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1 introduction

In this talk, we discussed a homogenization problem for the random Schrodinger
operator. The purpose of this article is to present the results in the simplest
setting and to compare an analytic approach by Bal [1] with our probabilistic
one [2, 3]. For the background and related works, we refer the reader to [2]. Let
us start by introducing the notation to describe the setting.

e D C R% a bounded domain with smooth boundary;
e D. = DNeZ% anatural discretization with mesh size € > 0;
o Af(@) = 2Ty yee(F4) — (@) for f: 2t — R,

o ({£(x)}zep.,P): R-valued independent and identically distributed random
variables.

We are interested in the operator of the form
He,£ = _AE + g

with the Dirichlet boundary condition imposed outside D.. Let {)\gjé}kzl be the
eigenvalues of this operator (matrix) ordered increasingly.

Assumptions 1. Assume E[¢(z)] = 0, E[¢(z)?] = 1 and for some K > 2V &,
E [|£(z)|%] < oco. We also assume that £ is truncated as maxzep, |{(z)] < 7"
for some k € (d/K,2 ANd/2).

Remark 1. The latter assumption holds with high probability under the first one
but we do assume this, see Remark 2 below. In [3], both the mean and variance
are allowed to depend on z in a continuous way. Here we consider the simplest
i.i.d. case for simplicity.

As £ varies rapidly in z for small €, it is natural to expect that some averaging
occurs in the limit € — 0. Then the limiting object should be the k-th smallest
eigenvalue A5 of —A on H2(D) and the following result shows that it is the case.

Theorem 1 (homogenization). Under Assumption 1,
M= Xy as €10

i probability for each k > 1.
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We further found a Gaussian fluctuation of the eigenvalues around the mean
The covariances are described in terms of L%-normalized eigenfunction ¢} cor-
responding to A%

Theorem 2 (fluctuation). Suppose Assumption 1 holds and A5V, ... A\ are
distinct simple eigenvalues. Then,
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wn law, where o is the covariance matriz with elements
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Remark 2. The truncation made in Assumption 1 does not affect A’} with high
probability. However, it may affect the mean value EAL}.

Note that the fluctuation not around the “homogenized eigenvalues” but
around their mean is found. The following result due to Bal [1] tells us that
the mean EX*) .¢ can be replaced by AP for d < 3 under the existence of fourth
moment.

Theorem 3 (fluctuation in low dimensions: Bal [1]). Let d < 3 and suppose that
{&(x)}zep. are independent and identically distributed with E[¢(z)*] < co. Then

)\éké -2 as el0

in probability for each k > 1. Moreover, if A5V,... , A\§™ are distinct simple
eigenvalues, then

- n my £L0
em (ALY = ABY, L AE = AE) 5 (0, 0)

in law, where the covariance o is the same as above.

Remark 3. Bal [1] established the above central limit theorem not only for
i.i.d. case but also for sufficiently mixing case. The above setting is in fact
slightly different from the original one which studies an operator without any
discretization.

Notation: For a function f : D, — R, we write (-, ) and || - ||, for the ¢* inner
product and corresponding norm with respect to the counting measure multiplied

by .

2 The argument of Bal in the i.i.d. case

We present the argument of Bal [1] in a simplified i.i.d. setting in this section.
It is based on a perturbation expansion and in order to control the reminder
terms, we need that the Green’s function for —A (with the boundary condition)
is in L?*°(D) for some § > 0, which requires d < 3. We shall focus on the



first eigenvalue ), ¢, with the superscript () dropped, and write ¢, ¢ for the first
eigenfunction. Let G¢ and G be the resolvent operators for H., and —A, with
the Dirichlet boundary condition outside D, respectively. As G is well-defined
with high probability, we assume it always exists for simplicity.

The key to the proof of Theorem 3 is the following lemma.

Lemma 1.

Jim_limsup B(max{ [ GEC fa—z, | GEGEll- G = G-} 2 M=) = 0. (1)

Moreover for any § > 0,

lim P(IGEGEG - > 86%1%) = . (2)

Proof. For any f: D, — R, we use the Cauchy-Schwarz inequality to obtain
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NOting that E[é(yl)ﬁ(yz)f(z)2] < 5y1,y2]E[£(z)4}7 we find

E[|GEGE|3_5) < const.e® Y e¥g(z,y)*g(y, 2)*

z,y,2€D¢

The sum on the right-hand side is bounded for d < 3, due to the square integra-
bility of the continuum Green’s function, and thus

lim P(|GEGE oz 2 Me™?) =0

follows by the Chebyshev inequality. The estimate for ||GEG||o—.2 is essentially
the same and simpler. As for (2), it is routine to find

IGEGEG 5, < > e%g(xz,11)E(y1)g (W1, 21)€(21)9(21, w)

Z,Y1,Y2,%21,22,W €D,

9z, y2)6(Y2)9(y2, 22)€(22) g (22, w)

as above. Taking expectation and using

E[g(yl)f(92)5(21)5(22)] < (6y1,y25Z1,22 + 0y1,21 0,20 + 5y1,225y2,21)E[€(z)4])



we get
E[¢(2)*] E[|GEGEG]3-0]
< D ) 9y, ) g(z,w)

z,91,21,wED,

3 (e, u)glun, v)g(, w)e(@, )y, ey, w)  O)

Z,Y1 ,yZ»WEDs

+ > 9, y1)9(v1,12)9(v2, w)g(Z, ¥2)g(y2, y1)g (v, w).
x)yl)y2vwe-DE

The first term on the right-hand side is O(¢?¢) when d < 3. Next, using 2ab <
a? + b% one can bound the second term by

> gz, p)? + 9(@,12)%9(ur, 11)g (w2, v2) 9 (w1, w)? + g(y2, w)?]
Z,y1,y2,wE De (4)

< const.g% m%xg(u, u)? = o(e?)

u€D¢

since €% maxyep, g(u,u) = 0(e%?) for d < 3. As the third term can be estimated
in the same way, we obtain

E[|GEGEGIl3-.,] = o(e”)

and (2) follows.
In order to bound ||G¢ — G||2—2, we recast the equation (—A. +§)Gef = f as

Gef = G(f —€Gef) = Gf — GEGS + GEGEGe f,

where in the second equality, we have used the first equality to rewrite G¢f in
the middle. We further rearrange the above to get rid of G, from the right-hand
side and arrive at

(id — GEGE)(Ge — G)f = —GEGf + GEGEGY. ()

We know from the above argument that | GEG||2—z2, ||GEGE||2—2 and || GEGEG || 2—2
are of order O(e%?) with high probability. For such a &, we conclude from (5)
that
| 1(Ge — G) fll2 < const. Me*/?|| f|

for sufficiently small €. a

This lemma and a simple bound
Aog = A5'] < [Ge = Gllam

yield A ¢ —Ap = O(e%?) with high probability, that is, the first part of Theorem 3
with an error control.

Let us turn to the proof of fluctuation result. Note that the argument so far
applies to the second eigenvalue as well. Thus we may assume that both the first



and second eigenvalues are close to the homogenized eigenvalues. Then, it is not
hard to verify, by using the Rayleigh-Ritz variational formula and the well-known
fact Ay < A%, that the first eigenfunctions are close to each other:

lgee —@plla— 0 ase |0, in probability. (6)

The starting point of the argument is the following perturbative representation
of the eigenvalue difference:

Aze = Ap' = (¢p, (Ge — G)pp)

+{pee — oD, [(Ge = A\Zg) — (G = XpH)]wp) - (7)

Thanks to Lemma 1, the second term is bounded (in modulus) by
leee — ¢nlla(|Ge — Gllamz + [ATE = AB']) = 0(e¥?),

which is of smaller order than the expected fluctuation. On the other hand, by
using Lemma 1 in (5), we find that the first term is approximated by

(pp, —GEGypp) = > pop(x)g(z,y)EY)9(y, 2)wp(2)

z,y,2€De

up to an o(e%?) error. This right-hand side is nothing but a sum of i.i.d. random
variables £ with the weight

> en(@)g(@,)9(, 2)en(2) = Ap'en()”

z,2€D¢

by the symmetry of g and the eigen-equation. It is well-known that such a sum
satisfies the central limit theorem with the variance A;*||p%]|3. As we know

>\s,§ - )\D
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from the first part of Theorem 3, the proof of the second part is completed.

3 The probabilistic argument

In this section, we review key points of the probabilistic methods in [2, 3] which
covers the general dimensions with an optimal moment condition. The argument
is probabilistic compared with the perturbative one in the previous section in that
it heavily uses concentration inequalities and a martingale central limit theorem.
However, the reader will notice that it also relies on some analytic inputs in an
essential way. We will focus only on the first eigenvalue as before.



3.1 Homogenization

We first give an outline proof of the convergence in probability of the random
eigenvalue. Our starting point is the Rayleigh-Ritz formula:

Ae¢ = inf {IlegHé + (&, 92>2 llgll2 =1 and g = 0 outside DE} ,
Ap = inf {||Vy|3 + (U,4*): ¥ € Hy(D), |92 = 1}

which are minimized by ¢.¢ and ¢p. Roughly speaking, we prove
o ). < Ap by taking g = ¢p in the first formula and
o )\ ¢ 2 Ap by taking ¢ = ¢, ¢ in the second formula.

The first step

€l0
Aeg < IVewnlls + (6 D) — IVenllz = Ao

is nothing but the weak law of large numbers. On the other hand, the second
step

?
Ap < IIVsoe,ellg ~ HVE‘P&E”% + (f’ W?,g)
N e’
need an interpolation to give a sense randomly weighted sum

is more problematic. We use the following two tools:

Lemma 2. There ezists a piecewise affine interpolation p.¢ € H}(D) of wege
such that ||Ve peella = [[Vioegl2.

Lemma 3. For anyp € (2Ad/2, K), £ is bounded in ¢7(D,) with high probability.
On such a event, ||cellq and | Vegeellz are bounded for any q > 1.

Lemma 2 is a well-known scheme in the “finite element method” in numerics
and it solves the problem around the gradient. The first half of Lemma 3 is a
consequence of the moment assumption and the second one follows by the so-
called Moser iteration in the elliptic regularity theory. This H!-boundedness
combined with the Poincaré inequality allows us to approximate ¢.¢ by a step
function with large (> €) plateaus. Then we can use the weak law of large
numbers (with a tail bound) plateau-wise to show that lim.o (€, 2,) = 0 in
probability. This verifies the second step and thus completes the proof.

Remark 4. We need a tail bound in the above argument since we use the union
bound to ensure that weak LLN holds for all plateaus simultaneously. The first
part of Assumption 1 would not give a sufficiently good bound but the second
part enables us to get it by using the Hoeffding inequality.



3.2 (Gaussian fluctuation

To show the fluctuation result in Theorem 2, we use a martingale central limit
theorem due to Brown [4]. Let D, = {z1,...,2,} (n = #D,) and &, := &(z.n)
and define the filtration F,,, = o[é(z1), .. .,&(zm)]. We decompose the fluctuation
around the mean as the sum of martingale differences as

Aeg — IE[)‘&&] = ZEP\sflfm] - ]E[/\eyél}—m—l]
m=1

n
= Z Y/
m=1

Then [4] tells us that the desired convergence in law follows form the two condi-
tions:
(1) e3>, E[Z2|Fn] =49, [p ¢p(z)*dz in probability and

(2) €723 ElZ2 12, 156ctr23 | Frmi] 9,0 in probability.

The second condition can be checked by using a rather simple L* bound on
the eigenfunction and we omit the detail. To check the first condition, we will
rewrite the martingale differences. Note first that by independence, the condi-
tional expectation E[-|F,,] is just an integration over the variables ({41, .. .,&)
and hence

Zm = E[Ac ¢ Frn] — E[Ac | Frni]
=E ,:AD&fgmaé;m - /\51§<mv€2m] ’

where (E, ﬁls) is an independent copy of (¢,P) and &<, = (&1, ..., ZTm) etc. We can
further rewrite the right hand side by using Hadamard’s first variation formula
agm/\E@ = EdQOE,E(ZEmP as

~

Em -~ - £m ~
_ d, 2
E [ g agm)\61§<magmyg>mdfm} - IE ,;/EA € S057§<mvgm:g>m (xm)dé‘m:l ’

Now, as in the argument of Bal, we can show that the eigenfunction ¢,
converges in || - ||2 to ¢p in probability, and then in fact the convergence holds in
|| - |l4 for any ¢ < oo by Lemma 3. Then it is natural to expect that

n n R £ N 9
6“dz—:1E[Zgzlfm_1] = Z_lgd/P(dfm)E [>/é:m ‘pg,&mfm,g)m (wm)dfm}
? — ~ &m 12
z ;Ed / P(de,)E { /g ) gpg(xm)dgm]
= ehop(zm)*
m=1

~ /D wp(r)*dz.



However, there is a subtle issue arising from the integration with respect to the
dummy variable &,. Indeed, if £ obeys the Bernoulli distribution for example,
the configuration (<, &m,&sm) is typically not in the support of the law of &
and thus the above mentioned convergence of the eigenfunction in probability is
useless to verify X,
Therefore, an essential part of the proof is to eliminate the dummy variable
by showing
@? (@m) ~ @2 (Zm), (8)

E»E<mygmag>m 5r€<ma§myg>m
that is, the eigenfunction is not sesitive to the value of £ at a point. This is a
consequence of the following two lemmas:

Lemma 4.
OmPe £ (Tm) = e (Tm){Ooms Pi-(Heg = Aeg) ™ Pi 0o )
= £"0e ¢ (Tm)Ge(Tm, Tm; €),
where P~ denoted the orthogonal projection onto span{y. ¢})* and
Golltm Tmi ) = Y sy #Y4lem)*
k>2 "€ €

Lemma 5. With high probability,

1, d=1,
sup  sup  Ge(@m, Tm; &) <ca{logl, d=2, (9)
1<m<n |Ep|<e™ " 62_d, d>3.

(Recall the truncation in Assumption 1.)

Remark 5. In fact, we will need (and do have) an error control in Lemma 5
which decay faster than a certain power of . The reader can verify that the
probability bound we will prove below is in fact stretched exponential.

The proof of Lemma 4 is very simple and left to the reader. By solving the
ODE, we find

2
(p€:€<mygmyg>m(xm) _
€m ~
=0 e e o (@m) exp{2 € Ge(Tm, Tm; E<ms Em §>m)d€In}

and with the help of Lemma 5, one can check that the exponential factor tends
to 1 as € | 0, which establishes (8). Note that it is the uniform control over &,
in (9) that eliminates the dummy variable.

Let us explain how to prove Lemma 5. For any A > 0,

1
Ge(Tm, Tm; €) = > ———0%
k>2 /\E,E - )‘5,5

Cx
<> wla(em)?

®
=1 Aeg T A
= cx(Heg + ) (@, Tm)-




We are going to compare the right-hand side with (—=A, + X) ™}z, T ), which
is known to enjoy the bound in (9). From the measure concentration viewpoint,
this would in principle follow if we know that G (%, Tnm; ) is insensitive to the
noise £. (And in this way, the uniformity in &, would follow as a byproduct.)
The difficulty is of course that it depends on & in a complicated nonlinear way.
To cope with this problem, we express it as the Laplace transform of the kernel
of semigroup:

(He,»E + )\)_l(icm,iﬂm) = / e_t(H"fJ”\)(xm,a:m)dt.
0

The point is that the semigroup kernel can be controlled in terms of a certain
linear function of £_ (the negative part of £) as the following lemma shows.

Lemma 6 (Khas’minskii’s lemma, taken in this form from [5].). Suppose that
there exists T > 0 such that
sup I, ,(§) := sup/ ePe¢_(2)ds < 1/8. (10)
0

z€D, 2€D,

Then for some ((1) > 0, e et (x,,, 2,,) < (1) et (2, T,) holds for all
t>0.

The above I, ,(£) is just a weighted sum of {_ with mean E[I, ,(§)] = 7E[(_(z)]
and the Lipschitz constant bounded as

IL.(6)] < / T2 ¢ (2, ) alé- lods

— |§_l2/ 6d/2€2sAE (Z, Z)l/2d8
0

Fl-dagd2 g < 3
< cglé_|2 < e?log(re™?), d =4,
€2, d>5.

Then Talagrand’s inequality (Theorem 6.6 in [6]) implies that if 7 > 0 is fixed
sufficiently small, then P(I., > 1/8) < c; exp{—ce ™} with § > 0 for all small
e > 0. Now (11) allows us to take supj, .-~ inside the probability and also,
since it is an exponential bound, we may further take sup;,,<, sup,cp,. In this
way, we conclude that for some fixed 7, -

P ( sup sup sup [, > 1/8) < c; exp{—cye%}.

1<m<n |gm|<e~* 2€De

Now if £ lies in the event on the left-hand side above, then

oo

He e + M) Ham, zm) < (7 e H=BAACD (g )dE
¥3 o

= (M)A + A= (7)) (@ms Tm)

and taking A = 2((7), we obtain (8). The rest of the proof of the first condition
of martingale central limit theorem is a bit long and tedious and we omit the
detail.
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