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Abstract

Improved entropy decay estimates for the heat equation are obtained by select-
ing well parametrized Gaussians. Either by mass centering or by fixing the second
moments or the covariance matrix of the solution, relative entropy towards these
Gaussians is shown to decay with better constants than classical estimates.
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1 Introduction

Describing the asymptotic behavior of diffusion and homogeneous kinetic models has
recently received a lot of attention in the partial differential equations community
[2]. Several approaches have been established to determine decay estimates towards
a distinguished profile for large times. In purely diffusive models, these asymptotic
profiles are typically given by self-similar solutions usually coming from stationary
solutions of equations in self-similar variables. The use of logarithmic entropies to
study large time asymptotics is classical in kinetic theory [14] and it was brought
up for diffusion equations in the seminal papers of G. Toscani [29,30].
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Variations of the entropy-entropy dissipation method connected to the Bakry-Emery
strategy [4,5] have been used to describe these rates for linear and nonlinear diffusion
equations [3,12,10]. Deep connections to optimal transport issues were discovered by
F. Otto [27]. He obtained these decay estimates using a suitable interpretation of the
diffusion equations as gradient flows/steepest descent of entropy or free-energy func-
tionals with respect to a formal Riemannian structure inducing an optimal transport
distance. These decay estimates in some cases were already known by classical tech-
niques involving compactness, scalings and maximum principle arguments [6,32,33].
In all these works, the decay estimates have been obtained in different senses, mainly:
entropy decay [3,12,27,10], optimal transport distance decay [27], and L'-decay [32],
and in [12,27,10] as a consequence of Csiszar-Kullback type inequalities [15,24,31].

Once the first asymptotic term has been pinpointed, the next step is to improve
the decay rate either by taking into account other invariances of the equation or by
identifying the next term in the large-time asymptotic expansion. In the case of the
heat equation, expansion at all orders of the solutions for large times in L' were
obtained in [17]. More precisely, as long as more and more moments of the initial
data are bounded, a better approximation in terms of derivatives of the fundamental
solution of the heat equation and the moments of the initial data can be given for
large times. A similar result without identifying the asymptotic expansion at all
orders was obtained in [19] by using Fourier-based distances.

Obtaining the next terms in the asymptotic expansion and identifying the corre-
sponding improved decay estimates and rates are interesting and important open
question in the nonlinear diffusion case. This question has been addressed recently
for the fast diffusion equation at the linearized level [16] and, finally, proved for
the nonlinear fast-diffusion equation in [21,22,25]. These results take advantage of
the complete knowledge of the spectrum of the linearized operator: first they show
that solutions will lie for large times in a neighborhood of an asymptotic profile
and then, they try from the linearized improved decay rates to infer the result over
the nonlinear one. In particular, they show that mass-centering speeds up the con-
vergence rate for different particular cases of the diffusion exponent. In the case of
the porous medium equation, a formal expansion to all orders of the solutions in
the one-dimensional case was done in [1]. Finally, the improvement of decay rates
and decay estimates for the porous medium equation by either mass-centering of by
fixing equal variance was discussed in [34]. Essentially, these results give decay im-
provements in L!-spaces. An improvement on the optimal transport distance decay
by mass centering has been reported in the one dimensional case [9].

Here, we will show how the entropy decay estimates for the heat equation can be
improved by mass-centering and by fixing the covariance matrix of the approxima-
tions. In section 2, an improved decay estimate for the heat equation by fixing center
of mass and variance is obtained, whereas section 3 is devoted to generalize this idea
in the case of fixing the whole covariance matrix of the approximated Gaussian. Let



us finally mention that these improvements will be at the level of the constants in
the decay estimates but not at the level of the decay rates for large times. Although
the improvement of the decay rate is expected and true at the L' level [17], the
present approach does not yield it for the relative entropy.

2 The heat equation and isotropic Gaussians

It is well-known that solutions of the Cauchy problem for the heat equation with
diffusion constant k/2:

Gu — kN R™ t>0
{ u, T e R7, (2.1)

(x,t =0) =up(z), zeR"

behave asymptotically like a Gaussian with the same mass as the solution and a
variance that is linearly increasing in t. This result can be easily recovered from the
classical logarithmic Sobolev inequality (LSI) of Gross [20,3] in R™ with respect to
the isotropic Gaussian measure

n _lz?

dM, = (2m0) 2e 27 dx (2.2)

as in [29] guided by classical arguments from kinetic theory. Let us quickly review
a simplified proof of the one given in [29]. Consider any two probability densities
p1,p2 on R", ie. py, po € L1 (R") with

/pldx:/ podr = 1.
R™ R™

We define the relative logarithmic entropy of p; w.r.t. py as
er(prlpa) : / pr ln—pgdeO,

and [ py1np; dx is the logarithmic entropy of the probability density p;. The LSI
w.r.t. the Gaussian measure M, reads [20)]

¢*Ing?dM, < 20/ |Vg|?dM,, (2.3)
R?’L

R

for all ¢ > 0 and g € L*(R",dM,) with [¢?>dM, = 1. By setting g¢? i 1t s
equivalent to

er(plMy) < S1(p|My), (24)



for all p € LY (R™) with [ pdx = 1. Here,
2 2
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padr >0 (2.5)
denotes the relative Fisher information of py w.r.t. py [18]. There is equality in (2.3)
if and only if

I(p1]p2) 3:/ i

R™ P1

9(@) = g,(@) = exp<% _ |y|2) (2.6

for an arbitrary y € R™, as established by Carlen in [7].

Theorem 1 (Standard Decay Estimate) [29] Let the initial value for the heat
equation uy € C(R™) NW,22(R™) N LL (R™) be a probability density on R™ with finite
second moment and entropy, i.e. ug(r) > 0, [ugdr = 1, [|z|*uodr < oo, and
Jup| Inug| dz < oo. Then, the relative logarithmic entropy of the solution u to (2.1)
w.r.t U (X, 1) := Mpig(x — To) with an arbitrary o € R"™ and an arbitrary £ > 0
satisfies the decay estimate

E

er(u®)une(t) < 5o

e1(uglus(0)), Vit >0. (2.7)

Proof. Since u and u,, are solutions of the heat equation, they are smooth, positive,
and rapidly decaying functions for all £ > 0. Thus, we find for all t > 0
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Hence, e;(u(,t)|us(t)) is non-increasing in time. Conservation of mass for the heat
equation shows that u is a probability density for ¢ > 0. And since us(t) is a
Gaussian with second moment n(E + kt), we infer from the LSI (2.3) that

er () ns1)) < 25 (1) ()




Applying this bound to the right-hand side of (2.8) yields with Gronwall’s lemma

E
E+kt

er(u(t)|us(t)) < e1(uouae(0)), Vit >0.

Since

ex (uounc(0)) = [

wo(x) Inug(z) dz + g In(27(E + kt))

Rn

L1
2

m /n |l’ — ZINS'Q|2U()(I') dr < oo,

we conclude that u converges in logarithmic entropy to u., as t — co. O

Remark 2 (Sharpness) Due to the translational invariance of the heat equation
and the equality cases (2.6) of the LSI, the decay estimate (2.7) is sharp in the
following sense: choosing ug(z) = Mg(x —Zf) for an arbitrary T, € R", the solution
of the Cauchy problem for the heat equation is u(z,t) = Mpir(x — Zf) and

&0 — )

er(u(-, )| Mpiwi(- — o)) = 2B+ kt)

Vit >0, (2.9)

leading to non-trivial equality in (2.7).
On the way to improving the decay rate in relative entropy for the solution of (2.1)

we shall compare u(t) to a better fitted Gaussian M, — rather than to Mg .
Solutions of the heat equation obviously conserve the center of mass:

/ zu(x,t) de = / zug(x) dr = xy, Vt>0, (2.10)
and linearly increase the second moment:
/ |z — 20Pu(z,t) do = / lz — x0Pug(z) do + nkt := o +nkt, Yt >0. (2.11)
n Rn

Our first observation is that

ex(u(, t)[Me g (- = w0)) = min ey (u(-, 1)[Mp (- — o)), (2.12)

ZoERM

as it can easily be checked just by working on the explicit expression of the relative
entropy ey (u(-, t)|Mpiri(- — Zo)). In other words, the optimal Gaussian (in the sense
of minimizing the relative entropy) for a given solution u at a fixed time ¢ > 0 is given
by the Gaussian with the same center of mass and variance as u, i.e. M %Jrkt(:z — ).



In the following, we want to discuss if the decay estimate (2.7) for the relative
entropy of u w.r.t. to the optimal Gaussian M%+kt($ — 1) given by

3Ie

ex(u(, )| Me pr(- — o)) < er(uo| M (- = o)), t>0 (2.13)

kt

3Ie
+

is sharp as well. Clearly, we have equality for
ug(z) = Ma(x — x0), (2.14)

but then both sides of (2.13) are zero. For other cases, equality in (2.13) for all ¢ > 0
would imply equality at ¢ = 0 of both ¢t—derivatives, i.e. —g[ = —~ke;. But this is
the LSI (2.4), which becomes an equality only for the shifted Gaussians (2.6). But
then, the equality of moments in the optimized Gaussian (cf. (2.12)) leaves (2.14) as
the only case. Hence, there exists no initial function ug satisfying the conditions of
(2.12) such that there is non-zero equality in (2.13) and this decay estimate is not
sharp anymore.

Now, we come back to Theorem 1 and the estimate

er(u(-, )| Mp (- — To)) <

E+ktel(u0|ME( —ZZ'Q)) (215)
for an arbitrary 7o € R"™ and an arbitrary £ > 0. We observe that for small values
E > 0 the ratio E/(E + kt) decays faster to zero as t goes to infinity than for large
E’s. This leads us to the conjecture that it is possible to find a sharper estimate for
the logarithmic entropy of the solution u w.r.t. the Gaussian M%Jrkt(- — zp) than
(2.13) by determining a function E(t) with 0 < E(t) < % for ¢t > 0, which should be
used instead of a constant £ on the right-hand side of (2.15).

The idea for deriving such an optimized decay estimate is to minimize the right-hand
side of inequality (2.15) w.r.t. £ > 0 and T, € R". As before, we find for all fixed
times ¢ > 0 that

er(u(, )| Mea (- = w0)) = min e (u(, )[Mp (- — To))

FoERN
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e1(uo| Mg (- — %o)) (2.16)

é‘r;fo mel(UdME(' — ZIZ'Q))

In the case ug(z) = Ma(x — 20), we have ey (u(-,t)|Ma 44 (- — x0)) = 0 for all times
t > 0 and it holds equality in the estimate (2.7). Hence, we obtain the minimum of
the right-hand side of (2.16) and therefore the best estimate for the choice E = .
In general we have to determine the time-dependent second moment E(t) > 0 by



minimizing for each fixed ¢ > 0 the function f: RT x Ry — R{ defined as

f(Et) = o kt€1(UO|ME(' — %)) (2.17)
E n - |
- L (o) o+ s + )

which leads us to the following result:

Lemma 3 (Computation of E,,;, (1)) Letuo(z) # Ma(x—x0) on a set of positive
measure. Then the function f(E,t) defined by (2.17) has w.r.t. E > 0 for all fized
t >0 a unique minimum E,.;,(t) with the following properties:

a) Enin(t) satisfies

( / wo() In () d:)s+gln(27rEmm(t))+g>k:t: %—%Emm(t), V>0 (2.18)

b) Emzn(o) = %
c) Eny, = 1imy_oo Epin(t) = < exp <—%61(UO\M%(- — 19))

— Lexp( =2 fpn uo(z) mug(z) do — 1

d) Epnin(t) is strictly monotonic decreasing w.r.t. t > 0. In particular,

0 < Enn(t) < g, Vit>0.
n

1)
y

(fuolnuodx—l— 5In (27E) + %)kt

Fig. 1. Enin(t) is the intersection point of the functions on the left-hand and right-hand
side of (2.18) for allt > 0. limy_.cc Emin(t) = Epy;, and Epin(0) = S are the unique roots
of the left- and right-hand side of (2.18).



Proof. f(E,t) is for all times ¢t > 0 differentiable w.r.t. F with

0 kt E n a
(B0 = e s — )+ o (- )

(E+ k)" E+kt\2E  2E2
kt n n «
S Inuodz + =~ In(2nE -
(E 1 kt)? (/R tolnugdz + 3 In(2 )> T NE TR 2E + k)
_ e
(B + kt)?
(2.19)

where

f(E t) = / uoInug dr + ﬁln(27rE) kt + ﬁ(E + kt) — @
R" 2 2 2

is monotonically increasing w.r.t. £ > 0. We observe that f (E,t) converges to —oo

as F' — 0+ and evaluating the function at the point £/ = = leads to

f(E:%,t> :61(U0|M%(—l’0))/€t>0, Vit >0.

We conclude by the continuity of f(E,t) wrt. E > 0 and the intermediate value
theorem that f(E,t) is zero at one point Ey;,(t) € (0,%) and thus, f(E,t) and

O f(E,t) have a unique zero for t > 0. The fact that f(E,t) and 0 f(E,t) have the
same sign yields the uniqueness of a minimum E,;,(t) in (0, %) of f(£,t) for ¢ > 0.

a) By setting (2.19) to zero and rewriting the equation we find for all t > 0 a
condition for F,,;,(t) such that of Og f(F,t) becomes zero:

/ oo dz + L In(2r Bpin () + 2 kit = 2 — 2 g (0). (2.20)
R 2 2 2 2

b) Evaluating (2.20) at ¢ = 0 yields Ep;,(0) = 2.

¢) Since E,,,(t) is bounded we find by (2.20) that ES2 = limy_ Fiin(t) solves

the equation
/ uo Inug dr + g In(2rE;y. ) + g =0,

which is equivalent to
e1(to| Ma (- — o)) — gln<2w9> + g In(27E%,) = 0. (2.21)
n n

d) Differentiating the expression (2.20) w.r.t. t > 0 gives

Epin(t) 2 ({a n
E . (t)=——"0"  Z(— ——E.n.t)], Yt>o.
min({) Emm(t)+ktnt<2 > ”) ~



Since Epin(t) € (0,%) for t > 0, we have £/ ;,(t) < 0 for £ > 0 and

main

E (O) = —%61(U0|M0(' — 1’0)) < 0. (222)

min

Thus, E,,n(t) is strictly monotonic decreasing w.r.t. ¢ > 0.

This concludes the proof. O

In the case ug(z) = Ma(x — ) ae., we define Epn(t) := 5. Using Lemma 3
together with (2.16) we can now improve the decay estimate for the relative entropy
in Theorem 1:

Theorem 4 (Improved Decay Estimate) Let the initial value vy € C(R™) N
VVIECQ(]R") NLY (R™) be a probability density on R™ with finite second moment and fi-
nite absolute entropy, i.e. ug > 0, [ugdr = 1, [ |z|*uodr < oo, and [ ug| Inug| dr <
00. Then the solution u of the initial value problem (IVP) (2.1) satisfies

Emint
o1 (DMl — 20)) < 0y (0 0 — 20)

1’“"’;(0 j;kt (2.23)
= E<§ — §Emm(t)>, Vit > 0.

Proof. By (2.16) we obtain the optimized estimate

er(u(, )| Me (- = 20)) < f(Emin(t), 7).

Inserting the conditional equation (2.20) for E,,;,(t) in the definition of f(E,t) gives

F(Bin(01) = 2 sl M0 = )

__Bain(t) |1 (a
* BEpun(t) + kt |kt \ 2

~ gt B (3 35me0)

1 /fa n
=715 — _Emin 5
(5 - 5Bm)

concluding the proof. O
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We end this section by analyzing the sharpness of the optimized decay estimate
(2.23) from Theorem 4. For some fixed initial value ug let us assume that there
holds equality in (2.23) on some (possibly small) time interval [0, 7], i.e.

Emin t n 70(
er(u(s,t)[Ma gy (-—x0)) = W)(—i-)kt </Rn uo In g dm+§ 1n(27rEmm(t))+2Emm(t) ) '

Differentiating this equality w.r.t. the time ¢ > 0 yields

S er(ul DMy (- — 0) (224
Bkt — Epin(t)k E!l. (1) n Q
= sl Mol ) + e (5 )

From (2.8) we know that for all times ¢ > 0

d k

10 DMzl = 20)) = =5 (u(, )| Ma k(- = 20))-

Evaluating (2.24) at time ¢ = 0 gives with E,,;,(0) = %:

o

%I(UO\M%(' — xp)) = ex(uo|Ma (- — x0)).
This LSI becomes an equality only in the case (2.6), where

g*(z) == 7M;é;(x_) )

Finally, we find with ¢ = 0 and £ = = for the normalized u, the condition

w1z (27

where y € R" is arbitrary. Since the first moment of ug is assumed to be equal to
Ty, we conclude that

Hence, we have equality in (2.23) only in the case that both sides of the inequal-
ity are equal to zero. So, the optimized decay estimate is not sharp in the sense above.

Next we compare our improved decay estimate (2.23) to the classical estimate (2.13)
by Toscani [29]. Let us first discuss their large-time behaviors. Actually, (2.18) is

10



equivalent to

1 2 2

nkt\2 2

2 fa n
=E —\5 _Emzn t ) t )
that can be expanded for ¢ > 1:
2
Epin(t) = E5. ll + —(

Thus, the quantity E,,,(t) — EX

oo is for large times ¢ proportional to (£, + kt)™!
and we obtain for the improved decay estimate the approximation

lla n a n E>
er(u(, t)|Mapi(- — 20)) < — |5 — 5 Emim — L
n kt|2
-3

— _ min t_2
i +0@t™), Vi1 (2.25)
S, + kt ’ ’ '

The large time behavior of our new decay estimate is similar to the original decay
estimate: The right-hand side of (2.23) is proportional to (

E + kt)~! for large
times ¢ while the estimate (2.13) is proportional to (£ + kt)~".

11
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Fig. 2. R(0.1), R(1), and R(10) forn =1 and k = 1.

Therefore, our new decay estimate does not improve the decay rate at oo that
one may expect from centering and normalizing the Gaussian approximation (at
least in L' and in weighted L?-spaces). However, it does improve at the level of
constants of decay, i.e., at the level of the ratio of the improved decay estimate
(2.23) to the original estimate (2.13) w.r.t. to the time ¢ > 0. We define the function
R :R* — R* describing this ratio by

T (% - %Emm(t)>

o
n

€1 (uo| Ma (- = o))

R(t) :==

Using the approximation (2.25) of E,,;,(t) for large times ¢ gives

& _n proo
2 2Emin

E>. +kt

R(t) = min + O(t_z)
=1 (uo|Mea (- — o)) (2.26)
a _ npioo o Lt
— 2 2~ min ._n + + O(t_Q), Vi>1.

%61(U0|M%('—l’0)) Ex  + kt

man
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We find that the ratio of the estimates is decreasing w.r.t. large times ¢ > 1. Since
the estimates coincide initially, the improvement of the decay rate becomes better
for large times ¢ and in the limit ¢ — oo the ratio converges with rate (E°%, + kt)™1
to

« n [e. 9]

filee) = ne1(uolMsa (- — o)) (2:27)

min

Since By, = % exp {—%el(udM%(- - $0)} we find that the ratio R(t) converges to

1= exp [~ 2ey (ug| Ma (- — o))
2y (ug| M=)

(2.28)

as the time ¢ goes to infinity. This limit is monotonically decreasing for increasing
logarithmic entropies e; (uo| Ma (- — 20)) > 0. We finally point out that the function
Eoin(t) as defined by (2.18) only depends on the variance of ug and on its relative
entropy w.r.t. the Gaussian Ma (- — o). Figure 2 shows the ratio function R(t) for
different times as a function of a := [ |z — zo|?ug(x) dx and the relative entropy
er(uo|Ma (- — o).

Example 5 We consider the initial function ug on R defined by

1
—, 1< || <z
ug(z) = { A@2=2) = | = (2.29)
0, otherwise
where xo > x1 > 0. It is an even probability density with second moment o = %(:)5% +

T122+123) and relative entropy e (uo|My) = — In(2(za—21))+3 In(27a) +1. Choosing
x1 =1 and xo = 1.1, we get a = 1.1033, ey (ug|M,) =~ 3.0775 and E°, ~ 0.0023.
The limit (2.27) of the ratio of the improved decay estimate to the original one is
approximately 0.1621. Figure 3 shows a comparison of the two decay estimates: the

original (2.13) and the improved (2.23).

13
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a+t for original decay estimate

Fig. 3. Left: Logarithmic plot of the original decay estimate (2.13), the improved decay
estimate (2.23), and the approzimation (2.25) of the improved decay estimate for t > 1
divided by e1(ug|My). The original decay estimate is plotted against a+t and the improved
decay estimate as well as its approzimation against E7s. -+t in order to verify its asymptotic
behaviors (o + t)~1 and (EX, + t)~1, resp. Right: Ratio of the original (2.13) to the
improved decay estimate (2.23), the approximation (2.26) of the ratio for t > 1, and the
limit (2.27) of this approximation for t — oo.

Remark 6 (L'-decay) Using the well known Csiszdr-Kullback inequality for prob-
ability densities [15,24]:

101 = pall7rny < 2e1(p1lpa),
the above decay estimates imply analogous results in L*.

Remark 7 (More General Parabolic Equations) In the spirit of [29], we can
extend Theorem 4 to derive improved decay estimates for uniformly parabolic equa-

tions of the form

0 k

8—1: = Sdiv([I+ Az, 1) V).
Here, 1 is the identity matriz on R™. The symmetric positive perturbation A as well
as its first spatial derivative are supposed to decay like (14+1)=" for some 0 < 3 < 1

(cf. [29,23] for details).

Remark 8 (Fokker-Planck equations) Using the time dependent rescaling
u(&,7)=R(1) ™ & In R(7)
’ R(T)’

with R(T) = VkT + 1 transforms the heat equation (2.1) into the Fokker-Planck
equation

% =div(Vv +2v), x€R" t>0.

14



Hence, the new decay estimate from Theorem 4 immediately translates into an im-
proved decay estimate for the solution of the Fokker-Planck equation towards its
unique normalized steady state v (x) = e~ 1*°/2 (cf. (23] for details).

3 The heat equation and non-isotropic Gaussians

Up to now we have considered decay estimates for the heat equation w.r.t. isotropic
Gaussians of the shape (2.2). Various convergence rates for the heat equation to more
universal Gaussian densities in R”, namely Gaussians with an arbitrary covariance
matrix, were found in [19]. Motivated by these results we shall now generalize our
convergence rates in logarithmic entropy of Section 2 to solutions for the heat equa-
tion with respect to general non-isotropic Gaussians:

My(x) := (2m)"2(det B)" Y2 exp (—%Z_lx : I), xreR"” (3.1)

where the covariance matrix ¥ € R"*" is symmetric and positive definite.

Given an initial probability density uy on R™ with finite second moments and an
arbitrary zo € R", we define the positive definite matrix K (t) = (K;;(t))i j=1,.., for
all times ¢ > 0 by

K;;(t) = /L(i —x0)i(r — o) u(x, t)de, di,j=1,...,n, (3.2)

where u is the solution of the heat equation (2.1). It is a simple matter to check that
the evolution of the second moments of the solution is linear in time, more precisely,
K(t) = K(0) + ktI for all ¢ > 0.

Let us remark that the n-dimensional Gaussian density with first moment zy and
covariance matrix K (t), Mg« (x — xo) is a solution itself to the heat equation (2.1).
Since the heat equation is invariant under rotation of the coordinate system, we shall
assume w.r.o.g. that K (0) is diagonal. Since K (t) = K(0) + ktI is then diagonal for
all t > 0. Hence, Mg «)(x — x0) is a tensor product of 1D Gaussians, each of which
satisfies the 1D heat equation.

3.1 Decay in relative entropy

The linear growth in time of the covariance matrix of general solutions motivates to
consider its entropy behavior w.r.t. Gaussians with a covariance matrix of the form
E + ktl, where E € R™*" is an arbitrary positive definite and symmetric matrix. We
start with a lemma that is similar to [29, Lemma 1]:
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Lemma 9 (Finite Relative Fisher Information) Let the initial wvalue ug
€ C(R") N WA (R™) N L (R") be a probability density on R™ with finite second
moments. Then there is a constant C > 0 such that the solution u of the IVP (2.1)
satisfies

I(u(t)|uso(t)) < C, Vitelt,t, 0<t; <ty <00 (3.3)

With teo (x,t) := My pu(x—x0) for an arbitrary xo € R™ and an arbitrary symmetric
and positive definite matriz E € R™*™. Moreover,

im  24®) <ln u(®) +1> —0, (3.4)

|zj|—00  OT; Uso(t)

forallt>0andj=1,...,n.

Proof. We calculate for all £ > 0

0 v _ 1 0u + (B + k)" 'z),

OT; Usy  Uso OT;  Uso

and find
U 2 1 u? U
— | = ——|Vul*+ ——|(E 1)~ 'a|? 2 ((E 0~ '2) - Vu.
|Vuoo (UOO)2|Vu| +(um)2|( + ktI) " 'a] T ((E+ kth)"'z) - Vu

This leads to

1
I(u(t)|uoo(t)):/ —|Vul*do +/ I(E + k1) 2|20 dz + 2/ (E + k1) "'z - Vudz,
(3.6)
and the last term equals —2 tr(E + ktI)~!.

It is proved in [29] that the first integral in the expression (3.6) is bounded for an
initial function ug € C(R™) N WL (R™):

1 1
/R—|vu\2d:cg/R T VMl do = >4
n t

n n
— <
n ]ft - ktl
Hence,
1
T(u(®)|un(t)) :/ —|Vu|2dx+/ (E+ kD)~ 2|0 dz —2 tr(E+ k1)~ < C, (3.7)
R™ U R™

for all t > ¢, > 0. In [29] Toscani also showed

lim a—u(lnu+ 1) =0.

|zj|—o0 O 4
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Since u and % are smooth, fast-decaying at infinity functions and have finite second
J
order moments, we deduce

u 1 ou
— lim — lnuy == lim —[(E+ kD z-2+Ct)] =0
B 2 i Be; [( ) ()]
and 5
lim " = — lim ((E+ ktI)"'z);u =0,

|zj]—00 0T Uso |z j|—00

concluding the proof. O

This lemma leads to the proof of a decay rate in relative entropy for the solution of
the heat equation w.r.t. general Gaussians.

Theorem 10 (Basic Decay Estimate) Let the initial value for the heat equation
up € C(R™) NWSA(R™) N LL(R™) be a probability density on R™ with finite second
moment and entropy. Then the relative entropy of the solution u to the IVP (2.1)
W.T.t. Uso(x,t) := Mpyga(x — x0) with an arbitrary xo € R™ and an arbitrary sym-
metric and positive definite matriz E € R ™ converges to zero as t — oo. More
precisely,

p(E)
er(u(t)|uxo(t)) < mﬁ

where p(E) denotes the spectral radius of E.

(uolus(0)), Vit >0, (3.8)

Proof. Following the proof of Theorem 1 we obtain for all ¢ > 0

d du u OUse U
el = [ E[m(@) i 1] T

_E T au l1n<—“ ) + 1] do—F [ pu - da
2 Jrn Uso 2 Jrn Uoo
(3.9)
__k e v/ vl d:c+§ vuw.vﬂdx
2 Jrn u Uso 2 Jrn Uso

_ _g T(u(t)|uso (1)),

where I(u(t)|ux(t)) is the relative Fisher information (2.5) of u w.r.t. us. We con-
clude that the relative entropy e;(u(t)|us(t)) is monotonically decreasing w.r.t. time.
In the above integrations by parts, the boundary terms disappear due to Lemma 9.

Next we shall apply a LSI for the measure us(t). To this end we use p(E)I > E > 0
and hence
(E+ ktD) ™' > (p(E) + kt)"'I, ¢>0. (3.10)
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Since
Hess,[— In s (2, )] = Hess,[— In Mg p(z — 20)] = (E + ktI) ™,

(3.10) shows that wu.(t) is uniformly log-concave with lower bound (p(E) + kt)~*.
Thus, (3.10) is a Bakry-Emery condition for the probability density us(t), cf. [4,5,3].
Hence, u(t) satisfies the LSI

p(E) + kt 7

5 (pluce(t)) (3.11)

€1(plus(t)) <
Vp € L1 (R") with [ pdz = 1. Combining (3.9) and (3.11) yields

d k
S (u®)]us(t)) < —mel(w)luoo(t)), t>0

and Gronwall’s lemma implies the decay estimate (3.8). [

3.2 Improved decay estimate in relative entropy

Following the strategy of Section 2 we shall improve the decay estimate of Theorem
10 for the solution of the heat equation. In a first step we identify, for each fixed
t > 0, the optimal non-isotropic Gaussian in the same sense as in the case of stan-
dard Gaussians. This shall yield by a minimization method an improvement of the
convergence rate in relative entropy w.r.t. general Gaussians.

We consider an initial probability density ug on R™ with its center of mass at zo € R",
i.e. [(z — xo)ugdr =0, and with [ |2 — zo|?uodz < oo. For all £ > 0 the covariance
matrix K (t) € R™™ of the solution u(t) to the heat equation is defined by

K;;(t) .= /n(x —x9)i(z — zo)ju(z, t)de, i,j=1,..n. (3.12)

As in previous section, we know that K(t) = K(0) + ktI.

Now we want to find the general Gaussian u.(,t) := Mgy (z — Zo) that minimizes
(for each fixed t > 0) the relative entropy e;(u(t)|us(t)). The optimal first moment
Ty € R" of us, and the optimal positive definite matrix E(t) € R"*" are such that
the 0™ and 1°" moments of u(t) and us(t), as well as their covariance matrices
coincide:

Theorem 11 (Optimal Non-isotropic Gaussian) Let the initial value uy be a
probability density on R™ with finite second moment and entropy. Then, for each fized
timet > 0, e1(u(t)| Mg (o)+kul(-—0)) is the smallest relative entropy of the solution u
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of the IVP (2.1) w.r.t. all general Gaussians Mg, (z —Zo) with an arbitrary T, € R"

and an arbitrary positive definite matriz E(t) € R,

Proof. The relative entropy reads

ex(u(t)| Mz, (- — To))

. n n 1/n 1
= [ ulnudr+ 5o (2n[des E@]") + 5 [

§ E(t) ™z — &) - (x — &o)u dz.
(3.13)

f(Zo), defined as the third term on the right-hand side of this equation is minimal
w.r.t. Zp € R” if and only if

V(i) = — / E(t) " (z — Fo)ulz, t) de = 0.
Since the matrix E(t) is regular, this condition is equivalent to

/n(x — Zo)u(z,t) dr = 0. (3.14)

Since wu(z,t) conserves the center of mass (cf. (2.10)) we conclude: The relative
entropy e1(u(t)| Mg, (- — Z0)) is minimal w.r.t. Zo € R iff the first moments of u
and Mg, (z — o) coincide, ie. iff zg = Zo.

To determine the positive definite matrix E € R™*” minimizing, for each fixed t > 0,
the relative entropy (3.13), we have to minimize

In(det E) + tr(E~'K)
w.r.t. all positive definite matrices E = E(t). K = K(0) 4+ ktI denotes here the

covariance matrix of u(¢). To simplify the computation we put F := v/ K E-VEK > 0.
Using the cyclicity of the trace we now have to minimize

—In(detF) + tr(F) = > (A; —In ;)
7j=1

w.r.t. all positive definite matrices IF, with A; denoting its eigenvalues. Clearly, the
unique minimum is attained at F = I, or equivalently, at E = K. O

With this knowledge of the optimal Gaussian we are able to improve our decay
estimate (3.8) for the solution of the heat equation w.r.t. general Gaussians, using
a method similar to the one of Section 2. Theorem 10 yields for the solution u(t) of
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the heat equation (2.1) the decay estimate

p(E)

e1(u(t)| Meyra(- — Zo)) < M

e1(to| Mz (- — o)) (3.15)

for an arbitrary z, € R™ and an arbitrary positive definite matrix E € R"*". We
estimate like in (2.16):

e1(u(t)| M o)+ker(- — o)) = min ey (u(t)| Mepu(- — To))

FoER™
. p(E) -

< inf —————e(ug|Mg(- — Zv)) 3.16
220, p(B) + nkt (319

p(E)

£20 p(E) + nktel(uO‘ME(' ~ %)).

In the case ug(x) = Mg o)(x — x¢) we find that e (u(t)| Mg ©o)+xe(- — o)) = 0 for all
times ¢ > 0 and it holds equality in (3.15). Hence, we obtain the minimum of the
right-hand side of formula (3.16) for E = K(0), i.e. (3.15) is already optimal.

In the case ug(x) # Mgk(o)(z — xo) we have to minimize the function f, defined for
each t > 0 on the cone of positive definite matrices:

p(E)

f(E,t) = )+ ki e1(uo| Mg (- — xq)) (3.17)
_ 1 p(E) ~1
=55 + ki <2 /Rn up Inug dz + nln(27) 4+ In(det E) + tr(E K(O))) >0

w.r.t. E > 0. This function has the following features.

Lemma 12 (Computation of E,;,(t)) For each fized t > 0 the function f(E,t)
has w.r.t. to all symmetric and positive definite matrices E € R™" a unique mini-
mum at E,;,,(t) € R™™ with the following properties:

a) Epin = Enin(t) satisfies

where ppmin = p(Enin) < p(K(0)) is its spectral radius.

b) Ein(0) = K(0).

c) Epin(t) is monotonically decreasing w.r.t. t > 0, i.e. Epin(ts) < Epun(ty) for
0 <ty <ty in the sense of positive definite matrices. In particular,

0 <EX, < Epin(t) < K(0), Vt>0.

min —

Proof. To simplify the notation we put K = K(0). W.r.o.g. we shall assume K =
diag(ky, ..., k,) with 0 < k; < ko < ... < k,. Indeed, if the minimum of fx(.,t) is

20



attained at E = E,,;,,, the mlnlmum of f(.,t) with K := SKS~! and S orthogonal
is attained at Eonin = SE S~ This follows from p(Epin) = p(E mm) det(Epin) =
det( mzn) (E ! K) = tI'(E_ K) and hence fK( min ) .fK( min s )

man min

We shall now minimize f(E,¢) w.r.t. E positive definite and symmetric in three
steps, to show that we can reduce to minimize a function of the spectrum of E:

(3.18)

|

min f(E, ¢) = min f1(p,¢) {rgggl f(E)

E>0
p(E)=p

- f;gigl fi(p,t) { min B+ In(det E) + min tr(E~1K)

p(EZ(:E:CI%{;ed s®)crt fixed
with the scalar functions
p
t) = -———— >0
fl(pa ) 2p—|—nk‘t’ P s
k;
f2(E) := B + In(det E) + tr(E" ﬂ—i—Z(lne] ). E>0. (319)

j
with 5 := 2 [uglnugdr + nln(27) and o(E) = {0 <er <...<e,=p}

Step 1:

First we shall minimize tr(E7'K) over all symmetric matrices E having the fixed
spectrum o(E) = {0 < e; < ... < e, = p}. Since K is diagonal, the minimum of
tr(E71K) is attained at E3 = diag(ey, ..., e,). Since the entries of K are increasing,
also the e;’s have to increase. This is a direct consequence of the following result
(Theorem 1 of [28]): For all real symmetric matrices A, B it holds:

Z)m _i+1(A)N;(B) < tr(AB) Z

where the eigenvalues are labeled in increasing order. The right inequality is actually
a special case of the von Neumann trace inequality [26]. The left inequality now yields
the assertion

1K22ﬂj+1 :Z

;1K) VE > 0 with ¢(E) fixed.

Step 2:
Next we minimize fo(E) over all diagonal matrices E > 0 subject to the constraint
p(E) = p with ¢(E) = {0 < e; < ... <e, = p}. From this we can conclude that the

21



unique minimum of fo(E) w.r.t. E > 0 and p(E) = p (with p fixed) is attained at
Eg = (621, ey €2n) with

€25 = min(kjvp)u .] <n-— 17

3.20
€on = P- ( )

We first remark that each summand of (3.19) is a decreasing function of e; for
0 < e; < kj, increasing for e; > k; achieving its minimum at é; = k;. Now, the
largest eigenvalue ey, must be equal to p by definition of the minimization set of
matrices. Taking into account both facts we verify (3.20). Using (3.20) in (3.19), the
minimum of f5() satisfies

n—1
f3(p) = min fo(E) = fo(Ez) = 8 +Inp+ % + > 9i(p)s p>0, (3.21)
p(E)=p j=1

with the C*(R*)—functions, j = 1,...,n — 1,

hlp—'_ ﬁv P < k'a
9;(p) = , ’ (3.22)
Ink; +1, p > kj.

Step 3:
Next we minimize fi(p)fs3(p) w.r.t. p > 0. This yields the following condition for
Pmin:
nkt(fs+pfs) = =0’ fs. (3.23)
Here,
n—1
falp) +pfi(p) = B+Ip+ 1+ (g5 + pg}),
j=1
with
Inp+1 p <k,
+pg; = ’ _ 7 3.24
e {1nkj+1, o>k (3:24)

Hence, f3 + pf} is strictly monotonic increasing in p > 0,
lim f3(p) + pfs(p) = —oo0,
p—0+

and
On the other hand,

P Ii0) = o~ 9 S (s~ )~ )
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(with H denoting the Heaviside function) is strictly monotonic decreasing in p > 0,
positive on [0, k,,), and it has a unique zero at p = k,,. This implies that the equation
(3.23) has a unique solution p,;, with 0 < ppim < k.

One easily checks that lim, .o (f1f5)'(p) = —oo. Moreover, f; and f; are both
strictly increasing on [k,,o0). Hence, (f1f3)(p) takes its unique minimum at p =

a) From (3.20) we hence conclude E,,;, = min(K(0), pminl).

b) t = 0 implies ppin = k, and hence E,,;,,(0) = K(0).

c¢) For ug # Mk )(. — o), the monotonicity properties of both sides of (3.23) imply
that pp,(t) is strictly decreasing in ¢, with

0<pX < Pmin(t) <k, ¥t >0.

Here, pgo.. is the unique minimum of f3 + pfi (cp. to the analogous situation in
Lemma 3 (d) and in Figure 1). Hence, (3.20) implies that the matrix E,,;,,(t) is
decreasing w.r.t. t. In the case ug(r) = Mg o) (z — z¢) we have Ep;, () = K(0).

O

Remark 13 (Radial Symmetric Case) In the special case of a radially symmet-
ric initial condition with covariance matriz K (0) = -1, the above Lemma 12 reduces
to Lemma 3 with By (t) = Emin(t) -1 fort > 0. Then, the condition (3.23) is equiv-

alent to

(/n up(z) Inug(x) de + g In(27 Epin (1)) + g) kt = % — gEmm(t)

Lemma 12 and Theorem 11 now directly yield an improved decay estimate in loga-
rithmic entropy (compared to the result of Theorem 10):

Theorem 14 (Improved Decay Estimate) Letu, € C’(]R”)rWVllo’f(]R”)ﬁL}r (R™)
be a probability density on R™ with finite second moment and entropy. Then the
solution u of the IVP (2.1) satisfies

p(Emm (t)) e
P(Epin(t)) + nkt

e1(u(t)| M ra(- — 7o) < 1(Uo| Mz, (1) (- = 0)) = f(Emin(t), )

(3.25)
with By (t) from Lemma 12 and Remark 13.

In particular, if K(0) = ¢ -1 we have Ey,ip,(t) = Emin(t) - 1 for £ > 0, and Theorem
14 reduces to Theorem 4 for standard Gaussians.
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