SUPPLEMENTARY MATERIALS: PROOF OF THEOREM 2.1

ANTHONY P. AUSTIN AND LLOYD N. TREFETHEN

In this supplementary appendix, we reproduce the proof of Theorem 2.1 given
in [1, Ch. 4] with a few minor modifications to make the text self-contained. For
ease of reference, we repeat our basic notational setup from the main article here.
If K = 2N + 1 is an odd integer, the zero-centered equispaced grid of length K in
[—7,7) consists of the points

x, = kh, —N <k<N, (1)
where h = 27/ K is the grid spacing. We consider the perturbed grid
Ty = xp + sh, Isk| < a, (2)

where the parameter « is a fixed value in the range 0 < o < 1/2. The kth trigono-
metric Lagrange basis function associated with the perturbed grid is denoted by ¢y,
ie.

O el

j=—N sin (zk;” )
7k

We have (4 (z;) = 1if j = k and 0 if j # k. From (5.2) and (5.3) in the main article,
we have

N

Ay = max > |l()]. (3)

z€[—m,m] Py

Our argument can be loosely outlined as follows. The bulk of the work is devoted
to bounding |¢p(z)|, which takes several steps to accomplish. Taking x as fixed, we
determine the choice of the points Z; that maximizes [0o(2)| and then bound the
maximum using integrals. Since the resulting bound is independent of Z;, we can
exploit symmetry to obtain bounds on |04 (x)| for k # 0. We then sum these bounds
over k to obtain a bound on KN. _

We begin with the following result, which shows that to bound [{y(z)| we need
consider only grids in which all the points, possibly aside from Z(, are perturbed by
the maximum amount of ah.

LEMMA 1. For all x € [-m, 7] and —N < j < N, j # 0,

gn(I;@) ﬁn(figgﬂﬁ) gn<£:%;@ﬁ>

sin (7057 ) sin () || i (T (gt

Proof. The statement is trivially true if x = Zo. If x # Zo, then from

< max

dsin(%3') 1 sin(*5%)
disin (2) 2 [sin (5°’t)}2 ’

2
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we see that ¢ — sin((z — t)/2)/sin((Zo — ¢)/2) has no critical points in [—, 7] apart
from ¢t = I, where it is singular. In particular, it has no critical points in any of the
intervals [(j — a)h, (j + a)h] for —N < j < N, j # 0, and therefore must assume its
extreme values on these intervals at the endpoints. Since Z; € [(j — a)h, (j + a)h] for
each j, we are done. O

Which of the two arguments to the maximum function on the right-hand side of
(4) is larger depends on both z and j. We need to understand the exact conditions
under which each one takes over. Our first step in this direction is the following
lemma, which tells us when the two are equal.

LEMMA 2. For 0 < a<1/2 and —N < j < N, j # 0, the equation
sin (71—(]'2—0()11) sin <7$_(j2+a)h>

sin (7= -an)  lsin &= (5)

*

1 where!

has ezxactly two solutions in [—m,m|: x = Tp and x = x

:r;‘ = 2arctan

< cos(jh) — cos(ah) + tan(Zo/2) sin(jh) )
tan(2o/2) (cos(jh) + cos(ah)) —sin(jh) |

Proof. Multiplying through by the denominators of both sides and applying some
trigonometric identities, we find that (5) can be reduced to

oS JEo_x—&—ozh — cos x0+x—jh
2 2
cos <x02—x —ah) — cos (xO;—m —jh)’. (6)

If the expressions within the absolute value signs on either side of (6) are equal, then

we have
cos x07w+ah = oS woixfah .
2 2

In order to solve this equation, we consider two cases.

Case 1: (To—1x)/24+ah = (Top—x)/2—ah+2nm for some integer n. Rearranging
gives ah = nm, and substituting for h, we arrive at « = Kn/2. Since o < 1/2, this
can hold only if n = 0, in which case a = 0, but this is disallowed by our hypotheses.

Case 2: (Zg—1x)/2+ah = ah—(Tog—1x)/242n7 for some integer n. If this holds,
then Zg —x = 4nm, but this can happen only if n = 0, since Zp —x € [—7 —ah, T+ ah],
and this interval is contained in [—2m, 27| because ah < 7. Thus, x = Zy.

We conclude that © = 7 is the only solution when the expressions within the
absolute value signs on either side of (6) are equal. On the other hand, if they are
equal but of opposite sign, we get

2 cos (x();ac —jh) = cos (x02—a; +ah> + cos <x02—m —ah).

1Here, arctan denotes the principal branch of the inverse tangent function.
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Simplifying the right-hand side to 2 cos((Zo — z)/2) cos(ah) and then expanding both
sides out completely using trigonometric identities, we find that

cos (520) cos (g) cos(jh) — sin (520) sin (g) cos(jh)
+sin (i") cos (g) sin(jh) + cos (5;0) sin (g) sin(jh)
—cos () con (3) costam) + sn (5 ) sin () costan)

Dividing both sides of this through by cos(Zo/2) cos(z/2) and rearranging, we obtain

ton (x) cos(jh) — cos(ah) + tan(Zo/2) sin(jh)

2) ~ tan(70/2) (cos(jh) + cos(ah)) — sin(jh)’

Taking the inverse tangent of both sides and multiplying by 2, we arrive at x = z%. 0

't

To move forward, we need a better understanding of the locations of the points
xj. The requisite inequalities are simple to state and are given in Lemma 4, but first
we pause to establish a minor fact that we will need in their proof.

LEMMA 3. For |t| <a and —N <j< N, j#0,

|sin((j + t)h)| > sin((a — [t|)R).

Proof. This is a consequence of the following chain of inequalities:
0<(a—[thh < (1= [thh < (lj] = [tDA

1
< (IF] + [thh < (N + |t])h < <N+t|+2a)h—7r(a|t|)h§7r.

LEMMA 4. For —-N<j< N, j#0, and 0 < a < 1/2,

(j —a)h <z} < (j+a)h.

Proof. Let

cos(jh) — cos(ah) + tsin(jh)
t(cos(jh) + cos(ah)) — sin(jh)

ft) =

Note that f(tan(Zo/2)) = tan(z7/2). A straightforward computation using the quo-
tient rule and some trigonometric identities shows that
2
sin(ah)
t(cos(jh) + cos(ah)) —sin(jh) )

which is always negative wherever it is defined. By Lemma 3, we have |sin(jh)| >
sin(ah) for each j. Furthermore, note that j # 0 implies N > 1, so that ah < 7/3,

f1@t) =
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and so cos(ah) > 0. Therefore, | cos(jh)+cos(ah)| < 1+cos(ah) for each j. It follows
that

sin(jh) _ _sinah) _tan<ah)'

cos(jh) + cos(ah) 1 +cos(ah) 2

Hence, the singularity in f is outside the interval [tan(—ah/2),tan(ah/2)], and we
conclude that

f(tan(ah/2)) < f(tan(zo/2)) < f(tan(—ah/2)).
Next, consider the function g, and the number M, defined by
cos(jh) — t + tan(—ah/2) sin(jh)
tan(—ah/2)(cos(jh) +t) — sin(jh)’
cos(jh) — 1 4 tan(—ah/2) sin(jh)
tan(—ah/2)(cos(jh) — 1) — sin(jh)’

g+(t) =

M+:

Note that g, (cos(awh)) = f(tan(—ah/2)) and that

B %than(fah/?) _ tan(jh/2) — tan(—ah/2) ¢ ((j—i—a)h)

tan(—ah/2) <SU=1 1 14 tan(jh/2) tan(—ah/2) 2

Therefore, if we can show that g4 (cos(awh)) < My, we will have that tan(z}/2) <
tan((j + «)h/2), which implies that x} < (j + a)h, as desired. The remainder of the
proof will be devoted to establishing this fact. The lower bound on x} can be derived
by considering the function g_ and the number M_ defined by

cos(jh) — t + tan(ah/2) sin(jh)
tan(ah/2)(cos(jh) + t) — sin(jh)’
_cos(jh) — 1+ tan(ah/2)sin(jh)
~ tan(ah/2)(cos(jh) — 1) — sin(jh)

g-(t) =

and arguing similarly. We omit the details.

To show that g, (cos(ah)) < M., we begin by noting that by multiplying the
numerator and denominator of both g4 (¢) and My by cos(—ah/2) and applying some
trigonometric identities, they can be rewritten as

oo (t) = cos(ah/2)t — cos((j + a/2)h) M. — _ cos(ah/2) — cos((j + a/2)h)
* sin(ah/2)t + sin((j + a/2)h) T sin(ah/2) —sin((j + o/2)h)

Consider the affine function ¢ obtained by multiplying together the denominators in
these new expressions for g and M, where that of the latter is taken to include the
leading minus sign:

o(t) = — sin(ah/2) (sin(ah/2) — sin((j + a/2)h))t
—sin((j + a/2)h) (sm(ah/Q) —sin((j + a/2)h )

We will show that ¢(cos(ah)) > 0. First, note that ¢(t) = 0 at ¢t = to = —sin((j +
/2)h)/sin(ah/2) and that by Lemma 3, this point lies outside of the interval [—1, 1].
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Next, observe that sin(ah/2) > 0, that sin((j + /2)h) has the same sign as j, and
that

¢ (t) = —sin(ah/2) (Sin(ah/2) —sin((j + a/2)h)>.

If j < 0, then sin(ah/2) — sin((j + /2)R) > 0 trivially, so ¢'(t) < 0. Thus, ¢(t) > 0
for t < tg. Inspecting the formula for tg, we find that ¢y > 0 in this case. Since %,
cannot lie in the interval [—1, 1], it must further be true that ¢t > 1. As cos(ah) < 1,
we have that cos(ah) < to, as desired. On the other hand, if j > 0, then sin(ah/2) —
sin((j + @/2)h) < 0 by Lemma 3, and we have that ¢/(f) > 0, so that ¢(¢) > 0 for
t > tp. But o < 0 in this case, and since cos(ah) > 0, we have cos(ah) > to, and we
are done.
It follows that g4 (cos(ah)) < M} is equivalent to the inequality

- (cos(ah/?) cos(ah) — cos((j + a/2)h)) (sin(ah/2) —sin((j + a/2)h)>
< (sin(ah/Q) cos(ah) + sin((j + a/2)h)> (cos(ah/Q) —cos((j + a/2)h)>.
Expanding out the products, moving all terms involving cos(ah) to the left and those

not involving it to the right, and using some trigonometric identities to simplify the
result, we find that this in turn is equivalent to

(sin((j +a)h) — sin(ah)) cos(ah) < sin(jh).

Next, we expand sin((j + a)h) and move all terms involving sin(jh) to the right,
leaving us with

(cos(jh) — 1) sin(ah) cos(ah) < sin(jh)(1 — (Cos(ah))z).

Using the identities 1 — cos(jh) = sin(jh) tan(jh/2) and 1 — (cos(ah))2 = sin(ozh)Q,
we can rearrange this one more time to find that our original inequality is equivalent
to

sin(jh) (tan(ah) + tan(jh/2)) > 0.

If j > 0, then since sin(jh) > 0, this is equivalent to —tan(jh/2) < tan(ah), which
holds trivially, since the left-hand side is negative, while the right-hand side is positive.
If 7 < 0, then sin(jh) < 0, and the inequality is equivalent to — tan(jh/2) > tan(ah).
Taking inverse tangents, we see that this is equivalent to « < —j/2, and this inequality
holds, since —j > 1 and « < 1/2. This completes the proof. O

Assembling these results, we can prove the following statement about the right-
hand side of (4).

LEMMA 5. We have

sin (S50 ) || sin (2=t sin (=0 )
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when 1 < j < N and z € [~m,%o] U [z}, 7] or when —N < j < —1 and = € [z}, Tl
and

sin (7‘/“(%0‘%) sin (7Z7(j+a)h) sin (7I7(j+a)h)
2 2 B 2

o (Fo—G=a)h\ || .. [ Fo—(it+a)h T (Fo—(j+a)h
sin <7° 5 ) sin (70 5 ) sin <70 5 )
when 1 < j < N and v € [Zo,x}] or when —N < j < —1 and x € [~7,x}| U [T, ].

Proof. We will give the proof assuming 1 < j < N; the proof for —N < j < —1
is similar. When a = 0, there is nothing to prove, so we may assume « > 0. By
Lemma 2, the two arguments of the maximum function are equal only at x = Zg
and z = z7, and by Lemma 4, we have —7 < Ty < (j —a)h < 2] < (j + a)h < 7.
Evaluating both arguments of the maximum function at z = (j — a)h, we see that
the first is zero, while the second is nonzero. Thus, the second must be the larger on
[Zo, a:j] Evaluating at = (j + «)h, the situation is reversed, and by periodicity we

find that the first must be the larger on [, Zo] U [z}, 7]. O

max

This lemma is all we need for maximizing the factors in |fo(z)| with respect to
the 2; for j # 0. We would like to do something similar for 2. Unfortunately, the
dependence on T of the various cases in this result tells us that we cannot go further
and maximize any one factor over Ty independently of x. The next result shows that
we can get around this by pairing up the factors at +j for 1 < 57 < N instead of
considering them in isolation.

Note that we state the result only for 2 € [—m,0]. The reason is that, by symmetry,
any bound we obtain on |fo(x)| for z € [—, 0] that is independent of z must also hold
for x € [0,7]. We will therefore ignore the case of z € [0, 7] until we reach the end
of our argument, at which point we will see that it has been taken care of for free.
Alternatively, one could write out an analogous argument that assumes z € [0, 7]
instead.

LEMMA 6. Forxz € [-7,0l and 1 < j < N,
sin ("H(j*a)h) sin (mf(j;a)h)
5 ey . a—j)h =T ="
Sin($7§*3>sin (l‘ 2%) sin (]h> sin (7(2 2;) )
— — | <
sin (IO*;—J') sin (“g%‘) “in (x+<12+a>h) - (w—<j2—a>h)
sin (Qagj)h) sin ((2a;j)h) -

Proof. Fix z, and define the functions fi, fo, and f3 by

o sin (z+ ) sin (I*(j*a)h) oo — ) — o)
sin (t+(] a)h) (t (j—« h) COS((j _ a)h) _ cos(t)

fQ(t) _ sin (L+(J+a)h) sin (l G- a)h) ) COS(jh) B Cos(x . ah)
sin (t+ +a)h) sin (t (G- a)h) cos(jh) — cos(t + ah)

fg(t) _ sin (Cﬂ+(3 a)h> sin (ﬂﬂ (J+a)h> _ COS(jh) — COS(l‘ — Oéh) .
sin (t-i-(] a)h) sin (t (]+a)h> cos(jh) — cos(t — ah)
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Note that only the denominators of these functions vary with ¢; the numerators are
constant. By Lemma 5, we have

sin (”‘§*j>sin (”‘fﬁ) |f1(@o)] —m<ax <ot
o (Fo—Fy \ oo [Fo—7; < g [fe(@o)] 27, <a<Zg (7)
Sm( 2 )Sm( 2 ) |f3(Zo)] To <z < aj.

Recalling that Ty € [—ah,ah], by maximizing |f1(t)], |f2(¢)|, and |f3(t)] over t €
[~ah, ah] under the appropriate conditions on z, we will show that this inequality
may be replaced by

sin(xgﬂ)sin($25:)> S{M(ah)' —r<wz<ar,

sin (50725”') sin (5055" |f2(ah)| 2r; <z <0,

and this is the inequality we are trying to establish. We consider three cases.

Case 1: —m < x < z¥ ;. In this case, the right-hand side of (7) is governed by
f1. The denominator of f; has a critical point in [—ah, ah] at t = 0, and it takes on
identical values at the endpoints +ah. Since

O<ah<(1—a)h§(j—a)h§(N—a)h<(N—s—;)h:w,

we have cos((j — a)h) < cos(ah) < 1, and so |cos((j — a)h) — cos(ah)| < |cos((j —
a)h) — 1’. Thus, the denominator is smallest in magnitude at ¢ = +ah. Since the
numerator of fi; does not vary with ¢, we are done.

Case 2: z* ; <z < —ah. Here, the behavior of (7) is determined by fs. The only
critical point of the denominator fy in [—ah, ah] is at the left endpoint, where it takes
the value cos(jh) — 1. At the right endpoint, the denominator is cos(jh) — cos(2ah).
From

1
0<2ah<h§jh§Nh<<N+2>h=7r,

we see that cos(jh) < cos(2ah) < 1, and so we have | cos(jh)—cos(ah)| < | cos(jh)—1|.
Thus, the denominator is smallest in magnitude at ¢t = ah, and we are done, as in the
previous case.

Case 8: —ah < x < 0. In this case, for —ah < zy < z, the right-hand side of
(7) is governed by fs, while for z < g < ah, it is governed by fs. From the previous
case, we know that the maximum absolute value of fs(t) for t € [—ah, ah] occurs at
t = ah, and a virtually identical argument shows that the maximum absolute value of
f3(t) over the same range occurs at t = —ah. We are thus left to compare |f3(—ah)|
and |f2(ah)|. Since these two quantities have the same denominator, we need only
compare their numerators. The conditions on x imply that

0<ah+z<ah—x<2ah<jh<m,

the later inequalities following as in the developments of the previous case. Therefore,
cos(jh) < cos(z — ah) < cos(x 4+ ah), which implies that |cos(jh) — cos(z — ah)| <
| cos(jh) — cos(z + ah)|. It follows that |fo(ah)| > | f3(—ah)l|, as desired. O

We can now prove the following result, which gives a bound on |fo(z)| for = €
[—m,0] that is independent of the points ;. First, we introduce some additional
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notation that we will need for the remainder of our argument. Define z§ = 0 and
¥y =-—7m. For0<k<N,let Rj =[z*,_,,2",]and Ry = [(-k—1—a)h, (—k+
a)h]. Observe that ngo R} = [—m,0]. Again for 0 <k < N, let

Tl (2G| Trle (G k| Ty | (246Gt )h
Pr(x) :jl;[l sin (2) le;[l sin (2) szlg_l sin <2> ,
and let
N . k . N .
Q"?:H sin(m;])h) XH sin(‘];) X H sin(W)’.
=1 j=1 j=k+1
Define

Py (z)
M, = ,
k xe[—r?r%}](mRk Q.

and note that M}, does not depend on the points Z;.
LEMMA 7. For 0 <k < N and x € R}, we have 0o ()| < M.

Proof. Multiply together the inequalities derived in Lemma 6 for 1 < 7 < N, and
note that R; C Ry by Lemma 4. O

Next, we turn to bounding Mj. Our strategy will be to reduce the products Py (z)
and @ to sums by taking logarithms and then bounding the sums using integrals.
We begin with Py (x), which requires more work than @) because of its dependence
on x. The bound that we need is given by Lemma 14, but before presenting it, we
first establish several minor technical results that we will need in its proof.

LEMMA 8. For 0 <k < N and x € Ry,

sin (a: + (k— a)h) sin (a: +(k+1 —|—oz)h>‘ < 'Sin ((oz+ 1/2)h>

2

2 2 2

Proof. The derivative of the expression inside the absolute value signs on the
left-hand side of this inequality is (1/2) sin(z + (k + 1/2)h), which vanishes inside Ry,
only at © = —(k + 1/2)h. The maximum absolute value of the expression must occur
at this point, since it is zero at the endpoints of Ry. Substituting this value in for z
in the left-hand side, we arrive at the right-hand side. O

LEMMA 9. For1 <k < N and x € Ry,

() () o (525 200) (5 0)

Proof. Let f(z) be the expression inside the absolute value signs on the left-
hand side of this inequality. Applying some trigonometric identities, we find that
f(x) = cos((1 — a)h)/2 — cos(x)/2. If 1 <k < N — 1, then since

0<(Ql-a)h<(k—a)h<—-z<(k+1+a)h<(N+a)h<m,
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we have cos(z) < cos((1 — @)h), and so f(z) > 0 for z € Rj. The same string
of inequalities shows that f’(z) = sin(x)/2 is negative on Ry, so f is decreasing on
Ry. Therefore, the smallest absolute value of f is obtained by evaluating at the right
endpoint = (—k + a)h, and this produces the expression on the right-hand side of
the inequality to be established.

For the £ = N case, we note that f has a critical point in Ry at the midpoint
x = —7. Since f"(z) = cos(z)/2, we have f(—m) = —1/2, and so this point is a local
maximum. Thus, the minimum must occur at one of the two endpoints. Noting that
f is even about 7, the value of f must be the same at both endpoints, so we may as
well pick the right endpoint z = (=N + «)h. Since 0 < (1 —a)h < (N —a)h < 7, the
value of f at this endpoint is nonnegative, completing the proof. O

LEMMA 10. For K > 3 and x € Ry,

() (15158 1

Proof. As in the previous argument, let f(x) be the expression inside the absolute
value signs on the left-hand side of the inequality, and note that f(x) = cos(h)/2 —
cos(x + ah)/2. Since

z—(1—a)h 2

2

z+ 1+ a)h
2

—t<—-h<zx+ah<2ah<h<m,

for x € Ry, we have cos(h) < cos(z + ah) for x € Ry, and it follows that f is negative
on Ry. Since cos(z + ah) < 1, we have 0 > f(z) > cos(h)/2 — 1/2. This lower bound
is attained for z € Ry at © = —ah. Thus, f attains its maximum absolute value on
Ry at * = —ah, and substituting this value into the original expression for f yields
the claimed inequality. O

LEMMA 11. For K > 3 and x € Ry, the following inequalities hold:

—(1—-a)h
sin (aj(2a)> > |sin((1 — a)h)|,
sin z+ (1 —a)h < lsin (1+2a)h ’
2 2
n(x+(2+a)h> < Sm((1+2a)h)‘.
2 2
Proof. The first inequality follows from
—(1—a)h
_W§_§h§7x (1-o) <(a—1)h <0,
2 2
the second from
B ~(I+2a)h x+(1—a)h<0,
< 5 < B <
and the third from
0< x + (22+ a)h < (1 +22a)h <
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LEmMMA 12. For 0 < k< N and = € Ry,

[z + (k — a)h]log (—W) — [+ (k + 14 a)h]log <x+ (k ‘;1 +0‘)h>
< —(1+4 2a)hlog <(O‘+21/2)h> _

Proof. Let f(x) be the expression on the left-hand side of this inequality. The
derivative of f is

2+ (k—a)h )

f(x) =log <_a:+(l<;+1—|—a)h

and this vanishes in Ry, only at the point & = —(k + 1/2)h. Since f(z) tends to —oo
as x approaches the endpoints of Ry, f must assume its maximum value on Ry at this
point. Evaluating f at this point yields the right-hand side of the claimed inequality.
0

LEMMA 13. For x € Ry,

(x — (1 - a)h) log (_w—(12—a>h)

— (z+ (14 a)h) log (W) < —2hlog <Z> :

Proof. As in the previous argument, let f(x) be the expression on the left-hand
side of the inequality. We have

x—&-(a—l)h)’

f'(w) =log (_x + (a+1)h

and this vanishes in Ry only at the point £ = —ah. Moreover,

2h

@) = Granr =

The denominator of this function is a quadratic polynomial with positive leading
coefficient and zeroes at (—1 — a)h and (1 — a)h. Since x € Ry, we have (—1 —a)h <
x < ah < (1—a)h, and it follows that f” is negative everywhere on Rg. This implies
that f has a global maximum on Ry at the critical point at —ah that we just found.
Evaluating f(—ah) produces the right-hand side of the inequality to be established.
0

LEMMA 14. For sufficiently large K and x € Ry, 0 < k < N, we have

Pu(z) <5-278FK

sin <(k + 12_ 2a)h) sin ((k;l)h>

for k=0,1 and

a—1/2
Pp(z) <3-27 KK




INTERPOLATION AND QUADRATURE IN PERTURBED POINTS 11

for2 <k <N.
Proof. Let Si(z) =log Py(x). For 1 < j < N, define a;(z), b;(x), and ¢;(z) by

%@%ﬂ%sm(x_q;am>7
b;(x) = log |sin (W) |

q@)l%sm(x+q;am>.

For brevity, we will typically suppress the argument when referring to these quantities,
writing a; in place of a;(z), and so forth. Let

N—

>_-

h a] + a’j+1)7

1
2

1
Z 571 i +0j11),

J

??‘m
’—‘»—l

h(cj + ¢jt1),

HMZ l
M\H

and note that
1
hSi(z) = Ag(z) + Bi(z) + Cr(x) + §h(a1 +an + b1+ b + crr1 +on).
The sums Ak (z), B(x), and Cy(x) are composite trapezoidal rule approximations
to the integral of 1og’sin((:£ + t)/2)’ (with respect to t) over certain subintervals of

[—7, 7). Since this function is concave-down everywhere on [—m, 7], these approxima-
tions will yield lower bounds on the corresponding integrals [2, p. 54]. More precisely,

we have
—(1—-a)h t
Ag(x) §/ log |sin <33;—>’ dt,

—(N—a)h
(k—a)h ¢
By(x) S/ log |sin (HN dt,
(1—a)h 2
(N+a)h t
Cr(z) g/ log |sin <H>' dt,
(k+1+a)h 2

where the inequality for By (z) holds for 1 < k < N and the inequality for Cy(x) holds
for 0 < k < N — 1. We consider four cases.
Case 1: 2 < k < N — 1. In this case, the preceding developments yield

(N—a)h (I1—a)h (k+14+a)h ™ ¢
hSy(x / / / —/ —/ log [sin (H)‘ dt
S - —(-a)h S (k—a)h (N+a)h 2

1
+ §h(a1 +an + by + b + ckr1 +on).
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Now we just need to bound the integrals and loose terms on the right-hand side of this
inequality. It turns out that the first integral can be evaluated explicitly [3, 4.384-7]:

/ log

For the second and fifth integrals, we have the following bound, which can be derived
by applying the trapezoidal rule to the integral from (N + «)h to 27 — (N — a)h and
using the periodicity of the integrand:

—(N—a)h T
—/ —/ log
-7 (N+a)h

The fourth integral requires some care, since it has a singularity in the interval of
integration at the point ¢ = —z. (Recall our assumption that x € Ry = [(—k — 1 —
a)h, (—k 4+ a)h].) We therefore split the integral into two parts at that point. Noting
the expansion

sin (952“)‘ dt = —7log(4). (8)

sin (”””2”)' it < —%h(aN +en). (9)

. 1 1
log(sin(t)) = log(t) — étQ - @# +O(t%) o+, (10)
we have
- t k—a)h

—/ log |sin (:1: i )‘ dt = (z + (k — a)h) [1og (—M) - 1} +O(h?)

(k—a)h 2 2
and

(k+1+a)h
—/ log |sin (x;—t)‘ dt

— (o4 (k+1+a)h) {1 ~log (” (kJ;Ha)h)] +0(h?).

Adding these expressions together and applying Lemma 12, we obtain

(k+1+a)h
—/ log
(k—a)h

For the third integral, we use another trapezoidal rule bound and combine the result
with the loose terms (1/2)h(a; + b1) to yield

(1—a)h
— / log
—(1—a)h

sin (T)‘ dt < (1+2a)h— (1+2a)hlog <(a+21/2)h) +LOMP).

1 1
sin (‘T;t)‘ dt + 5h(a +b1) < (a _ 2) h(ar +br)

< (a - ;) hlog|sin <W> i <(k21)h>

where the second inequality follows from Lemma 9 and the fact that @ < 1/2. By
Lemma 8 and (10), we now have

%h(bk + ckt1) < hlog (W) + O(hg). (12)
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Putting all of these results together, we conclude that

" ((k + 12— 2a)h> w ((l@—Ql)h)‘

(o +1/2)h
2

hS(z) < —mlog(4) + (a - ;) hlog

— 2ahlog ( ) + (14 2a)h + O(R?). (13)
Dividing through by h, exponentiating, and suitably relaxing the constants that
emerge, we obtain the claimed bound in this case.

Case 2: k = 1. This case is similar to the previous one. In particular, all the
same integral bounds apply except that the second inequality in (11) is meaningless
because the argument to the logarithm function vanishes. We replace (11) and (12)
with

(1—a)h
—/_(1_a)hlog
< (a - ;) hlog((1 — a)h) + (a + ;) hlog ((1+22a)h) +O0(h?),

where the second inequality follows from Lemma 11 and (10). Combining this with
the other results just established, we obtain

1 1 1
sin (ac;—t) ’ dt + §h(a1 +2b; + ) < (a — 2) hay + ihCQ + ahby

hSi(x) < —mlog(4) + (a — ;) hlog((1 — a)h) + (a + ;) hlog (“*220‘)}1)
(a+ 1/2)h

—(1+2a)hlog ( 5

) + (14 2a)h + O(h?),

and this implies the claimed bound for this case.
Case 3: k= N. Since Cy(x) has no terms, we have, in this case,

T —(N—-a)h (1—a)h T ¢
hSy(x) §/ —/ —/ —/ log |sin (H)‘ dt
S —(—a)h  J(N=a)h 2

1
+ 5h(a1 +an + by + by).
We can bound the third integral and the loose terms (1/2)h(ay + b1) using (11);
however, we cannot use (9) to bound the second and fourth integrals. Instead, noting
that there is a singularity at —z (or a periodic image thereof) within the domain of
integration, we use (10) to find that

—/ log
(N—a)h

sin (T)‘ dt = (z+(N—a)h) [log (—W) - 1] +0(h?)
and

2n—(N—a)h t
—/ log |sin <H>‘ dt
=z 2
2r+x — (N — a)h

= (@27 +2— (N —a)h) [1 —log< 5 )] +O0(h?).
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Noting that 27 +z — (N — a)h =z + (N + 1 + a)h, we can add these together and
use periodicity and Lemma 12 to obtain

—(N—a)h T t
f/ f/ log [sin (H)‘ dt
-7 (N—a)h 2

< (1+2a)h - (1+2a)hlog ((a+21/’2)h) + O(h?).

By the same identity, Lemma 8, and (10), we have

%h(aN +by) < hlog ((O”L;/Q)h) o).

Putting everything together, we arrive once again at (13), which finishes the argument

in this case.
Case 4: k = 0. As By(z) has no terms, we have
T+t
(559
1
+ghlar +an +e1+en).

(N—a)h (1+a)h
hSo(x / / / —/ log
—7 —T —(1—a)h (N+a)h

We can take care of the second and fourth integrals and the loose terms (1/2)h(ay +
cn) using (9). For the third integral, noting that —x lies in the interval of integration,
we use (10) one more time to conclude that

/:a)hlog sin (T)‘ dt = (z—(1—a)h) [log <x(12a)h> - 1] +0(h?)

and

(14a)h
—/ log

Adding these together and using Lemma 13, we have
(14a)h

— / log
—(1—a)h

By Lemma 10 and (10), we have

sin <x2+t> ’ dt = (z+ (14 a)h) {1 —log <:H(12+a)hﬂ + O(h®).

sin (“";Ft)‘ dt < —2hlog (Z) +2h + O(R).

1
§h(a1 +c¢1) < hlog (Z) + O(h®).
Assembling all these facts, we find that
h
hSo(z) < —mlog(4) — hlog (2> +2h + O(R?),

and upon dividing through by h, exponentiating, and adjusting the constant factors
that arise, we obtain the desired result.
All cases have now been handled. The proof is complete. O
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Next, we bound Q. The result we need is the following:

LEMMA 15. For sufficiently large K,

—2a

Qr > (1 —2a)2 K K172 |sin

((k+ 1/22+a)h>

Proof. The proof is similar in structure to that of Lemma 14. Let Sy = log(Qx),

so that
h
Sk—Zbg s1n< a;—]) >‘
(14)

We will bound S using integrals of 10g|sin(t/2)|, just as before; but this time, since
we seek a lower bound, we use the midpoint rule instead of the trapezoidal rule [2, p.

54]. Assuming 0 < a < 1/4, we have
sin (L] at (15)
5 .

h/2 (k+2a+1/2)h
O S
- 2a—1/2)h (k+1/2)h

We evaluated the first integral in (8), above. We bound the third integral using the

midpoint rule:
(k+2a+1/2)h (k + 1/2 + a)h
—/ log sin (> ’ .
(k+1/2)h 2

sm( )‘-FZlog

mn( )‘ Zlog

j=k+1

sin (;)‘ dt > —2ahlog

For the second integral, we split the interval of integration at the singularity at 0 and
use (10) to compute

h/2 B
f/ log |sin <t>‘ dt = (2a — 1> hlog <(1/22a)h>
(2a—1/2)h 2 2 2

- glog <Z) + (1 —2a)h + O(h?).

From these results, it follows that

sin ((k+ 1/22+a)h>’

4 <2a _ ) hlog ((1/2_220‘)’1) _ glog (Z) (11— 2a)h + O(hY).

Dividing through by h, exponentiating, and suitably adjusting the constant factors
that arise, we obtain the claimed result.

If 1/4 < o < 1/2, the argument is similar except that we have to track the j =1
term in the first sum in the definition of Sy independently. We write

h)2 (k+2a+1/2)h 2% — 1A
hS;, > / / / log sin ((a))‘ .
—r 2a-3/2)h  J(k+1/2)h 2

Using (10) one last time, we compute

sin (mgl)h) ‘ = hlog ((1_220‘)h> +O(h?).

hSyx > —mlog(4) — 2ahlog

t
sin (2> ’ dt + hlog

hlog
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and

h/2
- / log
(2a—3/2)h

sin (;) ‘ gt (ga _ g) log <<3/222a>h)

- g log <Z) +2(1 — a)h + O(h?).

Therefore,

hSy > —mlog(4) — 2ah log

“in ((k + 1/22 + a)h)’ 4 hlog <(1 —22a)h>

+ (2a - ;’) log <(3/222a)h) _ glog <Z) +2(1 - a)h + O(hY),

and this implies the claimed bound in the usual way. O

Note that the proof of this lemma shows that the constant 1 — 2« can be dropped
from the bound when 0 < « < 1/4. We have chosen for simplicity to include it in
this case anyway because omitting it will at best improve our final results by a small
constant factor. N

At this point, we have all that we need to bound |¢o(x)| uniformly for z € [—m, 7]
and independent of the points Z;: evaluate the bounds on Mj, for x € [—7,0] N Ry,
given by Lemmas 14 and 15, and take the maximum over k. Lemma 7 shows that the
result bounds [{y(z)| for x € [—m,0]. By symmetry, the same bound must hold for
x € [0, 7] as well. Even further, by considering circular rotations of the points Z;, the
bound can be seen to apply to |Zk (z)| for k # 0. Therefore, by (3), we could bound
Ax by multiplying the bound on |fo(z)| by K

We can do better than this, however, because Lemmas 7 and 14 retain some
information about how |¢g(z)| varies with  through the hypothesis that € R;. We
can use this information to get a better bound on |[¢4(z)| for k # 0 than the one just
described. The result we need is given by the following lemma, which we could have
proved earlier but have delayed until now.

LEMMA 16. Ifz € R}, 0 <p < N, then for —-N <k <N,

max(M_ (p+k M_ (pirt1)s M_(ptiv2)) ~N<p+k<-2
max (Mo, M) p+k=-1,0
()] < max(Mpyk—1, Mp ks Mptr+1) I1<p+k<N-1
o maX(MN 1,MN) p—l—k:N
max(Mg —(pii)s M~ (pras1) Mg —(prit2)) N+1<p+Ek<2N -1
max (Mo, M) p+k=2N.

(16)

Proof. For k = 0, the result follows from Lemma 7, which actually gives a stronger
bound. The proof for k # 0 is ultimately just a matter of reducing it to the k = 0 case
by exploiting circular and reflectional symmetry; however, there are some subtleties,
so we will spell out the details to make things clear. Note that z € R} implies z € R,
by Lemma 4.
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First, suppose that 1 <k < N. Then, 1 <p+k < 2N, so only the last four cases
in (16) are relevant. Let

) Tjin —kh ~N<j<N-k
Ti =
P\ Fjak-x +2r—kh N—-k+1<j<N.

These points are just a circular shift in [—7, 7] of the points Z; by kh. It follows that
U (x) = Lo(x — kh), where /g is the (trigonometric) Lagrange basis function for the
points £; that takes on the value 1 at £3. One can easily check that

4. — l‘j+tj+kh —-N<j<N-k
J $j+tj+k_Kh N—k—i—lSjSN,

where the z; are the equispaced points (1), and the t; are defined by (2). Thus, the
points &; constitute a set of perturbed equispaced points of the sort that we have
been considering. In particular, we can use Lemma 7 to bound g()(m — kh) and hence
0 (). We consider several cases.

Case 1: 1 < p+k < N —1. Since x € R,, it follows that x — kh € Ry,
which means that  — kh must belong to one of Ry k1, Rpipand RY oy, again by
Lemma 4. By Lemma 7, |{o(x — kh)| < max(Mp 1, My, Mpiji1)-

Case 2: p+k =N and (—p—1/2)h < x < (—p + a)h. We have z — kh € Ry.
Moreover, x —kh > (—p—k —1/2)h = (=N —1/2)h = —7r, so x — kh € [-7, 0] N Ry.
Thus, z — kh belongs to either R}y or Ry _; by Lemma 4, and so Lemma 7 gives
|go(l‘ — kh)| S maX(MN_l, MN)

Case 3: p+k =N and (—p—1—a)h <z < (—p — 1/2)h. Again, we have
@ —kh € Ry, but this time, 2 — kh < 7. Nevertheless, {o(z — kh) = {o(z — kh + 2),
and  — kh 4 27 € [0, 7] N —Ry. By reflecting the problem about 0 (i.e., replacing &;
with —&; for each j and z — kh+ 27 by —(z — kh+27) € [—7,0]N Ry), and applying
Lemma 7, we obtain |[{o(z — kh)| < max(My_1, My) as in the previous case.

Case 4: N+1<p+k <2N —1. Just as in the previous case, we will look not at
lo(x — kh) but at fo(x — kh + 27). Noting that 27 = Kh, we see that © — kh + 27 €
—Rg_(p+kt1)- Since x > —m and k < N, we have x — kh + 21 > —7w + (K — N)h =
h/2 > 0. Thus, x — kh + 27 € [0, 7] N —Rg_(p4+k+1)- Reflecting about 0 as was done
in the previous case and noting that —(z — kh+ 2m) must belong to one of Ry,
R}‘(_(erkH), and R;(—(p+k+2) by Lemma 4, we may apply Lemma 7 to conclude that
|€0($ - kh)l < maX(MKf(erk)v MK*(p+k+1)a MK*(p+k+2))'

Case 5: p+k = 2N. This is handled exactly the same as the previous case except
that since x — kh + 27 € [0, 7] N —Ro, we have that —(z — kh + 27) can belong only
to one of R and R}. Therefore, |fo(z — kh)| < max(My, My).

For —N < k < —1, the argument is similar. In this case, the circularly shifted
points &; are

. Tjyr —kh ~N—-k<j<N
T;=
ij_t,_k_t,_K—Qﬂ'—kh —]V<j<—]\]—]€—17
so that

P xj—|—tj+kh —N—-k<j<N
P \ay Htjgrexh ~N<j<-N-—Fk-1.
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Just as before, we have (4 (z) = éo(z — kh). Noting that —N < p+k < N — 1, the
proof again breaks into cases as follows.

Case 1: 1 < p+k < N—1. Just as in the previous Case 1, we have x —kh € Ry,
and the result follows in exactly the same way.

Case 2: p+k =0 and (—p—1—a)h < x < —ph. Here, z — kh € Ry, and
the restriction on x forces  — kh < 0, so in fact, x — kh € [—m,0] N Rg. Therefore,
x — kh belongs to one of R§ and R} by Lemma 4, and so by Lemma 7 we have
|é0(m — kh)| < max(My, My).

Case 8: p+k =0 and —ph < x < (—=p+ a)h. Now = — kh € Ry, but 0 <
x — kh < ah. To bound éo(x — kh) in this case, we reflect the problem about 0 as
we did in some of the cases for positive k above. Since [—ah,ah] C Ry, we have
—(x — kh) € [-m,0] N Ry, and so Lemma 7 tells us that |[{o(2z — kh)| < max(Mo, M)
once again.

Case j: p+k=—-1and (—p—1—a)h <z < (—p—1)h. In this case, x — kh €
[—ah, 0] and hence belongs to [—m,0]N Ry. Applying Lemma 7, we have |{o(z — kh)| <
max(Mp, M7) just as in the previous two cases.

Case 5: p+k=—-1and (—p—1)h <z < (—p+a)h. Now, z — kh € [0, 7] N —Ry.
Reflecting in 0 and using Lemma 7 yet again, we have |[{o(z — kh)| < max(Mo, M ).

Case 6: —N <p+k < —2. We have x —kh € —R_(p j41)- Since —R_(,1p11) C
[0, 7], we reflect in 0 and observe that, by Lemma 4, —(z — kh) belongs to one of

Ri(p+k), R*_(p+k+1), and R’i(p+k+2). Applying Lemma 7 one last time, we obtain

|g0($ — kh)| < max(M_ 11y, M (piir1)s M (pinr2))-
All cases have been handled. The proof is finished. O

The point of Lemma 16 is that it allows us to bound A ~ by summing the bounds
of Lemma 7 over k instead of maximizing them over k£ and multiplying by K as
described previously.

LEMMA 17. We have

N
Av <93 M. (17)
k=0

Proof. Suppose that x € [-m,0] N R5, 0 < p < N. We can use Lemma 16 to
bound the sum in (3) for this value of x by summing the right-hand side of (16) over
—N < k < N. This is equivalent to summing it over the values of p + k such that
—N+p<p+k <N +p, and this is certainly bounded above by the sum over the
larger range —N < p+ k < 2N. Writing j in place of p + k, it follows that

N -2 N-1
ST l(@) < Y max(M_j, M_(ji1), M_(j42)) + Y max(M;_y, M, Mj 1)
k=—N j=—N j=1
2N—-1
+ Z max(Mg_j, Mg _(j+1), Mg —(j+2))
J=N+1

+ 3max(M0, Ml) + maX(MN,l, MN)
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Since max(a,b) < a+b when a,b > 0, we can convert the maxima into sums to obtain

N _ N N-1 N-—-2 N-—-2 N-1 N
ST@ Y M+ > M+ > M+ > M+ Y M+ M,
k=—N j=2 j=1 j=0 j:O j=1 j=2
N N-1 N—
+Y M, + ZMj+3M0+3M1+MN_1+MN
j=2 j=1 j=0

after simplifying the indices of summation. We immediately obtain

N

> k(@ |<9ZM

k=—N

Since the right-hand side of this inequality is independent of p, this bound actually
holds for all € [, 0]. Even further, since the M, are independent of both x and
the points (2), by symmetry, it holds for all z € [—m, w]. The result now follows from
(3). 0

We can now prove Theorem 2.1 from the main article.

Proof of Theorem 2.1. We use Lemmas 14 and 15 to bound the right-hand side
of (17). For K sufficiently large and k = 0, 1, we have

5 (k+1/24 a)r 2
M <7K2(1 N = T
e Sln( K
k+1/2 R
< 5 (k+1/2+a) < Or (18)
1—2a K 1= 2a
while for 2 < k < N,
- ((k+1/24a)7 ) |2
3 ‘Sm<?>‘
My, < I(4a71 1/2—a
1-2a sin (w) sin (@)‘
2«
SRR sin (22
— 12«

1-2a -
. k—1)m
s (%)‘

In deriving the last expression, we have used the inequality

sin (U““—Qa)ﬁ)‘ 5 sin ((k—Kl)77>

K
which clearly holds for 2 < k < N — 1 and for Kk = N with 1/4 < a < 1/2, since in
those cases, (k+ 1 —2a)n/K € [0,7/2], and k+ 1 —2a > k > k — 1. To see that it
holds for kK = N with 0 < a < 1/4 as well, note that in this case

" <(N = 2a)7r> . ((N j;(za)w>

)
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by the symmetry of sine about 7/2. Since N + 2« € [0,7/2] and N + 2a > N — 1,
the inequality follows.

Using the inequalities |sin(z)| < |z| for € R and |sin(z)| > (2/7)|z| for |z| <
/2, we can simplify the bound on M}, for 2 < k < N even further to

20
(k+1/24a)m
3 do—1 ‘ K 3r (k+1)%

< .
F=1"2a ‘Q(k—l) ‘1720‘ ~1-2a((k—1)l—2«
K

(19)

The result now follows from summing the bounds on the M}, established in (18) and
(19) and bounding the sum by interpreting it as a midpoint rule approximation? to
the integral of a function that is concave-up (note that N +1/2 = K/2):

N
1 2c N+1/2 1 2c
Z (k + </ GRS .

k:2 _ ]_ 1 20 — 3/2 (LC _ 1)17204
K/2 2 _ 20 2
. (K/2+1)2°‘/ da___ (/41 = (K/4+1/2)
3/2 (.T — 1) 200
K2420¢_K42a K4a_1
< (B - (K/9™ (20)
2c 2c

The bound (20) is given in terms of K = 2N + 1. To obtain the result in terms of N
stated in the main article, we seek a universal constant C’ such that (2N + 1) —1 <
C'(N* — 1) for N > 2 and 0 < a < 1/2. A straightforward computation using
calculus shows that C’ = 8 will suffice. O

We close with a word about why our argument falls short of establishing the
stronger bound on Ay that we conjecture involving N2* instead of N**. As summa-
rized in the opening paragraphs of this appendix, our argument proceeds by choosing
the perturbed points Z; to maximize |{;| for a fixed value of k, bounding the maxi-
mum, and then summing the bounds. This is a different (and easier) problem than
choosing the points to maximize the sum Zivz_ N 0| and bounding that maximum
instead. B

In symbols, our argument bounds Ay by bounding the rightmost expression in
the following chain of inequalities:

N N
Ay < max  max Z |4k ()| < max Z max_ |[lk(x)].
T_N,..yTN TE[—T,T) z€[—m,7] TNy TN
k=—N k=—N
The loss enters in the passage to the rightmost expression from the one in the middle.
To prove the stronger bound, one needs to consider the |¢| all together at once in the
sum instead of individually as we have done here.
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