HIGHER ENERGY STATE APPROXIMATIONS IN THE ‘MANY
INTERACTING WORLDS’ MODEL

ALEX LOOMIS AND SUNDER SETHURAMAN

ABSTRACT. In the ‘Many Interacting Worlds’ (MIW) discrete Hamiltonian system approximation
of Schrodinger’s wave equation, introduced in [11], convergence of ground states to the Normal
ground state of the quantum harmonic oscillator, via Stein’s method, in Wasserstein-1 distance
with rate O(y/log N/N) has been shown [13], [5], [15]. In this context, we construct approxi-
mate higher energy states of the MIW system, and show their convergence with the same rate in
Wasserstein-1 distance to higher energy states of the quantum harmonic oscillator. In terms of
techniques, we apply the ‘differential equation’ approach to Stein’s method, which allows to handle
behavior near zeros of the higher energy states.

1. INTRODUCTION

Consider the recent ‘Many Interacting Worlds’ (MIW) discrete Hamiltonian system approximation
[11] of the Schrodinger equation
2

thop(t,x) = —;—mamw(u x) + ;1021/J(t7 x), (1.1)

governing the wave function in a one dimensional quantum mechanical system. Namely, following
de Broglie-Bohm’s interpretation [1] of (1.1), write ¢ = /Pe*/" in terms of a probability density
P of the location of a particle and its momentum 9,5, where

P + 8,(P(8,9)) =0, (1.2)
K2 1 2
S+ 5 (a S +a? - (amP/P —5(0.P/P) ) —0.
As discussed in [1], one may 1nterpret (1.2) via a Hamiltonian system where the average energy
R (0,P\?
H= | P(x — dx. 1.
/ < (0.9)? + = +8m<P>>m (1.3)
In the MIW approach [11], a discretized Hamiltonian

Hviw = Z*pn Zx +28;<8P::7)L))2

is formulated where (x,)Y_;, with boundary conditions zy = —oo and 211 = o0, are the locations

of N ‘world’ particles, and (p,)Y_; are their momenta. Therefore, the average energy %ﬁMIW

formally approximates H. We remark that U(z,) = (9,P(zy) /P(acn))2 represents a discretized

form of Bohm’s ‘quantum mechanical’ potential in reference to a ‘classical’ V(x,) = 22 potential.
In [11], the sequence (z,,)_, is taken according to the mass 1/(IN + 1) quantiles of P, that is

when f;:“ P(u) du=1/(N+1) for 0 <n < N. For large N, assuming that P is smooth, the gaps

1

Zn+1 — Tn should vanish, and so P(z,) & RES) e,
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FIGURE 1. A simulation of MIW N = 5 dynamics.
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Moreover, the derivative 0, P(x,) ~ rrE— Therefore,
0. P(z,
xp(;;) ~ (N + 1)0, P(2n)(@ni1 — n)
1 1
~ (N +1)(P(zns1) — Pzy)) = - (1.4)

xn+1 — Ty Ty — Tp—1 '
Note that interestingly the scale parameter N cancels here.
Putting this approximation into U(t,z,), and choosing units so that each ‘world’ particle has
unit mass, and so that 72 = 8m, we will work with the discrete Hamiltonian

N

1, <, & 1 1 2
HMIW:Z§pn+an+Z( - ) ) (1.5)
n=1 n=1

n—1 Tn+1 — Tn Tp — Tp—1

through which the time evolution of the MIW system (z,, = x,(t)))_;, (pn = pn(t))_,, with
T = —00, Ty4+1 = 00 and N > 2, is given by

dz, 0 dpn 9
=—=—~H and —— = ——Huw. 1.6
P dt opn MW dt dx, MW (16)
We will say that a stationary configuration (x,)2_; is one in which p, = djf = C%" = 0 for all
1<n<N.
Figure 1 shows the numerical simulation of the nonstationary dynamics of a five particle system
starting at the given initial positions, and zg = —oco and x¢ = 0.

We comment that other discretizations of U, involving more involved Taylor expansions, have
been considered in [9]. We also mention higher dimensional MIW dynamics have been considered
in works [12], [15], [18]. However, in the following, we will focus on the one dimensional formulation
given above as it will allow some mathematical analysis.

1.1. General aims. Perhaps the main question at this point is whether indeed the discrete evolu-
tion with respect to Hamiltonian (1.5) approximates the continuous one in terms of (1.3). In this
generality, this is an open question.

However, previous work has considered certain ‘ground state’ approximations. A ground state
configuration (x,,)N_; is an increasing sequence on which Hyw is minimized. In such a state, the
system is stationary: p, = Oz, =0 for 1 <n < N. In this time-independent setting, we observe

N N 1 1 2
= =32+ ( el (17)
n=1 n=1

ajn-&-l — Ty
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Following [11], consider A = Zgzz(mn,l — &p)——— = —(N — 1). Summation by parts, noting

Tp —Tn—1

Tg=—00, zy4+1 =00 and N > 2, together with the Cauchy-Schwartz inequality, yields

1 2
< _ 1.8
Z -1 ;I,‘Q Z <xn+1 — Tn LTy — xn71> ’ ( )

with equality if and only if there is a constant ¢ such that, for all 1 <n < N,

—Ty, :c( L — L ) (1.9)

Tp4+1 — T Tp — Tpn-1

Hence, H > V+A%/V, where V = Zn L 2. Optimizing over V, we get that H > 2|A| = 2(N-1),
with equality exactly when (1.9) holds and V N — 1. Moreover, in this case, by summing the

squares of both sides of (1.9), we have V = ¢2 ZnN:]_ (—L— - )2 24 and so ¢ = 1,

=c
Tp+1—Tn Tp —Tn—1 Vo
as V = |A| = N — 1. Since the sign of ¢ determines only whether the order of (z,,)Y_; is reversed,
one may choose ¢ = 1.
In particular, the corresponding sequence (x,)N_; satisfying
1 1

- = —Tn,
anrl — T Tp — Tp—1

with boundary conditions — L — 2y and —L—
2—T1 IN—TN-1
unique increasing minimum of H, and is therefore a ground state. Although the sequence values

Ty = x;N) depend on N, to simplify notation, we will suppress the superscript in the following.
A question was posed in [11] whether the empirical distribution of these ground states (z,)_,
converged as N 1T oo to the standard Normal distribution, that is the ground state of the time-
homogeneous Schrodinger’s equation, namely that of the quantum harmonic oscillator. This was
recently resolved in the affirmative in [13, 5]; see also [15].
Indeed, we were inspired by the convergence shown there in Wasserstein-1 distance, with upper

and lower rates of order l;’VgN, in [13, 5], via a form of Stein’s method (cf. surveys [2], [16]).

=y, a8 g = —00 and Ty = 00, is the

1.2. Informal statement of results. In this context, the goal of this paper is to study certain
approximations of higher energy critical sequences of H in (1.7), and to investigate their convergence
in Wasserstein-1 distance to higher energy states of the continuous quantum harmonic oscillator
system. After the Normal ground state, the next continuous energy state of the quantum harmonic
oscillator is the Maxwellian distribution. Higher continuous energy states, described later, can be
defined in terms of the Hermite polynomials.

We comment that in [14], empirical distributions of sequences, seen as ground states of related
systems but with different quantum potentials U, were shown to converge in Wasserstein-1 distance
to the Maxwellian; see also [6] which considers ground state sequences for systems with ‘Coulomb’
potential V' and an associated quantum potential U. However, as remarked in [14], to show validity
of the MIW model, one would like to show such convergences with respect to ‘critical’ sequences
corresponding to critical points of H to the Maxwellian and other higher energy continuum states.
A difficulty is that it does not seem so facile to analyze the exact critical points of H, where VH = 0,
other than that corresponding to the global minimum. Our work in this respect will be to consider
certain ‘approximations’ of these critical points.

Informally, our results include the following;:

(a) In Theorem 2.1, we show existence and uniqueness of specific potential approximations of
critical points, which we will call MIW sequences.

(b) The ‘no-gap’ property and spanning order of the MIW sequence, that is that z,+1 — x,
vanishes and z1,zy = O(y/log N) as N 1 o0, is given in Theorem 2.3.

(¢) We show in Theorem 2.4, via a form of Stein’s method, that the empirical distributions of
these sequences converge in Wasserstein-1 distance with rate O(y/log N/N) to the Maxwellian
and the other higher energy continuum state distributions.
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(d) Finally, in Theorem 2.5, we show that the gradient of H on these sequences vanishes in a
sense pointwise as N 1 oo, and therefore these sequences may be viewed as approximate
‘critical’ points of H.

1.3. MIW sequences and higher energy functions. The sequences we consider are of the
following type. Let f be a smooth, nonnegative function on R. We will say an MIW sequence of f
is a strictly increasing sequence (z,,))_; on R, away from the zeroes of f, satisfying the relation

1 1 _ ['(xn)

Tn+l — Tn ITpn — Tn-1 f(mn)

for 1 < n < N. The rationale for such a formulation is that (1.10) is a type of ‘quantile’ approxima-

tion, similar to (1.4), where P'(z,)/P(x,) is replaced by f'(x,)/f(x,). Note that we have chosen

(7,)N_; as increasing, although an alternate definition where the sequence is decreasing could also
be used as in [13].

We will say that an MIW sequence (z,,)2.

(1.10)

contained in a possibly infinite interval (a, b), satisfies

n=1»
¢ ’ €t ) i _ _ . 1 1 _ f/(l’ )
the ‘left’ and ‘right b/oundary conditions at z9p = a and zy41 = b if e T = f(zll) and
bilzN — IN*}EN—l = ];((511:)), respectively hold and are well defined. Note in the case N = 1 that

the sequence (z1) is well-defined exactly when one or both of a,b is finite. With a right boundary
condition of b = co, by summing (1.10) over n and taking the reciprocal, the MIW sequence satisfies

N -1
o f' (@)
Tni1 =Tn ( > f(xk)> : (1.11)

k=n-+1

for 1 <mn < N. In this generality, it is not clear that such MIW sequences exist or are unique, even
when f is strictly positive! See Appendix B for some counter-examples.

However, in this article, we will be concerned with stable states f of the quantum harmonic
oscillator, for which we show MIW sequences may be constructed. For £ > 0, we define the functions

f(z) = cpg(x)Qe_%l'Z (1.12)

as higher energy functions, where ¢ € RT is a normalization to make f a probability density. Here, py

is the ¢th Hermite polynomial, p,(x) = (—l)ée%ﬁdd—;e_%ﬁ. Alternatively, the Hermite polynomials

may be specified in terms of the differential equation p}/ (x) = apj(z) — lpe(x).
We say the order of f(z) is the order of ps(x), namely £ > 0. Note that pg = 1, in which case
2 —%xQ

f(z) = \/%e_%f is the standard normal density. Aswell, p; = 22, in which case f(x) = \/gx e

is the Maxwellian distribution density. We observe that the ¢th order higher energy function f has
exactly £ roots (Lemma A.1), and is symmetric and log-concave (Lemma A.2).

1.4. Proof ideas for the main theorems. Our method of constructing MIW sequences with re-
spect to £th order higher energy function f in the proof of Theorem 2.1 will be to create subsequences
that lie entirely within the ¢ + 1 regions of strict positivity of f. These subsequences, with specified
numbers of points in each region, will be created so that their boundary conditions allow them to
be strung together to form the desired MIW sequence.

The strategy of this construction follows partly the path taken in [13] with respect to the Normal
density (the order zero strictly positive higher energy function), although there are new difficulties
and differences, since higher energy functions of order £ > 1 have £ roots to be bridged. We will define
functions (x,(z))n>1 inductively on appropriate domains in the ¢ + 1 regions of strict positivity of
f, where x1(z) = z, and

R SR /A0

Xn+1(2) = Xn(®)  Xn(2) = Xn-1(2) f(xn(x)) ,
so that by adjusting the value x, the sequence (x,,(z))"_; will be an MIW sequence with appropriate
left and right boundary conditions xo(x) and xn+1(z). We derive uniqueness of the MIW sequence,
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with prescribed numbers of points in each region of strict positivity of f, via this construction,
as sequences with different initial values, which determine the other points, must satisfy different
boundary conditions.

An ingredient for the proofs of the Wasserstein-1 convergence and stability in Theorems 2.4 and
2.5, as well as intrinsic interest, will be to describe in Theorem 2.3 that the constructed MIW
sequences have a ‘no gap’ property in that the maximal gap between points x,, and x,; for 1 <
n < N — 1 vanishes as N 1 co. This will be a consequence of the MIW recursion that (z,)_;
satisfies, and that gaps near the roots and at extremities, which we show are the largest, vanish
as the number of points in the strictly positive intervals diverge as N 1T co. We will also specify
O(\/log N ) asymptotics of z1,zy as N 1 oo, generalizing estimates in [5] in the case of Normal
density.

Proofs of convergence in Wasserstein-1 distance, with bounding rate of (’)(\/log N/N ), of the
empirical measures of the MIW sequences constructed in Theorem 2.4 to distributions with higher
energy densities f follow the general Stein’s differential equation approach [3], [4], [17] as opposed
to methods involving zero-bias distributions (cf. [10]) as in [13, 5] with respect to the Normal
density, and [14] with respect to the Maxwellian density. See also [15][Example 3.7] where a form
of the differential Stein equation approach, fashioned to estimate directly between the empirical
measure and the higher energy distribution, was used to show similar convergence with respect to
the Normal density. We mention [15][Theorem 3.4] contains abstract Wasserstein-1 distance bounds
in this vein between empirical measures of symmetric monotone sequences and distributions with
density proportional to b(a:)e_%mz where b is nonnegative with b(z) > 0 for z # 0, although these
do not apply in our general context.

A main difficulty to surmount is that the higher energy densities of order £ > 1 have roots where
singularities arise in the method. In this respect, we employ an ‘intermediate’ continuous distribution
as in [13, 5] to bound the distance between it and the empirical measure. We then apply a suitable
form of the differential equation approach to bound the distance between the ‘intermediate’ and
higher energy distributions. This requires a detailed analysis of Stein method bounding terms, near
zeros of f and at +oo, that we provide.

Our tack, as in the existence and uniqueness arguments, is to separate R into intervals of strict
positivity, bounded by the zeros of f, and to bound Wasserstein-1 distances between empirical
distributions and distributions with density proportional to f restricted to each interval. We obtain
bounds in terms of of order (xx — x1)/N where 1,z are the first and last points in the interval.
When put together, we obtain the desired rate of convergence in Wasserstein-1 distance of the whole
sequence on R.

Finally, by explicit computation of the gradient of H on MIW sequences, we will show in the proof
of Theorem 2.5 that, for every point ¢ away from zeros of f, the partial derivative of H with respect to
the closest point a, in the MIW sequence constructed converges to (£2—(f'(¢)/f(t))? —2[f’(t)/f(t)]’)/
as N — oo. However, this limit vanishes exactly when f solves t2—(f'(t)/f(t))?>=2[f'(t)/f(t)] = E,
where F is a constant, that is the time-independent Schrédinger equation or quantum harmonic
oscillator system, —4v” (t) + t2(t) = E(t) with ¥(t) = \/f(t), in our units. This happens exactly
when f is a higher energy density. Therefore in this sense MIW sequences are approximately stable
in the limit.

1.5. Plan of the article. After stating results and related remarks in Section 2, we give the proofs
of Theorems 2.1, 2.3, 2.4, and 2.5 in Sections 3, 4, 5, and 6, referring at times to an appendix with
technical lemmas.

1.6. Notation. We highlight some of the notation used in the article.

e Hyrw = H; time-independent Hamiltonian, (1.7).
o (z,))_;; MIW sequence, with boundary conditions xq, zx1, (1.10).
e fy; higher energy function of order ¢, (1.12).
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e py; Hermite polynomial of order ¢, (1.12).

Ry = (rk,Tk+1); intervals between zeroes (rk)izo of higher energy functions, with rg = co
and 7¢41 = 00, beginning of Sections 2, 3.3.

Ni; number of MIW sequence points in Ry, Section 2.

d(-,-); Wasserstein-1 distance, Section 2.

n(t); maximal index of MIW sequence element z,, less than ¢, (2.1).

Xn; functions used to construct MIW sequences, beginning of Section 3.

gn; function used in Stein’s equation, (5.1).

P =PFP,p, Q = Qup, and R = Rgp; P is the distribution with density proportional to a
higher energy function f; on an interval Ry = (a,b), @ is the empirical distribution of the
MIW sequence in (a,b), and R is an ‘intermediate’ distribution, beginning of Section 5.

2. RESULTS

Let f be a higher energy function of order £ > 0, and when ¢ > 1 let 1 < --- < ry be its roots.
Choose N > 1for 0 <k <{¢when ¢ >1,and N = Ny > 2 when ¢ = 0. Denote the regions of strict
positivity of f by Ry for the region (—oco,r1), by Ry for the region (rg,rr4+1) when 1 < k < £, and
by Ry for the region (rg,00).

In the following results, we will include the case ¢ = 0 with respect to the Normal densities to be
complete although, as discussed earlier, parts of Theorems 2.1, 2.3, 2.4 appear in [13], [5], [15]. We
note the proof method for Theorem 2.4 for £ = 0 differs from previous arguments.

We now state there is a unique MIW sequence matched to 'Foo’ boundary conditions.

Theorem 2.1. There is a unique MIW sequence (x,))\_, of f that satisfies the left boundary con-
dition at xy = —o0, and the right boundary condition at xn11 = 0o, with Ny points that lie in the
region Ry for each 0 < k < /¥, and N = Zi:o Ng.

As a consequence, we deduce symmetry of MIW sequences when the number of points Ny, = Ny_
for 0 < k < /4. This condition automatically holds when ¢ = 0, that is when f is the Normal density.

Corollary 2.2. When Ny = Ny_j for 0 < k < £, the MIW sequence (x,)Y_; in Theorem 2.1 is
symmetric in that x, = —xN_py1 for 1 <n < N.

Proof. Let y,, = —xn_py1 for 1 < n < N. By symmetry of the higher energy density f and that
the number of points Ny in (74, 75+1) is the same as the number in reflected region (r¢—_g, 7o—r+1),
(yn)N_, is also an MIW sequence, satisfying left and right boundary conditions at Foo, with the
same number of points N as (z,))_;. Therefore, by the uniqueness part of Theorem 2.1, x,, = ¥y,

for1<n<N. O
With respect to an MIW sequence, define now

n(t) =max{0 <k < N:axp <t} (2.1)

as the closest member of (wn)f:[:l, with zg = —oo and xny41 = 00, to the left of ¢ € R, or in other

words n(t) is the number of elements of (z,,)]_; less than or equal to ¢.
We state that ‘gaps’ x,41 — =, vanish in the sequence, and give ‘spanning’ orders of x1,z .

Theorem 2.3. Consider the MIW sequence (z,,))\_, in Theorem 2.1 such that the numbers Ny, T oo
Jor 0 < k < £. Then, fort € R, the difference Tp)11 — Tpry — 0 as N 1 co. Consequentially,
im0 ‘Trjzl(t)-&-l = t. Moreover, at the extremities, there is a constant ¢ > 0 such that cy/log N <

zi|,xn < ¢ 'Wlog N for all large N.
|1 g g

Given two probability distributions S, T' on R, the Wasserstein-1 distance can be defined d(S,T) =
sup;, |Es[h] —Er[h]|, where h ranges over the space of 1-Lipschitz functions. It can also be evaluated
as d(S,T) = [ |Fs(z) — Fr(x)|dz where Fg, Fp are the respective distribution functions. By stan-
dard smoothing arguments, d(S,T) = sup; <, |Es[h] — Er[h]|, where L is the space of differentiable
1-Lipschitz functions h. We note that Wasserstein-1 distance convergence implies weak convergence.
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We state convergence in the Wasserstein-1 distance of the empirical distribution of the sequence
to the distribution with higher energy density f. Here, by convention, empty sums Z,;:lo vanish.

Theorem 2.4. Let P denote the distribution on R with density f. Suppose the MIW sequence
(x,)N_, in Theorem 2.1 is such that Ny = | N ka f@)dt] for0 <k < and Ny =N — Zi;}) Ny >
|N fRz f)dt]. Then, the empirical distribution Q of (z,,))_, converges to P with rate

o)

d(Q, P) = sup [Eq[h] — Epy[h]| = O
hel

as N 1 oco.

Finally, we give a sense in which the sequence is an approximate critical point of H, and in this
sense an approximate higher energy state.

Theorem 2.5. The sequence (z,)N_, in Theorem 2.1, such that the number of points Ny 1 oo for
0 < k < ¢, is stationary in the limit, in the sense that, evaluated on (z,)N_,,

]\}E}noo 8xn(t)H =0
for each t € R\ {r1,...,7¢}, away from any zeros of f.

2.1. Remarks. We have the following comments.

1. One might ask if one may construct MIW sequences for more general f, not necessarily a higher
energy function. There may be applications for instance to numerical density approximation. Going
through the proofs, one can see that the class of f’s can be made wider, perhaps to ‘log-concave’
f’s and to densities f supported on intervals, although this is not pursued here.

2. Also, we have taken Nj > 1 in Theorem 2.1, which means every interval (rg,rg+1) contains
points of the MIW sequence. We believe with more work, and redefinition of the MIW sequence, one
can take some of the intervals empty. But, given the application to approximation of the distributions
with higher energy density f’s, we have avoided this consideration.

3. In [5], a lower bound of O(y/log N/N) for the rate of Wasserstein-1 distance convergence of
Q@ to P is shown in the Normal density, £ = 0, setting. Convergence in Kolmogorov distance is also
shown in [5]. It would be of interest to derive a lower bound to pair with the upper bound given in
Theorem 2.4 when ¢ > 1, as well to consider other distances.

4. Although the MIW sequences constructed are approximate higher energy states for H as stated
in Theorem 2.5, they are not actual critical points of H, except when ¢ = 0 (see the expression for
O, H in Lemma 6.1). In fact, we observe in Lemma 6.3, with respect to £ = 1, that 9, H diverges
at T, = T (0)+1 as N 1 oo with rate x;(?’o)ﬂ. In Lemma 6.2, we show that z,,()41 is of order N3,
from which we see 0y, +1H diverges at order N. This is not a contradiction of Theorem 2.3, as
t = 0 is a zero of the Maxwellian density.

In Figure 2, the N = 5 initial positions are given by the Maxwellian (¢ = 1) MIW sequence with
three negative and two positive points. One can compare the time evolution of this sequence with
that in Figure 1 which follows the dynamics starting from a different configuration with the same
energy H. There is some indication that in a small time-scale that the MIW sequence is somewhat
stationary (flatter trajectories). It would be of interest to understand better how well the evolved
‘worlds’ (z,,(t))_, approximate the initial MIW sequence positions (z,, = z,,(0))A_;.

5. Finally, in [11], MIW discrete Hamiltonian approximations of Schrédinger’s equation with
non-Harmonic potentials V' are also discussed. From the proof discussion in Sections 1.4 and 6 we
can infer more generally that convergence of the empirical distribution of MIW sequences to critical
points should happen when V (t)—(f'(t)/f ()2 =2[f'(t)/ f(t)]’ = E, the associated time-independent
Schrodinger’s equation. It would be of interest to investigate more carefully these convergences in
this context.
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FIGURE 2. MIW N = 5 dynamics starting from the Maxwellian £ = 1 approximat-

ing state (z,,)3_, with 3 negative and 2 positive values.

3. PROOF OF THEOREM 2.1: EXISTENCE AND UNIQUENESS OF MIW SEQUENCES

We will begin by defining an increasing sequence of functions (xy(x))n>1, depending on a value
x € R, whose evaluations satisfy the left boundary condition at —oo, and the MIW recursion relation
(1.10). Here, the parameter z will correspond to the first element of the sequence, x1(x) = . We
will not consider the right boundary condition in defining this sequence, but will later choose x so
that the sequence satisfies the right boundary condition at co.

These sequences, depending on the position of x, will lie entirely in a single region in which f is
strictly positive. In order to create a sequence with points in every strictly positive region of f, we
will use the single region existence to create a sequence in each region. The left boundary conditions
will be chosen to allow the concatenation of these sequences to satisfy the MIW recursion relation.

We will then work from right to left. We choose the parameter of the last (say £+ 1th) sequence so
that the £+ 1th sequence satisfies the oo-right boundary condition. Then, we choose the parameter
of the ¢th sequence so that the concatenation of the fth and ¢ + 1th sequences obeys the MIW
recursion relation. We continue by choosing the parameter of the (¢ — 1)th sequence so that the
concatenation of the (¢ — 1)th and ¢th sequences obeys the MIW recursion relation, and so on to
the initial sequence, which a priori satisfies the —oo-left boundary condition.

Uniqueness will be a consequence of the property that dX"“ > 1. This relation ensures that two
sequences in the same strictly positive region of f with dlﬂerent initial values satisfy different right
boundary conditions.

3.1. Existence of the functions x,. In the first step, we wish to define a family of functions
Xn(x) that correspond to an MIW sequence starting at « € (r,bg), with a left boundary point
of a(z), leaving the right boundary undetermined. Here, r is a root of f or r = —oo, and by
is the next root of f or by = oo if there are no subsequent roots. It will be convenient to let
a(z) : (r,bg) — [—00,00) be a differentiable function such that a(z) < z and 0 < da—(I) < 1. We will
also allow the choice of a(x) = —oo, with the convention in this case that — a(m) = O for x € (r,bo).

In the second step, we will match the final elements of these MIW sequences in (r,bg) as left
boundary points of MIW sequences in subsequent intervals. In this way, a(x) for each sequence will
be later identified.

For z € (r,bg), define xi(x) = . We now construct functions x,(z) for n > 1 which will form
the next elements of an MIW sequence. We want to choose by so that (r,b;) is the maximal domain
of definition of xa(z).



Lemma 3.1. The minimum

b; = min {x € (r,bo) | - ! + @) = 0}

—a(z)  f(z)
is well-defined. Also, —— a(x)JrJ;((;) > 0 forxz € (r,by), limg, x_i(x) J}((;)) = 00, and limg4p, #(x)Jr
=0

Proof. Because 0 < d’;—(;) <1 and a(x) < z, the quotient #(x) is a decreasing, positive function of

z. By Lemma A.3, the limit limg, % = 00. So, the limit of the sum lim, |, — a(T) + J}((T)) 0.
Because by is either a root of f or is infinite, again by Lemma A.3. the limit lim,qs, f((x)) = —00.
Thus, the limit of the sum limgp, — a(m) + f((;)) = —00.

Then, there is a point b € (r, by) such that
SN 0 DS SR 1)

lim + = = 0.
et x —a(z)  f(z)  bi—alb)  f(b1)
Because J},((;c)) is strictly decreasing by Lemma A.2, we have that — a(ﬂ + L (x) f(zx) is strictly
decreasing for x € (r,bp), the value by is the unique such point.
Moreover, by this construction, #(x) + J;((;)) >0 on (r,by). O

, —1
‘We wish to mirror the recursion relation zo = x1 + (;El—la(;v) + ’}((;1))) of an MIW sequence.

Thus, we define y2(x) on (r,b1) as
1 f'(x) ) -
X2(z) =2+ ( +
2= )
Base. In order to make an inductive definition for higher values of n, we will now note several
properties of x1(z) and x2(z).

Lemma 3.2. Define by, b1, x1, and x2 as above. The following hold:

(1) r<b < bo,

(2) x1(z) is continuous for x € (r,by),

(3) x2(z) is continuous on x € (r,by),

(4) x1(z) < x2(x) for all x € (r,by),

(5) limg, x2(x) =7, and

(6) limgp, x2(z) = 0.
Proof. The first bullet holds because by € (r,by). The second holds because x1(z) = x. The third
holds by inspection as b; was chosen to make (r, by) the maximal domain on which x5 is well-defined.
The fourth holds because, after rearrangement, and noting Lemma 3.1,

1 ' (z) 1
= + > 0.
xa(z) —xalz)  flz)  xa(z) —a(z)

The fifth holds because lim,, x1(z) = r, and

lim L = (I) ! =00
wbr Xa2(z) — xa(x) i 7@ " x@ - a@)
by Lemma 3.1. The sixth holds because limg4p, x1(z) = by is finite, and
lim - = lim (@) + 1 =0,
otby x2(x) — x1(x)  ater f(z)  xi(z) — a(x)
by Lemma 3.1 again. |



Induction. Suppose we have successfully defined x,_1(z) and x,(x), on the domain (r,b,_1), as
we have done for n = 2. Suppose that for some b,,_o, b,_1 € R,

) Xn—1(2) is continuous on x € (r,b,_2),
) Xn(x) is continuous on = € (r,b,_1),

) Xn—1(x) < xn(x) for all x € (r,b,_1),
) limgy, xn(z) =7, and

We have already shown that these hold for the base case of n = 2.
We wish now to define b,, and the other items to complete induction. To begin with, we shall

o T ’},((;(:'((;)))) at the boundary points of its domain to allow for an

evaluate the limits of L
X'n(w) anl(

intermediate value argument.

Lemma 3.3. The limit
1 f'(xn(2))

lim + =00
zlr Xn(x) - Xn—l(x) f(Xn(x))
Proof. By assumption, x,—1(z) < xn(z) in a neighborhood of r, and limmr Xn () = limy ., Xn—1(z) =

r. Then, hmur )= ;ni = 00. Note also lim |, f((x ((;)))) = lim, |, ((x)) = 00, by Lemma A.3.

The desired hm1t holds by addmg the limits. ]

Note that the range of x,(z) is (r,00) for € (r,b,_1). For r < s < 00, let
Xot(s) =inf{r < z <b,_1: xn(2) = s}
be the generalized inverse. If s = oo, let ¥, 1(s) = b,_1. Note also, as by is the next root of f after r,
or by = oo if no subsequent root exists, that x,;1(bo) < bn_1, and f'(xn(x))/f(xn(z)) is continuous
for z € (r,x;, (bo))-
Lemma 3.4. The limit
1 [ On (@)

li = —00.
ity Xn (@) = xn1@) | FOm@)

.. . 1 _ 1 1
Proof. The limit lim ;. -1, @ = e Ty < o0 s Xn(Z) > xn—1(x) are contin-
f (Xn(w))

uous for z € (r,b,—1) by assumption. However, by Lemma A.3, we have that limmx;l(bo) o) =
—00, yielding the result.

We now define b,,.
Lemma 3.5. The value b, is well-defined and given by

- _ 1 I (xn(z))
r<bnm1n{x€ T,le + =0p <b,_1.
o o) | Sy =@ T Fom@) :
1 .f (Xn(w) . 1 f(Xn(a:) _
Also, @ T Toen > 0 for @ € (1, bn), and limers, =y + 7ty = 0-

1 f’(Xn(z)) _
@ =X 1@ T Fom@)

o+ f((;:((;ﬂ)))) = —oo. Thus, by continuity of 7)(”(36)_;%1(:5) +

Proof. By Lemma 3.3, the limit lim,, 00. As well, by Lemma 3.4,

the limit lim

1
txn * (bo) m(w)—xH(z

()] f ( n()) for x € (r,x;,(bo)), following by assumption, there is a least intermediate point
r <bp, < x,'(bo) < bp_1, where

| 1 7/ (xa(2) 1 £ Cn(52)
lim + = + =
zTbn Xn(z) - Xn—l(m> f(Xn( )) Xn(bn) - Xn—l(bn) f(Xn(bn))
Also, by construction, xn(z)ficn_l(m) + f&:((f))) > 0 for x € (r,by). O
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We are now ready to define x,,+1(z) for z € (r,b,). Given Xn(a:)—;n,l(x) + J;'((;:((j)))) > 0on (r,by)
by Lemma 3.5, define

(3.1)

B . 1 [ (xn(2))
Xn+1(x) = X"( )+ (Xn(x) — Xn—1(x) + f(xn(2)) >

~1
Lemma 3.6. The function xn+1(x) is continuous and Xn+1(x) > xn(z) on (r,by).

Proof. On the domain (r,b,) C (r,b,—1), the functions y, 1 (z) and x,(x) are both continuous and

Xn—1(z) < xn(x) by assumption. Hence, .0 s continuous on (r,b,). By the definition

I (xn(2) + : 1 I (xn ()
of by, Fx(z)) s continuous on (r,by,). Moreover, by Lemma 3.5, Y ey R e e i 0 on
(r,by,). Thus, its reciprocal is continuous and positive on (r,b,). Therefore, x,+1(x) is continuous

and Y1 () > (@) o0 (r,by). 0

We now wrap up the definition of x,4+1 by showing it satisfies the remaining properties required
to complete the induction.

Lemma 3.7. The limits limg |, Xnt+1(x) =7 and limggp, Xnt1(z) = 00.

Proof. By assumption, limg |, x,(x) = r. Then, by Lemma 3.3, limur% = oo. Since

Xn(2) > Xxn-1(x) for x € (r,b,) C (r,b,—1) by assumption, we have that lim,, (% +

Xn (@) =xn—1(z
%)71 = 0. Hence, noting the definition of x,+1(x), the first limit holds.

Next, as xn(x) is continuous at x = b,, € (r,b,—1) by assumption, limy4p, Xn(x) = Xn(bn) < cc.
Also, by Lemma 3.5, limgqp, (xn(m)fin_l(r) + J}/((;(:((i)))))ﬂ = o0. The second limit holds as a
consequence. O

For convenience, we summarize what we have shown via Lemmas 3.5, 3.6 and 3.7 in one place.

Proposition 3.8. The following properties hold:

(1) r < by, <bp_1,

(2) xn(zx) is continuous on x € (r,by_1),

(3) Xn+1(z) is continuous on x € (r,by,),

(4) Xn(x) < Xn+1(x) fOr all x € (T’ bn)7

(5) img_yy Xny1(x) =7, and

(6) hmm—)bn Xn+1($) )
where recall that v € R is a root of f, or v = —o0, and by is the next root after v of f, or if there no
subsequent root, by = oco.

3.2. Properties of the functions y,. In the following, let N > 1. Recall the definition of MIW
sequence (1.10).

Lemma 3.9. For x € (r,by), the sequence (xn(z))N_, is an MIW sequence, satisfying the left
boundary condition with boundary point a(z), and the right boundary condition with boundary point
xn+1(z). Moreover, for x = by, the sequence (xn(x))N_, satisfies the right boundary condition with
boundary oo.

Proof. By Lemma 3.6, the sequence is increasing, and the defining relation of x,11(z) in (3.1) is the
MIW recursion relation. Therefore, (X, (z))N_; is an MIW sequence.

Rearranging the form of ys(z) in (3.1), we obtain Xz(i)im(w) — x1(a:)1—a(z) = ?l((gll((j)))), which is

the left boundary condition at a(x).

_ fflxn(@) which

e . 1 1
Also, by definition of xy41(z) in (3.1), we have TN ) Esvre ey B v e vy e By T o P

is the right boundary condition at xn.1(x).
11



Finally, the point by is defined (Lemma 3.5) so that by continuity the relation
1 f'(xn (b))

v (on) = xn—1(bn)  flxn(on))
holds, which is the right boundary condition at co. ]

The above development allows to construct an MIW sequence, with respect to higher energy
functions, albeit in a single strictly positive region of f, on (r, bg).

Lemma 3.10. The sequence (x1(bn))A_, is an MIW sequence of f, bounded in the interval (r,bp),
satisfying the left boundary condition a(x) and right boundary condition oo. Moreover, For n > 1
and x € (r,by],

r < xi(z) < < xn(x) < b

We note xn+1(x) is defined for z € (r,by,), however it is not bounded above, as limypy, Xn+1(z) = 00.

Proof. By Lemma 3.9, (xx(bn))A_, is an MIW sequence, satisfying the left and right boundary
conditions.

Recall that r < & = x1(z) < xx(z) for 2 < k < n on the interval (r,b,] (cf. Proposition 3.8). The
lower bound in the second statement follows as a consequence.

For the upper bound, suppose x,(xq) = by for some z¢ € (r,b,]. Note that x,,(z¢)—xn—1(x0) > 0,
as r < xg < b, < by_1, by Proposition 3.8 again. Also, limy, f'(z)/f(z) = oo by Lemma A.3.
Then,

L fluk)
Xn(2) = Xn-1(z) — f(xn(@))
which contradicts the monotonicity xn41(x) > xn(x) for r < & < b, (cf. Proposition 3.8). Thus,
Xn(2) # by. However, by Proposition 3.8, the limit lim, |, x,(z) = r < by and x,(x) is continuous
for x € (r,b,] C (r,byp—1). Therefore, xi(x) < xn(x) <bg for 1 <k <n-—1and z € (r,by]. O

)1 = Xn(Z0),

Yot (20) = lim ynsa(z) = lim xn () + (
xTxo zTxo

When f is the Normal density, we have indeed constructed, as a direct consequence of Lemma
3.10, the desired MIW sequence, as also done in [13].

Corollary 3.11 (Normal ¢ = 0). Let f(z) = \/%76_%””2. Choose a(x) = —o0. As f has no roots,

bo = 0o. The sequence (xn(bn))N_1, with N > 2, is an MIW sequence of f satisfying both the left
boundary condition at —oo, and right boundary condition at oco.

In Section 3.3, we will show how to construct sequences for higher energy f when ¢ > 1. We now
give two results that will be used to help define the choice of a(z) in this respect.

Lemma 3.12. For 1 <m <n and x € (r,b,_1), the derivative

dxn
> 1.
dXm (@)=

In particular, as x1(z) = x, we have % >1 forxz e (r,b,-1).

Proof. We will show first that dxm+1(z)/dxm(xz) > 1. As a base case, when m = 1, the derivative

dy  d 1 P\
du [Xl " (X1 “a() f(xl)) ]




The squared term is positive. It will be enough to show that d%l (Xl_la(m) + J;g;f;) is negative.

Because dz(mm) <1, and () = =,
d 1 9 < da(x))
— = —(z—a(x 1-—2]<0.
dx1 x1 — a(x) ( (z)) dx -
: ot d f'x1) _ d fl()
On the other hand, by log-concavity of f (Lemma A.2), the derivative G f(Xll) = L 8
negative, finishing the base case.
For m > 2, the derivative
d d 1 )\
s [ L))
de de Xm — Xm—1 f(Xm)
—2
(L SlyT (1 )
Xm = Xm-1 f(xm) dXm \Xm = Xm-1  f(Xm)
Since (Xm _;mA J;,((;y’:)))fz is positive, once more we wish to show that dxim ( Xm_;mil + ff’((;::)))

is negative. By the log-concavity of f again, the term % is decreasing as a function of x,,, so
its derivative with respect to x,, is negative. But, the derivative
d 1 o d
== (m — Xm-1) 57— (m — Xm-1
dXm Xm — Xm—1 Com m-1) de( " m-1)
—2 de,1
=— — Xm— 1-— <0,
(Xm Xm 1) ( dxXm ) s
since % < 1 by inductive assumption. Hence, % > 1.
Finally, to finish, we write
d n—1 d
LC § SUSER .
de ka

Lemma 3.13. Forn > 1, the function xp41 : (r,bn) — (1,00) is invertible.

Proof. The range of x,41 is well specified as limy—,, Xnt1(2) = 7, limg_p, Xnt+1(z) = 00, and xpn41

AXnt1 _ dXn41
dr  — dxa
that x,4+1 is strictly increasing and therefore invertible. O

is continuous on (r,b,) by Proposition 3.8. Since the derivative > 1, we conclude

3.3. Existence of MIW sequences for higher energy functions when ¢ > 1. Having found
an MIW sequence with respect to the Normal density, £ = 0, in Corollary 3.11, we fix f(z) as a
higher energy function of order ¢ > 1 in this section. Let rg = —o0, and r¢41 = 0o, where ¢ is the
number of roots of f(x). For 1 < k < ¢, denote by rj the kth root of f(z). For each 0 < k < ¢,
choose a number Nj > 1 of points that lie in the region (rg,rg41)-

We will define sequences (x,(z)) inductively on each strictly positive region of f. Here, z is a
value in each region. We will denote by (X% (z)) the sequence on the leftmost region, and by (x*(z))
the sequence to the right of the kth root. Denote as well by ax(x) the choice of a(x) for our kth
sequence, that we will provide.

Base case. Define X' (x) by xn(x), as in Section 3.1 with r = rg, bg = 71 and b,_; = b°_;, on
the subinterval (rg,b2 ) of (rg,71). We want to satisfy the left boundary condition at —oo, so we
choose ap(z) = —c0.

Induction. Suppose we have defined x* (z) on (74, b?v,rl) C (rg,rr41) for all 0 < k < K. We wish

for the left boundary condition of the next sequence to be the last element of the current one, that

is, ag41(y) = Xk, (x), for some = € (rg,7x41), ¥y € (rk41,7K+2) to be determined. As well, we
13



wish for the first element of the next sequence to be the right boundary condition of the current

one, y = X{{+1(?j) = XI]\(;K+1(JC). In other words, informally,

(XN ) Har ) =2 and  (XNe41) (Y) =2,
or
(XNie) a1 () = (e 41) (W)-
Thus, for y € (rg+1,7K+2), we define
ax1(y) = XN (N x11) " (®))-

Lemma 3.14. The definition of a1 is well-defined. Moreover, ax1(y) <y fory € (Tk4+1,TK+2)-
Proof. Notice, by Lemma 3.13, for y € (rg41,7x+2) C (rk,00) that z = (XN, 1) " (¥) € (rx,b¥,) C
(ri,b¥, _1). Hence, z belongs to the domain of X% , axt1(y) = x¥, (z) € (rk,00) is well-defined,
and (Xﬁk)il(aK+1(y)) =Zz.

Moreover, as x € (TK,bﬁk), by Lemma 3.10, we have ax11(y) = XII\(/;C (r) <bff =rg1 <y O

With this definition of a1, it is ensured that if we take z = (x¥, 1) *(y), the concatenated

sequence

(@) @A @) L W)

will be an MIW sequence.

We now complete the proof of the necessary properties of ax 41 to finish the induction step,
namely 0 < af,,(y) < 1 for y € (rg11,7K42), as we have already shown in Lemma 3.14 that
ag+1(z) <z for x € (rxy1,7K+2)-

Lemma 3.15. The bound 0 < a,(x) <1 holds for x € (rxq1,7K12)-
Proof. By Lemma 3.12, for = € (rg11,7k+42), (XN, 11) () € (rk, bk, ) is differentiable. Also, for
y € (rk, bjl\{,k) C (rg, b%K_l), XI]\(IK (y) is differentiable. We compute the derivative
a1 (%) = (XN, ) (N 41) (@) (KNer1) ™Y (@)
_ OR) (ORe) @) Og)' W)
O +1) (R4 ) 7 @) (X))

b

_ K —1 dXIz\$K+1 . 1 o (XIJ\(fK+1),(y)
where y = (XNK+1) (z). By Lemma 3.12, we have ik > 1. Thus, T @ W) >1

as well. Hence, both derivative bounds hold. O

We now define x5+ () for z € (rg1,b5 ') C (riy1,7K12) as xn(z) with the choice 7 = rg 1,
bo = rk+2, and ax1(x) = x¥, (XN, 41) "' (2)) to finish the induction step.

At this point, we have constructed an MIW sequence bridging the roots of f. What is left to
choose is the value # = o for each y&(z) for 1 < K < ¢. These choices are limited by the
concatenation relation. So, once a choice is made, say in the right-most interval, this choice is
propagated backwards, determining the other choices all the way to the first interval.

As our first parameter, we choose ¢ = bY;, to satisfy the right boundary condition at co, according

{—1

to Lemma 3.9. Then, 2*~! = (xf\,_z L +1) 1 (#") is determined, so that the concatenation of the last

two sequences will be an MIW sequence. Continuing recursively yields zF~1 = (%~ Noos _H)_l(xk)7 for

1 < k < /. The concatenation
O @), (20X @), (@), od @), X ()
is then an MIW sequence of f(x), with the desired number of points in each region, that satisfies

both left and right boundary conditions at +00. We summarize this in the following proposition.

Proposition 3.16. There is an MIW sequence of f that satisfies the left boundary condition at —
and the right boundary condition at oo, with Ni > 1 points that lie in the regions Ry for 0 <k < L.
14



3.4. Uniqueness of MIW sequences for higher energy functions when ¢ > 0. Let now f be a
higher energy function with order ¢ > 0. When f has zeros, label them as —oco < r; < -+ <1y < 0.
Denote by rg = —o0 and rp41 = 0.

The MIW sequence (z,,))_; constructed in Proposition 3.16 is in fact unique. Informally, we can
see this from the uniqueness of the choices made during its construction. The choices of ai(x) are
necessary to satisfy the recursion relation. The choice of x; is necessary to satisfy the right boundary
condition. The choices of xj for 0 < k < ¢ are determined to satisfy the recursion relation.

We now proceed to show this more formally, using a different idea. We show that if the first
elements of two sequences differ, then one of the two sequences does not satisfy the right boundary
condition. Also, if the first elements are the same, then the two sequences are the same.

Note, when £ = 0 and N = 1, as commented in the introduction, there is no one point MIW
sequence (x1) satisfying (1.10) with respect to left and right boundary conditions at —oco and oc.

Lemma 3.17. Consider two N-element MIW sequences, (z,))_; and (y,)N_, satisfying the left
—o00 boundary condition, and Tni+1, Yn+1 Tight boundary conditions respectively. Suppose for every
0 < k < 4, that both sequences have the same number of points Ny > 1 lying in the intervals
(rg,re41) for 0 <k <U£.

If x1 < y1, then xp41 — Ty < Ynt1 — Yn for all 1 < n < N. Consequentially x,, < y, for all
1<n<N.

On the other hand, if ©1 = y1, then x, =y, for 1 <n < N.

Proof. When N = 1, the statement already holds.
Suppose N > 2. Because each sequence has the same number of points in each strictly positive
region of f, the points z,, and ¥, lie in the same region for every 1 <n < N. As z; < y; lie in the

same region and f is log-concave, we have J;((;’ll)) < J;/((;”ll)) (Lemma A.2). Then, with respect to the
left boundary conditions,
1 fl@) ffy) 1
wo—z1 fle) T fly) e —w
Thus, we can bound z3 — 1 < Y2 — Y1.
Suppose that z, < y, and z,41 — 2, < Ypy1 — yYn for some 1 < n < N. This implies that

Tpy1 < Ynt1. Because x,41 and y,41 are in the same region, as before, ’}((3":)) < ’}((f";“ll)). Then,

1 _ 1 f'(@ns1) S 1 ' Wnt1) 1
Tn+2 — Tn+1 B LT+l — Tn f(Tnt1) Yn+1 — Yn f(Yn+1) B Yn+2 — Yn+1 .
Thus, we can bound Z, 42 — Tpt1 < Ynt2 — Yn+1- Hence, by this iteration, z, <y, for 1 <n < N.
The last statement follows the same argument: In (3.2), if 21 = y1, we would conclude xo = yo,
and so on. O

(3.2)

Proposition 3.18. There is at most one MIW sequence (x,)N_, that satisfies the left boundary
condition at —oo and the right boundary condition at co, with Ny, > 1 points in the intervals (ry, rg+1)
for0<k <l when{>1, and N = Ny > 2 when { = 0.

Proof. Let (z,))_; and (y,)2_, be two such sequences. If they are different, by Lemma 3.17, z1 # y;.
To make a choice, suppose that 1 < y;. By Lemma 3.17, we have the relations z,+1—2n < Ynt1—Yn
forall 1 <n < N, and thus z,, < y, for all 1 <n < N. Our right boundary conditions require that

1 I’ 1 I’
- =" (zpn and —_— = (yn).
TN —IN-1 f (@) YN —YN-1 / ()
: f(zn) I (yn) 0 1 _ 1
However, by log-concavity of f (Lemma A.2), Tond > T and s0 —— — T Or

in other words yy — yn—1 < xny — xny—1. This contradicts that x; < y;.

Proof of Theorem 2.1. Existence follows from Corollary 3.11 for £ = 0, and from Proposition 3.16
for £ > 1. Uniqueness follows from Proposition 3.18. O
15



4. PROOF OF THEOREM 2.3: GAP SIZES AND SPAN OF MIW SEQUENCES

Suppose f(z) is a higher energy function with order £ > 0. When f has roots, label them as
7y < --- <7y Let 7o = —o00 and 7441 = oo By Theorem 2.1, let (z,)2_; be the N-element MIW
sequence of f satisfying the left boundary condition at —oo, and the right boundary condition at
oo, such that in regions (rg,rg+1) there are Ny 1 oo points for 0 < k < ¢. Note, when ¢ = 0, the
sequence (,,)Y_; is symmetric by Corollary 2.2 with | N/2| points below and above the origin.

Recall the definition of n(¢) in (2.1) as the index of the closest point in (x,)Y_; to the left of
t € R. Recall also the MIW relation (1.10).

The strategy of proof of Theorem 2.3, at the end of the section, is to leverage the higher energy
form of f, with £ + 1 local maxima, which indicates that xo — 21, ()41 — Zp(r) for roots r, and
Ny — xn—1 are the local maxima of x,+1 — x, over 1 < n < N — 1. Some development is needed
to show these ‘boundary’ gaps vanish, as well as estimates for the orders of xn,z; along the way in
the following lemmas.

Lemma 4.1. Let f be strictly positive on the finite interval (u,v) where w and v are consecutive zeros
of f. Let (x,)N_; be the part of an MIW sequence of f contained in (u,v). Then, limy o0 71 — u
and impy_soo TN — 0.

Proof. Let € < 0 be such that —— < 1 , that is 1 > u+e¢. Note, as the left boundary point zg < u

that —

. Moreover, by the form of f (cf. Lemma A.3), we can take ¢ smaller if necessary so
that also f’(u +¢) > 0. Also, by log-concavity of f (Lemma A.2), fTI is decreasing on (u,v).
We can bound, as the MIW sequence (xn),szl is strictly increasing,

0 —1 — Zf m) L flute) (4.1)

Tn+l — Tn 1 — 2o =1 k) € f(’LL-l—E)

Then, by the MIW relation,
N

N-1
1
V—UZ AN — X = Z$k+1—$k2217w~
k=1 E—"_kf(u—i-s)

The right hand side is diverges to co as N — oo, yielding a contradiction. Hence, no such e can
exist. Therefore, for every € > 0, for N sufficiently large, u < 1 < u+e¢.
The other limit holds by the same argument applied with the function f(—z). O

We now state an upperbound of xpy

Lemma 4.2. Let f be strictly positive on (u,00) for u=ry when £ > 1 and u =0 when £ =0. Let
(2,)N_, denote the part of an MIW sequence of f contained m (u, oo)
Let v > u be such that p)(v)/pe(v) < v/4. Then, we have z% < v* +4(1 + log N).

O(1/z), we may find v be such that 1z <z — 22e®) g1 4 > 4. Since g < u, the

Proof. As 25 = e

index n(v) > 0.
If N < n(v), the desired result holds trivially.
Suppose now N — 1 > j > n(v),

O<72xk Zx ;

k=j+1 k=j+1

Inverting both sides, noting the MIW sequence (z,,)_; is increasing,
1 2 2
<

N o) S N < - .
Dk=in Tk~ 25 Doe—jit1 T (N =)z
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Note as —f'(z)/f(x) = « — 2py(x)/pe(z), by the MIW relation (1.11), the fact z; < z;11, and
the last display (4.2) that

N-1 N-1
By = ahy + Y @ @ Sy T2 Y (T — 1)
j:"(v) j=n(v)
Tj41
n(v>+2 Z Y ) = n) 4 Z N_j
k=j+1 Tk pe(xk) Jj= n('u)
Hence, 2% < @, +4(1+ log(N —n(v))) <02 +4(1+log N), as desired. O

Lemma 4.3. Let { > 1 and note f is strictly positive on (rg,00). Let (x,)_, be the part of an
MIW sequence of f contained in (rg,00). Then, the limit impy_, o x1 = r¢ holds.

Similarly, for £ > 1, note f is strictly positive on (—oo,r1). Let (x,)N_; be the part of an MIW
sequence contained in (—oo,r1). Then, imy_ o TN = 71.

Proof. Let u = ry. Suppose € > 0 is such that — 1_u < %, that is 1 > e +wu. Hence, z; > 21 > e+u
for j > 1. We can arrange by the form of f that also f'(u+¢) > 0 (cf. Lemma A.3). Following the
proof of Lemma 4.1, noting (4.1), we have that

n—1 n—1
xn>x]+z +kf u+8) +Z +kf/(u+5) (4.3)
k=j = f(ute) k=j ¢ fu+te)

Then, xy must grow at least logarithmically with N. But, by Lemma 4.2 applied to the v specified
there, we have 2% < v?+4(1+log N), a contradiction of the lower order log N growth of z. Hence,
ro=u<z <u+e and so r; - uas N T oco.

The last statement follows the same argument by considering f(u — x) for u = ry. O

We now give a lower bound for xy.

Lemma 4.4. Let f be strictly positive on (u,00) where w =1r¢ if £ > 1 and w =0 when £ = 0. Let
(,)N_, denote the part of an MIW sequence of f contained in (u,o0). Then, the term xx > /log N
as N 1 oo.

Proof. For x > u, we have p)(z)/pi(z) = Zle(x —7;)~' >0 when £ > 1. When ¢ =0, pj(z) = 0.
In both cases, = — 92e(®) < 4

pe()
Then, by (1.11) and as the MIW sequence (z,,)Y_; is increasing,

N
0< —— Zx—pﬂxk)_ kaS(N—n)xN.

X — T
n+l n k=n+1 k) k=n-+1

That is to say, m <axpy1—zpfor1<n<N-—-1.
Then, as x1 > 0,
N-1

i

N-1

1
v=at S w2 Y e =S
k=1 k=1 k=1
Thus, we can bound z% > ZkN:_ll % >log N. O

Lemma 4.5. Let f be strictly positive in (u, 00) where u = ry when £ > 1 and uw = 0 when £ = 0. Let

(x,)N_, denote the part of an MIW sequence of f contained in (u,o0). Then, for all N sufficiently
large, xny —axn_1 < ﬁ.

Similarly, with respect to the part of the MIW sequence contained in (—oo,v) where f is strictly
positive and v = ry when £ > 1 and v =0 when £ = 0, we have that x5 — 1 < \/1O%W'

17




Proof. Observe that —

_oPe(®) _ o O(1/x) as x 1 co. Since zn > /log N by Lemma

f(I) - pe()
4.4, we have z — 22 ExN i > 296 n for large N. Thus, from the right oo boundary condition,
1 < 2 < 2
IN —IN 1= — 7 < — .
N N-1 T _2Pe($N) TN \/logN
N = “pi(an)
The argument for z2 — z1 on the left end, follows by symmetry of f. ]

Lemma 4.6. For eacht € R, the difference )11 — Tp) — 0. Therefore, limy o0 Ty )41 = 1.

Proof. Let m be a local maximum of f. Let r be the closest zero of f to the right of m, or if there
is no such zero, let r = co. Similarly, let s be the closest zero to the left of m or if there is no such
zero, let s = —oo.

On the intervals (m,r) and (s,m), the function ];((m)) is negative and positive respectively. Thus,

given zy € (m,r), by the MIW relation, IHI{M — fkfik—l = '7}/((;:)) <0,0r o —xTp_1 < Thy1 — Tk-
Likewise, given xy € (s, m), we can bound xp — Tx_1 > Tpt1 — Tk-

Hence, the interval sizes of (z,,))_; are bounded by Tp(r)+1 — Tn(r) at Toots 7 of f, or by x5 — 1y
and xy — xzy_1 at the extremities.

By Lemmas 4.1 and 4.3, Ty ()41 — Tn() — 0. By Lemma 4.5, applied with u = 74, v = r1 when
£>1 and with w = v =0 when { =0, zxy — xny_1,22 — r1 — 0. Hence, for all £ > 0, the gaps
Tn(t)+1 — Tn(t) — 0 for t € R. U

Proof of Theorem 2.3. The vanishing gap property is given in Lemma 4.6. The desired bound of
xn, and also of |z1| by symmetry of f, follow from Lemmas 4.2 and 4.4. O

5. PROOF OF THEOREM 2.4: CONVERGENCE IN WASSERSTEIN-1 DISTANCE

Let f be a higher energy function of order ¢ > 0. Consider an interval (a,b) where f is strictly
positive such that a is a zero of f or a = —oco and b is the next zero of f to the right of a or b = co
We will define P = P, ;, as the distribution on (a,b) with density proportional to f. Consider the
part of the MIW sequence constructed in Theorem 2.1 contained in (a, b), with N = N, ; > 2 points,
and denote it as (z,))_;. Let Q = Qap be the emp1r1ca1 measure associated to this sequence.

Recall n(t) defined in (2.1). To bound |Ep[h] — Eg[h]|, as in [13, 5] with respect to the Normal
density, we will compare Q with respect to another ‘intermediate’ continuous distribution R = R,
with density

1

plt) = (N = D)(@nt)11 — Tn)’

supported on (z1,zx) C (a,b).
Then, to compare R with P, we will use the ‘differential equation’ method with respect to a Stein
equation. Define in terms of a differentiable 1-Lipschitz function h € £, the function

1 /1
= — F@)(h(t) — Ep[h]) dt. 5.1
@ ). (t)(h(t) — Ep[h]) (5.1)
Note that g, satisfies the ‘Stein equation’,

oh(a) + T (a) = (o) Bl (5.2

Such ‘Stein equations’ and subsequent approximations have been considered in wide generality; see
7], [8].
We will bound |[Eg[h] — Eg[h]| in Section 5.1 and |[Eg[h] — Ep[h]| in terms of g, in Section 5.2.
Both will be shown, after development, of order O(*¥g*).
On finite intervals #¥=%2 = O(1/N), and on infinite intervals, by Theorem 2.3, as xn,z1 =
O(y/log N), we have M = O(V1og N/N). We will piece together now these estimates over the
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intervals (rx,75+1) between any zeros of f and conclude the proof of Theorem 2.4 in Section 5.9
that the Wasserstein-1 distance d(P, Q) = sup, <, |Ep[h] — Eg[h]| < (’)(7”01\%1\[)7 as desired.
It will be of later use to express the second derivative

s =~ (58) 0w - (L) o) 400
”

o (F@N @) @) .
_2<f(a:)> 9n(x) 7(@) gn(@) 7o) (h(z) — Ep[h]) + h' (). (5.3)

We also state a general estimate which will be helpful in the sequel, especially in places to bound
terms uniformly over h € L.

Lemma 5.1. Let P be a probability distribution on (a,b), where —oo < a < b < co. Let h be a
1-Lipschitz function, and y € (a,b), Let also X be a random variable with distribution P.

Fory € R, we have |h(y) — Ep[h]| < Eply — X| < ly| + Ep[|X]].

If a is finite, then |h(y) — Ep[h]| < Ep[X] 4+ y — 2a.

If b is finite, then |h(y) — Ep[h]| < 2b—Ep[X] —y.

If a, b are both finite, then |h(y) — Ep[h]| <b—a

Proof. For y € (a,b), we compute, as h € L, that |h(y) — Ep[h]| < Eply — X| < |y| + Ep[|X]].
Moreover, if @ is finite, then as |y — X| <y —a+a— X, we have |h(y) —Ep[h]| <= Ep[X]|+y — 2a.
Likewise, when b is finite, |h(y) — Ep[h]| < 2b — Ep[X] — y. Summing these, we obtain the last
inequality, 2|h(y) — Ep[h]| < 2(b — a). O

5.1. Bound on |Eg[h] — Eg[h]|. Recall the distributions @ and R defined in terms of the MIW
sequence (z,,)_; of a higher energy function f. The following, in the case of the Normal density f,
was started in [13, 5]. The argument is the same, given here for the reader’s convenience.

Proposition 5.2. We have that the Wasserstein-1 distance supy,¢ . [Er[h] — Eq[h]] < *5—=F+.

Proof. Let X be a random variable with distribution @ = % EnN:1 0z, , and Y be a random variable
with distribution R. We couple them as follows.
Choose a sequence (zn)gjll such that z1 = x1, zy41 = zn, and f;:“ p(t) dt = % Since
f;:“ p(t) dt = i, we can bound z,, < 2,11 < Zpy1. Given Y ~ R, choose X = w,,(y), where
n*(t) = #{z < t}. Then, X ~ Q, and |Y — X| < Zppe(v)41 — Tp=(v)-
Then, in terms of the coupled expectation Eq g,
N—1

sup [Er[h] — Eqlh]| < EqalY — X| < ) = = S L, -
n=1

heL N -1 N -1

5.2. Bound on |Eg[h] — Ep[h]| in terms of g,. We show a bound between the intermediate
distribution R and the continuous distribution P = P, ; restricted to an interval (a,b), in terms of

9h-
Proposition 5.3. Let f be a higher energy function strictly positive on the interval (a,b), where
a is a root of f or a = —oo, and b is the next root after a or if there is no such root b = oo. Let
(x,)N_, be part of an MIW sequence of f contained in (a,b).
Then, for 8 € [0,1], and differentiable 1-Lipschitz h € L, we have
[Er[h] — Ep[h]|

!

(2 ()

TN —TN-1 T2 — I

z€(x1,ZN)

+(zy —2)(1+ sup IgZ(fﬂ)l)>~ (5:4)
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Proof. Taking the expectation of each side of Stein’s equation (5.2), with respect to R,

Exlt] ~ Enfi] = [ o) (gz " fﬁgh) dt

N-1

Tn41 f/ Tn41 ,
p(afn) ( / f g dt + / 9 dt)

= n n

Tn+1 — xn wnJrl — T

i

By summation by parts, as — +117m - = 7; — = ];/((j”)) by the MIW relation (1.10),

Z planst) — o) __onlon) o) N (fon) @

Tn41 = In TN —IN-1 T2—21 L \ S
N1 e (Lgn) (zn)
n(TN h(T1 ! “(fgh) n
TN —IN-1 Ly T f e, Tng1l—Tn
Instead of focusing on the left endpoint in (5.5), we can work with the right endpoint:

(oo 5 [ L (Lo 5 [ L)

anrl — T

(5.5)

We may take a convex combination of the these expressions in terms of 3 € [0, 1], and stick back
into (5.5). Thus,

(¥~ DIEx[H] - Epln]
< xjhf?; - j;(j”;)l 5 (La) e+ a-0 (La) @)
8 [ il () 0 (G e

(1-5 Z /M+1 (J;gh) (t) - (‘?%) (n)
(Fon) - (%) )]

We can compute, as |Z,11 — Tpn| = Tni1 — T as (z,)N_, is increasing, that

- <J;,/9h) (t) - (J;/gh> (8)] < I:Z::th(an —an) = Kp(on —a1).

Tn+1

dt

dt.

|xn+1 L |
Define

1
Ky = sup
z,y€(z1,oN) |y - J}|

sup
n—1 $t€[Tn,Tni1]

Also, noting Stein’s equation (5.2), and h is differentiable and 1-Lipschitz,
= sup |[(h—Ep[h] —g,)|

£y
—9n
( / ) z€(z1,ZN)

< sup [W(@)[+|gh(x)| <1+ sup gy (2)].

z€(x1,zN) z€(x1,zN)

Kp, < sup

z€(z1,zN)

Putting these estimates together yields (5.4).
20



5.3. Bounds of ,}’((;611)) gn(x1), -‘;Z%ﬁf and g}/ (z) near finite zeros of f. Let f be a higher energy
function, strictly positive on (a,b), where —co < a < b < oo. Suppose f(a) = 0, and h is a
1-Lipschitz differentiable function.

We begin with asymptotics near = a, which will be helpful.
Lemma 5.4. We have

91(&) = & (&~ a) (h(z) ~ Eplh]) + O((z ~ a)?).
S gn(a) = 5 (1(0) - Eplh) + Ol(c — )

Here, O((x — a)) and O((x — a)?) do not depend on h.
Proof. Denote F(x) = f; f(t) dt. Integrating by parts,

[ 100 i) de = )0 Bl Flan) ~Belal) — [ FOR O
— F(2)(h(z) — Ep[h]) - / " Pn (bt

Using f(z) = 3f"(a)(z — a)? + O((z — a)®) for « near a (cf. Lemma A.1), which implies F(z) =
%f’)’(a)(xh— a)?+O0((z—a)?), W' (z) = O(1), and h(z) —Ep[h] = O(x —2a+Ep[X]) = O(1) (Lemma
5.1), we have

F@) (o)~ Eplt]) = [ FON (@)t

= SO 02 hia) — Bl + Oz — ) + O((x — a)?),

where O(-) does not depend on h.
The first estimate now follows, noting again h(z) — Ep[X] = O(1) for x near a, as

_ Ju f@)(A(t) — Ep[h]) dt _ F24@) (2 — a)3(h(z) — Ep[h]) + O((z — a)*)

gn(z) fz) - %f”(a)(m —a)2 4 O((x — a)3)
5(z = a)(h(z) — Ep[h)) + O((z —a)*) _ 1
=7 0 —a) = 3@ = a)(h() = Bplh]) + O((z - a)?),

where O(+) does not depend on h.
The second estimate holds, noting the asymptotics of f'(x)/f(z) near a in Lemma A.3, the first
estimate of g (), and again h(z) — Ep[X] = O(1):

P )= (2 + o) (S - e ~Boi) + 0 — o)

f(z) T —a
= 2 (h(a) ~ Bo b)) + O((z — ),
where O(-) does not depend on h. O

With respect to a zero a of f, we know by Theorem 2.3 that the first MIW sequence element x;
to the right of a satisfies x1 — a as N 1 0.

Lemma 5.5. Recall the setting of Proposition 5.3. Suppose a is finite. Then,

lim sup sup | F@)
Ntoo hec [f(71)

o)) < 5 (Ep[X] — a),

Ntoo heL T2 — T1
21
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Proof. By Lemma 5.4 and Lemma 5.1, we bound limsup,_,, sup,c, ‘%Qh(w)’ < Supper %|h(a) —

Eph| < 2(Ep[X] — a). The first limit now follows as a consequence as 1 — a as N 1 occ.

Next, recall the MIW boundary condition at g < a: —— — - < L1 L1 _— ];/((11)).
To—T1 Tr1—a To—T1 T1—Xo 1
Then,
lgn(21)] f'(@1) 1 f'(21) lgn(21)]
< < .
xo—x1 — \ f(x1) + T —a lgn(1)] < f(z1) gn(z1)| + 1 —a

By the definition of g, and bound in Lemma 5.1, we have

lgn(z0) _

1
r1—a (r1 —a)f(r1)
1

x

[ o - e dt\

< Grmwrey L L SR Bl d
|h(s) —Eph| < sup f(s)

oy S
s€(a,z1) f(xl) s€(a,x1) f(xl)

(s + Ep[X] - 2a).

Observe as f has a root of order exactly 2 at a that sup,e(, 4,y f(s)/f(z1) — 1 as N 1 oco. Conse-

quently, uniformly over h € £, limsup yq, % < Ep[X]—a.

Therefore, adding to the estimate from the first proven limit, we have

lim supM < g(Ep[X] —a). O

Tr1—a heLl X9 — I

We now bound |g;, (z)| near the zero a of f.

Lemma 5.6. Recall the setting of Proposition 5.3. Suppose a is finite.
Then, supyc, |g) ()| = O(1) for z near a.

Proof. Taking each part of the expression for g;/ in the second line of (5.3) in turn, noting Lem-
mas A.3, 5.1, and 5.4,

2 (2O gy =2 (12 + o) (2oe) ol + 01— o))

= = ) (h(w) — Eplh) + O1),

3
- ];(E:)) gn(@) = = f,,<£;i“)+a>?$xo_<<?) 27) (;, (z = a)(h(w) = Bplh]) + O((w - “)2)>

W =

- Q) O —a) ) ((:f: ~ a)(h(x) — Ep[H]) + O((z — a>2>)
= —2(e— a) " (h(a) — Bp[n]) + O(1),

and




Then, the sum of these terms
gi2) = 5z — a) () — Ep[h]) + O()
2~ )" () ~ Bplh)) + O(1)
—2(x —a) Y (h(z) — Ep[h]) + O(1) + W (z) = O(1).
The terms O(-) do not depend on h and h'(z) = O(1) for h € L. Hence, we can bound |gj/ (z)| = O(1),

uniformly in h € L, for x near a. ]

Remark 5.7. We note that analogous results in Lemmas 5.5 and 5.6 hold on (a,b) where —oo <
a < b < oo with respect to finite right endpoints b which are zeros of f, by reordering the sequence
right to left or say by considering f(b — x). Recall the setting of Proposition 5.3. We have

: f'(an) 2
e ) el = 50~ BB,
lim sup sup _on(zn)l < §(b - Ep[X]),

Ntoo helL TN —TN-1 3
sup |gy (z)| = O(1) for z ~ b.
hel
5.4. Bound of gj at infinity. In this section, let f be a higher energy function strictly positive

on (a,00), where a is a root of f or a = —c0.
In the next two lemmas, we bound terms in the expression for g in the first line of (5.3).

F'@Y
( f(x) gn(z)
Proof. Recall that P = P,  is the distribution with density proportional to f on (a,00). Since
[.7(h(x) — Ep[h]) f(z)dz = 0, and f(t)/f(z) = p2(t)e~ 2" /p2(x)e™ 2", we may write

Lemma 5.8. We have

lim sup sup < 00.

r—00 heLl

142

pe(x)*e” 2% gu(z) = _/Oo(h(t) — Ep[h])pe(t)®e™2" dt. (5.6)

By Lemma 5.1, |h(t) — Ep[h]| < |t| +Ep[|X]|] < ct for large ¢. Since py is an £ degree polynomial,
we have also ¢t < py(t) < ct’ for large t. Moreover, by integration-by-parts, we have

/ 23t gt = g2lem 2" (14 0(z7?)). (5.7)

Hence, g (z) = O(1) and, by Lemma A.3, (f'(x)/f(x))" is of order O(1) for large x, where O(-)
does not depend on h. The result follows. O

Lemma 5.9. We have
i)

lim sup sup < 00.

r—o00 heLl

Proof. Writing gp(z) = ﬁ;) [.° f(t)(h(t)—Ep[h])dt (cf. (5.6)) and g}, (z) = h(z)—Ep[h}f%gh(x)
(cf. (5.2)), we have
f'(=)
f(z)

f'(x)

gh(x) = @)




Note, as f(t) = 2(t)e_%tz,

L h 1 > 2 —1 7%t2
f(x) / 1) [h])dt:m A (h(t) —Ep[h])te 2" dt
-5 <x>—EP[hD+ﬁ | e 0 - Bl ar

Since h'(t) = O(1) and |h(t) — Ep[h]|
(i (1)t~ (R(t) = Ep[h]))
= 2p¢(t)p; (1)t~ (h(t) — Ep[R]) — p (t)t 2 (h(t) — Ep[R]) + pf (1)t~ ' (1) = O(*).

By the scheme of (5.7), writing t2~1e=""/2 = 2=2¢¢="/2 and as f(x) is proportional to /e~ /2 (1+
O(z™1)), we have

O(t) by Lemma 5.1, we have

1 > 142
—/ (P20t ((t) — Eplh])) e dt = O(a~?).
f(@) Jo

Now, —f'(z)/f(z) = 2+ O(z~1) by Lemma A.3. Inputting the above observations into (5.8),
noting again that =!(h(z) — Ep[h]) = O(1) by Lemma 5.1, we have

L8
= (2= 0@™) (h@) - Ep[h]) + (z+ O@1)" (27" (h(z) — Ep[h]) + O(272)) = O(1),
for all large z, uniformly in h € L. O

Finally, we come to the bound of gj.

Lemma 5.10. We have
lim sup sup |g;, (z)| < oc.

r—00 heLl
Proof. By (5.3), we have g}/ (z) = W/ (x) — ( ) (x) ’;/(( ) . Forhe L, | (x)] <1, and
/ /
by Lemmas 5.8 and 5.9 the terms (%) gn(x) and ( f((;))> gp,(z) are bounded O(1) for all large x,
uniformly in h. Therefore, the claim follows. O

5.5. Uniform bound of g} in (z1,zy). Recall f is a higher energy function, strictly positive on
(a,b) where a is a zero of f or a = —o0, and b is the next zero of f or b = co. Let (x,)N_; be part
of an MIW sequence contained in (a, b).

Lemma 5.11. We have

sup  sup|gl(2)] < oo.
z€(z1,xn) hEL

Proof. Let a < u < v < b. Recall the formula for g) in (5.3). We have h'(z) = O(1) and

st =) =2 () o) - L0 - £

As |h(t) — Ep[h]| < |t| + Ep[|X]|] by Lemma 5.1, we have

(h(x) — Ep[h)).

sup suplgn(o) < sup f7a) [ (1] + ERX (0t < .
z€(u,v) he L z€ (u,v) a
Also, f'/f and f”/f are bounded on (u,v). Hence, Sup ¢, ) SUPper |95 ()| < 0o
Since g}, is bounded uniformly in & near a root by Lemma 5.6 and Remark 5.7, and at oo or —oo
by symmetry of f via Lemma 5.10, the desired bound follows. |
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5.6. Wasserstein-1 distance bound on finite intervals. We state a bound with respect to
higher energy functions on a finite interval, bounded by zeroes.

Proposition 5.12. Let f be a higher energy function, strictly positive on (a,b) where where —oo <
a <b< oo and a,b are zeros of f. Let P be the distribution for which f is the density, and Q be
the empirical distribution of the part of the MIW sequence (x,)N_; in (a,b).

For all large N, the distance

1
d(Q, P) = sup [Bq[h] — Ep[h]| = O( ).
hel

Proof. Recall that 1 — a and xy — b as N — oo by Theorem 2.3. Therefore, zny — 27 < b — a.
Recall the intermediate continuous distribution R in Proposition 5.2, which bounds as a consequence
suppec [Exlh] — Eq[hl] = O(L/N).

On the other hand, we bound sup, ¢, |Er[h] — Ep[h]| via the right-hand side of the estimate in
Proposition 5.3. Here, it does not matter what the value 8 € [0, 1] is, but to be definite, we chose it as

B = 0. By applying the bounds |%| <2(b—a), |M| <2(b—a), and |J;/((511))gh(ac1)| <b—a

IN—TN-—1
in Lemma 5.5 and Remark 5.7, and the bound of sup,c(,, ,) |9, (%) in Lemma 5.11, we obtain
suppec [Er[h] — Ep[h]| = O(1/N).
Adding these two bounds, we obtain the desired estimate. O

5.7. Wasserstein-1 distance bound on rays. We now state a bound for higher energy functions
on rays, where the finite endpoint is a zero.

Proposition 5.13. Let f be a higher energy function, strictly positive on (a,00) (or (—00,a))
where a is a zero of f. Let P be the distribution for which f is the density, and ) be the empirical
distribution of the part of the MIW sequence (x,,)N_, in (a,00) (or (—oo,a)).

For all large N, the distance

4(Q, P) = sup [Eq[h] ~ Bpli] = O

Viog N
o)

Proof. We will concentrate on the case the ray is (a,00) as the same argument using f(a — x) will
apply to the ray (—oo,a). Recall that 1 — a and xny = O(y/log N) as N — oo by Theorem 2.3.
Therefore, zy — 21 = O(y/log N). Recall again the intermediate continuous distribution R in
Proposition 5.2, which bounds sup; ¢, |Eq[h] — Eg[h]| = O(/Iog N/N).

We now take f = 1 in the inequality in Proposition 5.3 of |Eg[h] — Ep[h]|. Since the right
boundary condition holds, wN_}KNil = —’;/((f]fj)), we have that % + (%gh)(:cN) = 0.
Hence, to bound the right-hand side in Proposition 5.3, we invoke Lemmas 5.5, 5.11 to bound

9n(@1) and SUDge (21,2x) |9 (T)]. As a consequence, we obtain sup,¢ o [Er[h]—Ep[h]| = O(y/log N/N).
]

T2—T1

Adding the bounds gives the result.

5.8. Wasserstein-1 distance bound for the Normal ¢ = 0 case. We rederive the bound found
in [13, 5, 15], using the different ‘density’ approach.

Proposition 5.14 (Normal). Let f be the Normal density on R, f(z) = \/%e’%wrz, Let P be the

associated distribution. Let (z,))_, be the associated MIW sequence satisfying the left boundary
condition at —oo, and the right boundary condition at oo, and @ its the empirical distribution.
We have

d(Q, P) = sup [Eq|h] = Bpy A = O <m> |

N

Proof. Note that zx, |z1| = O(y/log N) by Theorem 2.3. Therefore, xny — 21 = O(y/log N). Recall
again the intermediate continuous distribution R in Proposition 5.2, which bounds sup,,c . |[Eg[h] —

Eg[h]| = O(/Iog N/N).
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Consider the bound in (5.4) with the choice 8 = 1. Again, because the right boundary condition
at infinity is mff"ﬂ = — (f%gh) (zn), we need only bound (1) supyc, EZ(””;‘ = O(yIlog N),

which requires a di%erlent argument than when the left endpoint of the interval is a zero of f, and
(2) SUPLer SUDLe (4, o) 195 ()] = O(1) which has already been shown in Lemma 5.11.

To this end, from the MIW relation, as f’(x)/f(z) = —x, we have 29 — x; = —z; . Hence, we
need to bound |28 | = |z, (21)]. Since |h(t) — Ep[h]| < |t| + Ep[|X|], we have

x

x1e%$12/ 6_%’52(h(t) —Ep[h]) dt' < 2|$1|€%x§/ 6_%t2\t| dt,

— 00 — 00

|z1gn(71)| =

for large N. As the term x; < 0, we have

Z1

|z1gn(z1)] < 2%16%I12/ te=st dt = 2, = O(y/log N). O

— 00

5.9. Wasserstein-1 distance bound for ¢ > 0: Proof of Theorem 2.4. We will break up f
into strictly positive regions. We will then combine rates of convergence on each region, via the
following lemma.

Proposition 5.15. Let P, ; and Py be probability distributions for n € N and 0 < k < K for any
K e N. Let ¢y 1, > 0 be such that ch{zo Cne = 1. Assume maxo<p<r [ |z| dPy < p < co.

Suppose, uniformly in k, P, — Py in the Wasserstein-1 metric with rate r(n) and also ¢y is
such that ¢,k — ck| < r(n). Define mizture probability distributions M,, = Zf:o cn kP i, and

M = Zszo Ckpk-
Then, d(M,,, M) < (K + p)r(n).

Proof. Write, noting |h(z) — h(0)| < |z,

/hdMn—/hdM’

[ =) art, - / (h— h(0)) dM‘

d(Mp, M) = sup
heLl

= sup
hel

<chksup’/h h(0)) dP, 1 — /(h—h(o))dp,c

=+ |Cn,k: — Ck| / ‘£E| dP;

sch,kd (Poie, Pr) +r(n)p < (K 4 p)r(n). O
k=0

Proof of Theorem 2.4. When ¢ = 0, the result has been shown in Proposition 5.14.

Suppose now ¢ > 1 when the function f has ¢ zeros, 11 < --- < ry. Let rg = —oo and 1941 =
oo. Let (z,))_; be an N-element MIW sequence of f satisfying the left boundary condition at
—o0, and the right boundary condition at co. Suppose that in regions (rg, rx+1) there are Ny =

Nfr’““f[(z) % many points for 0 < k < £ and N, = N — S¢~L Ny points in (rg,00). These
sequences exist and are uniquely determined when N > 1for0 < k < /when ¢ >1and N = Ny > 2
when ¢ = 0 by Theorem 2.1.

On each region (7, 7k+1), consider the subsequence contained, reordered, (1, x2, ---, n,). In
the following, we will drop the subscript and call N = Nj. Denote as before by ) the empirical
distribution of this subsequence and P the distribution with density proportional to f on (rg, rg41)-
Recall the ‘intermediate’ continuous distribution R in Proposition 5.2.

On finite intervals (74, 7x+1), by Proposition 5.12 we have d(Q, P) = supy ¢, |[Eqg[h] —Ep[h]| <

On the rays (ry,00) and (—oo,r;), by Proposition 5.13, we have d(Q, P) = sup,c, |Eq[h]
Ep[h]| < O

<
7
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Note that the proportion of points in each region, ¢y = Nji/N, differs from the probability
cp = f;’““ fdx of that region by O (%) Thus, we recover the statement in the theorem, by
applying Proposition 5.15. (Il

6. PROOF OF THEOREM 2.5: STABILITY OF THE MIW SEQUENCES

We first give the proof of Theorem 2.5, and then make remarks on the behavior of the MIW
sequence with respect to Maxwellian density, ¢ = 1, at the zero t = 0, in Section 6.1.

Let n(x) = % The following notation will also be useful: Let V,,k = k,, — k,,_1 with respect to

N
n=1-

is a compact restatement of the MIW

a sequence k = (k,))_,, and ¢, = 1/V,o = 1/(x, — x,_1) with respect to a sequence = = (x,,)
Then, n(xn) = anrlC = (anrl - mn)_l - (xn - xnfl)_l
relation (1.10).

The gradient of H in (1.7) is computed as follows.

Lemma 6.1. We have that

0y, H = 2, — 2”((";’;111)__;752”) + 2”((2’;)__;753;) (6.1)

on an MIW sequence (x,)N_; for f.

Proof. By the form of H, noting that only three terms in second sum of (1.7) depend on x,,

$0e H = 00 (V0002 (V20) + (Va1 e, (Vai10) + (Vi 12000, (V)
=2n + (VaQ)0z, (0 + (Vat1Q) 0z, Cot1 — (Vn41€)02, G — (Vit20) 0z, ot
= 20— Vol + Gy Var1C + CVoi1€ — 1 Vgl
= 2n — G (Ving2C = Viga€) + G (Vnp1¢ — V().
So far, we have not used the MIW relation V,1( = n(z,). Now, inputting this, we obtain
directly (6.1). O

Proof of Theorem 2.5. Taylor expansion of 7, at a point z,, differing from a zero of f, gives

77((2)_;:;32”) _ 7(zn) + 177"(36n) +7(s;2,)

s—x, 2
where the remainder |r(s;z,)| < |n"(c)||s — x| with ¢ between s and a,,.
Substituting into (6.1), with s = 2,41 and also s = x,,_1, we obtain

1 1
(9sz2 n_2/ n - _2// n_2 n an_2 n—1;TLn
=20 =2 00) (= ) 2 (0) ~ 2anrsa) — 2r(eansi )
=2z, — 20 (xn)n(20) — 20" () — 27 (Tpa1; n) — 20 (X015 T0). (6.2)
Recall that imy o0 7p(ry = ¢, and the ‘no gaps’ property limy oo Zny1 — 2, = 0 holds by

Theorem 2.3. Therefore limy o0 7(Tp(1)41; Tn()) = 0, for £ € R not equal to a zero of f. Plugging
in n(t) for n and taking the limit of both sides of (6.2) we have

lim 8, ., H=2t—2n(t)n(t) — 20" (t).
N— oo

T (t)

Hence, for t away from zeros of f, limy o0 Op ) H = 0 exactly when (2% +n%(x) — 21/ (2)) =0
or when there is a constant F such that

x? =20/ (x) + n?(z) + E. (6.3)

However, the higher energy functions f = cp?(x)tf%%’2 satisfy (6.3) with E = 4¢+ 2, noting pjy (z) =
2p; (2)
pi()

p;Z/
be

xpy(x) — lpe(x) and n(z) = —z + as
xpy — Lpe

be

/ /
o/ (x) +n*(x) + 40 +2 =14 1Y By — 4P 2 pge =22
be Pe
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Therefore, we conclude the proof of Theorem 2.5. O

6.1. Remarks on the form of stability. We demonstrate, with respect to the Maxwellian density
f, £ =1, that the convergence in Theorem 2.5 does not hold with ¢t = 0, the zero of f. Note that
f'(z)/f(x) = —x + 2/x. Consider the MIW sequence (z,,))_; with equal numbers of points to the
left and right of zero. By Corollary 2.2, such a sequence is symmetric. We will show in Lemma 6.3
that awnw)“H = —8wn(o)H diverges as N — oo.

First, although by Theorem 2.3, z,,(0)+1 — 0 as IV 1 oo, we give a rate in the following statement.

Lemma 6.2. We have z,9)41 = O(1/N/?) as N 1 cc.

An intuitive understanding of the rate @,(g)+1 = O(N~Y/3) is as follows. By the MIW ansatz,
Tp(0)+1 should approximate a 1/(N + 1) quantile, that is one expects f;"((o?ﬂ f() dt = O(1/N) as
indeed follows, since ;041 = —Zn(0), and f(t) = O(t?) for t | 0.

Lemma 6.3. The gradient of H, with respect to the Maxwellian density f, at T, )41 is of lower

and upper order x;(:‘o)H, and therefore is bounded below of order N, by Lemma 6.2, as N T co.

We first argue Lemma 6.3 and then Lemma 6.2.

Proof of Lemma 6.3. By explicit computation, applying the form of f in (6.1), we have

2 2 2 2
xn+l_m_l‘n+a xn_a_xnfl+zn71

2

1
=0y, H=12,+ -
2 (1'7L+1 - xn)Q (xn - xn—l)
-1 -1 -1 -1
1 1 T - Tt —x,
=2, + _ _9 n+1 n > +9 n n
Tn+1 — Tn Tpn — Tp—1 (anrl - xn) (l'n — Tp—1

By the MIW relation, the right-hand side reduces to

1
)?

-1 -1 -1 -1
2 _2xn+1—xn T, — T, 4

Tn (anrl - :L'n)2 (xn - xn71)2 .

(6.4)

After algebra,

—1 —1
N Tpy1 — Ty Tn+1l — Tn 1 Tn

(xn—i-l - xn)Q xnxn-‘rl(xn-i-l - -Tn)2 B E xn-‘rl(xn-l-l - Jjn)
ol mp - (Tpy1 — ) 1 ( 1 1 )
- )

2 Tnp1(Tpgr — ) B g -

xn+l — Ty xn+l

and likewise

— —1
e R | ( 1 1 )
(X —2p-1)?2 22\ Zp—Tp_1 Tp_1

By these relations, and the MIW relation again, (6.4) becomes

2 2 1 1 1 1 2 1 2 1
Tn Ty \Tn+l — Tn Tn41 Tpn — Tn—1 Tn—1 Ty \Tn+1 Tn Tn—1
_2(1_ T _( T _1)) _ 2<xn+1_xn_xn_xn1>
x3 Tpt1 Tp—1 x Tpt1 Tp—1

Choose n = n(0) + 1. By symmetry, &, ) = —Zpn(0)+1- S0,

3 =
x Tn(0)+2 Tn(0)+1

n(0)+1

2 <Jin(o)+2 ~Tn(0)+1  Tn(0)41 — xn(o)) 2 <$n(o)+2 ~ Tn)+1 | Tn()41 + xn(o)ﬂ)
Tn(0)+2 Tn(0) )+1

3
xn(O

_ 2 <3 3 $n<o>+1>
= — )
T n(0)+1 Tn(0)+2
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Then, dy0)41H = = (3 - i"ig;:) Since 0 < T (0)+1 < Tn(0)+2, We conclude as desired
n(0)+1 n

823 0y 11 < Orgoyss H < 1225 )41 O

n(0)+1

Proof of Lemma 6.2. Multiply the MIW relation by z2 and sum over n to obtain

S| 1 1 X 12
Z ﬁ(x =T, Tp—1x 1)_ Z ﬁ(;_mn>
n=k+1 "™ nt+ n n n- n=k+1 ™ n

Summing-by-parts on the left-hand side, and then rearranging, we obtain

N N
S O T VT

TPy Thy1 — T et T/ T =W S
Note
(i_ 1 ) 1 _ Tn = Tnga 2
2 E ) o e Ak, men
and ;—21(% —x,) = %ﬂ — w% We also note by symmetry that z,,0)41 — Zn(0) = 2Tn(0)+1-

Putting these things together, with k£ = n(0), (6.5) multiplied by Qmi_ﬂ becomes

N N
1 1 2 2 Ty — Tt
1=2d, Y —+2d, Y 2 I T
k+1 x k1 x2 \z x x2
n=k+1 """ n=k+1 T n+l n n+1

Since the MIW sequence (,,)Y_; is increasing, and x,, > 0 for n > k + 1 = n(0) + 1, we have

N N
1 2 2 2 2 2z
3 “+1
i X oo w2 () = =2

x x
n=k+1 n+1 Tn+1 n=k+1 n+1 k+1
and
3 N 1 |zp — Tny1l al Tnal — Tn al 1 1
tha Y pt S Y TR ey 3 (- ) =
n=k+1 n+1 n+1 n=k+1 n¥ntl n=k+1 n n+1
Therefore, we have
1L
14+6>2Naj}, - — —.
= k+1° N Z T,
n=k+1
142 .
Moreover, we conclude 7 > 2Na:i+1 . % Ooo %\/gt%_it dt by Fatou’s lemma, with respect to the
weak convergence in Theorem 2.4, for all large N. The result now follows. O

APPENDIX A. PROPERTIES OF HIGHER ENERCY FUNCTIONS
We consider several properties of higher energy functions that will be needed.

Lemma A.1. Suppose f is an nth order higher energy function. Then f has exactly n real Toots.
These roots are distinct, real, and have order two.

Moreover, near a oot a, f(x) = 3 f"(a)(z—a)*+0((z—a)?) and f'(x) = f"(a)(z—a)+O((x—a)?),
where f"(a) # 0.

Proof. The Hermite polynomial p,(x) = e%gcggn (x), where g,(x) = %6_%$27 has exactly n simple
real roots, as g, has exactly n simple real roots, which can be shown by induction. These are exactly
the roots of f(x) = cp?(x)go(z) which are of order 2. The remaining statements follows by standard

Taylor expansion. O

Lemma A.2. The higher energy functions are log-concave, in the sense that (log f)"(x) < 0 when

(log f)"(x) is defined.
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Proof. Let f(z) be a higher energy function. The log-derivative (log f)'(z) = 2?’ gig — x. The term
P

—x is decreasing on R. We will show that pn'(ig is decreasing as well, for € R such that p,(z) # 0.
In the case n = 0, the normal case, p,, is constant, so it is decreasing.

Suppose the order of p,, is n > 1. We factor p,(z), pn(x) = [1j_,(x — r;), where r; are the roots
of pn. Then, pl,(z) = >0, Hk 1(ac —r;). Therefore, the quotient

sz [Te=i(z—r:) n [lk=1(z—r; n
pu(2) _ I _ L
palz) HZ:1($ —7;) Z Hk (@ —13) Z T =7

Jj=1
(z)

This is a sum of decreasing functions, and so z D) is decreasing. O
n

Lemma A.3. Let f be a higher energy function defined on (—o0,00). The limits limg_, oo f((T))

00, and limg_ o % = —o00. As well, if f(r) =0 for somer € R, then L (f)) 2 4+0(1) asz — 1.
In particular, lim,_,,— J},((;)) = —o00, and lim,_,,.+ % = 00. Moreover, f'(x )/f( )= —ax+0(z1)

and (f'(z)/f(x)) =1+ O(z72) as x 1 00.

Proof. As shown in the proof of Lemma A.2, we can write
f@) PR 1 C) L
flwy eV @ =2y~ e 2; vr

As z — +oo, f'(z)/f(z) = Foo.
For a root r of f, the term ﬁ is the only unbounded term near r. Hence, as x — r7,

f'(z)/f(z) — —oc. Likewise, as & — T, f'(x)/f(x) = oo
Finally, the limits of f/(z)/f(z) and ( "(z)/f(x)) follow directly from the relation f'(x)/f(x)

2pi, () /p(x) —

APPENDIX B. NON-EXISTENCE AND NON-UNIQUENESS OF MIW SEQUENCES

o

We discuss that it is not given that there is a unique MIW sequence matched to boundary
conditions for say any smooth, strictly positive f.

Lemma B.1. There is a smooth, strictly positive function f on R such that there is no MIW
sequence of f with N > 2 points which satisfies the left boundary condition at —

w;wl J}((;l)) where zo > x7. This has no solution

if f((“)) = 0, for instance if f(z) = 1. O

Lemma B.2. There is a smooth, strictly positive integrable function f on R there are two distinct
two-element MIW sequences of f which satisfy the left boundary condition at —oo, and the right
boundary condition at co.

Proof. The left boundary condition at —oo is

Proof. We will create an f such that both (—2,—1) and (1,2) are MIW sequences of f satisfying the
left boundary condition at —oo, and the right boundary condition at co. Taking care of the positive
ey

side first, we require that 2% = 0 and that 7—1 = J;((QQ)) We can thus choose f(z) = z in a

neighborhood of one, and f(z) =3 — z is a neighborhood of two.

Likewise to satisfy the requirements at —2 and —1, we can choose f(z) = —z in a neighborhood
of =1, and f(z) = 3+ z is a neighborhood of —2. Because f is specified only in the neighborhoods
of finitely many points, and is smooth and strictly positive at those points, we can extend f to a
smooth, strictly positive integrable function on R. O
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