of association (called KMAc) between two random
variables X and Y that satisfy the three desired criteria listed by Chatterjee (2021): they
are equal to 0 for independent X and Y, and are equal to 1 when Y is a measurable func-
tion of X; they admit simple empirical estimates, and finally, they have simple asymptotic
theory when X and Y are independent. These measures significantly generalize the uni-
variate measure of association introduced by Chatterjee (2021). However, Deb et al. (2020)
study the asymptotics of the empirical KMAc statistics only for the case of fixed kernels,
and furthermore, they do not analyze the power of their independence tests against local
alternatives.

Distance-Covariance tests. Székely et al. (2007) proposed a measure of dependence
between two random variables, called the distance-Covariance (dCov) that is defined as
the weighted L? norm between the characteristic function of the joint distribution, and the
product of the marginal characteristic functions. For the case of Euclidean spaces, Székely
et al. (2007) showed that the (1 — a))-quantile of a normalized version of the empirical dCov
statistic can be upper bounded by that of a quadratic form of a Gaussian; thus providing a
permutation-free test of independence. In practice, however, this test is quite conservative
as the upper bound on the (1—a)-quantile is tight only in the case of Bernoulli distributions.
Lyons (2013) extended the definition and analysis of the dCov measure beyond Euclidean
spaces, to arbitrary metric spaces. This was further generalized to the case of semi-metric
spaces by Sejdinovic et al. (2013), who also derived a precise equivalence between dCov
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and kernel-based HSIC measures (we recall this in Theorem 11). In this paper, we use this
equivalence to obtain new dCov based statistics, that also have a standard normal limiting
distribution under the null.

High-dimensional asymptotics. A recent line of work has focused on exploring the
limiting distribution of kernel and distance-based statistics in high dimensional regimes. For
instance, Zhu et al. (2020) proved the asymptotic under the null for studentized versions of
HSIC and unbiased dCov statistics in the regime where dimension and sample-size (n) both
grow to infinity, but the growth of n is slower. Following them, Gao et al. (2021) derived
a central limit theorem and also established explicit convergence rates for a rescaled dCov
statistic under more general conditions (in particular, relaxing the growth requirement on
n). Han and Shen (2021) obtained non-null central limit theorems for both kernel and
distance-based statistics for the specific case of multivariate Gaussian observations. How-
ever, the asymptotic normality derivations in these papers rely critically on the eigenvalues
of certain integral operators being bounded by positive constants both from above and be-
low. These conditions cannot be verified in practice without additional prior information,
thus reducing their practical applicability. Further, it is well known that such results can-
not be true in low/moderate dimensional settings, where the limiting distribution is most
certainly not Gaussian; it is a Gaussian chaos. In contrast, the asymptotic normality of
our proposed cross-HSIC and cross-dCov statistics do not require these eigenvalue condi-
tions, and are valid in all dimension regimes, with no restriction on the relationship between
dimension and sample size.

Cross U-statistics. We note that the general design strategy used in this paper, based
on sample-splitting and studentization, was first introduced by Kim and Ramdas (2023) for
the case of one-sample U-statistics. The primary motivation of their work was to develop
inference techniques that are dimension-agnostic — i.e., methods based on statistics whose
asymptotic distribution remains the same, irrespective of the dimension regime. A key idea
involved in their construction is to view sample-splitting as a tool for dimension reduction.
That is, after splitting the dataset into two parts, they used the first split to learn a “witness
function” ¢ from some function class G, and then obtained the cross-U statistic by taking
the empirical mean of § over elements of the second split. This averaging can be viewed
as projecting the points in the second split along the direction of §. Shekhar et al. (2022)
applied the ideas of Kim and Ramdas (2023) to the case of two-sample testing, to develop a
permutation-free two-sample test based on kernel-MMD metric. In a similar vein, Kiibler
et al. (2022) proposed a two-sample test based on witness functions represented by machine
learning (ML) models trained to optimize a weighted mean-squared loss. However, unlike
Shekhar et al. (2022), the asymptotic validity of Kiibler et al. (2022) assumes that the
estimated witness function remains fixed as the sample size grows; thus the latter results
do not apply if half (or a constant fraction of) the data is used to estimate the witness
function, as would be necessary for minimax optimal power in theory and good performance
in practice (comparable to the MMD and HSIC U-statistics). In this paper, we adapt and
generalize the ideas from these papers, to develop a permutation-free kernel independence
test. As we describe in Section 3.2, the analysis techniques developed by Shekhar et al.
(2022) for their cross-MMD test cannot be directly applied to our setting, and hence we
develop new methods for establishing the properties of our cross-HSIC test.
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2. Hilbert—Schmidt Independence Criterion (HSIC)

As mentioned earlier, we assume that the observations (X,Y) lie in the space X x ), where
X may be different from ). Let K and £ denote reproducing kernel Hilbert Spaces (RKHS)
associated with positive-definite kernels k : X x X — R and £ : Y x Y — R, respectively.
With ¢(-) and 9(-) denoting the associated feature maps = — k(z,-) and y — £(y,-), we
formally introduce the Hilbert—Schmidt independence criterion (HSIC).

Definition 1 Let Pxy denote a probability distribution on X x Y, and H and G denote
RKHS associated with kernels k: X X X - R and £:Y x Y — R, respectively. Then, the
Hilbert-Schmidt Independence Criterion (HSIC) is defined as the Hilbert-Schmidt norm of
the associated cross-covariance operator:

HSIC(Pxy, k() = [|Cxvyll}s,  where Cxy =Exy [(6(X) —p) @ (0(Y) = v)].

Here ® denotes the tensor product, and the terms p and v denote Ex[¢p(X)] and Ey [(Y)]
respectively.

As shown by Gretton et al. (2005, Lemma 1), HSIC(Pxy, k,¢) can be expressed as
follows, in terms of the kernel functions, with (X,Y") and (X’,Y”) denoting two independent
draws from the distribution Pxy:

HSIC(Pxy, k, £) = Exxryy [R(X, X )Y, Y")] + Exx/[k(X, X)Eyyr [€(Y, Y")] — 2Exy [(X)v (V)]

Given data D" = {(X;,Y;) : 1 <14 < 2n} consisting of 2n independent draws from Pyy,
the empirical estimate stated in (1) is constructed using the above expression for HSIC.
Under the null, the statistic HSIC,, is a degenerate one-sample U-statistic, and thus, for
fixed kernels k£ and ¢, its asymptotic null distribution is an infinite weighted combination of
independent x? random variables, as shown by Gretton et al. (2007, Theorem 2), where the
weights depend on the distribution Pxy. Due to the intractable nature of this distribution,
practical independence tests based on the HSIC,, statistic are usually calibrated using the
permutation distribution, that leads to a significant increase in computation.

The HSIC metric is also known to be equal to the squared MMD distance between
Pxy and the product of marginals, Px x Py, using the product kernel K((z,vy), (¢/,y')) =
k(z,2')l(y,y"). With the notation p = Ep, [k(X,-)], v = Ep, [((Y,-)] and w = Ep,, [k(X, (Y, )],
we can write HSIC(Pxy, k, ¢) as

HSIC(Pxy, k, ) = MMD?(Pxy, Px X Py) = (W — pt X U, W — it X V) g, (3)

where (-, -)kx¢ denotes the inner product in the RKHS associated with the product kernel
k x £. Tt is known that this RKHS is isometrically isomorphic to the tensor product space
Hi ®Hp endowed with the Hilbert—Schmidt norm (Steinwart and Christmann, 2008, Lemma
4.6 and Appendix A.5.2). We will use the above formulation in the next section to propose
a new statistic with a tractable asymptotic null distribution.
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3. The Cross-HSIC Test

We now propose a new statistic, called cross-HSIC, that has a standard Gaussian limiting
null distribution under mild conditions on the kernels and the distribution Pxy. The con-
struction of this new statistic relies on two key ideas of sample splitting and studentization.

Given 2n independent draws from the joint distribution Pxy, denoted by D%” =
{(X1,X2),...,(Xapn, Yo,)}, the studentized cross-HSIC statistic, XHSIC,,, is defined in two
steps:

e First, we split D" into two equal parts, denoted by DF = {(X1,Y7),..., (X, Y,)}
and D?{}H {(Xn+1,Yot1), - -, (Xon, Ya,)}. With Z; denoting the paired observations
(X, Y;), we introduce the followmg terms:

2n
1— nfl Zzhma and f2 Z Z htu7

=1 j=1 t n+1u=n+1
J# n#t

where we now denote h;; = h(Z;, Z;) = 3{k(Xi,") — k(Xj, )} x {€(Yi,-) — £(Y;,)},
introduced earlier in (2), as an element of the RKHS Hyxy. Using these terms, we
define the cross-HSIC statistic as

1_1) > (hijs fa)ee - (4)

xHSIC,, = (f1, f2) s = n(n
1<iZj<n

It is easy to check that, for any i # j, we have E[h;;] = w — p x v. Hence, f; and fo
are two independent unbiased estimates of w — p X v, which implies that xHSIC,, is an
unbiased estimate of the HSIC metric. As the expression in (4) indicates, conditioned
on the second-half of the data (i.e., D" 1 1), xHSIC,, is a one-sample U-statistic.

e Our final statistic, denoted by XHSIC,,, is obtained by normalizing the cross-statistic
xHSIC,, with the empirical standard deviation as follows:

xHSIC,, == @7 where (5)

1 2
(n - > hig Fadiwe — xHSICn> . (6)
We note that n~'s2 is the jackknife estimator of the variance of E[h(Z1, Z2)|Z1] also
considered in Jing et al. (2000).

In Section 5, we show that under certain assumptions on the kernel, the XHSIC,, statistic
has a standard normal limiting distribution under the null. This suggests the following
natural level-a test of independence:

U=V (Di") = I5HSIC, >2 o>

where z1_, is the (1 — a)-quantile of the N(0,1) distribution.
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3.1 Quadratic-time Computation of XHSIC,,

A naive computation of the XHSIC,, statistic has a O(n*) computational complexity, that
is infeasible for all but very small problems. However, a more careful look at the terms
involved in defining XHSIC,, indicates that it can actually be computed in quadratic time.

Theorem 2 The XHSIC,, statistic, introduced in (5), can be computed in O(n?) time.

Proof outline of Theorem 2. It suffices to prove that, both, the numerator (xHSIC,,) and
the denominator (s,) in the statistic XHSIC,, can be computed in quadratic time. First, we
consider the numerator, and observe that it can be decomposed as follows:

xHSIC,, =T — 15 — T35+ T4, where

lenZZ Z k(Xi, X;)(Yi,Y;),

i=1 j=n+1

T2 = Z Z k(XiaXﬁ)g(}/i’}/jz)y

i=1 n+1<j1#52<2n

Ts = Z Z k(Xi’le)g(Yiijé)a and
i=n+11<j1#ja<n

Ty = n2(n1_1)2 Z Z /{(X“,X )K(levyh)

1<in#iz<n n+1<j1#£5j2<2n

The above expressions indicate that a direct computation of 71,75, T3 and Ty incur O(n?),
O(n3), O(n3) and O(n*) cost respectively, making the overall computational cost O(n?).
In Theorem 16, we show how the terms 75 and T3 can be computed in quadratic time, and
in Theorem 17 we show how the term Ty can be computed in quadratic time. These two
results together imply that the numerator of XHSIC,, has an overall quadratic complexity.
Finally, we consider the denominator s,, and first note that

2
n n,j7#i

sgz(ni = QZ Z (hijs fo) oy | — nxHSICZ | . (7)
Jj=

We complete the proof by showing that the first term inside the square brackets above can
also be computed in quadratic time. The details are in Theorem 18.

3.2 Connections to xMMD?

The kernel-MMD distance between two probability distributions (on the same observa-
tion space) is a widely used metric in the two-sample testing literature (Gretton et al.,
2012). With X = Y and k = ¢, the MMD distance between Px and Py is defined as
MMD(Px, Py) = (s — v, — v)}’>. The usual empirical estimates of MMD?(Pyx, Py)
based on observations are known to have a complex asymptotic null distribution (similar
to HSIC). To address this, Shekhar et al. (2022) proposed the XMMD% statistic, based
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on splitting the observations D" = {(X;,Y;) : i € [2n]} into two (usually equal) splits:

T ={(X;,Y;) i € [n]} and D2, = {(X;,Yi) : n+ 1 <i < 2n}. In particular, let (fi1,71)
and (f2, 72) denote the empirical estimates of 1 and v based on D} and D2% | respectively.
Then, the xMMD?2 is defined as

xMMD? = xMMD?2(D?") = (fiy — 11, iz — D2)k.

Shekhar et al. (2022) showed that the asymptotic distribution of a studentized version of
xMMD? under the null, that is with Py = Py, is N(0, 1) under mild conditions.

As we mentioned earlier in Section 3, the HSIC metric can be interpreted as the kernel-
MMD distance, with the product kernel k x ¢, between the joint distribution Pxy and the
product of marginals Px x Py. Hence, similar to the definition of XMMD%, the xHSIC,,
statistic based on D?", can be rewritten as

xHSIC,, = xHSIC,,(D") = (jiy X D1 — &1, iz X Uz — 02) kxe, (8)

where (&1, i1, 1) and (Ws, li2, V2) denote the empirical estimates of (w, i, ) based on D}
and D,%’f;l respectively.

Given the similarity in the definitions of xHSIC,, and xMMD?, it might appear that the
theoretical guarantees of xMMD? also carry over directly to the case of xHSIC,,. However,
there is a subtle issue that prevents this. For analyzing xMMD?2, Shekhar et al. (2022) rely
strongly on the fact that ;3 and 7; are independent, and thus, conditioned on the second
half of data, the terms (i1, to — V2) and (U1, lio — V)i can be analyzed separately, and
shown to converge (after appropriate normalization) to conditionally independent Gaussian
distributions. The final distribution of the studentized xMMD? statistic is then obtained
by using the fact that the sum of two Gaussian distributions is also Gaussian.

With xHSIC,, as defined in (8), however, the terms w; and fi; X 77 are not independent.
Hence, the techniques used for analyzing XMMD,Q1 do not directly apply to our case, and
we develop a different approach for analyzing the studentized version of xHSIC,, statistic
in the next two sections.

Remark 3 It is well-known that the MMD is an integral probability metric associated with
a unit ball in a RKHS (Gretton et al., 2012, equation (2)). In view of the relationship (3),
the square root of the HSIC is also an integral probability metric between Pxy and Px X Py.
Specifically, we have the identity

VHSIC(Pxy, k,0) = sup (f, w—p X Vxe = (f*, w0 — i X V)jexce,
1S 1exe<1

where f* = (w— pu X v)/||lw — p X v||gxe is a witness function achieving the supremum.
This alternative expression offers a different viewpoint on our approach: we first estimate
the witness function f* that maximizes the problem signal using DT. We then apply this
estimated witness function to project the dataset Dfﬁrl and aggregate the results by averaging
them. This perspective aligns with Kim and Ramdas (2023, Section 1.2) that interprets
sample splitting as a tool for dimensionality reduction.

10
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4. Warmup: Testing Linear Dependence in One Dimension

The theoretical properties of our test, under both null and alternative, are subtle and
nontrivial. Thus, to build intuition gently for later generalizations in the paper, we first
briefly analyze our cross-HSIC test in the simplest testing: testing linear dependence of
real-valued random variables X and Y.

Formally, this section studies the following (much simpler) problem: given D" drawn
according to a joint distribution Pxy over R?, suppose we want to test whether Pxy =
Px x Py or that Cov(X,Y") is non-zero. Of course, there are many methods for this setting
and we do not recommend using ours in particular; the only reason to focus only on our
statistic is in order to get a handle of the more complex theoretical analysis that follows in
the general case.

To formally describe our results in this setting, we set the observation spaces X and )

to R, and assume that the kernels k£ and ¢ are both linear kernels: i.e., k(x,2’) = za’ and
2(y,y") = yy'. In this case, the cross-HSIC statistic can be written as follows:

XHSIC,,L:< ZXY Z XY> ( iXth 11) Z XtYu>.

1<z;£j<n t=n-+1 n+1<t#u<2n

=f2

To develop intuition for validity of our procedure, we remark that xHSIC, is a non-
degenerate U-statistic conditional on fs. It is well-known that a non-degenerate U-statistic
is asymptotically Gaussian (Lee, 2019) under mild moment conditions, and thus one can
expect that xHSIC,, is also asymptotically Gaussian conditional on fo. Indeed, after stu-
dentization, we can isolate the randomness from fo as the sign of fo, and our final statistic
with linear kernels k and ¢ can be approximated as

EX])(Yi — E[Y])

XHSIC,, = sign(f2) x Z \/ {X E[X])(Y —E[Y])}

+op(1) under the null.

Notably, sign(fz) is independent of the other terms, and converges to the Rademacher
distribution. Using this fact, along with the central limit theorem, we prove that XHSIC,,
is asymptotically N(0,1) under the null. Similar statistics have also been analyzed in other
works, such as Kim and Ramdas (2023) and Lundborg et al. (2022). In the next theorem,
we make this heuristic explanation rigorous and investigate the asymptotic behavior of
P(xHSIC,, > z1_4) under both null and alternative. Below and throughout this section, we
often omit the dependence of X and Y on Pxy, and simply write Pxy as P.

Theorem 4 Suppose D" = {(X;,Y;) € R? : 1 < i < 2n} is drawn i.i.d. from a distribution

P. Consider XHSIC,, computed with linear kernels k and ¢ based on D". Introduce the

terms X = X —E[X], Y =Y —E[Y], and p = E[XY]/VY2[XY]. Then, for any fized
€ (0,1), we have the following:

(a) (Pointwise asymptotic) Suppose P is fired, and E[X?Y?], E[X?], E[Y?] € (0,00).
Then we have

lim |P(XHSIC,, > 21-4) — ®(—v/np)®(2a — Vnp) — ®(V/np)®(20 + V/nip)| =

n—oo

11
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(b) (Uniform asymptotic) Let Py, be a family of distributions of (X,Y), potentially chang-
ing with n, such that

. max {EP[X4}~/4], EP[X4] Ep[f/[l]}
lim sup

—— =0. 9
n—00 pep, nVZP[XY] ( )

Then we have

lim sup ‘IP)P (iHSICn > Zl—a) - (I)(_\/ﬁpn)q)(za - \/ﬁpn) - (I)(\/ﬁpn)q)(za + \/ﬁpn)‘ =0.

n—oo pep,

As described earlier, the proof of Theorem 4 relies on the special structure of the linear
kernel in the case of real-valued observations. Nevertheless, in Section 5, we will obtain
similar results for general kernels, using significantly different proof techniques.

Part (a) of Theorem 4 implies that the cross-HSIC test is pointwise asymptotically of
level a and it is consistent in power against any fixed alternative under the finite second
moment condition. Part (b) provides a stronger uniform approximation under condition (9),
involving fourth and second moments of X and Y. This uniform result in part (b) directly
allows us to state the uniform type-I error and power guarantees of the cross-HSIC test. We
formally record this result in Theorem 5 below, showing that the cross-HSIC test controls
type-1 error at level-a uniformly over a large class of null distributions, and it is also
consistent against local alternatives separated by a Q(1/4/n) detection boundary.

Corollary 5 Consider the same settings as in part (b) of Theorem 4, and recall that P,
is the family of distributions satisfying condition (9). Then we have the following uniform
gquarantees:

(a) (Uniform wvalidity) Let 737(10) = {Pxy € P, : Pxy = Px x Py}. The cross-
HSIC test controls the asymptotic type-1 error at level o uniformly over 73,(10), i.e.,
limn_wo supPePSLO) Ep[\IJ(D%n)] = Q.

(b) (Uniform consistency) Let P be a subset of P, such that \/n|p,| — oo. The

type-II error of the cross-HSIC test converges to zero uniformly over Pnl, i.e.,
lim,,— o0 SUP () Ep[l — ¥(D3")] = 0.

We note again that condition (9) for P, involves the fourth and second moments of
X and Y. These moment condition can be relaxed to the finite 2 + § moment condition
(see e.g., Appendix B.2), but with a more involved analysis. Nevertheless, we can show that
condition (9) is not too strong, establishing an example where the asymptotic normality of
XHSIC,, is no longer guaranteed without such conditions.

Example 1 Suppose that Xi,...,Xn,Y1,...,Y, are i.i.d. random variables following a
Bernoulli distribution with parameter p,. Assume that np? = X > 0 and X is not an
integer for all n. In this scenario, the limiting null distribution of XHSIC,, is not Gaussian
and it instead satisfies

lim P(XHSIC,, < 0) = P(sign(V’) x V < 0),

n—o0

where V, V' are i.i.d. centered Poisson random variables with parameter \.

12
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We first remark that depending on the value of A, the limiting probability in Example 1
is far from 1/2, which should be the case if XHSIC,, is asymptotically Gaussian. It is also
worth mentioning that n~'Ep[X 4}74]V132(X Y) > A~! under the conditions of Example 1.
Thus the condition for P, is violated. Lastly, we note that A is assumed to be a non-integer
for technical reasons and it may be removed with more effort. The detailed derivation of
Example 1 can be found in Appendix B.3.

In the next section, we will see that we can obtain similar results with general observation
spaces, controlling the type-I error of cross-HSIC test uniformly over composite null classes
and establishing its consistency against local alternatives.

5. Asymptotic Gaussian Distribution under Null

We now generalize the results from previous section, derived for linear kernels and real-
valued observations, to hold for general kernels and observation spaces. In particular, we
first consider the case where the kernels k& and ¢, as well as the distribution Pxy, are fixed
with n in Theorem 6, and then consider the most general setting with n-varying kernels
and distributions in Theorem 7. N B

First, we introduce the “centered” kernels k& and ¢, defined as

k(xz,-) =k(xz,-)—p, and L(y,-) =Ly,)—v.

Let Z =X x ), and introduce the kernel g : Z x Z — R, defined as

g(zv Z/) = g((fli, y)v (:LJ7 y,)) = <E(l‘, ')a Akj(x/a )>k<£(y> ')7 E(l/? )>f (10)

Note that ¢ is a symmetric function that is also square integrable if the kernel k x £ is square
integrable, when (X,Y) ~ Pxy,, for some n > 1. Under this assumption, it admits the
following orthonormal expansion:

G(z,2) = Ximein(2)ein(?), (11)
=1

where {(Ain,€in) : ¢ > 1} form the orthonormal sequences of eigenvalue-eigenfunction pairs
of the Hilbert—Schmidt operator associated with the product kernel K = k x ¢; that is,
e [ e(2)K(z,-)dPxyn(z), for any e € L*(Pxy,,).

Our first main result of this section shows that if g(Z1, Z2) has a finite second moment
under the null, then XHSIC,, converges in distribution to N(0,1).

Theorem 6 Suppose XHSIC,, is computed with fized kernels k and £, with observations
D" drawn i.i.d. from a fized distribution Pxy. If k,£ and Pxy satisfy the condition

E[§(Z1, Z2)?] € (0,00) with Zy, Zy ~ Pxy = Px x Py, then we have XHSIC,, N N(0,1).

The finite second moment assumption on ¢ is commonly used in the literature for studying
the limiting distribution of HSIC statistic (e.g., Gretton et al., 2007) using the asymptotic
theory of degenerate U- or V-statistics (e.g., Serfling, 2009). In Theorem 6, we show that
under the same condition, our XHSIC,, attains an asymptotic normal limiting distribution.
However, this type of fixed-asymptotic analysis excludes more dynamic and arguably more
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interesting settings where k, ¢, Pxy may change with the sample size. Therefore we now
present a more general condition in Assumption 1, which requires higher moment conditions
than the finite-second moment of g.

Assumption 1 Let {Pxy, : n > 1} denote a sequence of probability distributions on
Z =X x Y, with Pxy, = Px X Py, and let {K, = ky, X {;, : n > 1} denote a sequence of
positive definite kernels on Z. With Z1 y, Zan, Z3n denoting three independent draws from
Pxy ., we assume that

lim E[G(Z1 1, Zow)*In™ + E[G(Z1,0, Z2,0)*3(Z1 0, Z3,0)?]

T —0.
n—00 nB[G(Z1,ns Z2.n)?]?

where we recall that g was introduced in (10).

Our next result which establishes the asymptotic normality of the XHSIC,, statistic for
n-varying kernels and distributions.

Theorem 7 Suppose the XHSIC,, is computed with kernels {ky, ¥ty : n > 1}, and let 7(10)
denote the set of distributions Pxy, = Pxn x Py, satisfying Assumption 1, for eachn > 1.
Then, the XHSIC,, statistic computed with kernels k, and £, converges in distribution to
N(0,1) uniformly over O,

The proof of this statement is given in Appendix D, and it proceeds by verifying that
under Assumption 1, the conditions required for the Berry—Esseen theorem for studentized
U-statistics derived by Jing et al. (2000) are satisfied.

Remark 8 While we have presented all the results of this section under the assumption
that the two splits, D} and D, are drawn i.i.d. from the same distribution Pxy, a closer
inspection of the proof of these results indicates that the asymptotic normality of the XHSIC,,
statistic (and the V?L statistic, introduced later in Section 7) holds even when the two splits
are only independent, and not identically distributed. Thus, the techniques developed in this
paper are also applicable in more general scenarios; such as when DY and DTQL’?H are obtained
by separately processing independent outputs of some common source.

6. Power of the cross-HSIC Test

The results of the previous section establish the limiting standard normal distribution of
the XHSIC,, statistic under general conditions, which in turn, implies that the cross-HSIC
test controls type-I error at the desired level a asymptotically. In this section, we analyze
the power of our test under the alternative. In particular, we first consider the case of an
arbitrary fixed alternative, and prove the consistency of the cross-HSIC test with charac-
teristic kernels in this case. Then, we consider the case of smooth local alternatives, and
show that the cross-HSIC test with Gaussian kernels has minimax rate-optimal power. The
proof of both these results can be inferred from a more general result (Theorem 29) that
establishes sufficient conditions for the consistency of our cross-HSIC test, which we state
and prove in Appendix E.1.

14
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Consistency against fixed alternatives. First, we show that under some mild moment
assumptions on the kernels, our cross-HSIC test is consistent against an arbitrary fixed
alternative distribution Pxy # Px X Py.

Theorem 9 Let Pxy be a distribution such that HSIC(Pxy, K, L) > 0, where K and L de-
note the RKHS associated with characteristic kernels k and €. Then, if E[k(X, X)((Y,Y )]+
E[k(X, X)|E[((Y,Y)] < oo, the cross-HSIC test is consistent; that is, lim,_,oc Pp,, (¥ =
1) =1.

The details of obtaining this result from the more general result of Theorem 29 mentioned
above are given in Appendix E.2. We now study the case of local alternatives, where the
alternative distributions are allowed to change with n.

Consistency against smooth local alternatives. In our next result, we show that
when constructed using Gaussian kernels, the cross-HSIC test is also minimax rate optimal
against local alternatives with smooth density functions that are separated in L? sense. In
particular, we set X = R% and ) = R%, with d := d; +ds, and assume that the distributions
Pxy, Px and Py have smooth marginals pxy, px and py respectively. Furthermore,
we assume that there exist constants M, Mx and My such that px € Wﬂ’Q(MX), py €
WB2(My) and M = Mx x My. Here, W52(M) denotes the ball with radius M in the
fractional Sobolev space of order § > 0 (e.g., Li and Yuan, 2019). We can then define
the null class of distributions, 77,(10), and the A,-separated alternative class of distributions,
7779), as follows for all n > 1

PO = {pxy = px x py : px € WH(Mx), py € W2 (My)}, and
P = {pxy : px € W2 (Mx), py € W (My), and ||p — px % py |1, = An}

For the independence testing problem described above, we will show that the cross-HSIC
test, when instantiated using Gaussian kernels with appropriate scale factors, is minimax
near-optimal. In particular, we define kn(z,2’) = exp (—cyllz — 2/||?) and £,(y,y') =
exp (—cnlly — ¥/||?), where we have overloaded the term || - || to represent the Euclidean
norm on both X and ).

Theorem 10 Suppose X = R¥ gnd Y = R% with d = dy + da, and let {A, :n >
1} is a non-negative sequence with limy, o Apn2B/dHB) — oo Suppose the cross-HSIC
test is instantiated with Gaussian kernels, kn(z,2') = exp (—cp|lz — 2/[|?) and €,(y,y') =
exp (—cn||y - y’||2), with ¢, = n*/(@+48)  Then, we have the following:

lim sup E¥|=a and lim inf E[V] =1.

— — 1
e PXY,nGPT(LO) oo PXY,’VLGPT(L )

The proof of this statement is given in Appendix E.3. The first part of this result im-
plies that the cross-HSIC test controls the type-I error at the specified level a € (0,1)
uniformly over the entire class of null distributions with smooth densities, 737(10). The second
part of the result implies that our cross-HSIC test has a detection boundary of the order
@) (anﬁ/(dHﬂ)) in terms of the L?-distance. As shown by Li and Yuan (2019), this rate
cannot be improved in the worst case, thus establishing the minimax rate-optimality of our
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test. More formally, Li and Yuan (2019) showed that if lim,, A,n2B/(d+48) « o then
there exists an o € (0,1) for which there exists no independence test that is consistent
against such local alternatives (separated by A,,).

7. The Cross Distance Covariance Test (xdCov)

A popular alternative to kernel based method for measuring the dependence between two
distributions is the distance-covariance metric introduced by Székely et al. (2007). When,
X = R% and Y = R% for di,do > 1, the distance-covariance associated with the joint
distribution Pxy is

V2(Pxy) = Exxryy I X = XY = V[] + Exx[I1X = X' [[Ey,y[[Y — Y]]
— 2Exy[Ex (X - X'[|Ey-[|Y - Y'|]). (12)

In the above display, we overload the notation || - || to represent the Euclidean norm on
both X and ). The distance-covariance metric has the property that it is equal to 0 if and
only if X and Y are independent; that is, Pxy = Px x Py. This measure was extended
beyond Euclidean spaces to general metric spaces by Lyons (2013), and further generalized
to semi-metric spaces (i.e., distance-measures that do not satisfy the triangle inequality)
by Sejdinovic et al. (2013). In particular, if (X, py) and (Y, py) are semi-metric spaces, we
can define the corresponding distance-covariance in a manner analogous to (12), as

VA(Pxy, px, py) = Ex x/ vy (o (X, X )py (Y, Y")] + Ex x:[px (X, X')[Ey,y [oy(Y, V)]
— 2Ex v [Ex[px (X, X)]Ey [py (Y, Y")]].

Sejdinovic et al. (2013) showed an equivalence between the above distance-covariance metric
and the HSIC computed with with the so-called distance kernels that we recall next.

Fact 11 Define the distance kernels kx and £y as
1
kx(z,2') = 5 (px(z,20) + pa(2',20) = 2px (2, ")),

1
and Ey(y7 y/) = 5 (py(ya yO) + py(yla ?JO) - 2/))7(:‘/, y/)) )
where xoy and yo are arbitrary elements of X and Y respectively. Then, we have

V*(Pxy, px,py) = HSIC(Pxy, kx, ly).

Using this equivalence, we can define a cross-distance-covariance statistic similar to the
cross-HSIC statistic of Section 3 by using sample-splitting and studentization.

Definition 12 Given observations D" drawn from a distribution Pxy, we can define the
cross-distance-covariance statistic, denoted by V2, as follows:

2n
Vr%:< (n—1) Zzhmann Z Z htu> where

i=1 j=1 t n+1u=n+1
J#i uFt

2hij = a4 + aj; — a5 — ajq, and Qij = k‘)((Xi, )Ky(yv], )

We can then define a studentized version of cross-distance-covariance statistic, denoted by
Vi, by normalizing V2 with s,/\/n, with s, defined similar to (6).
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Having defined the studentized cross-dCov statistic (Vi), we can now characterize its lim-
iting null distribution by exploiting its equivalence to the studentized cross-HSIC statistic,
and using the results derived in Section 5.

Corollary 13 For a fized distribution Pxy = Px X Py, if there exist a pair of points
(w0,10) € X x Y such that E[px (X, x0)%|E[py (Y, y0)?] < 0o, then Vi LN N(0,1).

More generally, suppose the sequence of distributions {Pxy.,, : n > 1} and the distance
kernels {(kx n,fyn) : n > 1} and satisfy Assumption 1. Then, the statistic VZ converges

in distribution to N(0,1) uniformly over the composite class of null distributions satisfy-
ing Assumption 1.

The above asymptotic normality of the Vi statistic under the null suggests the definition of
an independence test (U”), based on the cross-distance-covariance statistic that rejects the

null when Vi exceeds 21_q, the 1 — o quantile of the standard normal distribution. That
is, WP = e . Using the analogous results for the XHSIC,, statistic, we can obtain

sufficient conditions for ¥” to be consistent.

Corollary 14 For a fized alternative distribution, Pxy # Px X Py, if there exist a pair of
points (zo,y0) € X x YV, such that E[px (X, 20)%py(Y, y0)?] + Elpa (X, 20)?] E[py(Y, 10)?] <
o0, then the test WP is consistent.

More generally, for a sequence of local alternatives {Pxy, : n > 1}, if the distance
kernels kx and {y satisfy the conditions in Theorem 29 in Appendix E.1, the test WP 1is
consistent.

Remark 15 Székely et al. (2007) proposed a permutation-free independence test based on
the dCow statistic, which relied on the fact that asymptotically, a suitably normalized variant
of dCov is stochastically dominated by a quadratic form of a centered standard normal ran-
dom variable (Székely et al., 2007, Theorem 6). However, as noted by Székely et al. (2007),
and empirically verified by Sejdinovic et al. (2013), the resulting independence test can be
extremely conservative in practice. We also illustrate this through an example in Figure 1.
Furthermore, the wvalidity of this approach when the distributions and distance-measures
can change with the sample-size has not been established. Our proposed cross-dCov test
addresses both these issues.

8. Experiments

In this section, we experimentally validate the theoretical results presented in the previous
sections. The code for reproducing these results is available in the repository: https:
//github.com/sshekhar17/PermFreeHSIC.

8.1 Null Distribution

Sufficiency of finite second moment. In the first experiment, we verify the claim
of Theorem 6 that states that finite second moment of the kernel is sufficient for the asymp-
totic normality of the XHSIC,, statistic under the null. In particular, we use linear kernels
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d/n =1/50 d/n=1
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Figure 1: Plot of the empirical null distribution (over 5000 trials) of the normalized dcov
statistic from Székely et al. (2007, Theorem 6) in the low (d/n = 1/50) and
high (d/n = 1) dimensional settings. The red vertical line shows the true (empir-
ical) (1 — av)-quantile of the null distribution for a = 0.05. In both instances, this
value is significantly smaller than (<I>_1(1 —af 2))2 ~ 3.84 — the value suggested
by Székely et al. (2007), illustrating the highly conservative nature of their test.

k and ¢, and consider the case where Px and Py are distribution in R?; with each compo-
nent drawn independently from a t-distribution with dof degrees of freedom. Recall that
such distributions have finite moments of order up to dof — 1. The null distribution of
the XHSIC,, statistic on such distributions with dof € {1,2,3} are shown in Figure 2. For
dof = 1 and dof = 3, the null distribution appears to be clearly non-Gaussian and Gaussian
respectively; with dof = 2 representing an intermediate state.

Effect of kernels and dimension regimes. In the next experiment, we verify that the
XHSIC,, statistic has a limiting null distribution for different choices of kernels (Gaussian
vs Rational Quadratic) and in different dimension regimes (d/n = 3/4 vs d/n = 1/20).
The observations are drawn from independent multivariate Gaussian distributions with
unit covariance matrix. The results, plotted in Figure 3, show that as expected, the null
distribution of XHSIC,, approaches the standard normal distribution, even for relatively
small sample sizes (all the plots have n = 200).

Control of type-I error. The previous experiment shows that visually, the null distri-
bution of XHSIC,, statistic approaches the standard normal distribution even at relatively
small n values. We now show in Figure 4 that this also translates into tight control over
the type-I error at the desired level a (= 0.05 in the plots) of the resulting cross-HSIC test
based on the XHSIC,, statistic.

8.2 Power

We now empirically compare the power of our cross-HSIC test with the original HSIC permu-
tation test for various kernels and different dimension regimes. We limit our baselines to the
HSIC permutation test, since it matches our stated objective of developing a kernel-based in-
dependence test that achieves a more favorable computational-vs-statistical efficiency trade-
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Figure 2: The figures show the null distribution of XHSIC,, with n = 500, d € {10,150}
using 500 trials. Both Px and Py consist of d independent components drawn
from t¢-distributions with degrees of freedom dof € {1,2,3}; the data has finite
variance only in the third plot. Thus, the plots above indicate that the existence
of finite second moment is sufficient for the asymptotic normality of the XHSIC,,
statistic, and appear somewhat necessary as well (the second plot may be close

to Gaussian, but the first plot is far from it).
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Figure 3: Plots of the null distribution of the XHSIC,, statistic for two commonly used
kernels, Gaussian and Rational-Quadratic (RQ), under two dimension regimes

each, with d/n € {3/4,1/20}, with n = 200.

off than the HSIC permutation test. In previous sections, we proved that our cross-HSIC is
the first test that is permutation-free (hence computationally efficient), equally valid in dif-
ferent dimension regimes, while also retaining the minimax rate-optimality against smooth
alternatives. We now benchmark the empirical performance of our test against the HSIC
permutation test, while omitting comparisons to other methods. This is because, the power
achieved by our test in all experiments is within a constant factor of that of the HSIC per-

19



SHEKHAR, KiM, AND RAMDAS
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Figure 4: The figures show the variation of the type-I error of the cross-HSIC test under
two different dimension regimes: d/n € {1/2,1/20}, and for two commonly used
kernels: Gaussian (the first two plots) and Rational Quadratic (RQ). In all cases,
we see that the type-I error is controlled at level a = 0.05 for n > 100.

mutation test. Hence, all the power comparisons of existing tests with HSIC permutation
tests are immediately also applicable to our test, with this correction.

In Figure 5, we plot the power curves of our cross-HSIC test and the HSIC permutation
test for two kernels (Gaussian and Rational-Quadratic), for different levels of dependence
(measured by €). For this experiment, we set Py to a multivariate Gaussian distribution in
d dimensions with identity covariance matrix; and then generated Y as

Y =ex XU+ (1—¢) x (X)), forb>0. (13)

In the above display, the exponentiation is done component-wise and X’ is an independent
copy of X. As shown in Figure 5, our cross-HSIC test is slightly less powerful than the
HSIC permutation test across different scenarios. This power loss can be attributed to a less
efficient use of the data due to sample splitting. Nevertheless, we believe that this marginal
decrease in power is a reasonable trade-off for the computational advantages gained by
avoiding the permutation procedure.

Finally, in Figure 6, we show the improved power-vs-computation trade-off achieved by
our cross-HSIC test, in comparison to the HSIC permutation test. In particular, note that
to reach the same power, the running time required by our cross-HSIC test is approximately
two orders of magnitude lower than the permutation test.

9. Conclusion and Future Work

In this paper, we proposed a variant of the HSIC statistic, called the cross-HSIC statistic,
that is constructed using the ideas of sample-splitting and studentization. Under very mild
conditions, we showed that this statistic has a standard normal limiting null distribution.
Based on this result, we proposed a simple permutation-free independence test, that rejects
the null when the studentized cross-HSIC statistic exceeds z1_q, the (1 — «)-quantile of the
standard normal distribution. We present a thorough theoretical analysis of the performance
of this test, and empirically validate the theoretical predictions on some experiments with
synthetic data.
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Figure 5: The figures in the top row show the power curves for HSIC permutation test, and

cross-HSIC test with Gaussian kernels, while the bottom row corresponds to the
same tests with Rational-Quadratic (RQ) kernel. In all figures, we have d = 10
and b = 2, while € is set to 0.3,0.4, and 0.5 in the three columns. Recall that e
and b correspond to the expression in (13).

Our work opens up several interesting directions for future work, as we discuss below:

Robust cross-HSIC test. The cross-HSIC statistic that we proposed can be
thought of as the studentized sample covariance of projected feature maps onto one-
dimensional spaces. The association between these projected feature maps can be
measured through other methods as well such as Kendall’s rank coefficient and Spear-
man’s rank coefficient. Given that these rank-based approaches are more robust to
outliers than the sample covariance, it would be interesting to develop robust cross-
HSIC and investigate its theoretical guarantees and empirical performance.

Minimaxity beyond Gaussian kernels. Another interesting future direction
would involve extending the minimax result in Theorem 10 to non-Gaussian kernels,
particularly the characteristic translation invariant kernels discussed in Schrab et al.
(2023). We believe such a result is true, but would require significantly more technical
effort to prove using rather recently developed tools, so we reserve it for future work.
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Power vs Computation Power vs Computation
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Figure 6: The figure shows the power versus running time curves for our cross-HSIC statistic
and the HSIC permutation-test (with 150 permutations) on two different prob-
lems (with b = 2 and € € {0.30,0.35}. The size of the marker in the figures is
proportional to the sample-size used for estimating the power. As indicated by
the figures, if sample-size is not an issue, the cross-HSIC test can achieve the same
power at a significantly lower running time (or computational cost) as compared
to the permutation-test.

e Alternatives to HSIC. While our focus in this paper was on designing kernel-
and distance-based dimension-agnostic independence tests, the same design princi-
ples (with appropriate modifications) might also be useful in other scenarios. For
example, when dealing with complex data-types such as images or text, it would be
interesting to explore designing independence tests based on features learned via ML
models, following Kiibler et al. (2022). Another interesting direction is to construct
a linear-time dimension-agnostic independence test using a “cross-FSIC” statistic, by
combining our ideas with those of Jitkrittum et al. (2017). Such a test would be
particularly useful when working with large datasets or with limited computational
resources. Although both these extensions are certainly feasible, they lie outside the
scope of this work, and we leave them as interesting questions for future work.

e Conditional independence testing. Zhang et al. (2011) propose a kernel-based
test for conditional independence (CI) building on a plug-in HSIC estimator. This
method is typically calibrated by a Monte Carlo approach as their limiting distribution
is intractable under the null. We believe that the use of the cross HSIC can alleviate
their calibration issue, yielding a more reliable and computationally efficient CI test.
Extending our framework to CI testing, and providing a rigorous justification would
be an interesting direction for future work.

e Testing independence of random processes. In many practical applications, the
observations are drawn from some time series or stochastic process; thus violating
the i.i.d. assumption required in our analysis. To enable to applicability of our ideas
in such applications, we need to establish the limiting distribution of cross-HSIC in
an appropriate non-i.i.d. setting, such as under mixing conditions, as considered by
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Chwialkowski and Gretton (2014). Some of the techniques discussed by Pena et al.
(2009, Chapter 8 and 15) might be a good starting point for deriving such a result.
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Appendix A. Quadratic Computational Complexity of
xHSIC,, (Theorem 2)

We begin by introducing the necessary notation for proving this result. First let K and L
denote 2n x 2n matrices, defined as

K, = 0 ifl1<i,5<n, orn+1<4,5<2n
Y k(X;, X;) otherwise.
and

(L) = 0 if1<i,j<n,orn+1<1i,j<2n
v 0(X;,X;) otherwise.

Also introduce the following two vectors in R?".

1,=(1,...,1,0,...,0) and 1;=(0,...,0,1,...,1).
N—— SN——
n terms n terms

Finally, note that we will use o to denote the elementwise product of two matrices.

Proof of Theorem 2. To show the quadratic complexity of the cross-HSIC statistic, we
it suffices to show that 75, T3, and T4 can each be computed in quadratic time.

Lemma 16 T, and T3 satisfy the following:
1
n?(n—1)

where tr(-) denote the trace of a matriz.

1 1
T = <1;KL1; - itr (KL)) , and T3 = <1uKL1u - §tr (KL)> )

1
n?(n—1)

Proof We show the details of the calculation for the term T5 (the result for T3 follows the
exact same steps). In particular, we have the following:

(n—1)T5 = Z Z k(Xi’Xh)g(Yi?sz)
i=1 nt+1<j1#j2<2n

n

n 2n 2n
Y Y KXY - Y Y KK XY

i=1 j1=n+1 jo=n+1 =1 j=n+1
1
=1/KL1, - Str(KL).

Both the matrix multiplications involved in the last expression can be done in O(n?) time,
implying the quadratic complexity of T5. |

Lemma 17 The term Ty satisfies

1

Ty=
YT 2 —1)2

1
(1r'k1,)}fr1,) -17KL1, - 11Kk, + S r(KL)
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Proof We again proceed by expanding the summation defining T}.

n2(n — 1)2T4 = Z Z k(Xivle )K(Yl’w YJ2)

1<ii£i<nnt1<j1#£j2<2n

n n 2n 2n n 2n 2n
= Z Z Z Z k(Xiqul)E(YtiJé) - Z Z Z k(Xhle)g(Y%Yh)
11=112=1j1=n+1 jo=n+1 =1 j1=n+1 jo=n+1
n n 2n n 2n
=D D (X, XU, Vi) + Y D k(X X0V, 5).
i1=1is=1j=n-+1 i=1 j=n+1

=Ty —Tao —Ta3+ Ty

The first term, T4 1, can be factored into a product of two terms, each of which can be
computed in quadratic time, as follows:

T4,1 = Z k(Xianl) Z E(Y;Q’Y'jé) = (1lTK1U) (1ZTL1U) .
11,J1 12,J2

The next three terms were evaluated in Theorem 16, as
1
T472 = 1ZTKL11, T473 = 1$KL1U, and T474 = 5“’ (KL) .

Together, the above expressions imply the required result. |

Thus the previous two lemmas imply that the statistic xHSIC,, can be computed in quadratic
time. To establish the quadratic computational complexity of XHSIC,,, it remains to show
that s2 can also be computed in quadratic time. We now give an outline of this result,
omitting some long but standard calculations.

2

= can be computed in quadratic time.

Lemma 18 The variance term s

Proof outline of Theorem 18. In the first step, we expand the expression of s2 to get the
following:

2
n j7£1,m
4(n —1) 17
52 = CEE Do\ =g Do (g Fap —xHSIC,
i= j=1
2
n .7£i7n ];ﬁ’L,TL
4(n—1 17 1
= (72 — 2>2) " Z <hija f2>k><£ + XHSIC% — 2XHSICn 771 1 Z <hij, f2>l~c><é
i=1 j=1 j=1
L. 2
- An-1D) Zn: . Jin (hij, f2) _dnln 1) e
TR AR g w1 TR | g

We have already proved that xHSIC,, can be computed with quadratic cost. Excluding the
leading factors, the first term can written as

n | i > | e
Z 7n_1 Z <h7;j,f2>k><£ :ng, where wi:in—l Z <hz‘j,f2>k><g-
i=1 7=1 i=1 j=1
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Thus to complete the proof, it suffices to show that each w = (wy,...,w,)" can be com-
puted in quadratic time. By expanding the terms involved in the definition of w, it can be
verified that (with I, denoting the n x n identity matrix, and 1 denoting the all ones vector

of appropriate dimension):
w = [,w, where
- 1 1
2(n = D)t = n(K o L)1 + Str(KL)1 = (KL + LEK)1 = (K1) o (L1;) = 2—1ZTKL111
n

1
+o- (A"L1)K1, + (1T K1)L1)) .
n

Note that every term involved in the definition of w, and hence in the definition of w, can

be computed in quadratic time. This in turn, implies that the variance term s2 can also be

computed in quadratic time as required.

Appendix B. Testing Linear Dependence (Section 4)

In this appendix, we collect proofs of the results on linear kernels.

B.1 Proof of Theorem 4

Both results in Theorem 4 rely on some simplified representation of the XHSIC,, statistic
for linear kernels in one dimension. We present the details of the common steps here,
before moving on to the specifics of the proof of part (a) in Appendix B.1.1 and of part (b)
in Appendix B.1.2.

Since xHSIC,, is location-invariant, we may assume E[X]| = E[Y] = 0 without loss of
generality, and we assume this throughout the proof. We first note that xHSIC,, can be
written as:

1< 1
xHSIC,, = fa- <nZXlYZ_n(nl) Z XzYJ)

1<i#j<n
= ( ZXY {(ZXY) ZX})?}). (14)
i=1
On the other hand, the squared denominator of the studentized statistic is

= f2-(1,-11L,),

where
n n,j#i 2
I, = (n_l ZZ > (X - X)(Yi - Y)) and (15)
= j=1
4nn—1
I, = N < ZXY ( Z XY>. (16)

l<7,;é]<n
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More specifically, recall from (7) that s2 can be expressed as
2

52 = zn: nflm(z Z;), f2) —wxﬂsuﬂ
n (n—l 2 g j:1 (2] J/ 2 (n_2)2 n:

Since (h(Z;, Z;), f2) = 2(X; — X;)(Y; = Y;) - fo for the linear kernel, we see that

n ’]757‘ 2
PE e M DIUCEINE TR
=1 7=1

Similarly, using expression (14), we see that

dn(n —1) 2 2
————~xHSI = -11,.
(n—2) SIC: B

Combining the above two expressions yields s2 = f3 - (I, — II,,), and consequently we have
VnxHISIC, \/ﬁ<’lL L Xi¥i ﬁ Di<igj<n Xi}/j>
p— 3 >< ‘
5 = sign(fa) i

B.1.1 PROOF OF PART (A)

<HSIC,, = (17)

Having presented a simplified representation of the XHSIC,, with linear kernels, let us begin
proving the pointwise asymptotic result in part (a) of Theorem 4. Under the finite second
moment condition in the theorem statement, notice that

E[(l > X-Y->2] < 1 > {EXPY?] + E[XYE(X; Y]}
n(n —1) v ~ n2(n—1)>2 v v 77

1<i#j<n 1<izj<n
E[X?2Y?]

S
n2

— 0,

where the last inequality uses Jensen’s inequality Thus an application of Markov’s inequal-
ity verifies that 7y > 1<izj<n Xi¥j = Op(n~ 1Y = op(1). We also know by the weak law

of large numbers that LS XiY; —E[XY] = op(1) and as a result, we have

dn(n — 1) (E[XY] N 0p(1))2 — 4{E[XY]}? + op(1).

m,=—~
(n—2)

To control I,,, note that

(n—1)(n—2)1,

n [nj#
= > | Y. X -X)Vi-Y)
i=1 \ j=1

= ) X=XV ) (K= X))V = Y)(X — X) (Y — V).

1<i#j<n 1<4,5,q<n
i, j,q distinct
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We then apply the law of large numbers for U-statistics (Hoeffding, 1961) for each term
above, and observe

o 1 Y2V V2P an
An " (n—1)(n—2)? 1§§;§n(xZ TP "
B Y (Xem X0 — ) - X%~ ¥y) L VIXY] + 4{ELXV]P,
1<4,5,q<n

i, 7, q distinct

(19)

which hold under the finite second moment assumption. This further implies that I,, —II,, =
VIXY] +op(1).

As verified before, it holds that ﬁ Di<izi<n Xi¥j = Op(n~!) and thus Slutsky’s
theorem together with the central limit theorem gives

Vn %Z?: {Xz'Yi—E[XY]}—#Z iticn XiYj
( 1 V[Xy}( 1) £u1<i#j< j)iﬂ\f((),l).

Moreover since I, — II,, = V[XY] + op(1), the continuous mapping theorem along with
Slutsky’s theorem establishes

\/ﬁ(% Z?:r{XzY; - E[XY]} - ﬁ 21§i7&j§n Xng) d
i — N(0,1).

By symmetry with f; and recalling p = E[XY]/VY/2[XY], it can be seen that fo satisfies

2
P ( ﬁ ZiZnJrl{XiYi - E[XY]} - \/5(711,1) Zn+1§i;ﬁj§2n Xiy} S )
—/np

P(sign(f2) > 0) = VXY

= ®(v/np) +o(1).
Similarly, observe that
P(sign(f2) < 0) = ®(—v/np) + 0o(1) and P(sign(f2) =0) = o(1).

Combining all the pieces together,

L 3" IX,Y; —E[XY
P(XHSIC,, > z1—o) = P(sign(f2) > O)IP’< Vo Z“{V[XY] -~ > 21—a — ﬁp)
L " IX,Y; — E[XY
+ P(sign(f2) < O)P<— v 21_1{V[XY] Skt > 21—+ ﬁp) +o(1)

= O(=Vnp)®(za — Vnp) + 2(V1p)®(za + V/np) + o(1).

This proves the first part of Theorem 4.
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B.1.2 PROOF OF PART (B)

In this subsection, we make the asymptotic guarantee hold uniformly over the family of
distributions satisfying condition (9). Let r,, be a sequence of positive numbers. Throughout
this subsection, we say that a random sequence X,, = op(ry,) for a family of distributions
P if limy, 00 SUppep Pp(r, 1| Xn| > €) = 0 for all € > 0.

We first collect several lemmas that will be used in the main body of the proof. The
proofs of these results can be found in Appendix B.4.

Lemma 19 For P, satisfying condition (9), we have

1 X;Y; _
Ly A e
n(n—1) \<Ti<n Vp[XY]

Lemma 20 For P, satisfying condition (9) and any fized £ € (0,1/2], we have

XY, —Ep[XY
72 P ] _ Opn(nfl/QJrs)'
—  V/Vp[XY]
Lemma 21 For P, satisfying condition (9), we have
1 X, — X)2(Y; - Y;)?
(n—1)(n—2)? 2 ( VJ)[X(.'Y] L om0,
1<i£j<n P
Lemma 22 For P, satisfying condition (9), we have
1 Z (Xi_Xj)(Y;_Yj)(Xi_Xq)(Yi—Yq)
_ —9)2
CESV ORI VoXY]
i, 7, q distinct
Ep[XY] \?
=1+ 4{[)[]} + OPn(l)-
Vp[XY]

Lemma 23 Let V,, be a random sequence defined as

Z {X Y, — Ep[XY] }
v = VVp[XY] S
For Py, satisfying condition (9), we have the uniform central limit theorem as

lim sup sup|Pp(V,, <t)— ®(t)| =0.
"0 PePn t€R

The following lemma corresponds to Lemma 20 of Shah and Peters (2020) with a slight
modification for our purpose.
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Lemma 24 Let P be a family of distributions determining the laws of random sequences
Vi, Wy and R,,. Suppose that

lim sup sup |Pp(V,, <t)— ®(t)| = 0.
N0 peP teR

Then we have the following.
(a) If Ry, = op(1), we have

lim sup sup |Pp(V,, + R, <t) — ®(t)] = 0.
N0 peP teR

(b) If Wy, =1+ op(1), we have

lim sup sup |Pp(V,,/Wy < t) — ®(t)| = 0.
n—=00 pcP tcR

(c) FixteR. If W,, =1+ op(1), we have
lim sup sup [Pp((Vn — a)/W, < t) — @(t+ a)| = 0.

n—=00 pcP qecR

Main body of the proof of part (b). Moving to the main proof of part (b), Theorem 19
and Theorem 20 imply that by letting e = 1/8 € (0,1/2),

2 2
Vp[XY] Vp[XY] Vp[XY]
This follows since
1/4 447y 1/4
sup n—3/8 M < sup n {EP[;( Y ]} = 0(1),
PEP, VVR[XY]| ~ pep, n/8 | nVL[XY]

under condition (9), and consequently

Ep[XY]
JVp[XY]

In addition, by Theorem 21 and Theorem 22,

I, Ep[XY] \?
S 4{P[]} +op, (1),
VVp[XY] Vp[XY]
and combining the pieces yields
bl o (1)
Vplxy] TPV
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Moreover the uniform continuous mapping theorem (Lundborg et al., 2022, Lemma 15)
shows that

I, — 11,
VoY = 1+ op, (1). (20)

Now let us write

1 XY —Ep[XY] 1 _ XYy
Vn._\/ﬁ;{ N } Ry : ﬁ(n_l)lgggn\/m,

VnEp[XY] I, —1II,
ap :=/Npp = —————= and W, =/,
Ve Vp[XY] Vp[XY]

and recall that W,, = 1 + op, (1) as in (20) and R, = op,(1) by Theorem 19. Then
Theorem 24 combined with Theorem 23 and Theorem 24 proves that

lim sup ‘IP’p((Vn + Ry +an)/ Wy, > zl_a) —®D(zq + an)‘ =0 and (21)
n—oo pep,

lim sup ‘IP’p((Vn + Ry +ap) /W, < —zl_a) — P(2zo — an)‘ = 0.

n—oo PEPn

We also note by Theorem 23 that

Jim sup [Pp(f2>0) = ®(an)| =0,  lim Sup Pp(f2 <0) —®(—an)| =0 (22)

and lim sup IP’p(fg = O) =0.

oo pep,

Finally, by an alternative expression of XHSIC,, given in (17), that is

% Vo + Ry, + \/ﬁpn
W, ’

XHSIC,, = sign(f2)

and by using the triangle inequality, we have

lim sup ‘IP’p (iHSICn > zl_a) — O (—/npn)®(20 — V1pn) — ®(vVnpn)® (24 + \/ﬁpn)}

TL—)OOPEan
< ILm ;u})) ‘Pp(fg > O)]P’p((Vn + Ry + Vnpn) /Wy, > 21—a) — ®(Vnpn)®(za + \/ﬁpn)‘
=0 pep,
+ li_>m ;u})) ‘PP(fQ < O)Pp((Vn + Ry + Vnpn) /W, < —zl,a) — O (—/npp)P (24 — \/ﬁpn)|
n [oe) = "

+ lim sup IP’p(fg = 0).
n—oo Pefpn

The upper bound can be shown to be zero by the preliminary approximations (21) and (22).
Therefore the desired result follows and we complete the proof of Theorem 4.
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B.2 Uniform asymptotic normality with finite 2 + § moments

For a fixed 6 € (0, 2], consider a family of distributions P, s such that

=0.

lim su EP[|X_EP[X]|2+6] =0 and lim su EP[|Y_EP[Y”2+6]
o P@Eﬁ S/ p[X]1H/2 n—00 PEPE,& S/ p[Y]1+3/2

In this subsection, we show that XHSIC,, is asymptotically N (0, 1) uniformly over the class

PT(LOg given as

P(?g = {PXY S Pn,é : Pxy = Px X Py}.

n

In particular, we will show that

lim sup sup ’Pp(iHSICn <t)-— <I>(t)| =0. (23)

n—oo
PePffg teR

Notice that any P € ’Péog satisfies

fm sup EPIX ZEPCOPT -V - Ep()PT]
"% pep nd {Vp[(X — Ep(X)) (Y ~Ep(Y))]}*"

(24)

Since XHSIC,, is both location-invariant and scale-invariant, we may assume that Ep[X]| =
Ep[Y] =0 and Vp[X]| = Vp[Y] = 1 without loss generality (note that we have Vp[XY] =
Vp[X]|Vp[Y] = 1 under the null when X and Y are centered). We therefore assume that
X and Y are standardized throughout this proof.

For a triangular array of random variables with a distribution P € P

(0)
n,
Lyapunov central limit theorem verifies that

5» the uniform

lim sup sup
—
n OOPG,P:L(?(); tER

pp<\}ﬁgxm < t> —@(t)' —0,

which can be shown similarly as Theorem 23. We also note that
limy, 00 SUP 5 (0) Ep[|X2Y?|'+%/2]n=0/2 = 0 by condition (24). Thus Lemma 17 of
n,é

s

Lundborg et al. (2022) yields

1 n
2v2 _
nz;Xin' -1= 0737(3%(1),
.

which implies that n31/2 S XY = 050 (1). Therefore an application of Theorem 24
n,s
yields that

A, 2, )

1<i#j<n
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(0)

is asymptotically N (0, 1) uniformly over 73( )
Now let us turn to the terms I,, and II, Where I, and II,, are recalled in (15) and (16),
respectively. Note that the second term satisfies

=0(1) fi.

We already showed that \/nf; is asymptotically N (0, 1) over PT(LO(% and thus IL, = 0,0 (1).
’ n,§
For the first term, note that

is asymptotically N (0, 1) uniformly over P ;. Following the same logic, we also have \/n fa

n

{1+0(1) 3222)( X;) (Y = Y3)(X; — X3) (Vi — Ya)
k=1

i=1 j=1

In

(14 o(1)) { ZX2Y2+O ( ZX2 )(i;yj)
(£ o)) on (L)

j=1
1 n 1 n 2
b(i3w)(hxx) |
n < n 4
=1 7=1
Under the condition on 73( ) it can be checked that

sup Ep[|X["T2n~02 = o(1),  sup Ep[|Y""/?n0% = o(1), (25)
pepl) pep’)

sup Ep[|X2Y|"H9/2|n70/2 = (1) and  sup Ep[|XY?|'*/2n=9/2 = o(1).  (26)
pepl) pepl’)

For instance, by Cauchy—Schwarz inequality, we see that

sup EPHX Y‘1+5/2] —6/2 < sup \/EP |Xzy2|1+6/2 —6/2\/EP |X2’1+5/2] —4/2 = 0.
peP”) pep’
n,s

(27)
Thus Lemma 17 of Lundborg et al. (2022) yields
1o 42 2
i i=1
1 n
- ZX =0 (02 and — Y Y= 050 (1). (29)
n i=1 n,

These approximations verify that I, =1 + op(o)( ), and thus I, — II,, =1+ 0.0 (1).
8

Having all the ingredients, we may follow the proof of part (b) of Theorem 4 and show
the uniform normality result (23) as desired.

35



SHEKHAR, KiM, AND RAMDAS

B.3 Details of Example 1

Based on our previous discussion in (17), XHSIC,, with linear kernels can be expressed as
Vnfi

VI, =11,

where I,, and II,, can be found in (15) and (16), respectively. Moreover, since I,, — IT,, > 0,
we have

XHSIC,, = sign(f2)

P(xHSIC,, < 0) = P(sign(f2) - nf1 <0).

To approximate this probability to the target probability in Example 1, note that

n

nfl :Z(Xi_pn)(}/i_pn)_n_ Z (Xi_pn)(}/}_pn)

i=1 1<i#j<n

1

by the location-invariance property. We also note that since

n—1_ n—1
1<i#j<n

V( 1 > (Xi—pn)(Yj—pn)>= D21 pn)? 0,

an application of Chebyshev’s inequality ensures that

n

nfi =Y (Xi = pn)(Yi = pa) + 0p(1).
=1

A similar argument shows that p, > . (X; — pn) = op(1) and pp, > (Yi — pn) = op(1).
Therefore

n
nf; = ZXiY;; —np? +op(1).
i=1

Since X;Y;s are i.i.d. Bernoulli random variables with parameter p% satisfying np% =A>0,
Poisson limit theorem (Theorem 3.6.1 of Durrett, 2019) together with Slutsky’s theorem
yields

nfi SN Poisson(A) — A.

Similarly it also follows that sign(f2) = sign(n f2) N sign(Poisson(\)—\) by the continuous
mapping theorem. Strictly speaking, the sign function is discontinuous at x = 0, and thus
the continuous mapping theorem does not directly apply. However the same conclusion
follows since P(Poisson(A\) — A = 0) = 0, i.e., the set of discontinuity points has zero
probability, as A is a non-integer by our assumption. Combining the pieces and observing
that fi and fy are independent, we therefore conclude that sign(fa2) - nfi LN sign(V’') x
V where V, V'’ are i.i.d. centered Poisson random variables. Lastly, the distribution of
sign(V') x V is continuous at 0 since A is not an integer. Hence the definition of convergence
in distribution implies the desired result.
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B.4 Proof of Auxiliary Lemmas

This subsection collects the proofs of lemmas used for part (b) of Theorem 4.

B.4.1 PrRoOOF OF THEOREM 19

Similarly as before in Appendix B.1.1, it can be shown that

1 Xiv; O\ 1 Ep[X?Y?]  Ep[X:YiEp[X;Y]]
EPKn(n—l) 1<;4<n VP[XY]) } S n2(n —1)2 1<;<n{ Vp[XY] * Vp[XY]

Ep[X?Y?] _ 1 [Ep[X*Y]
~ n2Vp[XY] ™ nd/2\ nV3[XY]

Thus Markov’s inequality yields

1 XY, 1 Ep[X4Y+4
sup Pn<n3/4 Z ]'2t>§2 sup #%O,
PPy, n(n—1), & /Vp[XY] 2\ pep, nVL[XY]

where the last convergence result holds under condition (9). Hence the result follows.

B.4.2 PROOF OF THEOREM 20

The result follows by Chebyshev’s inequality using

n

. . — 2
PeP, n Vp[XY] n

B.4.3 PROOF OF THEOREM 21
Note that condition (9) guarantees that

1 (X — X;)%(Y; - Y;)?
[(n— 1)(n —2)2 2 ] :

sup Ep
PcPy,

1<i#j<n

< sup 1\/ max {Ep X BIXIRPS _ o,
o T VA [XY]

where the last convergence result holds under condition (9). Hence the result follows by
Markov’s inequality.
B.4.4 PROOF OF THEOREM 22
We first note by the law of total expectation that
Ep[(Xi — X;)(Y: = Y))(Xi = Xg)(Yi = Yy)] = Vp[XY] + 4{Ep[XY]}*.

Let
U — 1 3 (Xi — X;) (Y = ¥5) (Xi — X) (Vi = Yy)
n )
nin—1)(n—2) <iTaen Vp[XY]
i,7,q 7d7ist7inct

37



SHEKHAR, KiM, AND RAMDAS

and notice that U, is a U-statistic. Then using an upper bound for the variance of U-
statistics (Lee, 2019, Chapter 1.3),

VplU,] < %VP {(Xl — Xo)(Y1 — Yo) (X1 — X3) (Y1 — YB):|

Vp[XY]

< 1lg, [(Xl — X5)? (V1 — Y2)2(Xh — X3)* (V1 — 1’3)2]

V4 [XY]
max {Ep[X Y], Ep[XJEp[Y*)}
nV3[XY] '

S

Therefore Chebyshev’s inequality yields U,, = 1+4{Ep[XY]/\/Vp[XY]}?*+0p,(1). Finally,
since -5 =1+ 0(n™!),

1 3 (Xi — X;) (Vi — V) (Xi — X) (Y — Yo)
CERICEFIEN Vp[XV]
i, J, q distinct
_n Ep[XY] 2 B Ep[XY] 2
= 3 [1 + 4{VP[XY] } ] +op, (1) =1+ 4{VP[XY] } + op, (1).

B.4.5 PROOF OF THEOREM 23

This proof follows the exact same lines of the proof of Shah and Peters (2020, Lemma 18)
combined with the Lyapunov central limit theorem for triangular arrays. Hence we omit
the details.

B.4.6 PROOF OF THEOREM 24

We only need to prove part (c) as the proofs of part (a) and part (b) are given in Lemma 20 of

Shah and Peters (2020). For a given € > 0 and a fixed t € R, choose 0 < § < min {%, %e}
and NV such that for all n > N,

sup sup |Pp(V,, <t) — ®(t)] <¢/3 and sup Pp(|W,, — 1| > J) < ¢€/3. (30)
PcP teR pPeP

Then for all n > N, for all P € P and for all a € R,
IP’p((Vn —a)/Wy, < t) —®(t+a)

Pp(V, <t(1+6) +a) — (t +a) + Pp(|W, — 1| > 9)

< Pp(Vu<t(l+6)+a)—@t(1+6)+a) +P(t(1+6)+a) —P(t+a)+e/3
%) %—" |®(t(140) +a) — (t+a)|

(i)

€,
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where step (i) uses condition (30), and step (ii) uses the fact that ® is 1/v/27-Lipschitz and
our condition on §. An analogous argument may show that

Pp((Vy —a)/W, <t) — ®(t +a) > —e,

for all n > N, for all P € P and for all a € R. Therefore the desired statement holds.

Appendix C. Pointwise Asymptotic Null Distribution (Theorem 6)

In this section, we prove that XHSIC,, is asymptotically N(0,1) under the null, provided
that (i) the kernels k and ¢ are fixed in n, (ii) the data generating distribution Pxy is fixed
in n, and (iii) 0 < E[g?(Z1, Z2)] < oo for Zy,Z; independent draws from Pxy. We first
present an outline of the proof in Appendix C.1, breaking the overall argument into three
steps, and then present the details of these steps in the next three subsections.

Remark 25 (moment condition for xdCov) Suppose that we use the Euclidean dis-
tance kernel in Fact 11 with xo = 2’ and yo = y'. Then the kernels become k(z,z') =
— 3w — 2| and €(y,y') = —5|ly — ¥/'||. Due to the non-linearity of the Euclidean norm, it
is difficult to obtain an explicit form of E[g%(Z1, Z2)] associated with the Buclidean distance
kernel. Nevertheless, Jensen’s inequality gives a sufficient condition for E[g*(Z1, Z3)] < .
First note that

9((z,2"), (y,)) = %{Ilrr —2'|| = E[IX — 2'[l] - Efll= — X" + E[| X — X||]}
<{lly = 'l = E[IY = /'l - Ellly = Y'I] + E[I[Y = Y|}

Then Jensen’s inequality (more specifically, {E[|X — X'||]}? < E[|X — X'||?]) along with
independence of X and Y yields

E[g*(Z1, Z2)] S E[|X — X"|P|E[|[Y — Y7||?].

Therefore, xdCov is asymptotically N(0,1) given that E[|| X —X'||?] < oo and E[||Y —Y"||?] <
00.

C.1 Outline of the proof

Throughout the proof, we work with the centered features ¢(-) := ¢(-) — p and ¥(-) =
¥(-) — v, and use (-,-) without the subscript to denote the RKHS inner product (-, -)xxe-
This can be done without loss of generality due to the following simple observation:

W7, 23) = hiy = 3 {6(X0) — 6(X))} {(¥5) — 0(%))
= {00 — it = S HP ) — v+ v = (%))
= (30X — S HTM) — 3)).

Having this observation in mind, the main technical ingredient of the proof is the orthonor-
mal expansion of g in equation (11). In fact, we can express this orthonormal expansion as
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the product of the orthonormal expansions of k and !7, respectively. This leads to

9z 2) = §l(x,y), (2. y)) = k(z,2"){y,y)

= {Z)\X,kex,k( r)ex p(x }{Z)\Yk’eYk’ €Yk'(l/)}
=1

k'=1

= > ) Axadviwexr(@ex k(@ )evw (v)eyw ()

k=1k'=1

= Z Arex(z)ex(z
k=1

In the proof, one of the main challenges is to handle the infinite sum associated with
eigenvalues and eigenfunctions. When the sum is finite, then the usual fixed-dimensional
law of large numbers and multivariate central limit theorem establish the desired result in
a straightforward manner. However, when dealing with an infinite sum, we need extra care,
and we bypass this technical difficulty by leveraging the truncation argument used in the
asymptotic analysis of degenerate U-statistics (e.g. Serfling, 2009).

We break the proof into several pieces for readability.

e Step 1: In the first step, we prove

00 n 2n
1 1
nxHSIC,, = ZM(\/H Zek(Z¢)> <\/ﬁ Z ek(Zt)) +op(1).
k=1 i=1 t=n+1
e Step 2: In the second step, we prove
1 n e 1 2n 2
(n—1)sp==>" { > Mer(Zi) <f > ek(Zt)> } +op(1).

g V= [ —

e Step 3: In the final step, we prove the bivariate central limit theorem

2| — —
CD { > he1 Akek(Zi) <\/> S en(Z )) } et MW
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where W7, Wl, Wa, WQ, ... are i.i.d. N(0,1). Then Slutsky’s theorem along with the
continuous mapping theorem proves that

nxHSIC,, v/n—1
m Vi

e @) (S S @) + on()
%ﬁ g {Z“Am )< s n+lek(zt>>}2+0p<1>

4, D Aka;va d
Dol MW

XHSIC,, =

{1+o0p(1)}

N(0,1).

In the subsequent subsections, we present detailed proofs of the above results in each step.

C.2 Proof of Step 1 (Numerator)
We start by decomposing xHSIC,, as

1
xHSIC,, = T Z (hij, f2)

LS T 1 o

- X)U(Yy), fa) — ———— X)), fa) .

n;w( W) o) = o lggjj@w Ji(Y), f2)
<HSICL) xHSICY)

Notice that XHSIC,(E) is a degenerate U-statistic of order 2 whose kernel satisfies
E[($(X)9(Y)), fo)l o Zi] = E[($(X)P(Y), fo)lf. Zj] =0

Under the null, E[XHSIC%Q)‘fQ] =0 and

E[(xSIC2 Y| 2] = 0( 1 )EGE0)TM). 27172)
Moreover,
~ ~ 1 ~ ~ 2
GOI A = (ot X @Ik Z) )
n(n ) n+1<t#u<2n

N

1 2n " . - ~ 2
(13 Gonion sxionn

t=n+1

1 _ _ _ _ 2
(= > BRI F0n)I0))

n—1
) n+1<t#u<2n
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and therefore its expectation is bounded by

E[F(X0)I0), 7] S TB[GX)I0), 60600060 = “E[§(Z, 2. (1)

Hence, for t > 0, Chebyshev’s inequality yields

E[P(KHSIC)| > 1])] £ E [E[G(X0)5Y), £2)715]]

t?n?
1 ~
73]E [g(Zlv ZQ)Q] )

<
~ t2n

which concludes that xHSIC'? = Op(n=3/2) = op(n=).
Next we study XHSICS), which equals

n

CHSICY) — %Z@(Xi)@l(mm

i=1

_ nzz Z L S(X) (V) Z ST (B(X)P(Y:), HX) U (Ya)).

i=1t=n+1 1=1 n+1<t#u<2n

The second term above has zero expectation and its variance is bounded above by
Lo 2
0] EE[Q(ZLZQ) ] .

As a result, we have

n

2n
)HSICY) = o 3™ S (@K, SX)F(Y) + Op(n7?)

i=1t=n+1
00 1 n 1 2n
= Z/\k <nzek<ZZ)> <n Z ek<Zt)> +Op(n_3/2).
k=1 =1 t=n+1
Putting all together, we see
nxHSIC, — i e[ — Zn:ek(zi) L i ex(Z)) +op(1)
k=1 v i=1 v t=n+1 7

as claimed in Step 1.

C.3 Proof of Step 2 (Denominator)

In this step, we would like to show (n — 1)s2 approximates

2n

(n—1)s2 Z{ZAM (} S ek(Zt)>}2+0p(1).

t=n+1
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This part is much more challenging to prove than Step 1 partly due to the complexity of
s2. To simplify the problem a bit, we first prove that xHSIC2 = Op(n~2). Indeed, from

the previous results in Step 1, for this claim to hold, it suffices to prove

n 2n
L3S G, 6(X0) (1) = Op(n).
=1 t=n+1

This follows by the Chebyshev’s argument as before given that it has the expectation zero
and the variance bounded by O(n~2E[g§(Z1, Z)?]). Consequently, we have xHSICZ =
Op(n~2), and thus

) _ Ao i ’ 2
Sn = (n— 2 (n—1)2 E_: ]z:l (Zi, Zj), f2) | — nxHSIC;,
n n,jF#1 2
~ - QZ Z (Zi, Z;), f2) | +O0p(n7?).
The first term above further approximates
4(n —1) n (a7 ?
CEECErPS Z (Zi, Z)), f2)
4(n —1) 4(n—1)
= Zi, Zj Zi, Z; T 7).
o0t - oF | 2 ME I g 2 (A S (e Z). o
B ; i,j,iq distinct
4 —
T (n—1)(n—2)72 Yo (W(ZiZ), f2) (MZi, Zy), fo) + Op(n™?),

1<i,j,q<n
i, 7, q distinct

where the last step uses Markov’s inequality together with
~ ~ 2 ~ ~ 2
E[(h(Zi, Z;), f2°] S [<¢><Xi>wm>7 f2) } +E [<¢(Xi)w<Yj>, f2) ]
+E|(306)50), )| + B[ (3000000 12)| S 1Bl 227,
due to the upper bound in (31). Thus the main term to investigate is

4
2
Smain,n n(n—l)(n—Q) 1<i§jq<n < ( ) )f2>< ( Ty q),f2>
i, j,iq ’d}sﬁnct

- ey 3 {1 - S HI) — S0} )
1<i,j,q<n
1,7, q distinct

% ({90X0) = X HBD) — D(Ya)} o)
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We also claim that

n 2
S?nain,n = 711; <$ Z ¢ Xt Yy > + 0P<n_1)7 (32)

which yields the desired result in Step 2. Note that smaln ., 1s a U-statistic of order 3 with
a varying kernel in n conditional on fs. Therefore we are not able to directly apply the
usual approximation theory of U-statistics, which focuses on a fixed kernel, in the process
of obtaining approximation (32). It turns out that the analysis is non-trivial especially
only with the finite second moment of g. We postpone the detailed (long) analysis to
Appendix C.5.

C.4 Proof of Step 3

By the Cramér—Wold device, the bivariate central limit theorem holds if for each t1,t3 € R,

tlgAkQﬁg@k%)) Qﬁﬁ;ek%)) . Z { > den(Z, <\/1—t§:;16k(2t)> }2

-~

Tn

o [o.¢]
LY MWW+ 1Y AR
k=1 k=1

T

In order to establish this, we make use of the truncation argument as in Chapter 5 of Serfling
(2009). First of all, for some fixed K, define

K :tlé/\k(\/lﬁiek(zi)> <\/lﬁ i 61<:(Zt)>

t=n+1
1 2n 2
+752Z{Z>\k€k <\f > ek(Zt)>} :
t=n-+1
K — —_—
Tk =11 Z MWWy + to Z )\%ng
k=1 k=1

Then by the triangle inequality

E[T, — T x|] < ItllE[ 2 %: 1)\k<\f zn: k(Zi )) (\/15 ilek(zﬁ> H
i 1 t=n+
L3S 55 aim))
i t=n-+
_ % ZZZ; { kf:lAkek(Zi) <\/15 tzi:;-l ek(Zt)) }2 }

= [ta|(1) + [¢2[ (TD).
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By the Cauchy-Schwarz inequality and using that {e;}?° , are orthonormal and E[e,(Z)] =
0,

M, > A
E=K+1
On the other hand, letting

[e'S) 1 2n K 1 2n
Z)\kek(zi)( > ek(Zt)> = ZM%(@)( > ek(Zt)>
k=1 \/ﬁ t=n+1 k=1 \/ﬁ t=n+1

[e'¢) 1 2n

Z )\kek(Zi)< Z ek(Zt)>

k=K+1 \/ﬁt:n—i—l
= Ai+ B

and using |(A; + B;)? — A?| < B? + 2| A; B;|, we have
(I1) ZEB2+2|AB| Z]EB2 | +2- Z\/ [A2]\/E[B?],
=1

where the last inequality uses the Cauchy—Schwarz inequality. Again by using the orthonor-
mal property of {e;}?2, and Ele,(Z)] =0,

K
E[A7] =) X and E[B}] = Z AL
k=1 k=K+1
Therefore, noting that E[§?(Z1, Z2)] = ,I::l A2 < oo,

>

k=K+1

e ) K
BT, — Toxl] < ltal,| D M4 ltal D A2 +2ltaly| D A2

k=K+1 k=K+1 k=1

which goes to zero as K — oo uniformly over n. Hence T}, i converges to T, in distribution
as K — oo uniformly over n. Similarly, we obtain

E[T - Tk[] < |t1|E[ > )‘kaWk] Jr|152|1[‘3[ > Aiwlf]
k=K +1 k=K +1
< |t Z A2+ |to] Z A2

k=K+1 k=K+1
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which goes to zero as K — oco. In addition, for each fixed K, the multivariate central limit
theorem yields

ﬁ Z?:1 e1(Z:)

% Z? 1ex(Z;)

d
— Nog (0, 1),
th n+1 el(Zt)

th n+1€K( )

and the law of large numbers shows

1 & 1 k=FK,
= en(Ziew(Zi) {

n 0 otherwise.
Using these results, Slutsky’s theorem together with the continuous mapping theorem proves
that T}, i> Tk for each fixed K.

Having these preliminary results in place, we finish the proof of Step 3 using the argu-
ment in Serfling (2009) as follows. Let ¢y, ¢, K, ¢ and ¢ be the characteristic functions
of Ty, Ty, k¢, T and T, respectively. Let € > 0 be some fixed number. Then we can choose
K7 > 0 such that for all K > K; and for all n,

|SD77«(5) - @n,K(S)| = ’E[eiSTn _ eiSTn,K|
]E|eis(T"_Tn,K) _ 1’

IN

€
< JS[E[Tn ~ Tkl < 5.

We can also choose K5 > 0 such that for all K > Ko,

[p(s) = prc(s)] < -

Since T, k i> Ty for each K, we can choose N such that for all n > N and Ky =
maX{Kl,KQ},

3l

lonk (s) — K| <
Therefore, by the triangle inequality,

|on(8) = 2(8)] < ln(s) = onio ()| + |n 1o (8) — Preo| + [0(s8) — o (s)] < e

Since e was arbitrary, we conclude that lim,, . ¢, (s) = ¢(s) as desired.
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C.5 Details of approximation (32)

The aim of this section is to establish approximation (32). First note that smam ,, has the

following decomposition:

n

S = 3 2 (AXDTD. )~ —Es S0 (XD, o) (BTN, 1)

=1 1<i7<n
T 3 (i, ) (05)500.1,)
T ey PIRCEALIRY <$<Xj>i<Yj>, )
Tan = Sm— 2) Z (S(X)D(0), f2) (S(X)0(Vy), )
e T gﬁ (XD, £2) (HX)DV). £2)
T 1j2< (3X)E)). £2) (3X )V )
T gﬁ (3B, £2) ()T, £2)
TGS i (X0, ) (HX D0 1o

1<i,j,q<n
1, 7, q¢ distinct

9
= > Ju
=1

By defining f5 4, fo,p and fo,c as

DS 5<Xt>J<Yt>—n(nl_ D SR EItD
t=n+1 n+1<t#u<2n
2n
- 25 ddm- S Gt S dm)
t=n+1 n+1<t<2n n+1<u<2n
+—— (n—l Z S(X1)(V7)

t=n+1
= foa+ foB+ foc.

we analyze each J(;) term, separately.
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1. Analyzing J(;). Starting with Jq), we will show that

n 2
Jay = :LZ< Z O X))V > +op(n7h). (33)

=1

First note that

Ty = 23 (BEF, )+ 2 (FXNHV. foa ) (HXDFY) Fos
1

<$(X¢)1Z(YE), fz,B>2 + z": <$(Xi)$(5ﬁ), f2,B> <§5(Xi){5<1€), f2,0>
=1

(3050 fac) + 2 37 (BXIFW) fo) (BXITY) fac).

i=1

i=1 i=

We can ignore the terms involving fo ¢ since they have a faster convergence rate than the

same terms replacing f2 ¢ with f3 4. By noting that

n 2n 2
{j( Y ha) = -3 <$<Xi>{£<m,i > $<Xt>i<m> ,
i=1 t=n+1
we shall prove

n

2 Z< Y0, oa ) (SXDDY), fos )+ S (BX)EYE), o) = op(n™),

i=1

=J(1).a =Jwwp
and thus establish approximation (33).
Focusing on J(1) 5, notice that
I/~ o~ 2
nJap = nx =Y <¢(Xi)1/)(yi),f2,3>

n
=1

_ mi};g{g)\X,keX,k(Xi)<\/lﬁ ) eX’k(Xt)>}2

n+1<t<2n

k=1 n+1<t<2n

In addition, the orthonormal property of eigenfunctions yields

E[{gAX,kex,k(Xi)<\/lﬁ > eXkXt>H ZAM and

n+1<t<2n
- 1
E|:{ Z )\y7k/€y7k/(yi) <\/ﬁ Z eYk’ }/t )} :| Z )‘Yk’
k=1 n+1<t<2n k'=1
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This implies that E[G ;)] = Y32, A} < oo since X and Y are independent. Therefore using
Markov’s inequality,

n

S {SX)TW). o) = Op(n™) = op(n™). (34)

i=1

1

n

Next, we turn to J(1),. As shown before in Appendix C.4,

S (X)), o) T 3N
k=1

i=1

which implies

Tyl = ii@( X)O(V), fa,n ) (BX)BYD), o )

IN

2 J Ly (3. fz,A>2J LS (000, 1o

=1

= 2y/0p(n1)\/Op(n=2) = op(n?),

where we use the approximation result (34) for the second term in the upper bound. Com-
bining results establishes the approximation (33).

2. Analyzing Jy). By the same logic as in the analysis of J(;), we can ignore the terms
involving fo ¢ throughout the proof, and we only need to handle three terms

Topa =y X (BT, o) (X050 S
J2)p 2=n(n21)1<§< <$( DY )f23> <¢( DY, )f213> and
T =y 3 (SN0 foa) (FXDTW)). o)

1<i#j<n
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For the first term J(3) 4,

Tpa= ey 2 (FXID. foa) (HXDFY). fo)

1<i#j<n
- s ZZ (B0 o) (T fot
R S (BT, o) (BTN fo)

2 LS BT o) <$<X,-> (; ZJ(Y»),fQ,A>

=1

Op(n-3/2)
9 I ,
=y 2 (SR, Foa)

i=1

OP(TL72)

where the second approximation result Op(n~2) holds by (35). On the other hand, the first
approximation Op(n~%/2) holds since

by the Cauchy—Schwarz inequality and Markov’s inequality. In particular, it can be seen
that

n n n
1

E[ <$<XZ->J<Yj>,f2,A>2] — 5 BB, fa) | S B2, 200
=1

i=1 j=1

S

Therefore J(g) , = op(n™1).
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For the second term Jio)p,

T = > (SO0, for) (SXDIV)), fo)

n(n—1) 1<i#£j<n
,Z< f2B> <¢( )<71lzn:1;(yj>>7f2,3>
j=1
Op(n-3/2)
nin—1 ) 2 < ), f2 B> ;
Op(n=2)

where the second approximation Op(n~2) uses (34). The first approximation follows by the
Cauchy—Schwarz inequality and Markov’s inequality as

3\'—‘

ii<$<xi>i<mf2,s>< <Z¢ )f”>‘
- j=1

n n 2
Jiz(& DY), o) J;Z o(X <4)),f2,3>

IN

=1 =1

= Op(n_l)Op(n_l) = OP(TL 2).

Therefore J() ), = op(n~!). For the last term J2),e;

Tone = n<n2_1> S (X)W, o) (BE)EYy). fop )

1<i#j<n

_ fz< ) fon <¢ %Z >f23>

n—3/2)

S (A >f2A><¢< DY) fos ).

Op(n=2)

which can be established by the Cauchy—Schwarz inequality and the previous results, and
thus Jig) . = op(n~'). In summary, it holds that Ji5) = op(n™!).

3. Analyzing J(3). By symmetry, Ji3) has the same convergence rate as Jo) and thus
J(g) = Op(n_l).
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4. Analyzing J4). For the fourth term .Ji4), we will show that Ji4) = op(n™'). To this
end, we only need to handle three terms

3 ~ ~ ~ ~
J4)a :m 1<;<n <¢(Xz')¢(Yz‘), f2,A> <¢(Xj)¢(yj)a f2,A> ;
3 ~
Ty ::TM—DK;@W DE) fo.) (X)0(Y)), fop)  and
3 ~ ~ ~ ~
S 1; (SX)D0), fon ) (SX)Y), fo ) -
Starting with J(4) 4,
2 n
3 ~ ~ 2
Twa= mmoD < Z¢ f2A> M;@(XME)JQ,A} :
Op(n=2) Op(n—2) ’

where the second approximation is due to (35) and the first approximation is by Markov’s
inequality. Indeed, we have shown in Appendix C.2 and C.4 that

< Zaﬁ f2A> - ZAkaWk

k=1

This establishes Ji4) , = op(n™1).
Next, for the second term Jy),

n2 no_ _ 2 LIRSS -
Tb = 7w <i S XD, f27B> - o (XD, )

i=1 i=1

Op(n‘Z) Op(n_g)

where the second approximation uses (34). For the first approximation, we simply use
Jensen’s inequality along with (34):

2 n
< Z¢ ) f2 B> < %Z<$(Xz‘)$(ﬁ)af2,3>2 = Op(n7?).
=1

Thus we have Jiy), = op(n™).
For the last term J(4),C,

A> <711 Z O(X:)0(Y3), f2,B>
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which can be seen using the Cauchy-Schwarz inequality. Therefore it holds that Ji4) =
op(n~1).

5. Analyzing J5). For the fifth term J(5), similarly as before, we need to study

T = =y 3 (IO ) (FOH0). )
R e

J(S)’b::n(n—ll)(n—Q) 1<i%:< <$( Y ( ). fo.5 ><( i ( )f23> and
i j.q Attt

To)e = 50— P (S(X)P7), foa) (BOG)IY), fop )
i, jrq dictinet

Starting with J(z) ,, note that

> (SX)), farn ) (S0 fora) = <Z¢ f2A>< > f2A>

) 1_§7j,(ji','qt§.n . 1<j#q<n

i, J, q distinc
—2 Z < )f2A><( G (Y;])an,A>-

1<j#q<n
Thus
Ji5)0 = O(1) x <Tll %(Xi)i(n)an,A>< e Z o(X f2A>
i=1 1<]76q<n
Op(n=1) Op(n=1)
_ 1
0T x s ; H(X)D(Y): foa) (H(X)D(Yo), fon),

op(n—1)

where the first approximation holds since

< Zdﬁ ), f2 A> — Z)\kaWk>

k=1

as established in Appendix C.4. For the second approximation, we have

(s 3 o s =0(1>x<(iii1$<Xi>)<i§;J(m),fz,A>

1<];£q<n
- <iz¢ f2A>

Op(ﬂ_l)
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Moreover the following term

() (5 500)-1a)

has the same convergence rate as

U5 {BX)IY), o)

=1

< \l %Z <$(Xi){/§(Yi), f2,B>2 =Op(n™").
=1

Thereby, the second approximation holds. The last approximation was established in the
analysis of J(3) ,, and thus J5) , = op(n~1).

For the second term Js5) 5, we simply use the Cauchy—Schwarz inequality and Markov’s
inequality, and see

il < O(l)dli@(&)z’w 5) J LSS (HXIFY), o) = opln7).

=1 j=1

Op(n—) Op(n—1)

Similarly, for the third term Ji5) ., we apply the Cauchy-Schwarz inequality and see

el < 0<1>Ji§nj<$< DIV, on) $ QZZ< V). fan) = op(n™)

=1 =1 j=1

Op(n71/2) Op(n_l)

Therefore we conclude Jz) = op(n™1).

6. Analyzing J). For the sixth term Jg), similarly as before, we need to study

1 ~ ~ ~ ~
O = m D7) Z (S(X)DV), fon ) (SX)D(V), fan )
1,7, q distinct
1 -
o0 Sy | (9(X)PY)), o) (X)B(Y,). forp)  and
i, J, q distinct
1 ~ ~ ~ ~
J6),c = nln —1)(n =2 1<i%£<n <¢(Xi)¢(yj)7 f2,A> <¢(Xi)¢(yq), f2,B> :
1, j,q distinct
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Starting with Jg) ., there exist some constants C1, ..., Cy such that

> <$(Xi){/;(yj)af2,A> <$(Xi)$(n)vf2,A>

1<4,7,q<n

i, 7, q distinct

= > <$(Xi) > u(yy), f2,A> <$(Xi) ZJ(Yq),sz>

i=1 =1 =1

—C1 Y (HXHY): foa) (XD, foa) = Co D (H(X)B(Vi), fon)
1<i#j<n i=1

0 Y (B0, oa) (FENEW), fon) —Co YD (BN, fo)

1<i#q<n 1<i#q<n
By the Cauchy—Schwarz inequality and Markov’s inequality,

i21< Zw f2A>< (Zw )fQ,A>

7

< % < ZI/J f2A> % <$(Xi)<nzzz;(y;]))af27/l> :

(2

2

~~

Op(n ) Op(n_Q)

Thus

) Z< Z Yj), fa A> <¢>(X ) ZJ(Yq),fQ,A> = Op(n™2).
7=1

g=1

Based on the previous results, we also have

o S (X0, fon) (FXDIV), fan) = 0p(n™),

1<i#£j<n

ngz< Yi). fon) = op(n?)

> <$< X)D(Y), fo.n) (FXDD(Y). fo.n) = op(n ),
1<izq<n

% > <$(X¢)1Z(Yq)7f2,A>2:OP(TfZ)a
1<iz#q<n

which concludes Jg), = op(n~'). In addition Jg), and J),. are shown to be op(n~!)
by the Cauchy—Schwarz inequality as in the analysis of Ji5y;, and Jis) .. This proves that

J(G) = Op(n_l).
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7. Analyzing J7). For the sixth term J7), similarly as before, we need to study

1 - - -
R e (=R (S(X)D5): forn ) (B(X)D(Yo), farn )
i,jjq ,éigﬁnct
1 -~ - -
TS Ty 2 ($(X)D5), fom ) (HX)(Y), fop)  and
i, j,_q 7(jigt_inct
1 - - ~ -
e (SXND5), fan ) (SX )GV, fop)
i, j,_q 7(jiﬁt_inct
Starting with Ji7) 4, there exist some constants Cf, ..., Cj such that

> {SX)D): fan) (HX)BYD), fora)

1<i,5,q<n

i, 7, q distinct
Z< DD U, f2A> <Z¢ f2A>
=1 7j=1

Y (BORR0). ) (HEID. o) — O3 (FXIDOD, fo)

1<i#j<n i=1

~C4 >0 {HX)OYD), fon ) (HX)BO), foa) = Ch D <$(Xi)12(yq)’f2”4>2]‘

1<i#q<n 1<i#q<n

From here, we can follow the same steps as in the analysis for J) and conclude that
J(7) = Op(n_l).

8. Analyzing J(g). By switching the role between X and Y, J(g) can be analyzed similarly
as J(7) and it can be shown that Jig) = op(n™!).

9. Analyzing J(g). By switching the role between X and Y, J(g) can be analyzed similarly
as J(g) and it can be shown that Jig) = op(n™').

Throughout, we have shown that E?:z Ju) = op(n ~1) and J) satisfies (33), which
concludes approximation (32).

Appendix D. Uniform Asymptotic Null Distribution (Theorem 7)

We first describe an outline of the general steps of the proof in Appendix D.1, breaking down
the argument into three parts. Then, we present the details of the steps in the subsequent
subsections. B B B

Before proceeding, we recall some notation. We use a;; = k(Xj, -)0(Yj,+), bou = Gntintu
for 1 <i,j,t,u < n, and g2 to denote g(Z1, Z2) = (a11,a2). As before, (-,-) refers to the
RKHS inner-product (-, -)rx¢ throughout this section.
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D.1 Outline of the proof

To show the asymptotic normality of XHSIC,,, we verify that the sufficient conditions for
the Berry—Esseen theorem for studentized U-statistics are satisfied. In particular, by Jing
et al. (2000, Theorem 3.1), it suffices to show that

El| (h(Z1, Z 3D
Cn — H< ( 1 2) f2>’ ’ n-‘rl] L>07 (36)
Vo
where we have used the notation o = E[{E[(h(Z1,Z2), f2) | Z2, D} 1} D] follow-
ing Jing et al. (2000).
To establish this result, we proceed in the following steps:

e Step 1: First, we observe in Theorem 26, that a sufficient condition for (36) to hold
is if the following holds:

E[(f2, k(X1 )0V DIDRG] 5 37)
n{El(fo. KX, Y1 021D )Y

n =

e Step 2: In the next step, we introduce the term B, defined as

RE[(f2, k(X1 0, ) (Y1, ) D]

Bi, = , 38
b EG(Z10, 2o %)
and show that By, 25 0 in Theorem 27.
e Step 3: Finally, in we introduce the term B>, defined as
E[G(Z1 . Zo.n)?]?
B2’n — [ ( 1,n; 2,71) ] 7 (39)

2 {E[{fo, k(X1 0, YY1 0, )2 D2 ]}
and show that By, = Op(1) in Theorem 28

Since B,, = Biy X By, together (38) and (39) imply (37), to complete the proof. The
details are in Appendix D.

D.2 Proof of Step 1
E[(f2. 5 (X1, )0(Y1,n.)) 4 D24
~ ~ 2
n{E[(fa. k(X1 0, )0Y1 n,))2(D2 ] }

Lemma 26 Introduce the term B, = Then, we have the

following:
B, 250 mmplies  C, 0.
Proof We begin by noting that due to Cauchy—Schwarz inequality, we have

E[| (1(Z1, Za), fo) PID2] = E[| (W(Z1, Za). o) | % | (h(Z1, Z), f2) D3]
< {El(h(21, Zo). f2)* DY)} P {ELN(Z:, Z2), fo) ' D21},

57



SHEKHAR, KiM, AND RAMDAS

Further note

E[(h(Z1, Z2), f2)° D2, = %E[(ﬁﬁn + dg2 — 12 — G21)°|DpY ]
< E[(fa,a10)? + (fo, d2)? + (f2,G12)? + (o, G21) 2| D2
< E[(f2,a11)?[ D2, (40)

where the first inequality uses Jensen’s inequality, while the second inequality relies on the
observation under the null:

E[(f2,an)*|Dy%] = E[(f2, @) D3] for any i, € {1,2}.

By the same logic along with Jensen’s inequality,

E[(h(Z1, Z2), f2)* [DE1] S El(f2, a11)* + (fo, d22)* + (fo,@12)* + (fo,@21)* D]

<
< E[(f2, @)D (41)

Thus, combining (40) and (41), we get the following bound on the numerator of the term
Ch:
2 ~ ~
(B[l (h(Z1, Z2), f2) PID34])” < El(f2,@11)? D) x E[(fo, ann)* D4 (42)

We now evaluate 03 from the denominator of C,,.

1 0~ _
o5 = El(f2an)* D3] (43)
Combining the pieces, we obtain the following:

E[| (121, Z0). £2) P2 _ (BL30)° ) x (iR o))
Vi - Vi,
_ ( [<ﬁ,an>4ﬂ>%1ﬂ}2>”2: S

n{E f2a a11> ‘,Dn—l—l]

Cp =

In the first inequality above, we used (42), while the second equality uses (43). This
completes the proof. |

D.3 Proof of Step 2

Lemma 27 Under Assumption 1, we have By ,, Ls0.

Proof
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It suffices to show that E[B; ;] — 0, which in turn will imply the convergence in prob-
ability by an application of Markov’s inequality. To verify this, we observe the following:

E[B1,n] = ﬁ <am tht - thu>

t;éu

16n 1 ~ ~ 1 ~
< E[foz]? E <a”, tzl btt> +E <a”, ( — 1) t#zu btu> (44)
A 4
16n 1 .
= =73 @) —4E Z(aii, btt> + 78]E Z<a”’ btu> (45)
E[912] n t=1 uFt
16n ~ 1 1 oy 1 1
= mo <E[gil2] (713 + 6> + E[g2913] < + n4>) (46)
_ E[gis]n " + E[g72973)
=o (BRI o )

In the above display, (44) uses the fact that (z —y)* < 16(z* 4+ y*). To obtain (46), we note
that E[(O-1, (@i, bi)*] can be expanded into n* terms, each of the form E[gis, Git, Gits Gita)s
for 1 < t,ta,t3,t4 < n. Of these n* terms, only the terms with two or four common t's have
non-zero expectation under the null. There are a total of n terms of the form E[g}] and
O(n?) terms of the form E[g%g2,] for t # u. Such terms appear as E[g}]/n® and E[g2g2 ] /n?
respectively in (46). Repeating the same argument for E[, <5ii,gm>4] gives us the other
two terms in (46).

D.4 Proof of Step 3

Lemma 28 Under Assumption 1, we have By, = Op(1).

Proof Introduce the notation fo; = %Z?:lgtt and fog = ngl Zu#?;tu, and
observe that fo = fo1 — foo. Next, we define the following terms:

1 E ~,,7 D2n
Bgm _ _ n [(au f2> ‘ n—Q—l]7 and B4,n _
BQ,n E[h?t}

nE[(@ii, fo1)?|D2Y ]
E[h2)]

Next, we observe that the random variable B3, — B4, converges in probability to 0. We
do this by proving that the second moment of B3, — B4, converges to 0 with n under As-
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sumption 1.

n2
E[(Bsn — Bin)?l = —=-E | (Bl{@u, fo2)* D30 — 2E[(@us, f) e, fo2) D211))°] - (49)

E[h7]
< T [ fo)? — 2 o) s )] (19)
_ E[E?t] ity J 22 1y J 21 ity J 22
< Ei%l;t]E [(@iis fo2)* + 4(@is, fo1)* (@i, f22)?] (50)
< Ei%;t] (E [(@ii, f22)*] + 4E [(@s, f21>4]1/2E [(@, f22)4]1/2> . (51)
-0 (E[”_I%;lt +~7L22t + ﬁ?u]) 0. (52)
nE[htZt]

In the above display,
(49) uses the (conditional) version of Jensen’s inequality along with the convexity of z ++ 2,
(50) uses the fact that (z + y)? < 2(2? + y?),
(51) uses the Cauchy-Schwarz inequality, and B
(52) follows by expanding the terms fo; and fo2 in terms of by, and simplifying the ex-
pressions exploiting the fact that the terms containing odd powers of <5ii,gtu> are zero in
expectation. The final terms in (52) is exactly the condition in Assumption 1.

Note that 1/By,, can be written as follows:

1 E[h3)

B47n nlE <Eiu, %Z?Zl Ztt>2]

which can be shown to be stochastically bounded under the conditions of Assumption 1,
by following the exact same argument used by Kim and Ramdas (2023) in proving that the
term (II) in their Eq.(53) is stochastically boundeded.

To complete the proof, we will show that the combination of the two facts proved
above; that is, (i) B3, — Ban — 0 and (ii) 1/By, = Op(1), are sufficient to conclude
that 1/B3, = /B2y, is also stochastically bounded. In particular, these two results imply
that for any € > 0, we can find a real number 1 < m < oo, and two integers ni,ne < 00,
such that the following statements hold:

P(1/By, > 2m) < ¢/2, and P(|Bsy — Ban| > m) < €/2.

Hence, we have the following for any n > n, := max{ni, na}:

1 1
P >m| <P >m
<B37n ) B <B4,TL - |B4,n - B3,n )

1
S]P’( >2m> +P(|Bsy, — Bap| >m) <e.
B4,n

Thus, we have shown that 1/B3,, is stochastically bounded; that is, for every e > 0, there
exists an m < oo, such that for all n > n., we have P(1/B3, > m) <e.
|
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Appendix E. Power of the cross-HSIC Test

In this section, we prove the results on consistency against fixed and local alternatives (The-
orem 9 and Theorem 10) of our cross-HSIC test, stated in Section 6. The proofs of both of
these results can be obtained from a more abstract result, identifying sufficient condtions
for the cross-HSIC test to be consistent, which we state and prove in Appendix E.1. Then,
in the next two subsections, we use this general result to prove Theorem 9 and Theorem 10.

Additional Notation. Throughout this section, we will use shorthand notation for some
commonly used terms. For any 1 < i,j,< n, we use h;; to represent h(Z;, Z;) = %aii +
ajj — aij — a;j, use ﬁij for denoting the centered version of h;j, i.e., TLU = hijj — (w — pv).
Recall that w, p and v denote the kernel mean embeddings of Pxy, Px and Py, and
a;j = k(X;,)l(Y}, ). Furthermore, recall the definition of the cross-HSIC statistic,

1 1
xHSIC,, = (f1, f2), where f1 = m ;hijv and fy = m ;htu-

We will use fvl and fg to denote the centered versions of fi and f2 respectively; that is,
fi=fi—(w—pv)and fo = fo — (w — pr). Finally, introduce the following term, for any
1<1<n,

n

1 1 g
A=l =Ty 2 e

Jj=1 Jj=Lj#i

As before, we use A; to denote the centered version of A;, and use A, to denote the average
of the Al, cee ,An.

E.1 General Conditions for Consistency

To identify sufficient conditions for the consistency of the cross-HSIC test, ¥ =
1gnsic, >z ., we first study this problem in a general scenario, in which, the distribu-
tion as well as the kernels can change with n. In particular, we consider a sequence of
distributions {Pxy,, : n > 1} and kernels {(kn, ¢,) : n > 1}, and let D" denote 2n i.i.d.
draws from Pxvy, for n > 1. As in our previous proofs, we drop the k x ¢ from the subscript
of the inner products, while referring to (-, )xxe-

Theorem 29 (General conditions for consistency) Consider the independence test-
ing problem with observations D" = {(X;,Y;) : 1 <i < 2n} drawn i.i.d. from the distribu-
tion Pxy ., with marginals Px , and Py,,. Let %QL denote HSIC(Pxyn, K, L), and suppose
there exists a non-negative sequence {0, : n > 1}, such that lim,_ §, = 0, satisfying:

nh_)fgo 712(517174 (E [<7L12JL34>2 +2 (<E12,7b12> +n <E12,E13>)]> =0. (53)

Then, the test ¥ = 1gusic, >z, S consistent against the sequence of alternatives {PXy,n :
n>1}.
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Proof Recall that the test ¥ = 1gnsic, >z, rejects the null if the statistic XHSIC,, exceeds
the (1 — «)-quantile of the standard normal distribution. Hence, its type-II error can be
bounded above, as follows:

Z1—asSn
P(¥=0)=P|=xHSI
( 0) <X SIC, < NG >

<P (xHSICn < Zl-a E[s%]/n5n> + 0p. (54)

For the inequality in the above display, we introduce the event E, = {s2 < E[s2]/d,}, and
note that, by Markov’s inequality, we have P(E¢) < 6,. Recall that xHSIC,, and s,, were
defined in (4) and (6) respectively.

We first note that under the conditions of Theorem 29, the expectation of s2 grows at
a rate smaller than nd, ..

Lemma 30 Under the conditions of Theorem 29, we have lim,, o, E[s2]/(nd,v2) = 0.

As a consequence of this result, proved in Appendix E.1.1, we mnote that
limy, 00 21—/ E[s2]/ndny:  — 0, which implies that for some finite ng, we have
21-a/E[s2]/nd, < ~2/2, for all n > ng. Hence, for all n > ng, we have the following,

P (¥ = 0) < P (xHSIC,, < 72/2) + &, = P (xHSIC,, — 72 < —72/2) + 6p.
Since E[xHSIC,,] = 72, we have the following, by Chebyshev’s inequality,

4V (xHSIC,,)

45,
+A "

By assumption, lim,_,+, d, = 0, and we complete the proof by showing that the first term
in the right-hand-side of the above display also goes to zero.

VGHSIC,) _

Lemma 31 Under the conditions of Theorem 29, we have lim,,_, 74

The proof of this lemma is in Appendix E.1.2. |

E.1.1 Proor oF THEOREM 30

Proof With the notation introduced at the beginning of this section, we have the following;:

Ly~ (a- 4. f2>2] (55)

i=1

E[s2] <E

nl ~

n 2

=E[(Ai — An, 2)?] =E % <ZA1- —Aj,f2> (56)
=1

SE[(A — Ay, f2)°] =E [(ZI - g2,f2>2} (57)

SE [(gl, f2>2} =E [<gl, fot (w— /“/)>2] : (58)
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In the above display, the first equality in (56) uses the fact that (4; — A,,) and (A; — A4,)
are equal in distribution. (57) uses Cauchy-Schwarz inequality on the ‘cross-terms’ in the
expansion of (3_7_; A; — Aj, f2)2. The first term in (58) follows by using (z+y)? < 22 +12,
and the fact that El and /~12 are equal in distribution.

Upper bounding the last term in (58), we obtain

Els ]SE[<A1,f2> <A1,w ny 1

S8 | (o )+ (Anw = )’] (59)

= term; + terms. (60)

First, we upper bound term; as follows:

1
term; = mE <h127 Z htu>

t#u

< L (e (R )|+ () (B )
< ;E [<h12,h34>2} . (61)

Next, we can get an upper bound on terms as follows:

- 2 (a) ~ ~
term; = <A1,w ) APl = pll? = 1A

::; (n <%12J~112> +n’ <E12J~l13>)

< A2 M + <ﬁ12,E13> . (62)

~
n

3

Combining (61) and (62), we get

1 ~ o~ \2 -~ - -~ o~
21 < 2
Elsy] < - (E [<h127h34> } + 7 <<h12,h12> +n<h12,h13>)> )
which implies that
E[32] 1 ~  ~ \2 o (/v ~ ~
n. <
ot ~ 725,40 <]E [<h12,h34> } +v <<h12,h12> +n <h12,h13>) . (63)
By the assumptions of Theorem 29, the right-hand-side of (63) converges to 0. |
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E.1.2 PrROOF OF THEOREM 31

Recall that xHSIC,, can be rewritten as
XHSIC, = (fi + (w — pv), fo + (w — pv))
= (i o)+ (Frow =) + (Foyw — ) +92. (64)
Using this, we can write the variance of the xHSIC,, statistic as

V(xHSIC,) = E[(xHSIC,, — 72)?]

= B{(F1, F2)?) + E[(f1, 0 — )] + Bf{ o, 0 — )’ (65)
SENFIPENAN% + 42 (BN + B0 F)2) (66)
SENFI (ENAI +92) - (67)

For the equality in (65), we used (64), along with the fact that all the ‘cross-terms’ in
expansion of E[(xHSIC,, — 72)?] have zero expectation. (66) follows by applying Cauchy-
Schwarz inequality to all terms of (65), while (67) uses the fact that f; and f2 are equal in
distribution. N

Since f; = ﬁ Ei# hij, we can upper bound its norm as follows:

HfIH ZZE hzjv hrs 5 7 (nQ]E[<E127E12>] 4 n3E[<E12,%13>]>
1#£] r#£s
N % (E[(ﬁlg,ﬁlzﬂ + nE[(ﬁm,ﬁBH) _ 5)

Combining (68) with (67), we get

V(HSIC,) _ [ E[(h1z, h12) + n{hiz, hig)]
Yo n*y; ’

which converges to 0 under the conditions of Theorem 29.

E.2 Consistency against fixed alternatives (Theorem 9)

In the case of fixed alternatives, the term 72 = HSIC(Pxy,k,f) does not change with n.
Hence, to prove Theorem 9, it suffices to verify (53) with =, set to some fixed v > 0. We
proceed in the following steps. B

Verifying E[(h12, h34)?] < co. Using the fact that his = his — (w — puv), we have the
following;:

~ o~ ~ ~ ~ 2
E | (2. hn)’| < E [zl [sall?] = E [[FaalP]” S E [(1h2]” +7)]°
SE [Hh12||2]2 + 74. (69)

Hence it suffices to show that under the conditions of Theorem 9, E[||h12||?] < oo, which we
do in Theorem 32 below.
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Verifying E[(ﬁlg,ﬁu)] < oo. Expanding this term, we have
E[(7n2, ln2)] = E [|lhz — (w — ) *] S Elllh2]?] + 47, (70)

Again, this reduces to showing that E[||h12]?] < oo, which we do in Theorem 32.
Verifying E[(hlg, h13>] < 0o0. We again reduce this condition to Theorem 32 as follows:

E (e, )] < B [[FallFl] = & | 1ol ol

(@) ~ ~
S E ([Pl + [Aisl?] S 52 +E [Ihasll”]. (71)
In the above display, (i) follows from an application of the AM-GM inequality; \/x2y? <
(z* +y%)/2.
Lemma 32 For (X,Y) drawn according to Pxy, if EkX, X)(Y,Y) +
E[k(X, X)|E[((Y,Y)] < oo, then we have E[||h12]?] < oc.
Proof Recall that we have 2h12 = a11 + ag2 — a12 — a1, where a;; = k(X;,-)¢(Y},-). Thus,
on expanding ||h12]|?, we have
[h12||® = llai1 + a2 — a1z — a1 ||* < [lar — ar2|? + [lagze — az1|)?
=~ [lary — as2l* < flaut|* + [laszl* = k(X1, X1)€(Y1, Y1) + k(X1, X1)€(Yz, Ya).
This implies that
E[[|h12]*) < E[k(X1, X1)0(Y1, Y1) + k(X1, X1)((Y2, Ya)]
— BIK(X, X)£(Y, )] + BK(X, X)[E[((Y, V)],

where (X,Y) are drawn according to Pxy. This completes the proof. |

E.3 Type-I error and consistency against local alternatives (Theorem 10)

To prove this result, we will verify the conditions required by Theorem 7 and Theorem 29 to
prove the type-I error control and consistency respectively. For verifying these conditions,
we will need to use some facts about the Gaussian kernel that were derived by Li and Yuan
(2019). We collect the required properties below.

Fact 33 Suppose Z; = (X;,Y;) ~ Pxx Py fori=1,2,3,4 be independent random variables,
with X; and Y; taking values in R% gnd R respectively. Assume that Px and Py admit
densities px and py respectively, with px € W32(My) and Py € WP2(My) with My x My =
M. Let kn(z,2") = exp (—cpllz — 2'||3) and €,(y,y') = exp(—cn|ly — ¥||3) denote Gaussian
kernels on RY and R4 respectively, with ¢, = 0(n4/d). Then, we have the following:

Ep, [%ﬁ(xl,XQ)] =c4/2 and Ep, [ (Yl,Yg)} /2, (72)
Ep, [Eﬁ(}(l,xz)] =12 and Ep, { (Yl,YQ)} /2, (73)

Ep, [%%(Xl,Xg)%i(Xl,X3)} <ce3h/4 gnd Ep, [e (Y1, Ya) 2 (Yl,Yg)] < oo3d2/4,
(74)
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In the expressions above, < and < hide multiplicative factors depending on di,ds,d and M.

The above stated conditions will be used to show the type-I error control by the cross-
HSIC test in Appendix E.3.1. We now state the properties required for the proof of consis-
tency.

Fact 34 Suppose Z; = (X;,Y;) ~ Pxy, for i =1,2,3, and assume that Pxy,Px and Py
have smooth densities pxy,px and py respectively. Then, we have the following:

max (]EPXY [kn (X7 X)fn (Y7 Y)]? EPXY [kn (X7 X)]EPXY [EH(K Y)]) S MQC;Ldﬂv (75)
and v} =HSIC(Pxy, kn, ln) 2 ;% |lpxy — px X py 2. (76)

E.3.1 TYPE-I ERROR BOUND

To show that the cross-HSIC test controls the type-I error at level a asymptotically, we
verify that the two conditions of Assumption 1 are satisfied for the kernels considered
in Theorem 10. In particular, using the fact that g(z1, 22) = %(131,1‘2) X z(yl,yg) for z; =
(zi,y;) and i = 1, 2; we note that it suffices to verify the following conditions under the null:

. %E@(XLX?)ZL] E[((Y1,Y5)'] —0, (77)
n—oc0 nM E[k(X17X2)2]2 E[E(YLY?)?P

1 E[k(X1, X2)?k(X1, X3)?] E[((Y1,Y2)*((Y1,Y3)?]

lim — - = =0, (78)
noee o BlR(X, Xa)?)? E[¢(Y1,Y2)?]?

)\2
lim Ln 0. (79)

’ _
[ 2 -
n—oo 327, A

We proceed in the following steps:
Step 1: verification of (77). Using the bounds stated in (72) and (73), we obtain

E[%(X17X2)4] < ngl/? nd E[Z(Y17Y2)4] - CT_Ld2/2
Ble(X0, X2 ™ ()2 E[U(Y1,Y2)22 ™ (e, /%2

which implies that

1 B ) BRG] 1 et

n? E[k(X1, X2)2)2 E[{(V1,Y2)22 ~ 02 (Y2 n?

as required in (77). ~
Step 2: verification of (78). Considering the k& dependent term of (78), we note
that (73) and (74) together imply the following bound:

E[k(X1, X2)?k(X1, X3)?) < et /4

Elk(X1, X2)2]? ~ (C;d1/2)2

n

Similarly, the ‘ dependent term is upper bounded by czz/ 4, reducing the condition to
1 E[k(Xy, X2)?k(X1, X3)?) E[0(Y1,Y2)* (1, Y3)? _ &' ( c )d/4
no Rk(X, Xo)?)? E[f(v1,Yp)22  ~ n o \n¥dl
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Since ¢, = o(n*%), the result follows.
Step 3: verification of (79). We first note that the condition in (79) is equivalent to

i BIE9(Z1, 22)9(21, Z5)| 25, Z5)]
n—00 El[g(Z1, 22)2]2

Now, the denominator term satisfies:

Elk(X1, X2)?] x B[0(X1,Y2)?] = ¢4/ x ¢ %/? = ¢-4/2,

— 0.

which implies that it suffices to show
it EB[E[g(Z1, Z2)§( 21, Z3)| Za, Zs]] — 0.

For Gaussian kernels with ¢, = o(n*/%), Li and Yuan (2019) showed that the above condition
is true, in the course of proving their Theorem 1.

Hence, we have verified all the requirements for the limiting null distribution of XHSIC,,
to be N(0,1), which in turn, implies that the cross-HSIC test controls the type-I error at
level-a asymptotically.

E.3.2 CONSISTENCY

To show the consistency of the cross-HSIC test against local alternatives, we need to show
that

lim Dn = Dn(ny,k’,E) = 0,

n—oo
1 SO o ()~ = -~ o~
where D, (Pxy,k,{) = ey <E [<h12,h34> + <<h12, h12> +n <h12,h13>D> .
Following the bounds derived in the proof of Theorem 9 in Appendix E.2, we have
1
0nDn S g (Bl 494 + 201+ ) Ellnal?] + 72) ) (50)

In the above display, we used (69), (70) and (71) to upper bound the three terms involved in
the definition of D,,. Now, from Theorem 32, we know that E[||h12]?] < E[k(X, X)(Y,Y)]+
E[k(X, X)|E[((Y,Y)]. Now, for the case of Gaussian kernels, this term is further upper
bounded as follows, using (75):

max (E[k(X, X)((Y,Y)], E[k(X, X)|E[L(Y,Y)]) S M2, 2. (81)

The final component of the proof is the fact that under the conditions of Theorem 10, we
also have the following bound on the true HSIC value using (76):

Yo 2 e Pllpxy — px x pyllie > ¢, PAL (82)

Plugging (81) and (82) into (80), we get

Elhsl212 Elllhl2l 1 1 . M 4 M2 g
D, < Il 212! ] [l 1§H ] PEIE n o 1
n"Yn nyn n n TL2C A4 n / A% n
1 1 1
< + < . (83)

~ (n1/2An)4 (n1/2An)2 ~ (nl/QAn)Q
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Introduce the term 3’ = % — % = m > 0, and note that (83) implies

< 1
" 6an2 (An28/(HH40))

n

By selecting 6, = n 27" for any 0 < 3’ < [, and using the assumptions that (i)
limy, o0 A,n2A/(@+48) — o6 and (ii) |lpxy — px X pyllr2 > A, for all Pxy € 737(11) with
density pxy; we have

lim sup D, =0.

n—oo
Pxvy pr(Ll)

By Theorem 29, the above condition implies the required consistency against smooth local
alternatives of our cross-HSIC test.
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