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On Stein’s method for multivariate
normal approximation
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Case Western Reserve University

Abstract: The purpose of this paper is to synthesize the approaches taken
by Chatterjee-Meckes and Reinert-Roéllin in adapting Stein’s method of ex-
changeable pairs for multivariate normal approximation. The more general
linear regression condition of Reinert-Roéllin allows for wider applicability of
the method, while the method of bounding the solution of the Stein equation
due to Chatterjee-Meckes allows for improved convergence rates. Two abstract
normal approximation theorems are proved, one for use when the underlying
symmetries of the random variables are discrete, and one for use in contexts in
which continuous symmetry groups are present. A first application is presented
to projections of exchangeable random vectors in R™ onto one-dimensional sub-
spaces. The application to runs on the line from Reinert-Rollin is reworked to
demonstrate the improvement in convergence rates, and a new application to
joint value distributions of eigenfunctions of the Laplace-Beltrami operator on
a compact Riemannian manifold is presented.

1. Introduction

In 1972, Charles Stein [28] introduced a powerful new method for estimating the
distance from a probability distribution on R to a Gaussian distribution. Central
to the method was the notion of a characterizing operator: Stein observed that the
standard normal distribution was the unique probability distribution g with the
property that

[ 7@ = f@]utdz) =0

for all f for which the left-hand side exists and is finite. The operator T, defined
on C! functions by

T.f(z) = f'(x) - zf(x)

is called the characterizing operator of the standard normal distribution. The left-
inverse to T,, denoted U,, is defined by the equation

To(Uof)(z) = f(z) —Ef(Z),

where Z is a standard normal random variable; the boundedness properties of U,
are an essential ingredient of Stein’s method.

Stein and many other authors continued to develop this method; in 1986, Stein
published the book [29], which laid out his approach to the method, called the
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154 E. Meckes

method of exchangeable pairs, in detail. Stein’s method has proved very useful in
situations in which local dependence or weak global dependence are present. One of
the chief advantages of the method is that it is specifically a method for bounding
the distance from a fixed distribution to Gaussian, and thus automatically produces
concrete error bounds in limit theorems. The method is most naturally formulated
by viewing probability measures as dual to various classes of functions, so that
the notions of distance that arise are those which can be expressed as differences
of expectations of test functions (e.g., the total variation distance, Wasserstein
distance, or bounded Lipschitz distance). Several authors (particularly Bolthausen
[2], Gotze [8], Rinott and Rotar [24], and Shao and Su [27]) have extended the
method to non-smooth test functions, such as indicator functions of intervals in R
and indicator functions of convex sets in R”.

Heuristically, the univariate method of exchangeable pairs goes as follows. Let
W be a random variable conjectured to be approximately Gaussian; assume that
EW = 0and EW? = 1. From W, construct a new random variable W’ such that the
pair (W, W’) has the same distribution as (W', W). This is usually done by making
a “small random change” in W, so that W and W' are close. Let A = W/ — W. If
it can be verified that there is a A > 0 such that

(1) E [A|W] = -AW + B,
(2) E [A?|W] = 2) + Eo,
(3) E|A]® = Es,

with the random quantities F1, E5 and the deterministic quantity F5 being small
compared to A, then W is indeed approximately Gaussian, and its distance to
Gaussian (in some metric) can be bounded in terms of the E; and A.

While there had been successful uses of multivariate versions of Stein’s method
for normal approximation in the years following the introduction of the univariate
method (e.g., by Gotze [8], Rinott and Rotar [24], [25], and Rai¢ [21]), there had
not until recently been a version of the method of exchangeable pairs for use in a
multivariate setting. This was first addressed in joint work by the author with S.
Chatterjee [3], where several abstract normal approximation theorems, for approx-
imating by standard Gaussian random vectors, were proved. The theorems were
applied to estimate the rate of convergence in the multivariate central limit theo-
rem and to show that rank k projections of Haar measure on the orthogonal group
O,, and the unitary group U,, are close to Gaussian measure on R* (respectively
C*), when k = o(n). The condition in the theorems of [3] corresponding to condition
(1) above was that, for an exchangeable pair of random vectors (X, X),

(4) E[X' - X|X] = -)X.

The addition of a random error to this equation was not needed in the applications
in [3], but is a straightforward modification of the theorems proved there.

After the initial draft of [3] appeared on the ArXiv, a preprint was posted by
Reinert and Rollin [23] which generalized one of the abstract normal approximation
theorems of [3]. Instead of condition (4) above, they required

(5) E[X' - X|X]=-AX +E,
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where A is a positive definite matrix and E is a random error. This more general
condition allowed their abstract approximation theorem to be used directly to es-
timate the distance to Gaussian random vectors with non-identity (even singular)
covariance matrices. They then used what they call “the embedding method” for
approximating real random variables by the normal distribution, by observing that
in many cases in which the condition (1) does not hold, the random variable in
question can be viewed as one component of a random vector which satisfies condi-
tion (5) with a non-diagonal A. Many examples are given, both of the embedding
method and the multivariate normal approximation theorem directly, including ap-
plications to runs on the line, statistics of Bernoulli random graphs, U-statistics,
and doubly-indexed permutation statistics. The embedding approach used in [23]
is similar to the approach taken by Janson in a continuous time setting in [11],
where results about statistics of random graphs originally proved by Ruciriski [26],
Barbour, Karoniski, and Ruciriski [1] and Janson and Nowicki [12] were reproved by
viewing the random graphs as particular time instants of a stochastic process.

After [23] was posted, [3] underwent significant revisions, largely to change the
metrics which were used on the space of probability measures on R¥ and C*. As
mentioned above, Stein’s method works most naturally to compare measures by
using (usually smooth) classes of test functions. The smoothness conditions used
by Reinert and Réllin, and those initially used in [3], are to assume bounds on the
quantities

d"h

0x;, -+ - 0y,

k|, :==  sup
1<t <K

oo

The approach taken in the published version of [3] is to give smoothness conditions
instead by requiring bounds on the quantities

M, (h) := sup ||D"h(z)][op,
zERF

where || D"h(z)||op is the operator norm of the r-th derivative of h, as an r-linear
form. These smoothness conditions seem preferable for several reasons. Firstly, they
are more geometrically natural, as they are coordinate-free; they depend only on
distances and not on the choice of orthonormal basis of R*. Particularly when
approximating by the standard Gaussian distribution on R, which is of course
rotationally invariant, it seems desirable to have a notion of distance which is also
rotationally invariant. In more practical terms, considering classes of functions de-
fined in terms of bounds on the quantities M, and modifying the proofs of the ab-
stract theorems accordingly allows for improved error bounds. The original bound
on the Wasserstein distance from a k-dimensional projection of Haar measure on
O,, to standard Gauss measure from the first version of [3] was ck:;i, while the
coordinate-free viewpoint allowed the bound to be improved to c% (in the same
metric). In Section 3 below, the example of runs on the line from [23] is reworked
with this viewpoint, with essentially the same ingredients, to demonstrate that the
rates of convergence obtained are improved. Finally, most of the bounds in [3] and
below, and those from the main theorem in [23] require two or three derivatives,
so that an additional smoothing argument is needed to move to one of the more
usual metrics on probability measures (e.g. Wasserstein distance, total variation dis-
tance, or bounded Lipschitz distance). Starting from bounds in terms of the M,.(h)
instead of the |h|,. typically produces better results in the final metric; compare,
e.g., Proposition 3.2 of the original ArXiv version of the paper [20] of M. Meckes
with Corollary 3.5 of the published version, in which one of the abstract approxi-
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mation theorems of [3] was applied to the study of the distribution of marginals of
the uniform measure on high-dimensional convex bodies.

The purpose of this paper is to synthesize the approaches taken by the author
and Chatterjee in [3] and Reinert and Réllin in [23]. In Section 2, two preliminary
lemmas are proved, identifying a characterizing operator for the Gaussian distribu-
tion on R* with covariance matrix ¥ and bounding the derivatives of its left-inverse
in terms of the quantities M,.. Then, two abstract normal approximation theorems
are proved. The first is a synthesis of Theorem 2.3 of [3] and Theorem 2.1 of [23],
in which the distance from X to a Gaussian random variable with mean zero and
covariance ¥ is bounded, for X the first member of an exchangeable pair (X, X’)
satisfying condition (5) above. The second approximation theorem is analogous to
Theorem 2.4 of [3], and is for situations in which the underlying random variable
possesses “continuous symmetries.” A condition similar to (5) is used in that theo-
rem as well. Finally, in Section 3, three applications are carried out. The first is an
illustration of the use of the method, which shows that projections of exchangeable
random vectors in R™ onto k-dimensional subspaces are usually close to Gaussian if
the dependence among the components is not too great; “usually” refers to which
subspaces one can project onto, and the error is given in terms of /3 norms of a
spanning set of vectors for the subspace. The second application is simply a rework-
ing of the runs on the line example of [23], making use of their analysis together
with Theorem 3 below to obtain a better rate of convergence. Lastly, an application
is given to the joint value distribution of a finite sequence of orthonormal eigenfunc-
tions of the Laplace-Beltrami operator on a compact Riemannian manifold. This is
a multivariate version of the main theorem of [17]. As an example, the error bound
of this theorem is computed explicitly for a certain class of flat tori.

1.1. Notation and conventions

The Wasserstein distance dy (X,Y) between the random variables X and Y is
defined by

b

dw(X,Y)= sup [|Eg(X)—Eg(Y)
M (g)<1

where M (g) = sup,., % is the Lipschitz constant of g. On the space of
probability distributions with finite absolute first moment, Wasserstein distance
induces a stronger topology than the usual one described by weak convergence,
but not as strong as the topology induced by the total variation distance. See
[5] for detailed discussion of the various notions of distance between probability
distributions.

We will use 9(, %) to denote the normal distribution on R* with mean u and
covariance matrix ¥; unless otherwise stated, the random variable Z = (Z1, ..., Zy)
is understood to be a standard Gaussian random vector on R¥.

In R™, the Euclidean inner product is denoted (-, ) and the Euclidean norm is
denoted |-|. On the space of real n x n matrices, the Hilbert-Schmidt inner product
is defined by

(A,B); ¢ = Tr(ABT),

with corresponding norm

[Al| 7.5, = |/ Tr (AAT).
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The operator norm of a matrix A over R is defined by

[Allop = sup [ (Av,w)].

v|=1,Jw|=1

More generally, if A is a k-linear form on R"™, the operator norm of A is defined to
be
[Allop = sup{[A(ur, ..., up)| s fua| = - -+ = |un| = 1}.

The n x n identity matrix is denoted I,, and the n X n matrix of all zeros is denoted
Op.

For © a domain in R, the notation C*(Q) will be used for the space of k-times
continuously differentiable real-valued functions on €, and C*(Q) C Ck(Q) are
those C* functions on © with compact support. The k-th derivative D* f(x) of a
function f € C¥(R") is a k-linear form on R™, given in coordinates by

n k
(DEF@), (i) = 3 o @) (k)

i1, in=1

where (u;); denotes the j-th component of the vector u;. For an intrinsic, coordinate-
free developement, see Federer [6]. For f : R™ — R, sufficiently smooth, let

(6) My(f) == sup || D" f(z)]op-
TeER™
In the case k = 2, define
(7) Ms(f) == sup |Hess f(z)| a..-
reR™

Note also that 1 1
D" f(x) = D" f(W)llop .

)

My (f) = sup
T#£Y |z =y
that is, My (f) is the Lipschitz constant of the k — 1-st derivative of f.

This general definition of My, is a departure from what was done by Rai¢ in [22];
there, smoothness conditions on functions are also given in coordinate-independent
ways, and M7 and M, are defined as they are here, but in case k = 3, the quantity
M3 is defined as the Lipschitz constant of the Hessian with respect to the Hilbert-
Schmidt norm as opposed to the operator norm.

2. Abstract Approximation Theorems

This section contains the basic lemmas giving the Stein characterization of the mul-
tivariate Gaussian distribution and bounds to the solution of the Stein equation,
together with two multivariate abstract normal approximation theorems and their
proofs. The first theorem is a reworking of the theorem of Reinert and Réllin on mul-
tivariate normal approximation with the method of exchangeable pairs for vectors
with non-identity covariance. The second is an analogous result in the context of
“continuous symmetries” of the underlying random variable, as has been previously
studied by the author in [18], [17], and (jointly with S. Chatterjee) in [3].

The following lemma gives a second-order characterizing operator for the Gauss-
ian distribution with mean 0 and covariance ¥ on R?. The characterizing opera-
tor for this distribution is already well-known. The proofs available in the litera-
ture generally rely on viewing the Stein equation in terms of the generator of the
Ornstein-Uhlenbeck semi-group; the proof given here is direct.
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Lemma 1. Let Z € R? be a random vector with {Z;}&_, independent, identically
distributed standard Gaussian random variables, and let Zs, = Y27 for a sym-
metric, non-negative definite matriz 3.

1. If f : R4 — R is two times continuously differentiable and compactly sup-
ported, then

]E[(Hessf(Zg),E>H_S_ - <szvf(ZE)>] =0.
2. If Y € R? is a random vector such that
E[(Hess f(Y),5) g — (Y, VF(Y))] =0

for every f € C%*(R?) with E|(Hess f(Y),X)ys. — (Y, Vf(Y))| < oo, then
LY)=L(Zy).
3. If g € C®(RY), then the function

(8) Usg(z) := /O %[Eg(\/ix +V1—tZs) — Eg(Zs)]dt

18 a solution to the differential equation
(9) (x, Vh(x)) — (Hess h(x), X) ; ¢ = g(x) —Eg(Zx).

Proof. Part (1) follows from integration by parts.

Part (2) follows easily from part (3): note that if E[(Hess f(Y),X)u.s. — (Y,
V£(Y))] = 0 for every f € C%(R?) with E|[(Hess f(Y), %) n.s. — (Y, VF(Y))| < oo,
then for g € C2° given,

Eg(Y) — Eg(Z) = E[ (Hess (Uog)(Y), X) .5, — (Y, V(Uog)(Y)) ] =0,

and so L(Y') = L(Z) since C*° is dense in the class of bounded continuous functions,
with respect to the supremum norm.
For part (3), first note that since g is Lipschitz, if t € (0,1)

IN

%E ‘\/Ex b (WVIZt- 1)21/22‘
< g [Vilal + /(5]

which is integrable on (0, 1), so the integral exists by the dominated convergence
theorem.
To show that U,g is indeed a solution to the differential equation (9), let

Zpy =tz +V1 1227

% [Eg(Vizr + V1 —t2Y22) — Eg(2'/?2Z)] ’

and observe that

g(z) —Eg(2'/?Z) =
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by integration by parts. Noting that

Hess(Uog)(m):/O %E[Hessg(Zt)]dt
and )
P VUg)w) = [ 5B Va(z)

completes part 3. O

The next lemma gives useful bounds on U,g and its derivatives in terms of g and
its derivatives. As in [22], bounds are most naturally given in terms of the quantities
M;(g) defined in the introduction.

Lemma 2. For g : R?* — R given, U,g satisfies the following bounds:

1.
1
Mk(Uog) S EMk(g) Vk Z 1.

Wo(Ug) < 5 Mo(9).

If, in addition, ¥ is positive definite, then

3.

Mi(Uog) < Mo(9)||2_1/2||op\/§'
4.

My (U,g) < \/ng(g)IIZ_”Qllop
5.

V2T _
M3(Usg) < TMZ(Q)HE Y2 op.

Remark. Bounds (2), (2), and (2) are mainly of use when ¥ has a fairly simple
form, since they require an estimate for |$~1/2||,,. They are also of theoretical
interest, since they show that if ¥ is non-singular, then the operator U, is smoothing;
functions U,g are typically one order smoother than g. The bounds (1) and (2),
while not showing the smoothing behavior of U, are useful when ¥ is complicated
(or singular) and an estimate of || X ~1/2|,, is infeasible or impossible.

Proof of Lemma 2. Write h(z) = U,g(x) and Z, ; = Vtz++/1 — t/2Z. Note that
by the formula for U,g,

" h g

1
- - “Lrf2p |2 I

Thus
1 tg_l

(D (Uag) @), (wn, o)) = [ E B[0P 920, (e ue)) ]
0

for unit vectors w1, ..., ux, and part (1) follows immediately.
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For the second part, note that (10) implies that
1t
Hessh(x) = 5/ E [Hess g(Z,,.)] dt.
0

Fix a d x d matrix A. Then

1

1
_/ ]E|<HeSSg(Zz,t)aA>H.S.|dt
0

[(Hess (), A) 5| <

IN

IN

1
3 (swpliHessg()ns ) 14l

hence part (2).
For part (2), note that it follows by integration by parts on the Gaussian expec-
tation that

2o

— /1 ;E {(Z_I/QZ)ig(\/ix + \/1——7521/22)} dt
0

-(Viw+ \/—21/22)]

=)
thus
_ ! 1 —1/2
Vh(;z:)_/o QWE [g(zm)z Z] dt,
and so

1
1
Mi(h) < ||gllooE 2—1/22/ ——dt
1()—”9” ‘ }02\/m
Now, E|S71/2Z| < |27V2||,E|Z| = || =712, \/7 since ¥71/27 is a univariate

Gaussian random variable, and fo 5 \/t(ll—t) . This completes part (2).

For part (2), again using integration by parts on the Gaussian expectation,

%x)_/ollﬂz{axa (Vix +\/721/ZZ)}
(11) 9L i
- /01 2\/11_41}3 {[21/22]1'8891(2“)} dt,
and so
(12) Hess h(z) = /01 2\/%]E [E_l/QZ(Vg(Zw,t))T} gt

Fix a d x d matrix A. Then

(Hess h(z), A) y g = /1 ! IEKATE*l/QZ,Vg(Zm)H dt,

0 2VI—¢

thus

1
[(Hess h(x), A) .| < Mi(g)E[ATS 27| / dt = M (g)E[ATS 127,

1
o 2VI—1
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As above,

_ _ 2 2
ElATS ™27 < |ATS 1/2||op\/;é \/;IIZ Y2 lop All 5.

It follows that
2 _
[Hess h(z)[|lm.s. <4/ ;Ml(g)IIE Y2l op

for all € R?, hence part (2).
For part (2), let u and v be fixed vectors in R? with |u| = |v| = 1. Then it follows
from (12) that

((Hess h(x) — Hess h(y)) u, v)

:/01 1 ]E[<2_1/2Z,v><vg(zw,t)_vg(zy,t),u)}dt7

21—t
and so
1
|{(Hess h(z) — Hess h(y))u, v)| < |xfy\M2(g)E|<Z,E’1/zv>|/0 2\/\1/%&

_ V2T

= |z —y| Ma(g)|2 1/2U|T
_ V2T

<o =yl Ma(9)|572),,~ O

Theorem 3. Let (X, X') be an exchangeable pair of random vectors in R?. Let F
be a o-algebra with o(X) C F, and suppose that there is an invertible matriz A,
a symmetric, non-negative definite matriz 3, an F-measureable random vector E
and an F-measureable random matriz E' such that

1.
E[X'-X|F]=-AX+E

E[(X' - X)(X' - X)T|F] =2AS + E".
Then for g € C3(R),
[Eg(X) — Eg(£'/22)]

1~ 1
- < 1A~ Loy [ MA(GIEIE] + TR0 ELE w5 + §Mag)BIX — XP|

_ Vd 1
< [IA™op [Ml(g)lEEl + TMz(g)EIIE’IIH.s. + §M3(9)E|X’ - X[,

where Z is a standard Gaussian random vector in RY.
If ¥ is non-singular, then for g € C?(R%),

. | .
[Eg(X) — Eg(3'/22)] < Mi(9)|A lop |EIE| + 5[ 1/2IIOZ)IEIIE’IIHASA]

V2T _ _ .
+ T M@y A o X — X

(14)
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Proof. Fix g, and let U,g be as in Lemma 1. Note that it suffices to assume that
g € C®(R%): let h: R? — R be a centered Gaussian density with covariance matrix
€2I,. Approximate g by g * h; clearly [|g * h — g|]joc — 0 as ¢ — 0, and by Young’s
inequality, My (g * h) < My(g) for all & > 1.

For notational convenience, let f = U,g. By the exchangeability of (X, X'),

0= 3B [(A™H(X' — X), VA(X') + VF(X))]

_E BKAI(X’ —X), VA(X') = VX)) + (A1 (X' = X), Vf(X))

_E B (Hess f(X), A~ (X'~ X)(X' = X)T),, ¢

R

+ (ATNX' = X), V(X)) + 3|

where R is the error in the Taylor approximation. By conditions (1) and (2), it
follows that

0=E {<HQSS F(X),5) s — (X, V(X)) + % (Hess f(X),AT'E), o

R
+(VICOAE) 4 g
that is (making use of the definition of f),
(15)
Bg(X) ~ Eg(212) = B |5 (Hess F(X) A ),  + (VA0 B+ 5 .
Next,

1 _
E ’5 (Hess f(X), A 1El>H.S.

IA

1 _
3 (s s £(@) s ) 1A~
zER?

IN

1 _
3 (s 8tss £ ) 1A o' s
z€eRd

1. . 1~ 2 _
< SIAT ol 1.5 (mm{zMz(g), NETeTs 1/2||op}> ,

where the first line is by the Cauchy-Schwarz inequality, the second is by the stan-
dard bound ||AB||g.s. < |Allopl| Bl a.s., and the third uses the bounds (2) and (2)

from Lemma 2.

N

Similarly,

E[(VF(X), A7 E)| < Mi(f)]|IA" E |E|

< 1A o 21 (min { s (01 [FA0IZ 2} )
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Finally, by Taylor’s theorem and Lemma 2,

M3

< B iAo - x|

_ 3f . )1 2 _
< Al - x] <mln{§M3(g)7—v4M2(g)||E 1/2||0p}>.

The first bound of the theorem results from choosing the first term from each
minimum; the second bound results from the second terms. O

Theorem 4. Let X be a random vector in RY and, for each ¢ € (0,1), suppose
that (X, X.) is an exchangeable pair. Let F be a o-algebra such that o(X) C F and
suppose that there is an invertible matriz A, a symmetric, non-negative definite
matriz X, an F-measureable random vector E, an F-measureable random matriz
E', and a deterministic function s(e) such that

1.
1
@E[ ny] —AX+E
2. 1
3. For each p >

. 1 2 2
lim B [1X. - XPH(X, ~ X > p)] =0

Then for g € C%(R?),
_ 1~
[B9(X) - B9(=22)] < Ao [V (@EIE| + { oI |

il

(16)
< A" lop [Ml(g)ElEl + 5 Ma(9)B|E s,

where Z is a standard Gaussian random vector in R®.
Also, if ¥ is non-singular,

1
(1) dw(X.572) < A" Loy [EIE|+ 5157 lBl s |
Proof. Fix g, and let U,g be as in Lemma 1. As in the proof of Theorem 3, it suffices

to assume that g € C*°(RY).
For notational convenience, let f = U,g. Beginning as before,

0= 51 E [(A™' (X = X), VA(Xo) + VF(X))]
ok E X), VI(Xe) = VX)) + (A7 (Xe - X), V(X))
(18) 1 1 T
= 7 {5 (Hess f(X), A" (X — X)(Xc — X) Vs,
+ (A” X>,Vf(X>>+E :

2
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where R is the error in the Taylor approximation.
Now, by Taylor’s theorem, there exists a real number K depending on f, such
that

|R| < K min {| X, — XA~ (X, — X)],]Xe — X|IATH(X, - X)|}
< K| A op min {| X — X|*, [ X — X[}

Breaking up the expectation over the sets on which | X, — X|? is larger and smaller
than a fixed p > 0,

! KJIA oy 3 2
——ER < ————FE|| X - X]’I(| X - X| < Xe — X|"I(| Xe — X
S EIRl = T R [Xe - XPI(X - X < ) X~ XPI(Xc - X] > )
KJAloppE|Xe = X[ | KA op >
< PE||X — X|PI(| X — X .
- e L R X - XPIX - X > )

The second term tends to zero as € — 0 by condition 3; condition 2 implies that the
first is bounded by CK||A™!||,pp for a constant C' depending on the distribution of
X. It follows that

. 1

For the rest of (18),

lim ——E [1 (Hess f(X), A" (X — X)(Xe = X)T) + (A7H(X. — X),VF(X))

e—0 5(6) 5 H.S.
— B (Hoss £(X). D).~ (X, VF(X)
- % (Hess f(X),AT'E"), ¢ +(Vf(X),AT'E)|,

where conditions (1) and (2) together with the boundedness of Hess f and V f have
been used. That is (making use of the definition of f),

1 _ _
(19) Eg(X)-Eg(2Y%Z)=E [5 (Hess f(X),AT'E"), ¢ +(Vf(X),A 1E>] :
As in the proof of Theorem 3,

1 -
E 3 (Hess f(X), A 1E/>H.S.

- .1~ 2 .
1A o |21 (mm{gMz(g),\fﬂMl(g)nz 1/2||op}>,

E[(V(X),AT'E)| < A opE|E| Mi(g).

<

N | =

and

This completes the proof. O
Remarks.

1. Note that the condition

(3)  limeo 5E[X - X|" =0,



Multivariate normal approximation 165

is stronger than condition (3) of Theorem 4 and may be used instead; this is
what is done in the application given in Section 3.

2. In [23], singular covariance matrices are treated by comparing to a nearby non-
singular covariance matrix rather than directly. However, this is not necessary
as all the proofs except those explicitly involving ¥~/ go through for non-
negative definite X.

3. Examples
3.1. Projections of exchangeable random vectors

Let X = (X4,...,X,) be an exchangeable random vector; that is, a random vector
whose distribution is invariant under permutation of the components. Assume that
EX; = 0 and EX? = 1. Let {6;}*_, be a collection of unit vectors in R™, and
consider the random vector W with ith component W; := (;, X) (the dependence
of W on the 6; is suppressed). In this example we will show that under some
conditions on the 6, W is approximately distributed as a Gaussian random vector
with covariance matrix ¥, whose entries are given by o;; := (0;,0;). A particular
case of interest is when X is drawn uniformly from a convex body in R™ invariant
under permutation of the coordinates; this includes for example all so-called 1-
symmetric bodies (in particular, the £, balls) as well as the simplex. It was recently
shown by Bo’az Klartag in [13] (and quantitatively improved by Klartag in [14])
that in fact most such projections of a random vector drawn from a convex body
are close to Gaussian, without any symmetry assumptions. The exchangeability
assumed here allows for a fairly straightforward proof of this special case.

Before proceeding with the example, we make one simplifying assumption: write
0, = (0i1,...,0in) and assume that for each i € {1,...,k}, >, 6, = 0. This
assumption is convenient for technical reasons, but can be removed at the cost of
some extra error terms.

First observe that with W defined as above, EW = 0. Also,

E[W:W;] = 0:,05 + E[X1X5] > 0:,0, = (1 - E[X1X2]) (6:,0;),
r=1 r#s

where the first equality is by the exchangeability of X and the second uses the fact
that >_""_, 6, = 0 for each 7. While there is no requirement that E[X; X5] = 0, it will
turn out that this quantity must be small for this approach to yield an interesting
bound on the distance from W to Gaussian, so the approximation will be by the
Gaussian distribution with covariance matrix ¥ = [o;]F ;_; with o;; = (6;,6;).

To use Theorem 3 to show that W as defined above is approximately Gaussian,
the first step is to construct an exchangeable pair (W, W'); as is frequently done
in applying the method of exchangeable pairs, this is done by first constructing an
exchangeable pair at the level of X. Let 7 = (I J) be uniformly distributed among
the transpositions on S,,, independent of X, and define X’ by

X/ = (XT(l), v ,XT(n)) .

Then (X, X') is exchangeable, and so if W' := W(X’), then (W, W’) is exchange-
able. Observe that Wil = <92,X/> =W; +0;1 X5 —0;1 X7 +0;; X1 — 01-JXJ, that

is,

(20) W! —W; = (0ir — 0:7)(X; — X1).

K2
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!
Let Z denote summing over distinct indices. Then

2
n—1

1 ’
m Z (eirXs —0;r X, +0;. X, — GiSXS) - _

E[W/-W;|X] = Wi,

7,8

again using that ) 6, = 0. Condition (1) of Theorem 3 is thus satisfied with
A= %Ik, with I denoting the k& x k identity matrix, and E = 0. The factor
|[A=Y|op that appears in the statement of the theorem can thus be immediately
identified: [[A71],, = 252

Next, the random matrix E’ of condition (2) of Theorem 3 must be identified.
Letting 1 stand for the vector in R™ with 1 as each entry,

E[(W] - W) (W] — W;)|X]
1 I

T nn-1) > O = 0:) (00 — 03:)(Xs — X,)?
=g 00 - ﬁ [«’“9” (X =n)+n (Z 006, X2 <9i,9j>>

~2(X,1) Y 00 X + Wiwjl :

r=1

where the second equality follows from straightforward manipulation after expand-
ing the squares in the line above. It thus follows that

r=1

Ej; = OS] l(@'ﬂj) (IX]*=n)+n (i Oirbr X7 - <9i’9j>>

—2(X,1) Z 0ir0;0 X, + Wiwj] .

r=1

To apply Theorem 3, a bound on E||E’|| g5 is required. Using the || - || gs-triangle
inequality and considering each of the four terms separately, the first term yields

IZllsE| X2 = n| < [Sllas, [ED (X2 - 1)(X2 - 1)
2%

< [S]ms [\/nEXf +y/nln — DE(XZ — 1)(X3 — 1)} .

The second term yields a similar contribution:

2
S n EZ <<01,9J> — ZelT‘GJTX’?’)
ij r

= n\/E(X? — 1)(X3 — 1|8 ars.

n [Z 00, X2 — (0, 9»]
r=1

JllHs
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For the third term,

E <X, 1> li eirej'r‘X’l"‘|

r=1 iillms

\ E<X71>2E ZzeirejreisejerXs
i, T,

= |(n4+nn—-1EX,X,) |(1-EX,X,) ZZ&?TQ; + 12113 s EX 1 X

IA

IN

Vi n?[EX1 Xo] 2> 116:013 + 15 s VIEX1 Xo| |

using the Cauchy-Schwarz and Holder inequalities to get the last bound.
For the last term, define the matrix C' = [c;5]F;_; by ¢;; := Y1, 62.62,. Some
tedious but straightforward manipulation yields

(21)
EWW? = cij [IEX4 —3EXT X3 — 4EX} X5 + 12EX{ X5 X5 — 6EX; X0 X3Xy]
+ 07 2EXTXS — AEXT X0 X5 + 2BX1 X5 X5 X,
+ [EXTX35 — 2EX{ X2 X5 + EX 1 X0 X3Xy] .

Making use of the Cauchy-Schwarz inequality on the inner sums and the fact that
0]l < [|6i]]2 = 1 for all 4,

1Cllas = Z Z 02020302, <[> l16:ll110;014 < > 16il13 < .
i,j=17,5=1 7 i

Recall that |o;;| = [(0;,0;)] < 1 as well, thus

H[%] i,j= IHHS \/§<k

Trivially, the k x k matrix with every entry equal to 1 also has Hilbert-Schmidt
norm equal to k. Furthermore, each of the expectations of products of the X; that
appears in (21) is bounded in absolute value by EX¢, thus

E[|[WWT| ¢ < 38kEX}.

Collecting terms and making some simplifications, it has been shown that

105 (20y/ECE - D0 -1

+ v+ PP EX X)) [EX 1 X2))

]EHE/”HS <

2
n(n —1)

++v/(n +n2[EX; Xs|) Z 16:113 + 38/4:IEX{1] .
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It remains to bound E|W’ — W3. First averaging over 7, and then making use of
Holder’s inequality and repeated use of the L3—triangle inequality,

EW' —W|? < Z Z 10ir — 0:s°E| X, — X3

r,s=11i=1

S 8\/_E|X1 zn: Z|91T - 15

r,s=11i=1

64\/_IEX 3 &
< SVEEIXG >l

Collecting all of the estimates and applying Theorem 3 now yields the following.

Theorem 5. Let X be an exchangeable random vector in R™ and {6;}F_, unit
vectors in R™ with >__, 0; = 0 for each i. Define the random vector W with
ith component W; := (0;, X), and define the matriz ¥ by o;; = (0;,0;). Then if
g € C3(R¥) and Z is a standard Gaussian random vector in R¥,

(23)

|[Eg(W) — Eg(%'/2Z)|

fM2 1216 ( \/]E X -1)(X3-1)+ \/G + |IEX1X2|> |]EX1X2>

1 38k
~ 4 EX X 613 + —Ex|
+\/(n+| ) Sl + S,

k
+ 4VEMs(g)E| X1 |? Z [EAES

i=1

Remarks.

1. The appearance of the term Zle 16:]13 (or something similar) is expected;
see, e.g., [19],[20],[1 ] The typical behavior (in a measure theoretic sense) for
0 € S*~1 is that ||0]|3 is of order —=. However, if § is a standard basis vector

then [|0]|3 = 1, thus the error bound is not small in this case, nor should it
be as this corresponds to simply truncating the random vector X.

2. The term Zle 16;]13 could simply be estimated by k; however, for typical
choices of the 6;, the bound will be of order %

3. If the ; are orthonormal, then ¥ = I and so the second half of Theorem 3
can be applied. In this case, the bound (23) may be replaced with

(24)
[Eg(W) — Eg(Z)|

Vk (2\/IE(X12 —D(X2-1)+ \/G + IJEX1X2|> IEX1X2>

1 38k
+\/(5 + EX1X2|) Z 110:113 + —IEX1

42k Mo (9)E| X1 P &
v OB S o

1
< -M
=5 1(9)
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4. In the case that X is drawn uniformly from a suitably translated and rescaled
simplex, expressions for the moments appearing in the bound (23) are avail-
able (see [19]). Making use of these expressions shows that there are absolute
constants ¢, ¢’ such that

|E9( — Eg( El/QZ \/7M2 [Z||HS+Z||9 |41
+VEMs(g )Z\Iﬂillg-

i=1

(25)

3.2. Runs on the line

The following example was treated by Reinert and Rollin [23] as an example of the
embedding method. It should be emphasized that showing that the number of d-runs
on the line is asymptotically Gaussian seems infeasible with Stein’s original method
of exchangeable pairs because of the failure of condition (1) from the introduction,
but in [23], the random variable of interest is embedded in a random vector whose
components can be shown to be jointly Gaussian by making use of the more general
condition (5) of the introduction. The example is reworked here making use of the
analysis of [23] together with Theorem 3, yielding an improved rate of convergence.

Let Xi,...,X, be independent {0,1}-valued random variables, with P(X; =
1) =pand P(X; =0) =1—p. For d > 1, define the (centered) number of d-runs as

n

Vd = Z (Xme+1 t Xm+d—1 - pd)’

m=1

assuming the torus convention, namely that X, = X} for any k. For this example,
we assume that d < . To make an exchangeable pair, d — 1 sequential elements
of X := (Xy,...,X,) are resampled. That is, let I be a uniformly distributed
element of {1,...,n} and let X7,..., X/ be independent copies of the X;. Let X’
be constructed from X by replacing Xy,..., X7y g2 with X7,..., X7, ; . Then
(X, X’) is an exhangeable pair, and, defining V; := V;(X) for ¢ > 1, it is easy to
see that

(26)
I+d—2 I+d—-2
/ ’ ’
Vi-Vi== Y XpoXpwiat+ Y Xpoo XpigoXrva-1- Xompio
m=I—i+1 m=I+d—i
I+d—i—1 —
’ ’
+ Z Xm m +i-1 T Z Xm"'XI—lXI"'Xm-&-i—la
m=I—i+1

where sums ZZ are taken to be zero if a > b. It follows that

E[V/ - Vi|X] =—= (d+z—2 —QZpl v
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Standard calculations show that, for 1 < 7 < < d,

j—1
E(ViVi] =n|(G—j+1p +2) pF—(i+j—1)p
k=1
:npi(l—p) (i—j+1+2/€)pk.
k=0

In particular, it follows from this expression that np'(1 —p) < EV? < np'(1 — p)i?,
suggesting the renormalized random variables

Vi
Vnp'(1—p)

It then follows from (27) that, for 1 <1i,5 <d,

inj—1
li—l

(29) o =E[W:W;] =p = Y (li—j|+1+2k)p*,
k=0

and from (26) that if W := (W1,...,Wy), then E [W’ — W|X] = AW, where

d—1
—2pz d 0
1 :
A= T Y d k-2
—2p —2p3 2(d —1)]

Condition (1) of Theorem 3 thus applies with £ = 0 and A as above.

To apply Theorem 3, an estimate on [|[A~!||,, is needed. Following Reinert and
Ro6llin, we make use of known estimates of condition numbers for triangular matrices
(see, e.g., the survey of Higham [10]). First, write A =: AgAp, where Ap is diagonal
with the same diagonal entries as A and Ag is lower triangular with diagonal entries
equal to one and (Ag);; = 2—]; for 4 > j. Note that all non-diagonal entries of Ag

are bounded in absolute value by Z%’f. From Lemeire [16], this implies the bounds

9 d—1 9 d—1
e (14 28) ad Iagles (14 2%)

From Higham, A5 lop < \/IAZ" 1A 5 e, thus

B ) B d—1
A5 < (14 25)

Trivially, ||[Ap'[lop = 725, and thus

9 d—1 2./p
(30) 1A= lop < 27 (1 + dTﬁJ < eVt Ion
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Now observe that, if condition (1) of Theorem 3 is satisfied with E = 0, then it
follows that E[(W’' — W)(W’ — W)T] = 2A%, and thus we may take

E =E[(W —-W)(W —W)T —2A%|W].

It follows that

E|lE|a.s. < ZE B2 = [ Var (E[(W] — Wi) (W] — W;)|W]).
.3
It was determined by Reinert and Rollin that
Var ( [(W/ = W (W} = W) [IW]) € <
i J n3p2d(1 — p)2

thus
4v/6d7/?

E||E’ < ——.
1 5. < =

Finally, note that

d
EW - WP < VaS E[w! - w,|’

i=1

Reinert and Rollin showed that

8d3
E|(W} = W)W = W) (Wi = Wil < 5 sy

for all 7, j, k, thus

8d9/2

I 3
]E|W W| < n3/2p3d/2(1 _ p)3/2'

Using these bounds in inequality (13) from Theorem 3 yields the following.

Theorem 6. For W = (Wy,...,Wy) defined as in (28) withd < 5, ¥ = [Uij]ﬁjzl
given by (29), and h € C3(R),

15v/6d3 My (h) 40d7/2 M3 (h)

(31) UEh(W) - Eh(21/22)| < pd(l _p)\/ﬁ + 3p3d/2(1 _p)3/2\/ﬁ

where Z is a standard d-dimensional Gaussian random vector.

Remarks. Compare this result to that obtained in [23]:

37d7/?|hly 10d°|h)3
P —p)y/n  pP2(1—p)32y/n’

3
where |h|y = sup; ; ||8$ D oo and |h|s = SUp; j Haxgz%”w'

(32) |[ER(W) — ER(SY2Z)| <
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3.3. FEigenfunctions of the Laplacian

Consider a compact Riemannian manifold M with metric g. Integration with re-
spect to the normalized volume measure is denoted dvol, thus | a Ldvol = 1. For
coordinates {32 }7_; on M, define

S AR

1o 02,
9" (x) = (G~ (2))i;-
Define the gradient V f of f : M — R and the Laplacian A, f of f by

OF jir 2 B S N R
Z 6arj Oz, Agf(@) = NG jzkz 0z (\/ﬁg 8xk> '

The function f: M — R is an eigenfunction of A with eigenvalue —p if Af(x) =
—uf(x) for all z € M; it is known (see, e.g., [4]) that on a compact Riemannian
manifold M, the eigenvalues of A form a sequence 0 > —pu3 > —pg > -\, —00.
Eigenspaces associated to different eigenvalues are orthogonal in Lo(M) and all
eigenfunctions of A are elements of C*°(M).

Let X be a uniformly distributed random point of M. The value distribution

of a function f on M is the distribution (on R) of the random variable f(X).
n [17], a general bound was given for the total variation distance between the
value distribution of an eigenfunction and a Gaussian distribution, in terms of
the eigenvalue and the gradient of f. The proof made use of a univariate version
of Theorem 4. Essentially the same analysis is used here to prove a multivariate
version of that theorem.

Let fi,..., fr be a sequence of orthonormal (in Ls) eigenfunctions of A with
corresponding eigenvalues —p; (some of the u; may be the same if the eigenspaces
of M have dimension greater than 1). Define the random vector W € R¥ by W; :=
fi(X). We will apply Theorem 4 to show that W is approximately distributed as a
standard Gaussian random vector (i.e., ¥ = I).

For ¢ > 0, an exchangeable pair (W, W ) is constructed from W as follows. Given
X, choose an element V € SxM (the unit sphere of the tangent space to M at
X) according to the uniform measure on Sx M, and let X, = expx(eV'). That is,
pick a direction at random, and move a distance € from X along a geodesic in that
direction. It was shown in [17] that this construction produces an exchangeable pair
of random points of M; it follows that if W, := (f1(X.), ..., fe(Xc)), then (W, W)
is an exchangeable pair of random vectors in R¥.

In order to identify A, E and E’ so as to apply Theorem 4, first let v : [0,¢] — M
be a constant-speed geodesic such that v(0) = X, v(e) = X, and 4/(0) = V. Then
applying Taylor’s theorem on R to the function f; oy yields

d i © 2 d2 ; O
fiX) — fux) = e WD € Qﬁfv)
e d(fioy)
2 dt?

>, o(z) = det(G(x)),

+0(€)

t=0

+0(e%),

t=0

(33) t= 02

=e-dxfi(V)+

where the coefficient implicit in the O(e?) depends on f; and + and d,f; denotes
the differential of f; at x. Recall that d, f;(v) = (Vfi(x),v) for v € T, M and the
gradient V f;(z) defined as above. Now, for X fixed, V is distributed according to



Multivariate normal approximation 173

normalized Lebesgue measure on Sx M and dx f; is a linear functional on T'x M. It
follows that

E[dx fi(V)|X] =E [dx f;(-V)|X] = —E [dx f:(V)|X],
thus E[dx f;(V)|X] = 0. This implies that
lim B[ (X)) ~ f:(X)| X]

exists and is finite; we will take s(e) = €2. Indeed, it is well-known (see, e.g.,
Theorem 11.12 of [9]) that

(34) lim SE[f(X) — fi(X)[X] = 5-A,f(X) = S22 fi(X)

for n = dim(M). It follows that A = 5= diag(yu, . .., ) and E’ = 0. The expression
E[W, — W|W] satisfies the L; convergence requirement of Theorem 4, since the
fi are necessarily smooth and M is compact. Furthermore, it is immediate that
A~ lop = 2nmaxi <i<k (5 ).

For the second condition of Theorem 4, it is necessary to determine

lim éE[(We—W»(WE—WmX] = lim éE[(fi(Xs)—fAX))(fj(Xe)—fj(X>)|X].
By the expansion (33),
E [(fi(Xe) = fi(X))(F;(Xe) = £;(X))|X] = €E [(dx fs(V)(dx f;(V))|X] + O(€?).

Choose coordinates { a(z n

Then

', in a neighborhood of X which are orthonormal at X.

B of 0
X) o zz: 81’1 8xi’
for any function f € C'(M), thus
(do fi(v)) - (do fj(v)) = (V fi,0) (Vfj,0)

— Of; af] 3fz 8f]
- z_‘; (z) Z 0wr axs (@)orvs.

Since V' is uniformly distributed on a Euclidean sphere, E[V,.V;] = %5”. Making
use of this fact yields

lim 2 [(dx fi(V)) (dx (V)| X] = & (Vi(X), V(X))

thus condition (2) is satisfied with
/ 1 k
B = ~[(Vf(X), V(X)) —2A,
n i,5=1

(As before, the convergence requirement is satisfied since the f; are smooth and M
is compact.)
By Stokes’ theorem,

E(Vfi(X), V(X)) = —E[fi(X) Ay £;(X)] = wB[f:(X) f;(X)] = padij,
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thus

k

E\| Y [(VAX), VX))~ E(VF(X), V(X)) ]

ij=1

E|E'||f.5. =

S|

Finally, (33) gives immediately that
E [[We = WPW] = O(e*),

(where the implicit constants depend on the f; and on k), thus condition (3) of
Theorem 4 is satisfied.
All together, we have proved the following.

Theorem 7. Let M be a compact Riemannian manifold and f1,..., fr an ortho-
normal (in La(M)) sequence of eigenfunctions of the Laplacian on M, with cor-
responding eigenvalues —u;. Let X be a uniformly distributed random point of M.

Then ZfW = (fl(X);afk(X));

1 k
iy (7.2) < | mox ()| 2 (VA0 5000~ B A0 9500 |

Example: The torus.

In this example, Theorem 7 is applied to the value distributions of eigenfunctions
on flat tori. The class of functions considered here are random functions; that is,
they are linear combinations of eigenfunctions with random coefficients.

Let (M, g) be the torus T" = R™/Z", with the metric given by the symmetric
positive-definite bilinear form B:

(I7y)B = <BZL‘7y> .
With this metric, the Laplacian Ag on T" is given by

Bsf(@) = Y B gy (o)

gk

Eigenfunctions of Ap are given by the real and imaginary parts of functions of the

form
fv (1’) — eQﬂ'i{v,x)B — eQTri(BU,;E)7

for vectors v € R™ such that Bv has integer components, with corresponding eigen-
value —p, = —(27||v||5)?.

Consider a collection of k random eigenfunctions {f; }?:1 of Ap on the torus
which are linear combinations of eigenfunctions with random coefficients:

fa) =R | X aemiee )

vEV;

where V; is a finite collection of vectors v such that Bv has integer components
and (v, Bv) = (2“—7)2 for each v € V;, and {{a, }vev, : 1 < j < k} are k independent

s

random vectors (indexed by j) on the spheres of radius V2 in RIil. Assume that
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v4+w # 0 for v € V. and w € Vs (r and s may be equal) and that V. NV, = for
r # s; it follows easily that the f; are orthonormal in Lo (T™).
To apply Theorem 7, first note that

n

Vefr(z)= Z Z (2mi)ay (Bv); (B~ ) e2mi{Bv,z)
j=1lvey, =1
=- (Z (27r)a1,62m<3”"”>v> ,
vEV,

using the fact that B is symmetric.
It follows that

<VBfT(I)a vas(I»B

= Z Bﬂg (Z (271')0,1,62“(3”’9”)11]-) & < Z (27T)aw6277i<3w’z>wg>

7,€=1 veEV, weVs

— léR Z 4772avaw <’U,’UJ>B (62wi<Bv—Bw,x> _ eQm’(Bv+Bw,x))

vEV,

we Vs
Let X be a randomly distributed point on the torus. Let E, denote averaging over
the coefficients a,, and Ex denote averaging over the random point X. To estimate
Eodw (W, Z) from Theorem 7, first apply the Cauchy-Schwartz inequality and then
change the order of integration:

k

E.Ex | D [(VFA(X), V(X)) g = Ex (VAi(X), V(X)) p]

ij=1

< | 3 BB [(VAX), (0 — Ex (VACO, V1, 00) 5

3,j=1

Start by computing ExE. (Vg f-(X), Vg fs(X))%. From above,
(Vi fr(2), VB L(X)) 5

= 27T4%[ Z Ay Qg Ay Qg <'an>B <U/»w/>B
v,v' €V,
w,w’ €V
|:e27ri<Bv—Bw—Bv/+Bw/,x> _ e2wi<Bv—Bw—Bv/—Bw/,x>
+ e27ri<viBw+Bvlwa/,z> . e?ﬂi<viBw+Bv/+Bw',z>

_ €2ﬂi<Bv+Bw—Bv/+Bw/,w> + e27ri<Bv+Bw—Bv/—Bw',x>

. ! ’ . 7 !’
o 627r7,<Bv+Bw+BU —Bw ,x> + 627r7,<Bv+Bw+Bv +Bw ,z>]‘| )

Averaging over the coefficients {a,} using standard techniques (see Folland [7] for
general formulae and [17] for a detailed explanation of the univariate version of this
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result), and then over the random point X € T", it is not hard to show that
EanHVBfT(X)II‘fg

W Z|U||B+2<Z ||U||B> +4 ) (w,w) |,

vEV, v, WEV,
and
2 47T4 2
ExEq <var(X)>vas(X)>B = W Z <U,w>B .
e
Now,
9 2
E[Ex|IVafr(X)I3] =B, [272 3 aznvﬁgl
veEV,
2
S C.7 (Z ||v||B> 2 Y
Viv+2) |\ & P
and

EX <var(X)avas(X)>B =0
for r # s. It follows that

4 22 2(271')4
ExEo[|Vafr(X)|5 — Ea (Ex|IVef(X)[E)” < AAES) > (ww)p,
r r v, wWEV,

and, applying Theorem 7, we have shown that

Theorem 8. Let the random orthonormal set of functions {fr _1 be defined on
T" as above, and let the random vector W be defined by W; = fi(X) for X a
random point of T™. Then

471'2 k 2 2

E.dw (W, Z) < — _— v, W
)= i | 2o | T 2 el

weV,

Remarks. Note that if the elements of UX_;V, are mutually orthogonal, then the
right-hand side becomes

47t

min, f,

thus if it is possible to choose the V), such that their sizes are large for large n, and
the range of the p, is not too big, the error is small. One can thus find vectors of
orthonormal eigenfunctions of T™ which are jointly Gaussian (and independent) in
the limit as the dimension tends to infinity, if the matrix B is such that there are
large collections of vectors v which are “close to orthogonal” and have the same
lengths with respect to (-, -) g and with the vectors Bv having integer components. It
is possible to extend the analysis here, in a fairly straightfoward manner, to require
rather less of the matrix B (essentially all the conditions here can be allowed to
hold only approximately), but for simplicity’s sake, we include only this most basic
version here. The univariate version of this relaxing of conditions is carried out in
detail in [17].
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