ON THE SPECTRAL GAP FOR PUNCTURED CONVEX DOMAINS

MICHEL BONNEFONT AND ALDERIC JOULIN

ABSTRACT. This short note is dedicated to our colleague Patrick Cattiaux who brought
in the last thirty years and among many other things an important contribution to the
study of functional inequalities and especially the estimation of the spectral gap of diffu-
sion operators. Inspired by one of his paper dealing with this problem for the Gaussian
distribution on a punctured domain, we propose in this short note to study this issue for
a class of log-concave probability measures on some simple punctured convex domains,
namely, convex domains with a convex hole.

1. INTRODUCTION

In the recent years, the problem of estimating the spectral gap related to log-concave
probability measures has attracted a lot of attention, culminating in the famous KLS
isoperimetric conjecture. More precisely, if ;1 has some Lebesgue density proportional to
eV on R? (d > 2), where V : RY — R is some smooth convex potential on R?, it states
that the spectral gap of the log-concave probability measure p is of order the inverse of
the operator norm of the covariance matrix of p. See for instance the recent lecture notes
of Klartag and Lehec [7] for a nice introduction to the topic with historical references and
credit, and also [6] for the latest (and sharpest) estimate appearing in the literature, which
confirms the conjecture up to some logarithmic prefactor of the dimension. Recall that the
spectral gap, or inverse Poincaré constant, if it exists, is defined as the smallest positive
eigenvalue of the self-adjoint extension of (minus) the following diffusion operator

L=¢"div(eV'V)=A—(VV,V).

Above A and V denote the Euclidean Laplacian and gradient, respectively, and (-, -) is the
scalar product. If the analysis occurs rather on a (connected) compact domain 2 C R?
with smooth boundary 99 (say of class C?), then Neumann boundary conditions enter the
game, that is, (Vf,n) = 0 on 0L, where 7 is the outer unit-normal vector. In particular
the log-concavity is preserved as soon as () is convex, so that most studies appearing in
the literature concerns convex domains.

When the domain €2 is not convex, things get complicated since the possible presence
of bottlenecks may imply arbitrary small spectral gaps. As far as we know, there are
no general result in this context allowing to obtain some information on the spectral gap
like for instance some relevant lower bounds. Dealing with this problem on punctured
domains, one of the rare recent references beyond the classical work [9] is the paper written
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by Cattiaux and his collaborators [2] in which the authors consider a Gaussian measure.
With this study in mind, the present work intends to address this question by considering
more general log-concave probability measures on some punctured convex bodies, that is,
on some convex domains from which we remove a second convex body. In particular we
propose some geometric criteria for which the spectral gap is conveniently controlled from
below. As such, this short note completes our previous paper [4] which focuses essentially
on convex bodies.

2. A PRELIMINARY RESULT

In this part we recall (a simplified version of) Theorem 1.1 in [4] on which our forthcoming
main results are based. Let us introduce some notation. Let C*(£2) be the space of infinitely
differentiable real-valued functions on 2. The Jacobian Jn of the outer unit-normal vector
7, acting at each point x € 0f) of the boundary as a quadratic form on the tangent space
T, = {m € R%: (m,n(x)) = 0}, is the second fundamental form of the boundary 9. It
is related to a notion of curvature of the boundary, as it will be illustrated in the sequel.
When 2 is convex, the second fundamental form is non-negative.

Dealing with matrix inequalities in this paper, we mean that the inequalities have to be
understood in the sense of symmetric matrices. The matrix I stands for the identity, V2V
is the Hessian matrix of the potential V' and p(M) denotes the smallest eigenvalue of a
given symmetric matrix M.

Finally, given a function g € L?(u), the space of square integrable functions on © with
respect to u, denote the variance of g under p as

Var,(g) Z/Q<g—/ggdu)2 dp.

Theorem 2.1. On a (connected) compact set @ C RY (d > 2) with smooth boundary O
and outer unit-normal 1, we consider a probability measure p whose Lebesgque density is
proportional to e=V, where V : 0 — R is some sufficiently smooth potential on €. Let
w: Q — RT be some smooth function such that the two following assumptions hold:

(Ay) The matriz V2V (z) — 229 T s positive definite for all x € Q.

w(x)

(Ay) The matriz Jn(z) + 20 i pon-negative for all = € Q.

w(x)

Then the generalized Brascamp-Lieb inequality holds: for all g € C*(Q),

L —1
Var,(g) §/9<vg, <V2V— 51) vg> dyi.

In particular the spectral gap A\ (€2, ) satisfies

Lw(x)
M(Q,p) > inf p [ VPV (z) — I].

Actually, establishing a Brascamp-Lieb type inequality leading to a lower bound on the
spectral gap has a long history, starting from the pioneer work of Brascamp and Lieb [5].
See for instance our previous article [4] in which some old and more recent references are
given, dealing mainly with log-concave probability measures on the whole Euclidean space
or on convex domains.

In view of the two assumptions (A;) and (As), we point out that they do not play
the same role: the first one provides the desired estimate on the spectral gap (provided
the smallest eigenvalue of the matrix is bounded from below by some positive constant)
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whereas the second one deals only with the boundary term and does not depend on the
measure g. In particular the assumption (As) does not necessarily implies the convexity
of the domain €2, so that there is a room for generalization to some non convex situations
as soon as we are able to find some convenient function w such that both assumptions are
satisfied. This is the topic of the next section which deals with punctured domains and to
which we turn now.

3. PUNCTURED CONVEX BODIES

We consider in this part smooth convex bodies punctured by a convex hole. Recall
that a smooth convex body is a compact, convex set of R? with non-empty interior and
smooth boundary. If we add a hole, i.e., a set of positive diameter is removed from the
domain, then the convexity is no longer ensured and the classical results on the spectral
gap arising in the log-concave setting are no longer available. The connectedness can even
be lost so that there may be no spectral gap. Moreover, since there is no monotonicity
properties of the spectral gap with respect to the inclusion of domains (except in some
very specific situations), one cannot directly compare the spectral gap of the punctured
domain (if it exists) to that for the convex body without the hole, making this problem
an interesting question. Note that in the seminal paper [9] the authors consider general
punctured domains and establish various Poincaré type inequalities. However their forms
are quite different from the generalized Brascamp-Lieb inequality appearing in Theorem
which leads to the desired spectral gap estimate (for instance the variance is defined on
the set without the hole and not on the punctured domain itself). Therefore those results
will not be discussed in the present work.

The detailed geometrical setting in this section is the following. Given two convex bodies
01, C RY both containing the origin in their interior, we assume that there exists some
radius Ry > 0 such that

O C B(O,RQ) C Q.
The set under consideration is defined as 0 = 25\, the domain Qs punctured by ;.
As such, the set €2y can be seen as an obstacle in )y, similarly to the terminology used
in the paper [2] of Cattiaux and his co-authors. The existence of such a parameter Ry
implies the inequalities RT** < Ry < RS where for each i = 1,2, the radius R (resp.
R™M) denotes the smallest (resp. largest) positive number such that Q; C B(0, R"®)
(resp. B(0, R™") C ;). In practice a usual choice for Ry is any number in the interval
[Rpax RMIN) but the choices Ry = R or Ry = RY™ are the most natural, as we will see
in the sequel. The boundary of € is 92 = 0Q; U 0Q2, and 0€2; and 02y are called the
inner and outer boundaries of 2, respectively. Dealing with the outer boundary 02, the
convexity of {2, and the fact that 0 € Qy imply easily that (z,n(z)) > 0 for all x € 9Qs.
However for the inner boundary, the outer unit normal vector 1 corresponds to the inward
unit normal vector for the set 2y so that the sign of the inequality is reversed: (z,n(x)) <0

for all x € 0€;.

Now let us introduce some curvature assumptions on the inner and outer boundaries:
there exists some numbers (31, B2 > 0 such that the following matrix inequalities hold:

(3.1) () = o S ¢ oa,
and
(3.2) Jn(z) > By (@, n(@)) I, xe€0.

r2
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Above and in the remainder of the paper we denote the Euclidean norm r = |x| to sim-
plify the notation. The assumption (3.2)), which already appeared in [§] and [4] to derive
Brascamp-Lieb type inequalities and spectral gap estimates, controls the convexity of €2s.
Indeed, it is equivalent to the uniform convexity of {25, i.e., the smallest eigenvalue of the
second fundamental form Jn of the outer boundary 02, which depends on the space vari-
able, is bounded from below by some positive constant (given in terms of the parameters
B2, R3™ and R5**). The assumption (3.1)) is also related to the convexity of 2; in the sense
that the second fundamental form is non-positive on 0€2;, reflecting the fact that we deal
with the inner boundary of 2. As a final comment on those two curvature assumptions,
we mention that we always have
B =12 5.

Although we already gave the argument in [4] ensuring this set of inequalities, let us briefly
recall it for completeness. Let zy € 0€); be a point intersecting the outer boundary and the
sphere of radius RY™ and centered at the origin. On the one hand the outer unit-normal
at o is the same for Q and B(0, Ry™) and is given by n(zg) = xo/R5"™, so that the
assumption (3.2) gives

J > .
n(zo) > Ry

On the other hand at point xy the second fundamental form is at most that of the ball
B(0, Ry, which is (1/Ry"™)I. Combining those two arguments yields the desired conclu-
sion 3 < 1. Reversing the signs (n(x) is changed in —n(zy)), the same argument applies
for the inner boundary 0f); and leads to the inequality 5, > 1. In particular we have
Po =1 (resp. f1 = 1) when Qs (resp. ;) is an Euclidean ball centered at the origin.

We are now in position to state the first main result of this note. In the sequel we
assume R < RN otherwise there might be at least one point which belongs at the
same time to the inner and outer boundaries, leading to a kind of trap for the underlying
stochastic process. In particular the spectral gap may be arbitrary small. We set 6 =

(Ro — Ry™)/(Ry™ — Ry™) € [0,1],

* * 51 - 52
(33) 60 ( 0) ﬁ1+062 >07 o RIQmH—RinaX =
and denote the two functions
(34 pro(r) = G = (r=Ro+rlog (1)) 120,
0
(3.5) DPpy(r) = @Ry (r) (d =2 = R, (1)) + 1 &R, (r). 7>0.

Theorem 3.1. Consider the punctured domain = Qu\Qy C R?, d > 2, where 1,y are
two convex bodies both containing the origin in their interior and such that RT®* < R»,
Let Ry € [RP™ RY™]. Assume that the curvature assumptions and hold for
some 1 > 1 > Py > 0. Let pu be the probability measure whose Lebesque density is
proportional to eV, with V : Q — R some sufficiently smooth potential on Q satisfying the
following condition: there exists some yg, > 0 such that

(3.6) g, (r) + 1% p(V2V(2)) — g, (r) (VV(2),2) > vgr,, = €.
Then the following weighted Poincaré inequality holds: for all g € C*(),

1
Var < —/ r? |\Vg|? dp.
u(9) e Jo Vgl du
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In particular,

> TRy )
/\1(97 :U“) = (RénaX)Q
Proof. Our goal is to find a convenient function w on €2 for which Theorem applies to
the present situation. We choose a smooth positive radial function w(z) = w(r) (using
an obvious abuse of notation) with 7 belonging to the admissible interval [Ry", Ry¥~].
Denoting the function

(10(71):_ ( ) 7”207

we have the preliminary computations:

i~ w0 W) ()
0= wm*‘<wm>
_ o) w'(r) | e(r)?
r w(r) r’
so that for all x € Q, /
V() = %~ w2,
and
Aw(z) = w'(r)+(d—1) wﬁr)
_ _w&)<¢yﬁ_9ﬁ?__¢gf+%d_ly§?>
= W),
where

O(r) = p(r) (d =2 = () +r¢(r).
Now let us consider first the boundary conditions. To ensure the assumption (A;) of
Theorem [2.1], the function w must satisfy for all = € 99,

(Vw(x),n(z))
J ———= 1= —
n(x) + () () = (r)
According to the curvature assumptions (3.1) and (3.2)), a sufficient condition is thus ¢ > ;

on 99 and ¢ < [y on 0 since (x,n(z)) < 0 for all z € 9Q; and (x,n(x)) > 0 for all
x € 0f)5. Hence this set of inequalities above holds as soon as

i >
{ a:é%&gl(p(r) - 51’

{z, ()

S0,

(3.7) sup (1) < fa.
€N 2

Now let us concentrate on the assumption (A;) of Theorem and its consequence in
terms of spectral gap estimate. We have for all x € €

‘ﬁV@%—%g?fzv%mw+_Awwﬂﬁz;@%vw@»[
= —i(@;():p)] + V2V (z) — (1) WI
(38) = le (®(r) I +7* V2V (2) = 9(r) (VV(x),2) ]) .
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Hence the desired weighted Poincaré inequality and spectral gap estimate hold as soon as
the set of inequalities (3.7 is satisfied and the smallest eigenvalue of the expression in ((3.8)
is bounded from below by some positive constant on 2. To do so, we have to choose now
a convenient non-increasing function w (ensuring that ¢ is non-negative on [RP™ R5*x])

and we consider
r —B(r) | r
wi) = (F) = e (<s0108 ()

for some relevant function . Since the curvature assumptions are different depending on
whether the inner or outer boundary is considered, the parameter 3 cannot be constant as
in the proof of [4, Corollary 3.1]. An idea is to consider some function r +— [3(r), which
is required to be non-increasing since (5, > [, and for instance affine to ensure that the
previous computations are tractable: 8(r) = Sy — a (r — Ry) with Sy > 0 and o > 0 to be
fixed. We have therefore for all » > 0,

pr) = B0)+ A 1oz (1)

”
= —a|(r—Ro+rlo ())
Bo < 0 g Ry
Function ¢ is non-decreasing on [0, e"2Ry] and non-increasing on [e"2Ry, o0). In particular
since e 2Ry < Ry < RP™ it is non-increasing on [RY", RP#X]. Tts supremum and infimum
on [RIM™ RP**| satisfy respectively
sup ¢ = 80(6_230) Lipmince—2R,) + p(RF™) Lippinse—2p,)
(R Ry
< (e ?Ry) = Bo+aR(1+e?),
and

inf = @(Ry™).
[ernln 7R12nax] ( 2 )

To see that the infimum above is reached at R3*, note that it is clear if R > e R,
since then ¢ is non-increasing on [RY™" RY**| whereas if R¥"™ < e™2 Ry, then

p(Ry™) < ¢(Ro) = Bo < fo +a Ry = 9(0) < p(R™),
because ¢ is non-decreasing on [0, e~? Ry]. Coming back to the set of inequalities (3.7)), we

have

sup p(r) = sup  @(r) = p(RY™)
200 re[Rpin, Rpax]

< fo — a(R3™ — Ry),
since log (R /Ry) > 0. Moreover,
inf o(r) = inf  o(r) = min{p(RM™), o(RP™)}

€08y re[Rn, Rnax]

ernax
where to obtain the first inequality above we used the fact that RP™ < R < Rj.
Choosing then the two non-negative constants 3, and a as the quantities 5, = [; and

a = o defined in (3.3) entails that ¢ = ¢g,, the function defined by (3.4)). Hence the
desired conditions (3.7)) hold with ¢g, since

85 — o (R™ — Ro) = B and  f; + o (Ry — R™) = 1.

i R
> fo+ a(Ro — BY"™) + a R™ 108;( - )ZﬂoJra(Ro—R{“ax),
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Moreover in (3.8) we have then ¢ = pp, and ® = ®p, where ®p, is defined in (3.5), so
that our assumption (3.6) means that the smallest eigenvalue of the matrix appearing in
is bounded from below by the positive constant g, on 2. This achieves the proof of
the theorem. OJ

Although the condition (3.6 seems to be difficult to satisfy in general, the choice of
some particular potentials V' leads to interesting results. A first example deals with the
uniform distribution on €2, meaning that V' = 0. In this case the function ®p, defined in

(3-9) is
(I)Ro (T> = PRy (T) (d —1- PRy (T)) — PRy (O) —a Ty
and a sufficient condition ensuring the assumption (3.6) is

(3.9) ©Ry (R3™) (d — 1) — ppr, (7> Ry)* — ¢ry(0) — a* RY™ > yp,.

Another interesting example is the standard Gaussian setting, for which V(z) = |z]*/2,
x € €. In this case the assumption (3.6) rewrites as

(I)Ro (T) + T2 (1 — PRy (T)) > YRo» T E [Rllnina RIQHaX]v

and a sufficient condition ensuring this inequality is the following condition:
(3.10)
PRy (Rgnax) (d - 1) — PRy <€72 R0>2 — PRy (O> —a Rgnax - (Rglaxy (@Ro (672 RO) - 1) 2 VRo>

since

sup  pgry(r) > inf  pp(r)>p > 1
rE[Rmin, Rmax] rEIRT R
Certainly, the constants yg, appearing in the conditions and strongly depend
on Rax Rmin pmax and on the choice of the key parameter Ry. In any cases a meaningful
estimate on the spectral gap holds as soon as the dimension is sufficiently large, depending
on those parameters. To observe how those estimates apply, let us consider the particular
case when the largest convex body €25 is a centered Euclidean ball, say B(0, Ry) with radius
Ry > 0. An interesting choice of parameter is then Ry = RY"™ = R,. In this case we have

P2 = 1 as mentioned earlier, and also R3* = R, so that the parameters of interest in

Theorem [B.1] are
PRy (™) = B = 1.

Moreover the constant vg, (= vg,) simplifies but not so much. However if 2; = B(0, R;)
with 0 < R; < Ry then  is the crown C(0, Ry, Ry) centered at the origin and with inner
and outer radii R; and Ry, so that we get 31 = 1, RP™ = R = Ry, ¢p, = 1 and the
condition (3.6) rewrites as

(3.11) d—3+1r*p(V*V(x)) — (VV(x),2) >R,y € Q.
In particular if
(3.12) AV (@) > YYD g

r

then one can choose in Theorem Yr, = d — 3 which is positive provided d > 4. Let us
summarize the situation of the crown C(0, Ry, R») in the corollary below.

Corollary 3.2. Consider the crown Q = C(0, Ry, Ry) CRY, d > 4, with 0 < Ry < Ry. Let
w be the probability measure whose Lebesque density is proportional to eV, with V : Q@ — R
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some sufficiently smooth potential satisfying (3.12)). Then the following weighted Poincaré
inequality holds: for all g € C*=(2),

Var,(g) r? |Vg|? dpu.

-
~d—-3Ja
In particular,
d—3

R} -

Note that the above weighted Poincaré is somewhat independent from the inner radius
R; and reads exactly the same as the one obtained in [4] for the ball B(0, R2). This is due
to the fact that the function w(r) = Ry/r in the proof of Theorem [3.1|is chosen in such a
way that it saturates both the boundary assumptions and

As a by-product of Corollary [3.2] we point out that we are able to obtain some interesting
results on the sphere by using the Euclidean approximation on the crown. Let S¥1(0, R) be
the sphere centered at the origin and of radius R > 0. Considering only angular functions
f(z) = h(xz/r) and letting R; tends to Ry (= R) yields a spectral gap estimate for the
probability measure v corresponding to the restriction of the measure p on the sphere
8471(0, R). Choosing for instance the potential V' to be null or some radial function like
in the Gaussian case, one gets the estimate

Al(Qu :u) Z

d—3

R

where v is the uniform probability measure on S4~1(0, R). This bound is sharp up to
some numerical constant since the exact value of the spectral gap is known and equals
A (87710, R),v) = (d — 1)/R?. This Euclidean approach is also relevant for other proba-
bility measures on S¥1(0, R), as it can be observed through the following simple example.
Let u be the shifted Gaussian measure Ny(a, I) on the crown C(0, Ry, R) for some given

M(STHO, R),v) >

a € R4 Since V = |- —a|?/2, one obtains in (3.11)): for all x € C(0, Ry, R),
d—3+7r*p(VV(2)) = (VV(2),2) =d -3 +r* —(x —a,z) =d — 3+ {(a,z),
so that the choice yg = d — 3 — |a|R is relevant as soon as |a| < 9Z2. Therefore letting
Ry — R, we get the estimate
_ d—3—|a|R
M(E0,R) ) > 2R

where v is the probability measure on S¢71(0, R) obtained by restricting (and normalizing)
the Gaussian distribution pu.

Let us come back to the case of a radial probability measure on the crown, for which the
potential is of the form V' (z) = V(r), r € [Ry, R2]. We mention that the two-sided estimates
of Bobkov presented in [I] are available. Taking the limit in large dimension in (the refined
version appearing in [3] of) these estimates entails the exact following asymptotics:

d
(3.13) A1 (9, p) il m
After a change in polar coordinates and using Laplace’s method, we may obtain for some
interesting radial examples on the crown the exact behaviour of the spectral gap in large
dimension. In particular this argument concerns the standard Gaussian case for which the
assumption ([3.12)) is satisfied (since V() = r?/2 the equality holds in (3.12)). However
the Gaussian case has some advantages such as uniform convexity of the potential which
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allow to go further into the analysis. This is the matter of the next part, extending the
previous situation to the non compact situation.

4. THE GAUSSIAN SETTING

In this final part we concentrate our attention on the standard Gaussian distribution
p on the complement of a convex body. In their paper [2], Cattiaux and his coauthors
mainly deal with the complement of a finite union of Euclidean balls and consider them
as obstacles. When there is only one ball centered at the origin, i.e., Q@ = R?\ B(0, R),
they obtain the following spectral gap estimate by exploiting the contribution of the one-
dimensional radial part:

d
> .
~ 2d+ R?

The order of magnitude of their estimate is sharp since (3.13]) entails in large dimension
the following asymptotics:

(4.1) A1 (€ )

d
Q ~ min{ —, 1
>\1< 7/'1’) d—so0 mln{R27 }7
which reflects a competition between two regimes, depending on the position of the radius
R with respect to the expected distance of the underlying random vector from the origin,

which is of order \/c_l

Actually, the non compact situation such as the one emphasized in [2] is not directly
covered by Theorem since now we have Qy = R? and therefore RY®* is infinite. Our
goal is to show that our methodology can be adapted to the present setting by modifying
the function w appearing in the proof of Theorem [3.1] In particular we are able to obtain
some bound of the type when Q = R?\ Q; with Q; a smooth convex body including
the origin in its interior and satisfying the curvature assumption (3.1)). To simplify the
notation, we denote in the sequel R¥™™ = R, RP = Ry, and 31 = § in . We also
set ¢ = Ruyax/Rumin (= 1).

Theorem 4.1. Let p be the standard Gaussian distribution on Q = R\ Q, the comple-
ment of a convex body €2y containing the origin in its interior and satisfying the curvature

assumption (3.1) for some § > 1.
o Assume that d > 2 (5 + 1) and that

1
4.2 —.
(4.2) B<omm 1
If the parameter R% . is in the following range (not empty thanks to (4.2)) ):
283 % B+1+c28
4.3 d—2-28)>R., >——— (d—2—-2
( ) (26_1)025_1( 6) min = B ( 6)7

then the spectral gap satisfies:

28 (d—2-28) [((28—-1)c* —1
(4.4) A (9, ) > Ry —( P >>0.

min

o Assume that d > 6. If B € [1,2) then as soon as
(4.5) R <(d—2-28)(1+2/B),
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we have

2-p
(4.6) A (Q,p) > 575
Proof. Once again we aim at finding some relevant function w on €2 for which Theorem
applies (this theorem admits a version for non-compact domains Q even when 9 # 0).
Since we work on an unbounded domain, we choose this time the following smooth positive
radial function w(z) = w(r) = C + r=2%, r > Ry, with the positive constant C' to be
fixed. Dealing with the boundary condition, we have for all z € 9§ (= 9€,),

(e + (). 0() rw(r) (o) |

I =In(x)+

" 7V(U()r) { 70(2 ))
> B+r;u’rr x,sz 7
( B 25(7‘) 22 {,n(2)) ,
(5 C+r—2ﬂ> 2

Since (z,n(z)) <0 for all = € 02, a sufficient condition ensuring that the right-hand-side
in the matrix inequality above is non-negative, and thus the assumption (As) of Theorem
2.1] is therefore

< 25
1mn =
- T‘E[RmimRmax] 07’2’3 + ]_’

i.e., C <1/R* . In the sequel of the proof we choose C' = 1/R%* .

Now let us focus our attention on the assumption (A;) of Theorem within this choice
of constant C', and its consequence for the spectral gap. We have for all x € :

Luw(z) _ 1 w”(r) d—1 w'(r)
w0 wiy - U T

2626+ 1)r 200 (d—1 943 = (26+1)
D ( - 7") R ="a

=1+ 28R, Ui (r?),

max

p(VV (z))

=1

where ¥, stands for the function defined on (0, c0) by
~d—=2-28-u

Y )
1(U) u (uﬁ ‘I’ Rgnﬁax)
We have
Wy (u)
U (u) = ,
1( ) U2 (U’B + RIQIIBB.X)2
where

Wo(u) = Bu’™ — (d—2-28) (B+ 1)’ + RE,).
This function ¥, satisfies
Wo(u) = B(B+ 1w’ (u—(d—2-28)),

hence W, is non-increasing on (0, d — 2 — 23) and non-decreasing on (d — 2 — 23, 00). Since
Uy(0) < 0, Ua(d —2—25) < 0 and lim, o Yo(u) = oo, there exists some unique Ry > 0
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such that Wo(R2) = 0, that is, Ry satisfies the implicit equation:

2 o o 6—*—1 l Rmax 28
(4.7) R2=(d—2 25)(5 +5<R0> )

Moreover, one has Wy(u) < 0 if u < R2 and Wy(u) > 0 if w > R3. The minimum of the
function ¥y on (0, +00) is thus attained at R% and the function ¥; and is non-increasing
on (0, R2) and non-decreasing on (R2,00). Note that since ¥; depends on the parameter
Rax, it is natural that its minimum depends also on this parameter R,,.y.

We now turn to the proof of the first item of the Theorem. We first note that the right-
hand-side inequality in is equivalent to \112(R2 ) > 0 and thus to Ry, > Ro. In this

min
situation, the function ¥, is non-decreasing on [R%; ,00) and therefore we get

M(Qp) > 1+ 28 RE W (R

max V1 (Bonin)
20R2 (d—2—-23—R
R, (R25, + Rinax)
28 (d—2-28) (26—-1)c* -1
- (1+ )R, 1+ 28 '
Finally, this last estimate is positive if and only if the left-hand-side inequality in is
satisfied and, as mentioned before, the interval for R2, in is not empty since the

inequality (4.2 . holds.

Let us deal now with the second item of the Theorem. If we have no guarantee that
Rumin > Ry, then we can only use the inequality Wy(r?) > W, (R2) for all 7 > Ry;,. Hence
using the implicit equation (4.7)) satisfied by Ry, we have

A (Q,p) > 1428 RY Vi (RY)

max

28 (Rumax/Ro)? . d—2—2p
1+ (Rmax/Ro)?? \© R2

I‘Illn)

=1- <1 — p > 2B(ernax/RO)Q’g
n ﬁ + 1 + (Rmax/RO)Qﬂ + (RmaX/RO)2ﬁ
. 25(RmaX/RO)26
) B4 Lt (R B
S 2-8
- 2 248

where by monotonicity the last inequality follows if and only if the ratio Ryax/Ro is less
than 1. Since we have Ry. < Ry if and only if Wy(R2, ) < 0, the latter inequality being
also equivalent to -, this concludes the proof. O

Let us comment the potential applications of Theorem First, we observe that the
constants § and ¢ are invariant by dilation of the convex obstacle €2; with respect to the
origin. Moreover we know that in the high-dimensional regime, the Gaussian distribution
concentrates near a sphere of radius v/d. As such, one deduces that the first item of
Theorem concerns big obstacles whereas the second one deals with small obstacles.

In the case of small obstacles, the spectral gap estimate may be replaced by the
strongest one , as observed in the proof. This more general bound is available even if
Rinax/ Ro <~y for some constant v > 1 (small enough). To be more precise, one must have



SPECTRAL GAP FOR PUNCTURED CONVEX DOMAINS 12

B < 2 and the constant v must satisfy the inequality

_ B+1 1/28
26 —1 '

Since we always have RZ > (d — 2 — 23), an easy sufficient condition to bound the ratio
Rinax/ Ro by 7 is therefore Ry, < v+/d — 2 — 23, which replaces the inequality (4.5]) (recall
that the latter is equivalent to the inequality Rpn.x < Rp). The estimate (4.8) produces
also a slightly better bound than if Rupax/Ro < 7 with v < 1, and it shows that if
the domains shrinks to 0 (i.e., Rpax — 0) the spectral gaps goes to the value 1, which is
expected since it coincides with the spectral gap of the standard Gaussian measure on the
whole space R? (thus with no obstacle).

For large obstacles, we recall that the interval in the inequality is not empty if and
only if

P +1
p< 2028 —1°

This inequality depends only on the “shape” of the convex body and is satisfied for convex
obstacles that are “close” to a centered ball. Indeed in the case of a centered ball, one has
=1, c=1 and thus
41
2028 —1°

As a final remark of this short note, we provide an explicit example where Theorem
may apply: the case where Q = R¥\Q; with Q; an Euclidean ball which is not necessarily
centered at the origin, for instance €y = B(a, R) with |a| < R. The condition |a| < R
ensures that the origin is contained in its interior. In this situation, the constants § and ¢
are

5_R+\ay Rupax R+ al
R Rpn  R—|a|
To compute the (optimal) constant § satisfying the curvature condition (3.1) on the

boundary 02, we proceed as follows. Since n(z) = (a — x)/R for all x € 09, we have
Jn(x) = —(1/R) I and moreover = € Jf) rewrites as x = a — Rn(x). Hence

(z,n(z)) R — (a,n(x))

2 a)2=2R{a,n(x)) + R*

Since n(z) describes the whole unit sphere, the condition (3.1)) is satisfied for some §; =
£ > 1if and only if

€[1,2) and c=

R—u 1
— < inf = .
R — 6 uel[I—la,a] R? + |a|2 — 2Ru ﬁ R+ |CL|

To simplify the presentation, we state explicitly the result when the obstacle is the centered
ball ©; = B(0, R). The bound we obtain is comparable to the sharp one (4.1)) given by
Cattiaux and its collaborators.

Corollary 4.2. Let u be the standard Gaussian distribution on R?\ B(0,R) (d >5), the
complement of the Euclidean ball of radius R > 0. Then the spectral gap satisfies

C|ld—4 1
)\1 (Rd \ B(O, R),/L) Z mln{R2, 3} .
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Proof. In this situation, one has 5 =1, ¢ = 1 and the admissible intervals (4.3]) and (4.5))
become respectively R? > 3(d — 4) and R* < 3(d — 4) which cover the whole half-line R™.
Therefore if R? > 3(d — 4), by (4.4), one has

A\ (Rd\B(O,R),,u) > d_4:min{0l_4 1}’

R2 73
whereas if R? < 3(d —4), (4.6) provides

1 d—4 1
M (RO BO.R). ) > L = mm{ }
and the results follows. O
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