Universiteit

4 Leiden
The Netherlands

The Horseshoe Estimator: Posterior Concentration around Nearly Black

Vectors
Pas, S.L. van der; Kleijn, B.J.K.; Vaart, A W. van der

Citation

Pas, S. L. van der, Kleijn, B. J. K., & Vaart, A. W. van der. (2014). The Horseshoe Estimator:
Posterior Concentration around Nearly Black Vectors. Electronic Journal Of Statistics, 8(2),
2585-2618. d0i:10.1214/14-E]JS962

Version: Not Applicable (or Unknown)
License: Leiden University Non-exclusive license

Downloaded from: https://hdl.handle.net/1887/51523

Note: To cite this publication please use the final published version (if applicable).


https://hdl.handle.net/1887/license:3
https://hdl.handle.net/1887/51523

Electronic Journal of Statistics
Vol. 8 (2014) 2585-2618

ISSN: 1935-7524

DOI: 10.1214/14-EJS962

The horseshoe estimator: Posterior
concentration around nearly black
vectors

S. L. van der Pas*

Mathematical Institute, Leiden University
e-mail: svdpas@math.leidenuniv.nl

B. J. K. Kleijn

Korteweg-de Vries Institute for Mathematics, University of Amsterdam
e-mail: b.kleijn@uva.nl

and

A. W. van der Vaart!

Mathematical Institute, Leiden University
e-mail: avdvaart@math.leidenuniv.nl

Abstract: We consider the horseshoe estimator due to Carvalho, Polson
and Scott (2010) for the multivariate normal mean model in the situation
that the mean vector is sparse in the nearly black sense. We assume the fre-
quentist framework where the data is generated according to a fixed mean
vector. We show that if the number of nonzero parameters of the mean
vector is known, the horseshoe estimator attains the minimax ¢o risk, pos-
sibly up to a multiplicative constant. We provide conditions under which
the horseshoe estimator combined with an empirical Bayes estimate of the
number of nonzero means still yields the minimax risk. We furthermore
prove an upper bound on the rate of contraction of the posterior distri-
bution around the horseshoe estimator, and a lower bound on the poste-
rior variance. These bounds indicate that the posterior distribution of the
horseshoe prior may be more informative than that of other one-component
priors, including the Lasso.
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1. Introduction

We consider the normal means problem, where we observe a vector Y € R"”,
Y = (Y1,...,Y,), such that

Yi:t%—l—si, i:l,...,n,
for independent normal random variables ; with mean zero and variance o2.
The vector § = (61,...,60,) is assumed to be sparse, in the ‘nearly black’ sense
that the number of nonzero means

Pn = #{291 750}

is o(n) as n — oo. A natural Bayesian approach to recovering 6 would be
to induce sparsity through a ‘spike and slab’ prior (Mitchell and Beauchamp,
1988), which consists of a mixture of a Dirac measure at zero and a (heavy-
tailed) continuous distribution. Johnstone and Silverman (2004) analyzed an
empirical Bayes version of this approach, where the mixing weight is obtained
by marginal maximum likelihood. In the frequentist set-up that the data is
generated according to a fixed mean vector, they showed that the empirical
Bayes coordinatewise posterior median attains the minimax rate, in ¢, norm,

€ (0, 2], for mean vectors that are either nearly black or of bounded ¢, norm,

€ (0,2]. Castillo and Van der Vaart (2012) analyzed a fully Bayesian version,
where the proportion of nonzero coefficients is modelled by a prior distribution.
They identified combinations of priors on this proportion and on the nonzero
coefficients (the ‘slab’) that yield posterior distributions concentrating around
the underlying mean vector at the minimax rate in ¢, norm, ¢ € (0, 2], for mean
vectors that are nearly black, and in ¢, norm, ¢ € (0,2) for mean vectors of
bounded weak ¢, norm, p € (0,q). Other work on empirical Bayes approaches
to the two-group model includes (Efron, 2008; Jiang and Zhang, 2009; Yuan and
Lin, 2005).

As a full Bayesian approach with a mixture of a Dirac and a continuous
component may require exploration of a model space of size 2", implementa-
tion on large datasets is currently impractical, although Castillo and Van der
Vaart (2012) present an algorithm which can compute several aspects of the
posterior in polynomial time, provided sufficient memory can be allocated. Sev-
eral authors, including (Armagan, Dunson and Lee, 2013; Griffin and Brown,
2010), have proposed one-component priors, which model the spike at zero by
a peak in the prior density at this point. For most of these proposals, theoret-
ical justification in terms of minimax risk rates or posterior contraction rates
is lacking. The Lasso estimator (Tibshirani, 1996), which arises as the MAP
estimator after placing a Laplace prior with common parameter on each 6;, is
an exception. It attains close to the minimax risk rate in ¢, ¢ € [1,2] (Bickel,
Ritov and Tsybakov (2009)). It has however been recently shown that the cor-
responding full posterior distribution contracts at a much slower rate than the
mode (Castillo, Schmidt-Hieber and Van der Vaart, 2014). This is undesirable,
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because this implies that the posterior distribution cannot provide an adequate
measure of uncertainty in the estimate.

In general one would use a posterior distribution both for recovery and for
uncertainty quantification. For the first, a measure of centre, such as a median
or mode, suffices. For the second, one typically employs a credible set, which
is defined as a central set of prescribed posterior probability. For realistic un-
certainty quantification it is necessary that the posterior contracts to its center
at the same rate as the posterior median or mode approaches the true param-
eter.

In this paper we study the posterior distribution resulting from the horse-
shoe prior, which is a one-component prior, introduced in (Carvalho, Polson
and Scott, 2010, 2009) and expanded upon in (Scott, 2011; Polson and Scott,
2012a,b). It combines a pole at zero with Cauchy-like tails. The correspond-
ing estimator does not face the computational issues of the point mass mixture
models. Carvalho, Polson and Scott (2010) already showed good behaviour of
the horseshoe estimator in terms of Kullback-Leibler risk when the true mean is
zero. Datta and Ghosh (2013) proved some optimality properties of a multiple
testing rule induced by the horseshoe estimator. In this paper, we prove that
the horseshoe estimator achieves the minimax quadratic risk, possibly up to a
multiplicative constant. We furthermore prove that the posterior variance is of
the order of the minimax risk, and thus the posterior contracts at the mini-
max rate around the underlying mean vector. These results are proven under
the assumption that the number p,, of nonzero parameters is known. However,
we also provide conditions under which the horseshoe estimator combined with
an empirical Bayes estimator still attains the minimax rate, when p, is un-
known.

This paper is organized as follows. In Section 2, the horseshoe prior is de-
scribed and a summary of simulation results is given. The main results, that
the horseshoe estimator attains the minimax squared error risk (up to a mul-
tiplicative constant) and that the posterior distribution contracts around the
truth at the minimax rate, are stated in Section 3. Conditions on an empirical
Bayes estimator of the key parameter 7 such that the minimax ¢y risk will still
be obtained are given in Section 4. The behaviour of such an empirical Bayes es-
timate is compared to a full Bayesian version in a numerical study in Section 5.
Section 6 contains some concluding remarks. The proofs of the main results and
supporting lemmas are in the appendix.

1.1. Notation

We write A,, < B,, to denote 0 < lim,, ., inf g—: < limy,— o0 SUP g—: < 00 and
A, < By, to denote that there exists a positive constant ¢ independent of n such
that A, < c¢B,. AV B is the maximum of A and B, and A A B the minimum of
A and B. The standard normal density and cumulative distribution are denoted
by ¢ and ® and we set ®° =1 — ®. The norm || - || will be the 3 norm and the
class of nearly black vectors will be denoted by ¢y[p,] := {6 € R™ : #(1 < i <
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Fic 1. The effect of decreasing T on the priors on k (left) and 0 (middle) and the poste-
rior mean Tr(y) (right). The solid line corresponds to T = 1, the dashed line to T = 0.05.
Decreasing T results in a higher prior probability of shrinking the observations towards zero.

2. The horseshoe prior

In this section, we give an overview of some known properties of the horseshoe
estimator which will be relevant to the remainder of our discussion. The horse-
shoe prior for a parameter § modelling an observation Y ~ N(6, 02 1,,) is defined
hierarchically (Carvalho, Polson and Scott, 2010):

0; | Ai, 7 ~N(0,0°7277), A\ ~ CT(0,1),

for i = 1,...,n, where C7(0,1) is a standard half-Cauchy distribution. The
parameter 7 is assumed to be fixed in this paper, rendering the 6; independent
a priori. The corresponding density p, increases logarithmically around zero,
while its tails decay quadratically. The posterior density of 0; given \; and 7 is
normal with mean (1 — k;)y;, where k; = ﬁ Hence, by Fubini’s theorem:

E[0; [ yi, 7] = (1 — Elri | yi, 7)) yi-

The posterior mean E[f | y, 7] will be referred to as the horseshoe estimator
and denoted by T (y). The horseshoe prior takes its name from the prior on &;,
which is given by:

T 1 -
. (1-k) 7K
7T1—(1—T2)I€i( Ri) 2K

[N

pT(’fi) =

K2

If 7 = 1, this reduces to a Be(%, %) distribution, which looks like a horseshoe. As
illustrated in Figure 1, decreasing 7 skews the prior distribution on x; towards
one, corresponding to more mass near zero in the prior on 6; and a stronger
shrinkage effect in T’ (y).

The posterior mean can be expressed as:

2 2
1 5. Yi 1 1 1 1 Yi g

2@1 (5117572;271_ﬁ) fO Z2me2a2 dz

TT(yi) =Y 1- 1 3 o2 1 =Y 1 o2 )
.Y _ 1 1 Vi

30, (5’175’20271 7-2) fo Z 2m6262zd2
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where @1 (o, 8,7;2,y) denotes the degenerate hypergeometric function of two
variables (Gradshteyn and Ryzhik, 1965).

An unanswered question so far has been how 7 should be chosen. Intuitively, 7
should be small if the mean vector is very sparse, as the horseshoe prior will then
place more of its mass near zero. By approximating the posterior distribution
of 72 given k = (k1,...,ky) in case a prior on 7 is used, Carvalho, Polson and
Scott (2010) show that if most observations are shrunk near zero, 7 will be very
small with high probability. They suggest a half-Cauchy prior on 7. Datta and
Ghosh (2013) implemented this prior on 7 and their plots of posterior draws
for 7 at various sparsity levels indicate the expected relationship between 7 and
the sparsity level: the posterior distribution of 7 tends to concentrate around
smaller values when the underlying mean vector is sparser. As will be discussed
further in the next section, the value 7 = 2= (up to a log factor) is optimal in
terms of mean square error and posterior contraction rates.

In case 7 is estimated empirically, as will be considered in Section 4, the
horseshoe estimator can be computed by plugging this estimate into expression
(1), thereby avoiding the use of MCMC. Other aspects of the posterior, such as
the posterior variance, can be computed using such a plug-in procedure as well.
Polson and Scott (2012a) and Polson and Scott (2012b) consider computation
of the horseshoe estimator based on the representation in terms of degenerate
hypergeometric functions, as these can be efficiently computed using converging
series of confluent hypergeometric functions. They report unproblematic compu-
tations for 72 between ﬁ and 1000. A second option is to apply a quadrature
routine to the integral representation in (1). As the continuity and symmetry
of T;(y) in y can be taken advantage of when computing the horseshoe estima-
tor for a large number of observations, the complexity of these computations
mostly depends on the value of 7. Both approaches will be slower for smaller
values of 7. Hence, if we use the (estimated) sparsity level £~ (up to a log fac-
tor) for 7, the computation of the horseshoe estimator will be slower if there are
fewer nonzero parameters. As noted by Scott (2010), problems arise in Gibbs
sampling precisely when 7 is small as well. Hence care needs to be taken with
any computational approach if 22 is suspected to be very close to zero.

The performance of the horseshoe prior, with additional priors on 7 and o2, in
various simulation studies has been very promising. Carvalho, Polson and Scott
(2010) simulated sparse data where the nonzero components were drawn from
a Student-t density and found that the horseshoe estimator systematically beat
the MLE, the double-exponential (DE) and normal-exponential-gamma (NEG)
priors, and the empirical Bayes model due to Johnstone and Silverman (2004)
in terms of square error loss. Only when the signal was neither sparse nor heavy-
tailed did the MLE, DE and NEG priors have an edge over the horseshoe esti-
mator. In similar experiments in (Carvalho, Polson and Scott, 2009; Polson and
Scott, 2012a) the horseshoe prior outperformed the DE prior, while behaving
similarly to a heavy-tailed discrete mixture. In a wavelet-denoising experiment
under several noise levels and loss functions, the horseshoe estimator compared
favorably to the discrete wavelet transform and the empirical Bayes model (Pol-
son and Scott, 2010). Bhattacharya et al. (2012) applied several shrinkage priors
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to data with the underlying mean vector consisting of zeroes and fixed nonzero
values and found the posterior median of the horseshoe prior performing better
in terms of squared error than the Bayesian Lasso (BL), the Lasso, the posterior
median of a point mass mixture prior as in (Castillo and Van der Vaart, 2012)
and the empirical Bayes model proposed by Johnstone and Silverman (2004),
and comparable to their proposed Dirichlet-Laplace (DL) prior with parameter
%. Results in (Armagan, Dunson and Lee, 2013) are similar. In a second simula-
tion setting, Bhattacharya et al. (2012) generated data of length n = 1000, with
the first ten means equal to 10, the next 90 equal to a number A € {2,...,7}
and the remainder equal to zero. In this simulation, the horseshoe prior beat
the BL (except when A = 2) and the DL prior with parameter % (except when
A =7), while performing similarly to the DL prior with parameter % It is wor-
thy of note that Koenker (2014) generated data according to the same scheme
and applied the empirical Bayes procedures due to Martin and Walker (2014)
(EBMW) and Koenker and Mizera (2014) (EBKM) to it. The MSE of EBMW
was lower than that of the horseshoe prior for A € {5,6, 7}, while that of EBKM
was much lower in all cases.

3. Mean square error and bounds on the posterior variance

In this section, we study the mean square error of the horseshoe estimator, and
the spread of the posterior distribution, under the assumption that the number
of nonzero parameters p,, is known. Theorem 3.1 provides an upper bound on
the mean square error, and shows that for a range of choices of the global
parameter 7, the horseshoe estimator attains the minimax /f5 risk, possibly up
to a multiplicative constant. Theorem 3.3 states upper bounds on the rate of
contraction of the posterior distribution around the underlying mean vector and
around the horseshoe estimator, again for a range of values of 7. These upper
bounds are equal, up to a multiplicative constant, to the minimax risk. The
contraction rate around the truth is sharp, but this may not be the case for
the rate of contraction around the horseshoe estimator. Theorems 3.4 and 3.5
provide more insight into the spread of the posterior distribution for various
values of 7 and indicate that 7 = £2/log(n/p,) is a good choice.

Theorem 3.1. Suppose Y ~ N (0o, 0°1,). Then the estimator Ty (y) satisfies

1 1
sup g, | T-(Y) — 6o]|* < pn log —+(n=pa)7\[log - (2)

00€Lo[pn]
for T — 0, as n,p, — oo and p, = o(n).

By the minimax risk result in (Donoho et al., 1992), we also have a lower
bound: n
sup EeoHTT(Y) - 90H2 > 2U2pn log _(1 + 0(1))7
0o€lo[pn] Pn
as n,p, — 00 and p, = o(n). The choice 7 = (£2)%, for a > 1, leads to an
upper bound (2) of order p,log(n/p,), with (as can be seen from the proof)
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a multiplicative constant of at most 4ac?. Thus, for this choice of 7, we have:

n
sup  Eg, || T(Y) — 6o]|* < pplog —.
eoefo[pn] p’ﬂ

The horseshoe estimator therefore performs well as a point estimator, as it
attains the minimax risk (possibly up to a multiplicative constant of at most
2 for @ = 1). This may seem surprising, as the prior does not include a point
mass at zero to account for the assumed sparsity in the underlying mean vector.
Theorem 3.1 shows that the pole at zero of the horseshoe prior mimics the point
mass well enough, while the heavy tails ensure that large observations are not
shrunk too much.

An upper bound on the rate of contraction of the posterior can be obtained
through an upper bound on the posterior variance. The posterior variance can
be expressed as:

8P 1 1 7. Yi 1 1

2 1 (_7 )53 502y L ™ _2)

o 2 2 27 20 T

Var(0; | yi) = —Tr(yi) — (Tr(yi) — vi)” + 4} PR -
Yi 15(1)1 (57175;2‘;27 _7_2)

Details on the computation can be found in Lemma A.4. Using a similar ap-
proach as when bounding the /5 risk, we can find an upper bound on the ex-
pected value of the posterior variance.

Theorem 3.2. Suppose Y ~ N(6o,02L,). Then the variance of the posterior
distribution corresponding to the horseshoe prior satisfies

. 1 [ 1
sup [Egq, Z Var(0o; | Vi) < pnlog . + (n— pn)Ty/log . (3)

Oo€ly [pn] i=1

forT— 0, as n,p, — 0o and p, = o(n).

Again, the choice 7 = (£2)*, for @ > 1 leads to an upper bound (3) of the
order of the minimax risk. This result indicates that the posterior contracts fast
enough to be able to provide a measure of uncertainty of adequate size around
the point estimate. Theorems 3.1 and 3.2 combined allow us to find an upper
bound on the rate of contraction of the full posterior distribution, both around
the underlying mean vector and around the horseshoe estimator.

Theorem 3.3. Under the assumptions of Theorem 3.1, with 7 = (£2)*, o > 1:

n

sup Ky, I, <9 10— 60 > Mypn logp

Oo€lo [pn]

Y> — 0, (4)

and

sup [Eg,IL; (9 O =T (V)||* > Mypn logﬁ
90€Zo[pn] pn

Y) — 0, (5)

for every M,, — oo as n — oo.
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Proof. Combine Markov’s inequality with the results of Theorems 3.1 and 3.2
for (4), and only with the result of Theorem 3.2 for (5). O

A remarkable aspect of the preceding Theorems is that many choices of
7, such as 7 = (%) for any o > 1, lead to an upper bound of the order
pn log(n/py,) on the worst case ¢o risk and posterior contraction rate. The upper
bound on the rate of contraction in (4) is sharp, as the posterior cannot contract
faster than the minimax rate around the true mean vector (Ghosal, Ghosh and
Van der Vaart, 2000). However, this is not necessarily the case for the upper
bound in (5), and for 7 = (£2)® with o > 1, the posterior spread may be of
smaller order than the rate at which the horseshoe estimator approaches the
underlying mean vector. Theorems 3.4 and 3.5 provide more insight into the
effect of choosing different values of 7 on the posterior spread and mean square
error.

Theorem 3.4. Suppose Y ~ N (6y,0%1,,), 0o € Lo[pn]. Then the variance of the
posterior distribution corresponding to the horseshoe prior satisfies

n 1
inf E Var(0o; | i) 2 (n — pn)74/log = 6
i B SV (D Z (il

i=1

for = 0 and p, = o(n), as n — oo. This lower bound is sharp for vectors 0y
with p, entries equal to a, and the remaining entries equal to zero, if a, is such

that |a,| < 1/+/log(1/7).
Theorem 3.5. Suppose Y ~ N(0g.n,0°1,) and 0y, € lolpn] is such that p,
entries are equal to v+/202log(1/7), v € (0,1), and all remaining entries are

equal to zero. Then:

1 1
Eaq, |T-(Y) = B> = pulog — + (1 — )71 /log (7

and

1
= 1\772 [, 1
Eo,,. Y Var(fo.ni | ¥i) < pur=7" (IOg F) +(n—pa)Ty[log —, (8)

i=1
for 7 — 0 and p, = o(n), as n — oco.
Consider 7 = (£2)®. Three cases can be discerned:

(i) 0 < a < 1. Lower bound (6) may exceed the minimax rate, implying
suboptimal spread of the posterior distribution in the squared /5 sense.
(ii) @ = 1. Bounds (3) and (6) differ by a factor \/log(n/p,), as do (7) and

(8). The gap can be closed by choosing 7 = 2= /log

n

n

P

(iii) o > 1. Bound (6) is not very informative, but Theorem 3.5 exhibits a se-
quence 6y ,, € £o[pn] for which there is a mismatch between the order of the
mean square error and the posterior variance. Bounds (7) and (8) are of the
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orders p,(log(1/7) + 1=/ /log(1/7)) and p,(r=1*(log(1/7))7~1/2 +
ri=1/e, flog(1/7)), respectively. Hence up to logarithmic factors the total
posterior variance (8) is a factor 7(1=1/)AA=" gmaller than the square
distance of the center of the posterior to the truth (7). For p, < n¢ for
some ¢ > 0, this factor behaves as a power of n.

These observations suggest that 7 = 22 /log(n/p,) is a good choice, because
then (2), (3), (6), (7), (8) are all of the order p, log(n/p,), suggesting that the
posterior contracts at the minimax rate around both the truth and the horseshoe
estimator.

4. Empirical Bayes estimation of 7

A natural follow-up question is how to choose 7 in practice, when p,, is unknown.
As discussed in Section 2, the full Bayesian approach suggested by Carvalho,
Polson and Scott (2010) performs well in simulations. The analysis of such a
hierarchical prior would however require different tools than the ones we have
used so far. An empirical Bayes estimate of 7 would be a natural solution, and
allows us in practice to use one of the representations in (1) for computations,
instead of an MCMC-type algorithm.

By adapting the approach in Paragraph 6.2 in (Johnstone and Silverman,
2004), we can find conditions under which the horseshoe estimator with an
empirical Bayes estimate of 7 will still attain the minimax ¢5 risk. Based on the
consideration of Section 3, we proceed with the choices 7 = 2= /log(n/p,) and
7 = B2 The former is optimal in the sense that the posterior spread is of the
order of the minimax risk, but the latter has the simple interpretation of being
the proportion of nonzero means, and the difference between the two is only the
square root of a log factor.

Theorem 4.1. Suppose we observe an n-dimensional vector Y ~ N (0o, 0?1,
and we use T=(y) as our estimator of 6y. If T € (0,1) satisfies the following two
conditions for T = B~ or 7 = Er /log(n/pn):

1. P, (T > c1) S B2 for a constant ¢ > 1 such that T < 1;
2. There exists a function g : N x N — (0,1) such that T > g(n,p,) with
probability one and —log(g(n, pn))Pe, (T < 7) < log(n/pr),

then: N
sup  Eg, [ T=(Y) — 0o]|* = py log — (9)
9()6@0[1771] pn
as n,p, — oo and p, = o(n). If only the first condition can be verified for an
estimator T, then sup{%, T} will have an Lo risk of at most order p,logn.

The first condition requires that 7 does not overestimate the fraction 2= of
nonzero means (up to a log factor) too much or by a too large probability. If
pn > 1, as we have assumed, then it is satisfied already by 7 = % (and ¢ = 1).

According to the last assertion of the theorem, this ‘universal threshold’ yields
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the rate p, logn (possibly up to a multiplicative constant). This is equal to the
rate of the Lasso estimator with the usual choice of A = 2,/202logn (Bickel,
Ritov and Tsybakov, 2009). However, in the framework where p, — oo, the
estimator 7 = % will certainly underestimate the sparsity level. A more natural
estimator of 2 is:

. #{yil = Vero?logn,i=1,...,n} 10)
T = 7

con

where ¢; and co are positive constants. By Lemma A.7, this estimator satisfies
the first condition for 7 = 2= and 7 = 2=, /log(n/p,) if c1 > 2,co > 1 and

Pn — 00 Or ¢1 = 2,¢9 > 1 and p,, 2 logn. Thus max{7, %} will also lead to
a rate of at most order p,logn under these conditions. Its behaviour will be
explored further in Section 5.

The rate can be improved to p,log(n/py) if the second condition is met as
well, which ensures that the sparsity level is not underestimated too much or
by a too large probability. As we are not aware of any estimators meeting this
condition for all 6y, this condition is currently mostly of theoretical interest. If
the true mean vector is very sparse, in the sense that there are relatively few
nonzero means or the nonzero means are close to zero, there is not much to
be gained in terms of rates by meeting this condition. The extra occurrence of
pn relative to the rate p,logn is of interest only if p,, is relatively large. For
instance, if p, < n® for o € (0,1), then p, log(n/p,) = (1 — a)py, logn, which
suggests a decrease of the proportionality constant in (9), particularly if « is
close to one. Furthermore, when p,, is large, the constant in (9) may be sensitive
to the fine properties of 7, as it depends on g(n,p,) (as can be seen in the
proof). If 7 seriously underestimates the sparsity level, the corresponding value
of g(n,py,) from the second condition may be so small that the upper bound on
the multiplicative constant before (9) becomes very large. Hence in this case,
7 is required to be close to the proportion 2= (up to a log factor) with large
probability in order to get an optimal rate.

Datta and Ghosh (2013) warned against the use of an empirical Bayes esti-
mate of 7 for the horseshoe prior, because the estimate might collapse to zero.
Their references for this statement, Scott and Berger (2010) and Bogdan, Ghosh
and Tokdar (2008), indicate that they are thinking of a marginal maximum like-
lihood estimate of 7. However, an empirical Bayes estimate of 7 does not need to
be based on this principle. Furthermore, an estimator that satisfies the second
condition from Theorem 4.1 or that is truncated from below by %, would not
be susceptible to this potential problem.

5. Simulation study

A simulation study provides more insight into the behaviour of the horseshoe
estimator, both when using an empirical Bayes procedure with estimator (10)
and when using the fully Bayesian procedure proposed by Carvalho, Polson and
Scott (2010) with a half-Cauchy prior on 7. For each data point, 100 replicates
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n =400, p, =20 n =400, p, = 40
1204 empirical ee-e - empirical eee
fuIIp @00 200 fullp ®oe [
1004
80/ 150
601 100
404
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2 4 6 8 10 2 4 6 8 10
A A
(a) (b)
n =400, p, = 200 n =400, p,=200,A =10
600
154
400+ o 10]
200 51
T 07
2 4 6 8 10 3 4 5 6 7
A T

Fic 2. Average squared error loss over 100 replicates with underlying mean vectors of length
n = 400 if the nonzero coefficients are taken equal to A, in case 5% (Figure (a)), 10%
(Figure (b)) or 50% (Figure (c)) of the means are equal to a nonzero value A. The solid line
corresponds to empirical Bayes with (10), c1 = 2,¢c2 = 1, the dashed line to full Bayes with a
half-Cauchy prior on 7. Figure (d) displays a histogram of all Gibbs samples of T (after the
burn-in) of all replicates in the setting T ~ C1(0,1), A = 10, p, = 200.

of an n-dimensional vector sampled from a N (6, I,,) distribution were created,
where 6y had either 20, 40 or 200 (5%, 10% or 50%) entries equal to an integer
A ranging from 1 to 10, and all the other entries equal to zero. The full Bayesian
version was implemented using the code provided in (Scott, 2010), and the co-
ordinatewise posterior mean was used as the estimator of 6y. For the empirical
Bayes procedure, the estimator (10) was used with ¢; = 2 and ¢y = 1. Perfor-
mance was measured by squared error loss, which was averaged across replicates
to create Figure 2.

In all settings, both estimators experience a peak in the £5 loss for values of A
close to the ‘universal threshold’ of 1/2Tog400 ~ 3.5. This is not unexpected, as
in the terminology of Johnstone and Silverman (2004), the horseshoe estimator
is a shrinkage rule, and while it is not a thresholding rule in their sense, it does
have the bounded shrinkage property which leads to thresholding-like behaviour.
The bounded shrinkage property can be derived from Lemma A.3, which yields
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the following inequality as 7 approaches zero:

1
IT-(y) — yl < y/20%log —.
\/ -

With 7 = %, this leads to the ‘universal threshold’ of \/202logn, or with 7 =

(E2)®, a ‘threshold” at y/2a0?log(n/p,). Based on this property and the proofs
of the main results, we can divide the underlying parameters into three cases:

(i) Those that are exactly or close to zero, where the observations are shrunk
close to zero;
(ii) Those that are larger than the threshold, where the horseshoe estimator
essentially behaves like the identity;
(iii) Those that are close to the ‘threshold’, where the horseshoe estimator is
most likely to shrink the observations too much.

The horseshoe estimator performs well in cases (i) and (ii) due to its pole at
zero and its heavy tails respectively. The hardest parameters to recover from
the noise are those that are close to the threshold, and these are the ones that
affect the estimation risk the most. This phenomenon explains the peaks in the
graphs of Figure 2 around A = 3.5.

The full Bayes implementation with a Cauchy prior on 7 attains a lower {5
loss around the universal threshold than the empirical Bayes procedure. This
is because estimator (10) counts the number of observations that are above the
universal threshold. When all the nonzero means are close to this threshold,
7 may ‘miss’ some of them, thereby underestimating the sparsity level £2 and
thus leading to overshrinkage.

For values of A well past the universal threshold, the empirical Bayes esti-
mator does better than the full Bayes version. For such large values of A, the
estimator (10) will be equal to the true sparsity level with large probability and
hence its good performance is not unexpected. However, an interesting question
is why the full Bayes estimator does not do as well as the empirical Bayes esti-
mator, especially because the nonzero means are so far removed from zero that
the problem is ‘easy’. This could be due to the choice of a half-Cauchy prior
for 7: it places no restriction on the possible values of 7 and has such heavy tails
that values far exceeding the sparsity level £ are possible. This would lead to
undershrinkage of the observations corresponding to a zero mean, which would
be reflected in the ¢5 loss. Figure 2(d) shows a histogram of all Gibbs samples of
7 in the setting where 50% of the means are set equal to 10. The range of these
values is (3.1, 7.3), which is very far away from 2= = 1. This indicates that a
full Bayesian version of the horseshoe prior could benefit from a different choice
of prior on 7 than a half-Cauchy one, for example one that is restricted to [0,1].

6. Concluding remarks

The choice of the global shrinkage parameter 7 is critical towards ensuring the
right amount of shrinkage of the observations to recover the underlying mean
vector. The value of 7 = 2= /log(n/p,) was found to be optimal. Theorem 4.1
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indicates that quite a wide range of estimators for 7 will work well, especially in
cases where the underlying mean vector is sparse. Of course, it should not come
as a surprise that an estimator designed to recover sparse vectors will work es-
pecially well if the truth is indeed sparse. An interesting extension to this work
would be to investigate whether the posterior concentration properties of the
horseshoe prior still remain when a hyperprior is placed on 7. The result that
7 = P (up to a log factor) yields optimal rates, together with the simulation re-
sults, suggests that in a fully Bayesian approach, a prior on 7 which is restricted
to [0, 1] may perform better than the suggested half-Cauchy prior.

The simulation results also indicate that mean vectors with the nonzero
means close to the universal threshold are the hardest to recover. In future
simulations involving shrinkage rules, it would therefore be interesting to study
the challenging case where all the nonzero parameters are at this threshold.
The performance of the empirical Bayes estimator (10) leaves something to be
desired around the threshold. In additional numerical experiments (not shown),
we tried two other estimators of 7. The first was the ‘oracle estimator’ 7 = £=.
For values of the nonzero means well past the ‘threshold’, the behaviour of this
estimator was very similar to that of (10). However, before the threshold, the
squared error loss of the empirical procedure with the oracle estimator was be-
tween that of the full Bayes estimator and empirical Bayes with estimator (10).
The second estimator was the mean of the samples of 7 from the full Bayes
estimator. The resulting squared error loss was remarkably close to that of the
full Bayes estimator, for all values of the nonzero means. Neither of these two
estimators is of much practical use. However, their range of behaviours suggests
room for improvement over the estimator (10), and it would be worthwhile to
study more refined estimators for 7.

An interesting question is what aspects of the horseshoe prior are truly es-
sential towards optimal posterior contraction properties. Our proofs do not elu-
cidate whether the pole at zero of the horseshoe prior is required, or if a prior
with heavy tails, and in a sense ‘sufficient’ mass at zero would work as well. The
failure of the Lasso to concentrate around the true mean vector at the minimax
rate does indicate that heavy tails in itself may not be sufficient, and adding
mass at zero solves this problem (Castillo, Schmidt-Hieber and Van der Vaart,
2014; Castillo and Van der Vaart, 2012). It is possible that the pole at zero is
inessential, in particular if the global tuning parameter is chosen carefully, for
instance by empirical Bayes. If the tuning parameter is chosen by a full Bayes
method, the peak may be more essential, depending on its prior.

The horseshoe estimator has the property that its computational complexity
depends on the sparsity level rather than the number of observations. Although
there is no point mass at zero to induce sparsity, it still yields good reconstruc-
tion in /o, and a posterior distribution that contracts at an informative rate.
None of the estimates will however be exactly zero. Variable selection can be
performed by applying some sort of thresholding rule, such as the one suggested
in (Carvalho, Polson and Scott, 2010) and analyzed by Datta and Ghosh (2013).
The performance of this thresholding rule in simulations in the two works cited
has been encouraging.



2598 S. L. van der Pas et al.
Acknowledgements

The authors would like to thank two anonymous referees for their helpful sug-
gestions, as well as James Scott for his advice on implementing the full Bayesian
version of the horseshoe estimator.

Appendix: Proofs

This section begins with Lemma A.1, providing bounds on some of the degen-
erate hypergeometric functions appearing in the posterior mean and posterior
variance. This is followed by two lemmas that are needed for the proofs of The-
orems 3.1 and 3.2: Lemma A.2 provides two upper bounds on the horseshoe
estimator and Lemma A.3 gives a bound on the absolute value of the difference
between the horseshoe estimator and an observation. We then proceed to the
proof of Theorem 3.1, after which Lemma A.4 provides upper bounds on the
posterior variance. These upper bounds are then used in the proof of Theorem
3.2. The proof of Theorem 3.4 is given next, followed by Lemmas A.5 and A.6
supporting the proof of Theorem 3.5. This section concludes with the proofs of
Theorem 4.1 and Lemma A.7, which both concern the empirical Bayes procedure
discussed in Section 4.

Lemma A.1. Define

1 k 1 112
1 = — —¢3.%77%(]z.
k(¥) /0 i 7'2—0—(1—7'2)262 i
Then, fora > 1:
1 2 2 2 2 o2
Ii(y) = z7° +02y—2 (em —e’ 2%,) + \/%y2 (em - em) (11)
1 2 2 2
L)z gr+ 5 (5 - ), (12
2 2 2 1 2 2 2 2
I% (y) < —67227274— 2€ 2ac? <_a — T> + \2620 (emr? — e2ao2> , (13)
2 /1 1 2 2
I_%(y) > — +€T22T2 ( - —) + - 20 (€2afr2 —€T202)
T Yy
2 2 42
+ Z—Q <e2o2 - e2w2> , (14)

Y

where (11) and (13) hold for 7 < 1/+/a, (12) holds for T < 1, and (14) and (15)
hold for T < 1/a.

2 2 y2 y2
| 2av/ao (ew - ezaa2> , (15)
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Proof. Write £ = y?/(20?). We first note that for z > 72, we have z < 72 + (1 —
72)z < 22, while for z < 72, we have 72 < 72 + (1 — 72)z < 272, Hence, we can
bound I from above by:

2

1 T 1
In(y) < —2/ 2Pt dz —|—/ 2P lef2dy,
T 0 T2

and from below by half of that quantity. We bound the integral over [0,72] in
all cases by bounding the factor e by 1 or e™ €. For the integral over [72,1], we
first substitute u = £z, yielding: lez Zhlefzdy = ¢F fsz uF~levdu. For (11)

and (13), we split the domain of integration into |72, %] and [%, ¢]. For I3, we
bound by:

2 g 1
1 1 T 3 _3, 9.1 a u -3 5 2 ¢ u
Ig(y)2§<ﬁ/o z2dz+ & 2(T 6)2/7256 du + ¢ 2(;) /Eedu>a

yielding (11). Similarly, for I 1

s 3 €
eg/ u_%du—i—f_% (§> / e"du,
T2¢ a %

resulting in (13). The bound (12) is obtained similarly, but without splitting up
[72¢, €] further, by the inequality

L) > - / b +1§1/5 ug
— 22dz + = edu.
W =502 ) 2% J e
For the bounds on I _ 1, we split up the domain of integration [r2£,¢] into
[72¢, 7€), [7€, g] and [%,5], and then bound by:

2 3
1(1 7 3 2
I 1(y)>= —/ z_%dz+§%6725/ w”rdu+ €2 ¢ / edu
2 2\ 72 0 r2¢ a e

¢
+E2Es e“du> :
£

a

M

2
1 T
L)< 5 [ e
T 0

[N

Qlm

yielding (14), and by:

2 S
1 T 7€ -
I_1(y) < —26725/ z_%dz+§%eTg/ u_%du—l—f%e%/ u2du
T 0 T T

1 5—% £u
+ & <E> /gedu,

to find (15). O

N|=

Lemma A.2. If 72 < 1, the posterior mean of the horseshoe prior can be
bounded above by:
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y2
1. T-(y) < ye2? f(1), where [ is such that f(1) < 27;

2.
2 42 2 2 42 v?
%e‘r 202 T + 2€2a0? (ﬁ —7—)—|— 2\2520 (eza2 —620.02)
Ly <y —— 1 e E — =
1 Py S AT Va5 o3 _ o7 552 O (0362 — p3a52
T+e 20 (‘r \/7__)4— e (620.0 e 20 )+y2 (620 €2ac )

foranya>1and T < %
Proof. We bound the integrals in the numerator and denominator of expression
2
(1). For the first upper bound, we will use the fact that for 0 < z <1, 2027 is

42
bounded below by 1 and above by e2s2. The posterior mean can therefore be
bounded by:

11
2 22 e dz

12
Ty (y) < yerer T2 = esim f(7),

fol 272 72-1-(117—72)de
where
. VieeE
1—72 \ arctan (E)

By Shafer’s inequality for the arctangent (Shafer, 1966):
f(r) 1 V1-712

2
= -7 <3
T 1—72 arctan (—VlT_Tz) 3

1
1+7

<

3

Wl o

which completes the proof for the first upper bound.

For the second inequality, we note that, in the notation of Lemma A.1,

I1(y)

T-(y) = Y7275y The bounds in Lemma A.1 yield the stated inequality. O
2

Lemma A.3. For 2 < 1, the absolute value of the difference between the
horseshoe estimator and an observation y can be bounded by a function h(y,T)
such that for any ¢ > 2:

lim sup h(y,7) = 0.
™40 ly|>+/co? log %

Proof. We assume y > 0 without loss of generality. By a change of variables of
r=1-—z:

1wy _1 1
Joe 2 x(l—x) 2 e dr

1 vy -1 1 '
Joe = (1 —a) i gy da

1-72)x

IT-(y) —yl =y

By following the proof of Watson’s lemma provided in Miller (2006), we can
find bounds on the numerator and denominator of the above expression. First
define g(z) = (1 — x)_%ﬁ and note that by Taylor’s theorem, g(x) =
9(0) + g’ (&), where &, is between 0 and z. Let s be any number between 0
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and 1. Because ¢’ (z) is not negative for x € [0, 1), we have that for « € [0, ],
s €(0,1): ¢’(0) < ¢'(z) < ¢'(s). The numerator can then be bounded by:

S

1 2 s 4,2 2
/ e_mwxg(:v)dxz/ e_mwxg(O)dx—i—/ e 27722 (€,)dw
0 0 0

L
+ / e 22 "xg(x)dx
S

1 "(s _ 592

S Ehl(yu g, 8) + gy(ﬁ)h2(y7 g, 8) + 2e mh3(7—)7
.-

where hy(y,0,5) = 4% — 202 (sy? + 202)e” 302, ha(y, 0, s) = 160° — 202(s2y* +

sy2
4s0%y® +80%)e” 2% and hy(r) = arctan(VI="2)r—1 (1 —72)~2 — (1 —72)~ L. The
denominator can similarly be bounded by:

1 2 5 y? ° s
/e—mwg(x)dx:/ e_ng(O)d:c-i-/ e 27z (&) dw
0 0 0

1 2
—|—/ e 227g(x)dw
1 "0
2 ?hél(yv g, S) + gy(4 ) h5(y7 g, S) + 07

sy2 sy2
where hy(y,0,8) = 20% —20%¢” 2-7 and hs(y, 0,5) = 40* —20%e™ 27 (sy? +202).
Hence:

’ sy?
éh’l (yv g, S) + gy(;) hQ(ya ag, S) + 2y367m h3(7-)

h4(y7 g, S) + %}%(yu g, 8)

1T (y) —y| <

For any fixed 7, this bound tends to zero as y tends to infinity. If 7 — 0, the term
containing h3(7) could potentially diverge. For s = % and y = y/co?log(1/7),
where c is a positive constant, this term displays the following limiting behaviour
as 7 — 0:

c T

B e— ey’ _ 2, 1 £ _
lTlJr/I(le e 32Y hs(T) 17}?01 (co logT TS

(1—72)2 1—172
)0 >3
R otherwise,

because lim, o arctan(¥ 1;72)(1 — 7275 = %, lim; o == = 0 and the factor

3 arctan ( A )

(co?log(1/7))2 751 tends to zero as 7 | 0 if £ —1 >0 and infinity otherwise.
The condition ¢ > 3 is related to the choice of s = % and can be improved to
any constant strictly greater than 2 by choosing s appropriately close to one.
Hence, we find that the absolute value of the difference between the posterior
mean and an observation can be bounded by a function h(y, 7) with the desired

property. Il
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Proof of Theorem 3.1

Proof. Suppose that Y ~ N(0,0°1,), 6 € lo[p,] and p,, = #{i : 6; # 0}. Note
that p, < p,. Assume without loss of generality that for i = 1,...,p,, 6; # 0,
while for i = p, +1,...,n, §; = 0. We split up the expectation Egy||T,(Y) — 6|2
into the two corresponding parts:

n Dn n
S B (T (V) — 67 = S Eo, (T(Y)) — 6,2+ > EoTo (V).
i=1 i=1 i=pn+1

We will now show that these two terms can be bounded by p,(1 4 log 1) and

(n — pn)+/log(1/7)T respectively, up to multiplicative constants only depending
on o, for any choice of 7 such that 7 € (0,1).

Nonzero parameters

Denote (; = \/W. We will show
B, (T; (Vi) = 0:)* S 0 +¢2. (16)
for all nonzero ¢;, which can be done by bounding sup,, [T-(y) — y|:
Eo, (T:(Y;) — 0:)* = Eo, (T-(Y;) = Yi) + (Y; — 6,))?
< 2Ry, (Y; — 60:;)* + 2B, (T- (Vi) — Y;)°

2
gzﬂ+2<wpmxw—yo,
Yy

Lemma A.3 yields the following bound on the difference between the observation
and the horseshoe estimator: |T-(y) — y| < h(y,T), where h(y,7) is such that
im0 SUp|y|scc, (Y, 7) = 0 for any ¢ > 1. Combining this with the inequality
|T-(y) — y| < |y|, we have as 7 — O:

argrn;XITE(y)—-yliiéf, (17)

which implies (16), as |T,(y)| < |y|:

2
(sup i) ol ) 562

Parameters equal to zero
We split up the term for the zero means into two parts:

EoT-(Y)? = EoT-(Y)* 1y <¢, + EoT-(Y)* Ly sc,

where (; = y/202log(1/7). For the first term, we have, by the first bound in
Lemma A.2:

_ 2
e 22 dy

CT 1
EoT,(Y)?1 :/ T, (y)?
0 ( ) {lY<¢-} e (y) \/W
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Cr 2 1 2 f(T)2 Cr 2
< 207 7)? e 2T dy = / 2207 d
< /_ LY f(7) s V= s Y Y

. I R LER - el 22 ¢ g 22
where the identity ayve 207 = Z5e2.% + €207 was used to bound f_<T y<e202 dy.

For the second term, because |T;(y)| < |y| for all y, we have by the identity
y>o(y) = d(y) — 45[ys(y)], and by Mills’ ratio:

EoT-(Y)* 1y jse,y < EoY?1{jyse,) = 2/C "y o (y)dy

o

€3

(%
< 20(;¢ <%> + 203¥ <do(;¢p <%> = 40@}\/%7',

where the last inequality holds for ¢; > ¢2. If we apply this inequality and
combine this upper bound with the upper bound on the first term, we find, for
(7,2
¢r > 02 (corresponding to 7 < e~ 2 ):
EoT-(Y)? = EoT-(Y)*1yi<c,y + BoT- (V) 1gjyise,y S G- (18)

2
o_
Hence, for 7 < e™ 7 :

Z EOTT(Yi)2 < (n _pn)C‘FT' (19)
i=pn+1

Conclusion
62

By (16) and (19), we find for 7 < e” 'z :
> B (Tr(Y) = 02 < Po(l+C2) + (= ) G- O
i=1

Lemma A.4. The posterior variance when using the horseshoe prior can be
expressed as:

! ) 1 %
2 / (1—2)%272 T—eﬂzdz
Var(f | y) = ;TT(y)—(TT(y) —y)? +y2=2

and bounded from above by:

1. Var(f | y) < o? +y%;
2
2. Var(f | y) < (% +y)Tr(y) — T-(y)*.

Proof. As proven in Pericchi and Smith (1992):

(12 m’(y) 2 m”(y)
Var (6 —0'2+O'4—10 m —0'2—<0'2— +0’4
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where m(y) is the density of the marginal distribution of y. Equality (20) can
be found by combining the expressions

1 2 1 2
m = — ¢ 252 2Ta 625272
) 2m3oT /0 1- (1 - 71.—2) z
1 1 y2 _ 2 ! 1 1 2
m”(y) = —m/(y) + ——— € 22 272(1 — 2) ———————e2:7%dz
) Yy ) V2m3or ot 0 ( )1_(1_7_12)2

with the equality T (y) = y + 02%. The first upper bound is implied by the

property |Tr(y)| < |y| and the fact that (1 — 2)? < 1 for z € [0, 1]. The second
upper bound can be demonstrated by noting that (1 —2)? < 1 — 2 for z € [0, 1]
and hence:

2

Var(® | ) < ZTo(y) - (y — T () + o <1 - émy)) | O

o
Y
Proof of Theorem 3.2

Proof. As in the proof of Theorem 3.1 we assume that 6; # 0 fori = 1,...,p,
and 0; = 0 for i = p, + 1,...,n, where p, < p, by assumption. We consider
the posterior variances for the zero and nonzero means separately. Denote (, =

/202 log(1/7).

Nonzero means
By applying the same reasoning as in Lemma A.3 to the final term of Var(6|y)
in (20), we can find a function h(y,t) such that Var(fly) < h(y,7), where

h(y,7) — 02 as y — oo for any fixed 7. If 7 — 0, the function h(y,7) dis-
plays the following limiting behaviour for any ¢ > 1:

lim sup h(y,7) = o>

40 Jy[>e¢,

Hence, as 7 — 0: Var(fly) < o2, for any |y| that increases as least as fast as ¢,
when 7 decreases. Now suppose |y| < ¢,. Then, by the bound Var(f | ) < o?+y?
from Lemma A.4, we find:

Var(d | y) < o” + (.

Therefore: )
Pn
> Eo,Var(6; | V) < pn(1 +¢2). (21)

i=1

Zero means
By the bound Var(f | y) < 02 + y2, we find for ¢ > 1:

0 2
EqVar(6 | Y)l{\Y|>ch} < 2/ (02 + y2) 672y<x_2dy

-

2702
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=20 2<1>C( g ) +2/Oj o222 p(x)dx

<4a3¢( + 20¢(r ¢ ( )<—+<7-
<

B Gr 6
For |y| < ¢, we consider the upper bound Var(6 | y) < (%- . NT-(y) — Tr(y)?

IN ~—

from Lemma A.4. From this bound, we get Var(6 | y) %T (y)+yTr(y). Hence:
r 1 1 42
EoVar(d | Y)1 et < o2 / =T, e 202
0 ( | ) {lY|<c(-} et Y ( )W Y

cCr 1 42
+ T, e 22 dy. 22
/_ cCTy (y) s Y (22)

We bound the first integral from (22) by applying the first bound on T (y) from
Lemma A.2:

9 cCr 1 1 42 9 cCr 1
o T (y)——=e 2:7dy < o / T d
/_ oy (y) — Y _cCTf( ) s

= \/?CCT][(T) 5 G,

because f(7) < %T. For the second term in (22), we first note that the second
bound from Lemma A.2 can be relaxed to:

T-(y) <71y (;T@

for any @ > 1 and 7 < % By plugging this bound into the second integral of
(22), we get three terms, which we will name Iy, Is and I5 respectively. We then
find, bounding above by the integral over R instead of [—c(r, ¢(;] for I and Is:

cCr 2 2
L = 272/ y? ! e_(1_72);7dy < 27270 <72

2y2

2 4 1 42
7+ %em + 2\/50’2?6%2) (23)

3 —e¢r V2mo? 3 (1- 7'2)%
cCr a—1 y2 2
= 2 Pl gy < 2 <,

\/_ —etr V2mo? T (a—1)% "~

eCr
I3 = 2\/ao®t /ch \/#dy 2\/5_300@ ST
And thus:
Z EoVar(0; | Vi) < (n—pn) (G- + 7+ 1) 7. (24)
i=Pn+1
Conclusion

By (21) and (24):

Egzvar9|Y) P14+ )+ —pn) (G +T74+1)T 0
=1



2606 S. L. van der Pas et al.

Proof of Theorem 3.4

2

Proof. By expanding (1 — z) 272 =272 — 222 4 25, we see that the final term

in (20) is equal to:

wlw

N —
0 ?PTI(i—79)z¢% 4%

5 )
1 2
0 2 e2:2°dz

y? —2yT-(y) +y°

(S

1
S Py

AS T (y)

is non-negative, we can bound the posterior variance from below by

the final two terms in (20). By the above equality, this yields the following lower
bound:

IE Ig IL ?
Var(6 | y) >y Il(?y)) Ty =y 7 zl(é)) N (Il(?y))> ’

)

where Ij, is as in Lemma A.1. We now use the bounds from Lemma A.1 with
a = 2 and take ¢ equal to clog(1/7) for some nonnegative constant ¢. Then

1% . Taking for each bound on I, k € %, %, —%}, the term
-
that diverges fastest as 7 approaches zero, we find that the lower bound is

asymptotically of the order:

£
efzﬁandw:

11 V21
20'25 2 257— 3 - 52; 11
27 1 er
mas {225, 2201 \max{ <%, 5 )
For ¢ < 1, this reduces to:

o 402
67757_176 _ 6727'257,2726.

2v/2 ¢

The second term is negligible compared to the first. Hence, we will use the term

%6_757'1_0 as our lower bound on Var (6 | y) for y = £+/2co?log(1/7) = /(s

where (; = /2021og(1/7). To find the lower bound on Y., Eg, Var(6; | Y;),
we only need to consider the parameters equal to zero:

ZEgiVar(ﬁi | Yi) > (n —pn)EoVar(0; | Yi)lqy, <c.}- (25)
i=1

By the substitution x = y?/¢2,dy = aivl\j%l/ﬂdx, we find:

2
2 _r v 1 4y 1
202 7 67

——e
2v/2 V2mo?

2
Yy
e 22 dy

¢
EoVar(0; | Yi)lqy,<¢c,y > 2/
0

g

1 __rx
g T 1
= — j —d > e e . 26
4\/7?T</0 N WA (26)
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where in the last step, we used 77% > 77 > e« for x € [0,1],7 € (0,1]. By
plugging this into (25), we find that as 7 — 0:

> B, Var(0; | V) 2 (n — pa)7is, (27)
i=1
finishing the proof for the first statement of the theorem.

We now consider 6 such that 6; = a, for i = 1,...,p,, and 6; = 0 for
i=pp+1,...,n, and assume without loss of generality that a,, > 0. We wish to
find conditions on a,, such that the lower bound (27) is sharp (up to a constant
factor). Denoting (; = \/202log(1/7), as before, it is sufficient if we can find
ay, such that Ey,—,, Var(0; | Y;) < 7¢;, because in combination with the bound
(24), this will yield Y 7 | Eg, Var(6; | Y;) < n7(¢-, which is of the same order as
(27), as p, = o(n). Sufficient conditions on a, can be found by adapting the
proof for the ‘zero means’ case of Theorem 3.2.

We first consider |y;| > (. By the first bound of Lemma A .4:

1 _(w—an)?
e 202 dy

Eg. Var(6; | Yi) 1y g/ o 4+ 42
o, Var(0; | Yi)liyv,>¢,y cT( y)\/m

o —e 2 .
— Y 2mo? Y
The first integral from (28) can be split into two parts by splitting up the factor

0% +y?, the first of which can be bounded, by substituting x = (y — a,,)/o and
applying Mills’ ratio:

2 - _ 25 CT_an 0'3 CT—an
0 /@T—an)/o—(b(x)dx_a(b ( o )Scf—an¢( o ) (29)

The second of these integrals is, by y? = (y — a,)? — a2 + 2a,y, equal to:

1 (y—an)2 1 (y*an)2
2 - 2 -
Yy —a e 22 dy—a / e 22 dy
/T ( n) "Je. V2ro?

°° 1 w—ap)?
+ an, / e 202 dy. 30

N v 0
The second integral of (30) can be bounded from below by zero, and the third
from above by a,Eq,Y; = a?. Again substituting * = (y — a,)/0 yields the
following upper bound on (30): o? f(zo Ca)/o 2?¢(z)dz + a?. Now using the

equality °¢(z) = ¢(z) — - [x¢(z)] and again Mills’ ratio, and combining with
(29), we find the following upper bound on the first integral from (28):

0'3 7 — On T — Qn
S ) R e G EXCT O

C‘r — Gnp g

By substituting 2 = —y in the second integral from (28) and then applying the
same inequalities to it as to the first integral, the following bound is obtained:

20" ¢+ an ¢+ an
) (),
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This bound does not include a term a2, because in the step equivalent to (30),
the identity y? = (y + an) —a? — 2yan is used, and thus only the integral

(y+ n

fcio(y + an)Qﬁe dy needs to be bounded in that step. Ey, Var(f |
Y)1{y|>¢ y can thus be bounded by the sum of (31) and (32). The factor
¢((¢- + an)/o) can be bounded from above by ¢(( /o) = T/\/ 2m. The factor

_L Cran

<2
o((¢ — an) /o) is equal to \/—e wre e e = e 302 ¢ Hence we
arrive at the following upper bound:

2 2 _i TAn 2 2
\/%[(C%a—f—gr—an)e 2a2e<a _|_< —ta + (G +an T—i-ai. (33)

a2 am
If a, < 1/¢r, then e 2t e T = O(1) and ¢ + a, = O(¢r), yielding an upper
bound on (33) of order 7¢;.
We now cousider |y;| < ¢,;. We use the second bound of Lemma A.4:

CT 1 1 (y an)
Eg. Var(6; | Y;) 1y < 02/ T (y)——=e 22 d
o, Var(0; | Yi) 1y, <c,y Y (y)m y
+0 / S Sy (34)
o . - .
VW = y

2
Applying inequality %TT(y) < %Te# from Lemma A.2 to the first integral
yields the bound:

\/50’ Cr w2 ,(yfa;1)2d \/50’ _aZ /CT any \/50' _ a2 anlr

€22 ¢e 20 Yy =_—=Te 202

EN ENG

If a, < 1/¢;, we have a,(; = O(1) and thus this term will be of order 7¢,. For

the second integral from (34), we use bound (23). This leads to three integrals
to be bounded, Iy, I> en I3.

2 2 ah (O 1 (y——an )?
g7'26177'2 20n2 yze 202/(1-72) (U 177‘2) dy
—Cr

I =

-

L2 a2 o2

e1-—72202 — 02+i 7_2'
(1 —T2)3/2 1—72
2
I, = 20 Te<b 1)2a / (y_a ran)
Va2

9 a2 3/2 a

2 o DaeT 42 2 2 '

) )

2ao® [ 2 w—am)? —ap)? 2v2a03 _ 9% ancr
N

Is = T e22e dy <

V2n

I, I, and I35 will all be of no larger order than 7¢; if a,, < 1/¢;. O

<

Wl o

IN
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Lemma A.5. For all k € R, fly uFetdu = y*e¥ (1 + O(1/y)), as y — oo.

Proof. For k = 0, the statement is immediate. By integration by parts the
integral is seen to be equal to y¥e¥ — e — [/ ku*~le“du. For k # 0, the latter
integral is bounded above by

y/2 v
|k|/ (1\/y/2)k_1e“du+|/€|/ (y/2V y)* e du.
1 y/2

This is further bounded above by a multiple of (1 y*~1)e¥/2 4 ¢+~ 1ev, O

Lemma A.6. Let I be as in Lemma A.1. There exist functions Ry with

SUpe. ja<y<ac, [Rk(y)] — 0 for k>0 and k = —2. such that,

ok 1 Zk 202 42
Ily) =77 | o0t 7o |+ Bely),  for k>0,
0

1(y) = (T_l /OOO mdz—i- 2;262%22_) (1 —i—R,%(y)) .

Proof. We split the integral in the definition of I}, over the intervals [0, 7%] and
[72,1]. The first interval contributes, uniformly in y7 — 0,

T gheser” 7 P
————dz = ——dz (1 1
/0 7'2—1-(1—7'2)22 /0 24+ (1-172)z 2(1+0(1))

1 uk
_ 2% /0 e T2)udu (1+0(1)), (35)

1

by the substitution u = 2/72. The integral tends to fol fi—ku du, by the dominated
convergence theorem, for any k > —1. The second interval contributes, with the
substitution u = (y2/20?)z:

1 PR 2\ 1 22 k u
zFezq2 ds — 20 202 u”e J
224 (1-72)z 0\ 2ot (-2
T 2z 1 3z + (1= 7%)u

In the second integral the argument satisfies « > 1, and hence u/((y*72/(20?%) +
(1 —72)) — 1, uniformly in v and y7 — 0. Hence

y2

42
202 Forae ukev 202 ke b1 u
—2 5] d'LL = —2 u € d'LL
Y 1 24+ (1-12)u Y 1

20’2 y?
= i (140(1)

as y — oo, by Lemma A.5. For the first integral we separately consider the cases
k>0and k=—-1/2. If kK > 0, then fol uF~le*du converges, and hence, by the
dominated convergence theorem, uniformly in y7 — 0,

202 kot uker 202 kot el u
(F) /2 . 2 5 du — (—2> / u" e du.
Tl 55T + (1 — T )u Yy 0

20
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If k = —1/2, then we substitute v = 202u/(7?y?) and rewrite the integral as

1 2052 1 7242 B

202 2 257 pTze 202 Y 7—2y2 1 [ y—1/2
dv = — dv(1 1)).
(yQ) /1 1+(1—72)v<202> Y T/l oo +o(1))

This combines with the integral (35). O

N

Proof of Theorem 3.5

Proof. Denote ¢, = y/202log(1/7) and assume that 0; = v(; for i = 1,...,p,
and 0; = 0 for ¢ = p, + 1,...,n. We prove (7) by proving that there exists a

positive constant ¢ () such that
By, Tr (V) = 70777 ¢ 726, (7)(1 + o(1)). (36)

If (36) holds, we have, by Jensen’s inequality:

ZEe 6:)% > pu(r = (2201 (7) = 1G)? Zpas (3T)

as 7 — 0. In addition, we have 17 (y) = yI1 (y)/1_1(y). For |y| = \/20°clog(1/7),
2
with ¢ > 1, the lower bound (12) on /1 (y) behaves as (02 /y*)e2 , while the

y2
upper bound (15) on I_y (y) behaves as (2a+/ac”/y?)e2-*, as 7 — 0. Therefore,
for |y| > ¢, we have T, (y) 2 y. Thus, we can bound by:

S En T (%) > (n— p)BomoTr (VP yiney 2 (0~ pa) [ oy
i=pn+1 o
(n~ pn) (/ S(w)dy + ¢(<T>> 2 (- mceo ()
=(n-— pn)ETCT. (38)

By combining the lower bounds (37) and (38) with the upper bound (2), we
arrive at (7). For the posterior variance, we already have Z?:pn 41 Var(0; |
Y:) < (n — pn)7¢r by (24) and (26). Expression (8) can therefore be proven by
showing that there exists a positive constant co(y) such that:

Eg_c, Var(d | V) = r0-0° 27 Loy (7) (1 + 0(1)). (39)

Proof of (36)
The expected value Eg— ¢, T-(Y) is equal to

(2 [ ) o (2o o
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We shall show that the first and third integrals are negligible, while the second
gives the approximation in (36). On the domain of the second integral, we have
¢r/4 < ¢ +y < 4¢, so we can apply Lemma A.6 to see that this integral is
asymptotic to

v2+29¢s
1 /BCT € +v) a2 (Cr 4 9)? + 202 2% (y +(1— 7)@) dy (41)
g4 C1(y+CT)2+2026% 7 |

where ¢; = [727/2(1 - 2)"'dz and 3 = fol 2Y2(1 — 2)7"'dz. On [-¢ /2, 3¢ ):

2 o (y+(1- 7)C7> 2 2 g (/2-m2¢3
e (Cr + < 22 )Pe
72+ (L0 )
64c2 13 2-(1/2-)
/_27TCT
so (41) is asymptotic to:
20 _0oapd [ (G 4y H
O(T) + —%6 202 / . 2 r2ucs dy

=5 c1(y+ ()% + 202 202

By the substitution v = (;y — 202 log (;, the remaining integral is equal to, with
2
a; = =% — 202 log ¢, and b, = 3¢2 — 20 log (,:

20 (el [* (& + ¢ (u+ 202 log () et (2
_7-(1 7 T - T 5537 Czdu
V2w G Jar €1 (Gr 4 G (u+ 202 10g ()% + 202ea7 (2e WA 0g o
0o )
~ 20 T(l*’Y)zi/ (reo? C'r: du,
Var Cr Joso (c1 + 20257 )(2

by the dominated convergence theorem. This yields the approximation in (36),
with e1(y) = (20/v27) [ 2 /(c1 + 20237 )du.

For the first integral in (40), we use bound 1 from Lemma A.2, and obtain a

bound on its absolute value equal to

¢r

1 [~ Crtw)? + (1 — -
I e e L

oo

oy

2 2 - ¢y 2 7472. P
= (1= = (=7 557 = 7(1=7)"+~
= ——7 tyle T dy <1 € 202 =T ,
o /m ¢ + Y
(42)

where the last inequality follows by integration by parts. This is of much smaller
order than the second integral from (40). In the third integral of (40), we bound
I (¢ +y) /11 (¢ +y) by 1, giving the upper bound

é/w(g+y)¢<y+<1—w>cf)dy5¢(3<7+<1—v><7) I
3 (o

¢r g
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by Mills’ ratio. This is also of much smaller order than the second integral from
(40), thus concluding the proof of (36).

Proof of (39)
By expanding the term (1 — 2)? in the numerator of the final term of (20),
the posterior variance can be seen to be equal to:

NS e RO SR
V (9|y)—017%(y)+y T100) i (43)

1
2

Because I'1 (y)/I 1 (y) can be interpreted as the mean of the density proportional

toz — 27 1/2e¥°%/(20) /(724 (1—-72)2), and I3 (y)/1_1 (y) as the second moment,
it follows that the term in square brackets in (43) is nonnegative. By (43), we
write:

Ea:»ygTVar(9|Y):U/ I (G +y) (y+(1—7)g)dy

I_1(G+y) o

. ( I [ /;) € +9)

LG+y)  (LG+\|  fyra-e
i(Gr+y) <I_;(CT +y)> ’ (7) w

(44)

The first term in (44) is as (40), except without the factor (¢, + y). Following
the same steps as the proof of (36), we see that it is smaller than a multiple of
¢! times the bound on (40), so it is of the order ¢2=37(1="*_ The first and
third integrals of the second term of (44) are also negligible. For the first, we
use that the expression in square brackets is nonnegative and bounded above by
I3(y)/1_1(y), which in turn is bounded above by I1(y)/I_1(y). We bound as
in (42), with the difference that the leading factor is (¢, +y)? instead of (¢, +y).
This leads to the order CTT(l"V)Q*'V, much smaller than the claimed rate. For
the third integral, we can bound the term in square brackets by 1 and use Mills’
ratio to see that it is of the order CTT(4_7)2.
We are left with the middle integral of the second term of (44). On the domain
of this integral, by Lemma A.6:
2
Is (G +y) e3¢ +y)? + 2026 5"
= T (L+o(1)),
Iy (G +) (G +y)? + 202 202

where c3 = fol 23/2(1 4 2)7dz, and ¢; is as in (41). We see that I3 (y)/1_1(y)

and 11 (y)/I_1(y) are asymptotic to the same function on this domain. Since
A/(A+ B) — A%/(A+ B)?> = AB/(A + B)?, it follows that up to O(r), the
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middle integral is asymptotic to

y?+2y¢r

L[ c1(Gr +y)*20% (y +(1- 7)47)
/ ) o] dy

o

2
_Sr (CT * y) 9 9 y2+2y¢r o
T o e

C¢ry

3¢, 4
- 20017(1—7)2/ (¢ +y)te -2 dy.

o 5 2
2 F (C1(Cr +y)2 4+ 202" 202 y)

We substitute u = ¢,y — 202 log ¢, to reduce this to

2001 (12 1 /343_202 log ¢ (¢ + ¢ Hu + 202 log CT))46%C37
- -
2 u
v2m Cr J—F 202 0g (cl(CT + ¢ Hu+ 202 log ()2 + 20%?@)

[e'e] 4,15 -2
2001 (12 1 / “erT

sdu

~ T 3
V27 G Joo (014}2—1—202@675)

o0

This is asymptotic to expression (39), with ¢y(y) = (20¢1/v2m) [7 ew /(c1 +

202¢77 )2 du. O
Proof of Theorem 4.1

Proof. Suppose that Y ~ N(0,0%1,), 0 € {y[p,]. We adapt the approach in
Paragraph 6.2 in (Johnstone and Silverman, 2004). We first derive the following
inequality for events A such that 7 > 7 holds with probability one on A:

Eo(T5(Y;) — 6:)°1a < 2Eg(T=(Yi) — Y;)?1a + 2Eg(Y; — 6;)14
S 2Ep(214 + 20°EgZ%1 4 (45)
where (17) was used in the second line, and Z follows a standard normal distri-

bution. If A is such that 7 > 7 holds with probability one on A, we can use the
inequality ¢z < (; if 7 > 7 to find:

Eo(T2(Y;) — 0;)%14 S 2C2Pp(A) 4 20°EgZ%1 4, (46)

We now consider the nonzero and zero parameters separately. For both cases,
we split up the expected /5 loss as follows:

Eo(T+(Y;) — 0;)° = Eg(T#(Y3) — 0;)*Lzscry + Eo(T3(Y) — 0:)*1(7<crys

and then bound each of terms on the right hand side. For the nonzero means,
we take ¢ = 1, while for the zero means, we consider ¢ > 1. Note that for (+ to
be well-defined, we need 7 < 1 and consequently, when we consider 7 > c1, we
must have c¢r < 1.

Nonzero means

By (46), we find:
Eo(T2(Yi) = 0:)*1 55y S 2C2 + 207 (47)
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If 7 < 7, the inequality (2 < (2 needed for (46) does not hold. For this case,
we assume that 7 > g(n,p,) with probability one, for some function g(n,p,),
corresponding to ¢z < \/—202log g(n, p,). Then we find by (45):

Eo(T>(Yi) — 0:)*1p<ry S 2BoCGlizcry + 207
< —40%log(g(n, pn))Pe(T < 7) + 202 (48)
By (47) and (48), we have for 6; # 0:
Eo(T#(Y;) = 0:)* S 1+ (7 —log(g(n, pn))P(T < 7). (49)
Zero means
We first establish an inequality for Eg[Z%14], where A is an event and Z

a standard normal random variable. By Young’s inequality, we have for any
positive x and y:

x y
:Cyg/ (es—l)ds—i—/ log(s+1)ds=e"—2z—1+(y+1)logly+1) —y.
0 0

By this inequality combined with the inequality log(y + 1) < y, we have:

2 2

2 Z 1 1 1
214 < Tz _ Z Z _Z
EoZ°1 4 < cdEy [6 . 1] + cdPy(A) (dlog (d + 1) d) .
With ¢ = 3 and d = Py(A), we find:
) 1
EgZ?14 < (3V3 — 4)Pg(A) + 3Pg(A)log ( 1 +
Py (A)
1

< 5Pg(A)log (1 + : 50
oaytog (14 5o (50)

By (46) and (50), we get for any ¢ > 1 such that e < 1:
Eo(T(Yi) = 0:)*Lizsery S 2CP0 (T > c7)

+100°Py (7 > c7) log (1 + (51)

m)'

Now suppose 7 < ¢7 for some ¢ > 1 such that e¢r < 1. First note that |7 (y)|
increases monotonically in 7, as is clear from
Yi, T ] .

Because sign(T5(y;)) = sign(Ter(v:)) and 0 < |Tx(y;)| < |Ter(ys)|, we have:

242
TN

Tr(yi) =E[(1 — ki)yi |y, 7] =E [m%

(Tx(y;) — 6:) < max{62, (Tor (i) — 0:)?} < 02 + (Tor (y) — 6:)%.
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Hence:
Eo(T=(Y;) — 0:)*Liz<cry < 07 + Eo(Ter (Y3) — 0;)°.

And thus, by (18), we have for §; = 0:
Eo(T#(Y;) = 0:)*1(p<cry S GereT S G (52)

Combining (51) and (52), we find:

EoT=(Yi)? < G+ CPp (T > 1) + Py (T > 1) log (1 +

Conclusion

We can now bound the expected f5 loss. We assume that 6; # 0 for i =
1,...,pp and 6; = 0 for i = p, + 1,...,n, where p, < p,. By combining (49)
and (53), we find:

Eo||T5(Y) = 0]1> < pn (1 + ¢ —log(g(n, pn))Pa(7 < (n — pn)Crr

+ (n— pn)Pg (7 > c7) (g +1og( T>CT>)>.
(54)

The function zlog(1 + 1) is monotonically increasing in  for 2 € [0,1]. Hence,

with the choice 7 = 2= or 7 = 22, /log(n/p,), the conditions stated in the
theorem are sufficient for (54) to be bounded by the minimax squared error rate
in the worst case.

If an estimator 7 satisfies only the first condition, then sup{1,7} satisfies
the second condition with —log g(n, p,) = logn. By the assumption p,, — oo,
we have Pg(sup{1,7} > ) < Py(7 > c22). Plugging this into inequality (54)
yields an /5 risk of at most order p,, logn. O

Lemma A'7' SUppOS@ }/7' ~ N(9i702)7i = 17"'7pn G/fld Y; ~ N(0,02)7i =
pn+1,....n and define

~ #{|yz| > V c10210gn,i - 17"'5”}

7
Ccan

for some cy > 1. Then Po(T > 1) S 22 as p,,n — o0, p, = o(n) if c1 > 2, or
=2 and p, $logn for 7 =2~ or Bu\/log(n/pn).

ﬂ
|

Proof. We only need to consider Py(7 > £2) as we assume p, = o(n) and
thus, for large n, Pg(7 > £2y/log(n/pn)) < Pe(7 > £). Define A; = {|y| >
Veo?lognt,i = 1,...,n. For i = p, +1,...,n, 14, follows a Bernoulli dis-
tribution with parameter g, = 2®°(y/c;logn), which by Mills’ ratio can be

bounded from above by logn)~2n~ 7. For X ~ Bin(n,p), we have the

Clﬂ'(
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bound P(X > k) < (£2)* as a consequence of Theorem 1 in (Chernoff, 1952).

~ mn = €N — Pn)dn
Po(7>2) <Po| Y L1a> (2= Dpa §<((7p)q

(c2—1)pn+1
1=pn+1 €2 — 1)p’ﬂ + 1)

(c2=1)pp+1
2e2 1 1 _a

— 2 . 59
(2 — Dpp + 1 wlognn (55)

The inequality Pg(7 > B2) < £ holds if —logPs(7 > £2) > log - + ¢ holds
for some positive constant ¢. The negative logarithm of bound (55) is:

cC1T

1 1 C1
((c2=1)pp+1) (5 log 502 +log((c2 — )pn + 1) + 3 loglogn + (5 - 1) logn) .

For ¢; = 2, this quantity will exceed log pl if pp, 2 logn. If ¢; > 2, we require
((c2 = )pn +1)(% — 1) > 1, which is certainly satisfied if p,, — oo. O
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