PROPERTIES OF THE CONVOLUTION OPERATOR
GENERATED BY THE CANTOR MEASURE

C. THIABAUD ENGELBRECHT AND YANZE LIU

International Student Research Report, Summer 2017

1. INTRODUCTION

This report summarises some important results found during Summer 2017, by
undergraduate researchers Thiabaud Engelbrecht and Yanze “Troy” Liu, under
Professor Malabika Pramanik, and her PhD student, Rob Fraser. Our research
focused on exploring the properties of the convolution operator generated by the
Cantor measure.

We define the Cantor measure \ to be the weak limit of Loy

et where C, is the
k" iteration of the construction of the Cantor set.

‘We then consider:

(1.1) LS * Mllzacry < [ fllpe VS € LP(T).
We would like to know for any given g what the smallest (i.e. “best”) p value that
Equation 1.1 holds for is.

Oberlin has done work in this area, with two papers, [1] & [2], already published
on this problem. We attempt to build on Oberlin’s results. One of his more notable

results is that Equation 1.2 (below) implies Equation 1.1:
(1.2)

1 a+b\? a+c\? b+c\? 1/a aP + bP + cP 1/p
- < (- = +
) () +(55)) =(F575) vancer

2. NUMERIC RESULTS

Using numeric methods, we managed to approximate p to 4 decimal places for
various ¢ values. A graph using this data is included below:
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FIGURE 1. Graph of 1/¢ versus 1/p.

3. THEORETIC RESULTS

Theorem 3.1. Given Equation 1.2 with ¢ = 2 holds for all a,b,c > 0 , we will

show that p can not be less than }2g4.
g3

Proof. We first focus on the forward direction:
Consider the point (a,b,¢) = (1, %, 3). Plugging this point into Equation 1.2 at
q = 2, we will get:
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by the monotonicity of logarithm, this inequality holds if and only if the following
holds:

As we are only focusing on the case when p > 1, the above inequality holds if and
only if

0<fbg@2

1<3

Letting = 3%, we have

<ite
0<a2®—3z+2
0<(z—1)(z—2)
2<zx

The last step is due to the fact x cannot be less than 1. We can conclude that

p

2 < 35
log 4
log3 =7

‘We now consider the converse direction:

Theorem 3.2. Ifp > Ei;’ then Equation 1.2 at ¢ = 2 holds for all a,b,c > 0.

Proof. 1t is suffices to show Equation 1.2 at ¢ = 2 holds for all a,b,¢ > 0 when
fog 4

log3 -

To see this, consider the functions p and f defined on the set A = Z/37Z by

% ifte=0
wa)y=<¢ 0 ifx=1
3 ifz=2
a iftzx=0
fley=< b ifx=1
c ifx=2

for any a,b,c > 0. Then it is clear that Equation 1.2 at ¢ = 2 holds for a,b,¢ > 0
if and only if ||f * u|l2 < ||f||, for all f, where || - || is the norm with respect to
the uniformly distributed probability measure, m, on A. Moreover, f * u is defined
below, where c is the counting measure on A.

[ p(x /f (x —t)de(t Z fu(z—1)

t=0,1,2
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SO
17l = 1 % (o) (e
= L_(%;'f*“(xw %
(e 1)
and

i1l = [ [ 1@pin)]” - [ > ;U(x”pr’_ v

x=0,1,2

It is trivial that when p = oo, ||f * p||2 < ||f]lp; in other words,

(T L3 ERT)] smen

With ||f * plla < ||f]loo, if we can show ||f * ullz < ||f||i§%§’ then by the Riesz-

Thorin theorem: specifically, by setting ¢1 = ¢2 =2, p1 = iggg,pz = oo and by

letting the operator T defined by T'f := f % u. The operator T is clearly a linear

operator on L*>°(A) and L%(A), so ||f * pll2 < || f]lp for all p > %ggg, as desired.

Now we focus on the case when p = 184
log 3
2 2,1
It suffices to show that g(t) = %, t > 0 achieves its global maximum

at t = 1. ( See Lemma 3.3)

It is clear that the derivative of g(t) has the same sign as s(t) = —2tP — 2tP~!
3t + 1, and s(t) < 0 for t > 1. What remains to show is that g(¢) < g(1) on the
interval [0,1] .

We first consider the roots of s(t), which are the roots of ¢'(t)

s'(t) = —2ptP~t —2(p — )tP72 + 3
s"(t) = =2p(p — D" = 2(p — (p — 2"
=200 D (pt + (p - 2))
s"(t) has exactly one root on [0, 1], namely 2%1’. Therefore, s(t) has at most three
roots on the interval, and so does g'(t). Observe that s(1) = s(3) = 0. In addition,
since ¢'(3) = s(3) =0, ¢"(3) = —0.0344 < 0, g achieves a local maximum at

t= % Moreover, s'(1) & —0.0474 < 0 , so g achieves another local maximum at
t =1 on [0,1] because s(t), thus ¢'(¢), is positive in some neighbourhood of ¢ = 1.

Consequently, the global maximum of g on the [0, 1] must be achieved at ¢t = % or
at t = 1. As g(1) = g(3), we can conclude that g achieves its maximum at ¢t = 1 as
desired. O

1
Lemma 3.3. Let p = Egg' If g(t) = %

att =1, then Equation 1.2 at ¢ = 2 holds.

achieves its global mazimum
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Proof. Observe that Equation 1.2 at ¢ = 2 holds if and only if

1 1
1\?_ 1 (Ta+0b]? b+c]? a+c]?\’
— D < 1
(&) s ([5] [5] + [5]) =
where d = [a? + bP + c”]%. Note that we are assuming that not all of a,b,¢ = 0,
when they are all 0, the equality holds trivially.

By a change of variables, it is sufficient to show
(3.1)

1

1\?2 3

(12> 3v ([a + b0+ [b+c +la+ 0]2) ‘< under the constraint a?4+bP+cP = 1.
In order to show Equation 3.1, we use Lagrange Multipliers. The maximum of

the function

u(a,b,c) = ([a + b2+ [b+d* +a+ 0]2) 3

under the constraint v(a, b, ¢) = a? +bP + P = 1 is either achieved at the boundary
or the interior. If it is not achieved at the boundary, then by introducing La-
grange’s multiplier, we can easily conclude that at (ag, bg, ¢p) where the maximum
is achieved, at least two of ag,bg,co are equal. WLOG, we assume ay = bg. It
follows that:

2

Nf=

2a, a

max f = [(2(10)2 + (ap + 00)2] = ¢ {(c 0)2 + (?0 + 1)2]
0 0

Because that g achieves global its maximum at ¢ = 1, we have that g(22) < g(1);

‘co
that is,

(o 1>2]é <otn) (22 + 1);

€o Co Co
Thus
2a9.5 a0 2 2 0 v L1\
max f =co|(—)? + (= +1)?| <cog(l) (2(=)P+1) =g(1)=122
€o Co Co 3
Therefore,
. 1\? . 2 2 2\ 2
LHS of Equation 3.1 = - 3w ([a+b] + Db+ +a+ ] )
1\?
< | — »
< <12) 37 (max f)
1\? .
< | — 3rqg(1l
= (12) 9(1)
=1

Then we consider the case when the maximum is achieved at the boundary. WLOG
we assume that a = 0 because of the symmetry of a,b,c. Equation 1.2 at ¢ = 2
becomes

o (B LT )] <)
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FIGURE 2. A closer look at the function.

We can assume WLOG that b < ¢, and divide both sides by c:

1
b _
1{[b]° 11° (4" +1
— _ Z < c
([ <[
0 <z <1, what remains to show is that:
1 {ngr r+1 2+ 1 2 ? < [2P 4+ 1 ]
3\ 12 2 2 e E
This can be checked through the graph of difference between the RHS and LHS of
the above inequality.

2 1
P

b
!
2

Let x = %,
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FIGURE 3

Note that in the graph, the value of p is set to be 1.25, which is smaller than

}ggg, and the inequality holds clearly for p = oco; therefore by similar interpolation
argument we have used previously, for any value of p > 1.25, in particularly p =
iggg, Equation 3.2 holds. O

‘We would like to show:

i 1
1 a+b]? b+c]? a+c]®\|° aP +bP 4+ PP
. - < |Z 7 =
oo [s([T 5] [ T)] <[]
holds for all a,b,c > 0, if and only if p > % Note that p is always positive.
Without loss of generality, we assume that a+b+c = 3, and writea = 1+x,b =

1+y,c=1++ z; thus we have z,y,z > —1 and z + y + z = 0. Then the left hand
side becomes

(R S I TN (o R

What remains to show is that
(3.4)

[;([12}3+ [1—%}3+ [1;}3”% - [(1+x)p+(1+3y)p+(1+z)pr

holds for all z,y,z > —1 with  + y + z = 0 if and only if p > %

Theorem 3.4. Given Equation 3.4 holds for all x,y,z > —1 withz+y+2z=0,
we have p > %
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Proof. Let f(x,y,z) be the left hand side of Equation 3.4 and g(z,y, z,p) be the
right hand side of Equation 3.4.

- 1
1 713 y13 213\17
fey,2) = _3([1‘2} =g+ -3 )]
- 2 2 2 3 3 373
_hr_ ¥y _ ., r_ ¥y _ = _r T _T
__12 2 2T a Ty T T m; 24}
r 2 2 2 3 3 373
_ r.y . F_r Yy _ =
B _H + 4 24 24 24]
Note that
of of of
8(000) 6(000) (‘3(000) 0
0 f o’ f 0% f 1
82(000) 82(OOO) 82(000) G
o f 0*f 0 f
920y (0,0,0) = 920> (0,0,0) = B0 (0,0,0) = 0.
By considering the Taylor expansion of f at (0,0,0), we have
2 2,2
flz,y,2) =1+ Ty A + higher order terms.

12
Then we focus on g(z,y, z,p). Let

1
(I+a)P —pr+(A+y)P—py+(1+2)P—pz]|?
3

k(x7y7 Z’p) =

Because x + y + z = 0, we have g(z,y, z,p) = k(z,y, z,p) Note that

ok ok ok
%(Oa()?()mp) - @(07070729) - &(0’07071)) =0
82 82k‘ 82k‘ p—1
82 2 Zk
(0,0,0,p) = (0,0,0,p) = (0,0,0,p) = 0.

0z0y 0x0z 0z

Ay
By considering the Taylor expansion of &k at (0,0,0), we have
-1

g(x,y,2,p) = k(z,y,z,p) =1+ pT(xQ +y% + 2%) + higher order terms.
Also, we are given that for any z,y,z > —1, f(z,y,2) < g(z,y, z,p).
In other word,
p— 22 4 g2 22

12

By taking z,y, z — 0, we can see that p > % (]

1
1+ (x> +2%)+higher order terms > 14

+higher order terms.

We will start the proof of the converse direction:

Theorem 3.5. Ifp > %, then Equation 3.4 holds for all x,y, z > —1 with z4+y+z =
0.
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Proof. 1t suffices to show Equation 3.4 holds when p = %; for larger p, Equation
3.4 holds by Riesz-Thorin Theorem.
Fixing p = % and taking left hand side to the power of p, we will have

The last inequality is due to the fact that (1 + u)% <1+ 3 foru>—1.
Then we consider the right hand side to the power of p,
(4 + (14 y)? + (Lt 2
3 .
By considering the Taylor expansion of (1 + z)? at 0,

3
(1+$)p=(1+$)2=1+?+?—T6+m+"'
T T
2 8 16 128(c+1)2
b w2
2 8 16

for some ¢ between 0 and x.
Therefore,
A4z +Q+y)P+(1+2)? etytz R R A R
3 2 8 48
2+ +22 P yP 428

=1 —
+ 8 48

2[5 (-3 b b2

B(P—3T+ -y [l_zmé ; [<1+x>p+<1;y>p+<1+z>f’r_

Then

(]

Our simplest result is the discovery of a linear lower bound for p in terms of ¢
(note that this is not a best lower bound except at ¢ = 3):

Theorem 3.6. p > 3 + 4,
Proof. Use the Taylor Series of Equation 1.2, with (a,b,¢) = (1,1,1+z) up to (and
including) the 22 term. Simplify and solve for p in terms of q. g

PP .p\1/P pte_ ppte pte
Lemma 3.7. (#) < (%

- )1/p+€

for all e > 0.

Theorem 3.8. Equation 1.2 holds with ¢ = 2 implies p > logs(4) is the best possible
bound for p.

1
1 x73 Y13 213\ |2 r Yy z y z x
-2+ =4+ -2 = -5-4-2 S A
[3([ 2] T 2] T 2 2 2 o At I T T u  w ;
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Proof. Take Equation 1.2 with ¢ = 2, (a,b,¢) = (1,1, 3):

/3 < (2+3P)1“’

3
2 3P
3p/2 <« 2 4 2
_3Jr 3

We have a quadratic in 3?2, which has solutions 37?/2 > 2 and 3?/2 < 1. The
second solution is extraneous, as it gives negative values of p, while the first solution
gives us p > logs(4).

Next, we consider Equation 1.2 with (p,q) = (logs(4),2), and (a,b,c) = (1,1, 3),
and see that both sides are equal.

We then apply Lemma 3.7 to show that if p < logs(4), the equality doesn’t
hold. O

At this point, showing that the left side of Equation 1.2 is maximized at (a, b, ¢) =
(1,1, 3) implies the converse of the above theorem.

Note that the proof of Theorem 3.8 is fairly general, and could be applied to
various ¢ or p values, as long as we could find the appropriate “Magic Triplet”
(a, b, ¢) to maximise the left side of Equation 1.2.

In our attempt to find these magic triplets, we used Lagrange Multipliers and
numeric (computer-assisted) methods on Equation 1.2. The (p, q) values included
in Table 1 have been proven to be the best possible for the given ¢; other values
are omitted.

TABLE 1
(p7 q) (avb’ C)
(10g3 (4)7 2) (17 17 3)
(3,3) (1,1,1)
(logs(4),2)" | (1,1, 3)

Note that (1, 1,1) will always make both sides of Equation 1.2 equal, however in
the case (p,q) = (%, 3), it is the only triplet that makes them equal.

4. CONJECTURES

Based on the numeric results, we conjecture that the magic triplets will always
take the form (a,a,c). We also conjecture that for ¢ > 3, ¢/a < 1, and for g < 3,
¢/a > 1. Based on this conjecture, we used Lagrange Multipliers on Equation 1.2
and found that

qg—1
(4.1) (142””> S22 P —1) =1,z € (0,00)
where z = ¢/a.

The left side goes to co as * — oo, and is negative as x — 0, so this expression
must have a solution as for every (p,q) by Intermediate Value Theorem.

The expression gives us the correct values of x for all the known (p,q) pairs.
From here, we would like to focus on finding more ¢, z pairs numerically, as doing
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so will allow us to find the correct p value, and also prove that it is the best p value
for the given gq.
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