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ON THE METHOD OF SURGERY AND APPLICATIONS

T. AGAMA

ABSTRACT. In this paper we introduce the concept of surgery. This concept
ensures that almost all discontinuous functions can be made to be continuous
without redefining their support. Inspite of this, it preserves the properties of
the original function. Consequently we are able to get a handle on the number
of points of discontinuities on a finite interval by having an information on the
norm of the repaired function and vice-versa.

1. Introduction and motivation

Continuous functions are considered very tractable functions to work with, but
once a function fails to be continuous we need to be extra careful in handling such
function for effective analysis. We can still engage in some repair process if the
discontinuous function has removable discontinuities in the support. Consider the
function G : R — R, defined by

a function that has discontinuities at x = 1, —1. One of this is a removal disconti-
nuity and the other is an essential discontinuity. For various classifications of the
type of discontinuities, see [1]. In this paper, we introduce the concept of surgery, a
method of making a discontinuous function continuous on it’s support by breaking
the function into pieces and replacing the discontinuous body with a continuous
body almost identical to the original. It turns out that this analysis preserves most
of the properties of the original function. In that direction we have the following
result:

Theorem 1.1. Let f : [a,b] CR — R. Let N = {y1,92,...,yn} be the points of
discontinuities of f. If f accepts surgery, then ||f|| < § if and only if there exist
some kg > 0 such that n > K for K > kg for arbitrary 6 > 0.

Remark 1.2. Tt is therefore natural to expect that a discontinuous function could be
undefined on its support. But in this paper, the use of the terminology discontinuity
would mean the function is defined on its support but fails to be continuous. That
is, we are entirely ruling out functions that experience blowups at some points in
their support.
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2 T. AGAMA

2. Surgery on functions

Definition 2.1. Let f : [a,b] — R and let 7 < 2 < --+ < x, be the points of
discontinuities of f, where [a,b] C R. Then we say f accepts surgery if there exist
some non-constant continuous functions g; : [z; — €, z; + €] — R for 1 < i < n such
that f =< g; in the support of g;, where € is arbitrarily small. Then the surgical
representation of f, denoted by f, is given by

n

f = f[a,b]\uyzl[a;i—e,xﬁ-e] H lxi—e,xi+e€]

i=1

where
fila, b\ U [z — e,z + ¢ — R.

f is said to be the structured part of the representation and each g; forms a com-
ponent of the delicate part and where

Gy = {G(az) if € la,b]

1 otherwise.

The conductor of the surgical representation fof f on any given point on their
support will depend greatly on their location in [a,b]. That is, if x € [x; — €, z; + €]
for some 1 < i < n, then the value f(z;) = g;(x;). However if

n

T e U[a,b]\[mi—e,xi—i—e],

i=1

then f(z) = f(z). In practice the surgical representation of functions takes on
values in the following manner

f(a) (f[a b\UT, [z —€,xi+¢] Hgmi €,z; +e]) CL)
i=1

n
f U [z —exy +e] ]‘_[g[acZ €,z;+¢€) )
i=1

It follows from this analysis that any discontinuous function (resp. continuous) can
be controlled from below and above by its surgical representation as

(fg)>+ < fl@) < (@>+

for D : D(n) > 0 and C := C(n) > 0 forn > 0 and C(n) = 1 if n = 0 with
D(n) =1 if n =0, where n is the number of points of discontinuity of f.

Remark 2.2. The notion of surgery on a function f can pretty much be thought
of in practical terms as identifying sufficiently small neighbourhoods of points of
discontinuities of f, removing the portion of the graph of f whose support corre-
sponds to this neighbourhood and replacing it with an equivalently nice function
on the same support by gluing both ends to the remnants of the closest body of
the original function.
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Theorem 2.3. Let f : [¢,d] — R have finite number of points of discontinuities.

If f accepts surgery, then the surgical representation f of f is unique up to constant
dilates of f.

Proof. Suppose f : [¢,d] — R accepts surgery, and let

n

~

f= f[avb]\ULl[xi—E,fmﬁd H lz;i—e,xi+e]

o
Il
A

= .f[a,b]\u?zl[xi_gxi_i_g] h[x,-—e,m-&-g]-

.

©
I
—

Then it follows that

Hlll Jlz;—e,xi+e] _
H?:1 h[wi—e,xﬁe]

Since each of the supports [z; — €, z; + €] is non-overlapping for all 1 < ¢ < n, it
follows that for each 1 <7 <mn

1.

Jiwi—ewite = Mai—e,zi+e]-
Suppose to the contrary that gy, —c 2, 4+¢ # Pa;—e,z,4+¢ for 1 < i < n, then it follows
that for some a € [z; — €, z; + €] we will certainly have
H?:1 Jlxi—e,xi+e] (a)
Il Pe—eairq (@)
a contradiction, thereby ending the proof. O

£1

Theorem 2.4. Let f,g: [a,b] — R each having finite points of discontinuities in
the support [a,b] CR. If f and g accepts surgery, then we have

f+9=F+39.
Proof. Let f,g : [a,b] — R and suppose f and g accepts surgery, then we can
write

F+g=(+9)hhs-hy.

By letting 1 < z2... <z, and y1 < y2 < ... <y, be the points of discontinuities
of f and g respectively, we observe that (f + g) is supported on

(2.1)
]\ U (I o

ij=1

n

= ey +) = ()l (- oo+l - ey +4))

Q=1
= n[avb]\[‘ri_eaxi"_e]u ﬂ[avb}\[yj_evyj"_e]
ij=1 ij=1

n

= U <[a,b]\[xi—e,xi—l—e]ﬁ[a,b]\[yi—e,yl-—i—e]).

4,j=1
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It follows from these relation that f + g = f + §. Thus
F+9=(f+9hths--hn
= (f+9)hihe--hy
= fhihg -+ hy + Ghihg - hy,
=f+3
and the relation follows immediately. O

Remark 2.5. Tt is very important to notice that the structured part f of the surgical
representation of any function with finite points of discontinuities is still the function
f but with the support restricted in some sense.

Corollary 2.1. Let f; : [a,b] — R for i = 1,2...n each having points of discon-
tinuities on the support, where [a,b] C R. If each f; accepts surgery, then

D fi=2 T
i=1 i=1
Proof. The result follows by applying Theorem 2.4. O

Remark 2.6. Corollary 2.1 reinforces the notion that we can get control on the
surgical representation of the sum of function by the surgical representation of each
individual function.

Proposition 2.1. Let f : [a,b] — R having points of discontinuities on [a,b] C R
and let A € R. If f accepts surgery, then

N = AT
Proof. Let x1 < x, ... < x, be the points of discontinuities of f and suppose f
accepts surgery, then it follows by Theorem 2.3
M = (\f)hihg -,
where ():f) by Remark 2.5 is the function Af supported on
[a,b] \ [z; — €, x; + €.

The conductors on this support are dilates of the conductors of f on the support.
Thus we can write (Af) = Af and it follows that

M = (\f)hihy -y,
= Afhihy -+ hp
=\,
thereby establishing the relation. |

Corollary 2.2. The surgical representation of functions on a given support is
linear. In particular, let A € R and suppose f,g : [a,b] — R both accept surgery,
where [a,b] C R, then

(i) f+9=rf+7

(i) Af = Af.

Proof. This is an assemblage of the result in Theorem 2.4 and Proposition 2.1. [
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3. Ordering of surgical representations

In this section we assign some bit of ordering to the surgical representations of
functions. We launch the following terminologies:

Definition 3.1. Let f : [a,b] — R and g : [a,b] — R be functions that accepts
surgery, where [a,b] C R. Then by f <« g, we mean there exist some constant
c1 > 0 such that

|/(2)] < e1g(a)

for all common points x in their support. Similarly f > ¢ if there exist some
constant co > 0 such that

|f(@)] = c2g(x)
for all points z in the common support. In both relation holds for any function
f:]a,b] — R and g : [a,b] — R that accepts surgery, then we write

=gy

Remark 3.2. Next we state and prove a result that relates the interaction between
the structured part of two functions that accepts surgery to their surgical repre-
sentations. It is essentially saying that once the structured part of their surgical
representations are identical then the components of the delicate parts must also
be identical and, hence the two functions certainly should be identical.
Theorem 3.3. Let f : [a,b] — R\ {0} and g : [a,b] — R\ {0} accepts surgery,
where [a,b] CR. If f < g, then f =7 and hence f < g.
Proof. Suppose f : [a,b] — R and ¢ : [a,b] — R accepts surgery. Let 21 < x5 <

. < zpand y1 < y2 < ... < yp be their points of discontinuities respectively.
Then we observe that (fg) is supported on

n

Iy ([xie,xmm[yje,yﬁe]) U ([a,m\[zz—e,mema,b]\

i,j=1 ,j=1
[y — €y + 6])-

It follows that ( f g) = f§. By leveraging this relation, we can write

fg= (fg)hth"'hn
= fghiha -+ hy
= f(§h1h2 . "hn)

I
!
Q)

= §(fhiha -+ hy)
=3f.
It follows from this relation f§ = g}f if and only if

Q| ~—,
QQ).\\)
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Under the condition that f = g, it follows that fx g, and hence f < g, and the
proof of the theorem is complete. ([

It turns out that the converse of this result also holds. To avoid being clumsy
and ensure orderly presentation, we present the converse as a separate piece.

Theorem 3.4. Let f,g : [a,b] — R\ {0} accepts surgery, where [a,b] C R. If
f =g, then f <7.

Proof. Suppose f,g : [a,b] — R\ {0} accepts surgery. Then the relation holds

Q| ~,
Q).\kh)

If f =< g, then f = g, since f and § are still the body of f and g with their support
restricted in some sense but still covered by the support of f and g. It follows
therefore from the above relation that f =< g, and the proof is complete. O

These two results put together offers us some transference principle that enables
us to examine the order of functions. This principle is phenomenally important
and it will be explored in the following sequel. We remark at this point that if
a function f is continuous on [a,b] C R, then the structured part of the surgical
representation coincides with f. That is

f[a,b]\U;Lzl[zife,ziJre] = f

Next we prove that the monotonicity property of a function can be transferred to
the surgical representation of functions.

Theorem 3.5. Let f : [a,b] — R, where [a,b] C R, and differ on at least two
points in [a,b]. If f is non-increasing (resp. non — decreasing), then the surgical
representation is also non-increasing (resp. non — decreasing).

Proof. Let f : [a,b] — R. In the case f is continuous on [a, b], then it follows from
the forgone discussion that fi, p\ur_ [yi—eyi+e = f- Since f is non-increasing, it
follows that

fla,p)\un

i=

lyi—eyi+e] (371) > .]zr[a,b]\U;‘:1 [yi —€,yi+€] (56'2)

with 21 < o for all 21, z9 € [a, ] and it follows that f(x1) > f(x2) for any 21 < x.
In the case f fails to be continuous on [a,b], then let y; < y2 < -+ < y, be the
points of discontinuities of f and suppose f accepts surgery. Then the structured
part of the surgical representation f is supported on

[a, b] \ Ui [yi — €, 95 + €.

Since f[mb]\un [yi—e,yi+¢] 18 still the body of f, it follows that

=1

f[%b]\U”:l lyi—e€,yi+e] (Il) > ﬂa,b]\uz":l[yi—s,yi-i-e] ($2)

i

for z1 < x5. It follows that the structured part is non-increasing. We complete the
proof by showing that each component of the delicate part is also non-increasing.
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Suppose the contrary that the remaining part of the surgical representation is in-
creasing, that is

n n

H h[yri—@yr‘rf] (1) < H h[yi_sayi"t‘e} (2)

i=1 i=1
with 21 < a9 for all @1,z € [y; — €,y; + €] for some ¢ = 1,2,...n. Then it follows
that each component of the delicate part is increasing; that is, hpy, —cy,+¢ (1) <
Riy, —e.yi+q (x2) for i = 1,2...n. Since each hyy, _c 4,4+ = f in its support, it follows
that

h[yife,yﬁe] (x) < K f(x)

for some constant K > 0 in the support [y; — €, y; +¢€]. It follows that for z; < 24 <
PP < xn

h[yq;—e,yi-‘re] (z1) < Kf(z1) < h[yi—e,y¢+6] (z2) S Kf(x2) < < h[yi,—e,yi-‘re] (zn) < Kf(xy).

It follows from this relation

f(@1) < faz) < -+ < flan)
for 1 < xy < -+ < x,. Since f is non-increasing, we must have f(z1) = f(z2) =
-+« = f(x,). This is a contradiction since f differs on at least two points. It follows
therefore that each component of the delicate part of the surgical representation of
f must also be non-decreasing, thereby proving that

~ o~

f(@1) = f(a2)

for 1 < xo. ([l

4. The norm of a surgical representation (weak norm of f)

In this section we introduce the notion of the norm of the surgical representation
of a function.

Definition 4.1. Let f : [a,b] — R having points of discontinuities and let f
accepts surgery. Then we set

1711 = sup{| f(2)] : @ € [a,B] \ [ — €, 2; + ]}

Since the surgical representation fof a function is a continuous body of f, it
follows that the structured part and the components of the delicate part are now
continuous on [a, b]. It follows that they must be bounded. It is also very important
to notice that || || on surgical representations of functions is a norm. The following
result makes this statement a bit formal.

Proposition 4.1. Let f : [a,b] CR — R and g : [a,b] C R — R accepts surgery.
Let A € RT, then the following holds:
(i) |Ifl] = 0. (Positivity)
(i) I = NIl (Homogeneity)
(i) |17 + 31l < 171l +131l. (Triangle inequality)
Proof. R
(i) The fact that ||f|| > 0 follows by definition 4.1.
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(ii) Let A € RT. Then by Corollary 2.2, we can write

[IAFIF =115
= sup{|(\)(@)] : @ € [a,b]\ [2; — €, + €]}
= sup{|Af(2)| : @ € [a,b] \ [z — e,z + €]}
= [Alsup{f(x) : @ € [a,8] \ [#; — €, z; + €]}
= All1I-
(iii) By Corollary 2.2, we can write
17 +3ll = 17+l
= sup{|(f + 9)(2)| : @ € [a, 8]\ [2; — €, + €]}
= sup{|(f + §)(2)| : @ € [a, 0] \ [ — €,z + €]}
= sup{| f(2) + §()| : @ € [a,0] \ [wi — e, 2 + €]}
< sup{| f(2)| + [3(2)] - 2 € [a,0) \ [w; — €,z + €]}
< sup{|f(2)| : = € [a,0] \ [2; — e, + €]}
+sup{|g(z)| : @ € [a,b]\ [2; — €, i + €]}
= 171l +ligl
and the triangle inequality follows immediately. O

The Cauchy-Schwartz inequality is an extremely useful inequality in the whole
of mathematics. In the following sequel, we extend this inequality to the surgical
representation of functions. But before then, we examine the following preparatory
lemmas.

Lemma 4.2. Let {A,} and {B,} be any sequence of real numbers. Then the
following holds

(i) sup(|An|[Bnl|) = sup(|An|)sup(|Bn).
(i) sup(|An| +[Bn|) = sup(|An|) + sup(|Bn|)-

(i) sup(y/[An| + [Bnl) = v/sup(|Aa[) + sup(|Ba]).-

Proof. For a proof see for instance [1], [2]. O

Proposition 4.2. Let {f,} and {g,} be sequence of functions that accepts surgery,
then

1/2

||angn|| < (Zlfnl2>1/2<;|@||2>
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Proof. Suppose {f,} and {g,} be sequence of functions that accepts surgery. Then
applying Lemma 4.2 and using Proposition 4.1, it follows that

13" Fugall < S W1 fngml]
n=1 n=1
=" (gl
n=1
=" sup(|fu(@)])sup(|gn (=)])
n=1

=Y sup(|fun()|gn(z)])

_ sup(gfn(m)m(mn)
(X)) (L) )

_ sup(;_|fn<x>2) Wsup(g (o)) 1/2

1/2

- (gsupﬂfn(x)z)) (;SUPU%(:U)P))I/Q
- (Z |};|2>1/2<;H§;H2>1/2

n=1

thereby establishing the relation. O

It is very important to notice that the norm of the surgical representation of any
function that accepts surgery depends greatly on the number of points of disconti-
nuities in the support. This is because as we increase the number of points for which
f is not well-behaved, essentially points of discontinuities of f, the more we shrink
the support of the structured part f and the likelihood of removing the point for
which f majorizes all other conductors of f and so the norm might be very small.
The opposite also happens. If a function have very few points of discontinuities,
then the support of the structured part may include the point for which f is maxi-
mum and hence we might get a somewhat large norm for the surgical representation
of f. On the basis of this discussion, we make the following formalism.

Theorem 4.3. Let f : [a,b] CR — R. Let N = {y1,92,...,yn} be the points of

discontinuities of f. If f accepts surgery, then ||f|| < § if and only if there exist
some kg > 0 such that n > K for K > kg for arbitrary 6 > 0.

Proof. Let f :[a,b] C R — R and suppose f accepts surgery. Let us consider the

inequality
(1) csm (1)
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for D := D(n) > 0 and C := C(n) > 0 for n > 0 and C(n) = 1 if n = 0 with
D(n) =1 if n = 0, where n is the number of points of discontinuity of f. Then it
follows that

sup{|Fraspor o —esmnsa (@]} < £(@)] < (f<cm>>

It follows that for sufficiently large values of n, then ||f|| < 6. Conversely, suppose
that || f|| < 0, then it follows that

(f(Dx)) il < flz) < f[a,b]\u?zl[z,;—e,zi_l,_s] (z).

Thus we have

log <min{]§<z>}>

log & <n
and the result follows by taking
log <mm{g(x)}>
kg = —————— 2~ .
0 log § <n

d

Remark 4.4. Theorem 4.3 could be viewed as an inverse theorem. It purports
the norm of surgical representation of functions can be made arbitrarily small by
increasing the points of discontinuities in their support. In a similar vein, the very
notion of small norms of the surgical representation of a function suggests that the
function has finitely many points of discontinuities in their support.

5. The zeros of surgical representations

In this section we examine the notion of the zeros of a surgical representation.
Recall that the zeros of any given function are the points in the support for which
the function vanishes. We prove that we can transfer the notion of the zeros of any
function discontinuous on it’s support to the zeros of the surgical representations.
Theorem 5.1. Let f : [a,b] CR — R and let f accepts surgery. Then f(x1) =0

~

for x1 € [a,b] if and only if f(x1) = 0.

Proof. Let f: [a,b] C R — R and suppose f accepts surgery. Then we can write

n

F = fanon wi—eyise | [ Pyi—eite-

i=1

Then we have that f(m) = (Jg[a,b]\uyl[yie,y#d T, h[yie,yﬂrd) (x) for any = €

[a,b]. In the case x is in the support of the structured part of the representation,
then it follows by definition 2.1 that

o~ ~

(@) = fraphor fyi—eyita (®)-
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Since f[a7b]\uﬁ |[yi—e.yi+¢ 18 @ continuous body of f, it follows that

i=

oo, i—ei+4 (x) = 0.
In the case x lies in the support of the delicate part, then it must be in the support
of some component Ry — yite for some fixed 1 < i < n. In that case, we claim that
Ry, —e,y;+¢(x) = 0. Since by definition 2.1, we have

|y —eyite(@)| < Kf(2) = 0.
for K > 0. Similarly, we have that |hy,_cy,+c(z)] > Af(z) = 0 for some A > 0,
and it follows that |hy, ey, +e(2)] = 0. Thus hy, ¢y, +c(x) = 0, and the first part of

the argument is complete. Conversely, suppose f(z) = 0 for some = € [a,b]. Then
since the surgical representation exist, it follows that f accepts surgery and that

f = f[a»b]\Uizl[yi—E,yﬁ-E] H h[yi—e,yi+€]‘
i=1

If z lies in the support of ]F[a,b]\u? then by definition 2.1

" lyi—eyite]s

F(@) = franur, i—cyita(®) = 0.
Since -f[a,b]\u,?=1[yi_€,yi+5] is still the body of f, it follows that f(z) = 0. Other-
wise,  must lie in the support of some component of the delicate part. That is,
Riy, —e.yi+q(x) = 0 for some 1 <4 < n. Using the fact that hpy, ., 4 =< f on it’s
support, it follows that f(z) = 0. This completes the proof. |

Corollary 5.1. Let f : [a,b] C R — R. If there exist some zg € [a,b] such that

f(z0) =0, then ﬁ is discontinuous on [a, b].

Proof. The result follows from Theorem 5.1. (]

Remark 5.2. Tt is important to notice that the converse of Corollary 5.1 also holds
on continuous functions.

6. The space SA|,; of functions

In this section we introduce the space of discontinuous functions that accepts
surgery; in other words, the space of functions whose surgical representation exists.
We launch the following terminology in that regard.

Definition 6.1. Let Dy, ; denotes the space of functions supported on [a,b] and
having conductors on the reals R. Then we set

SAlap = {f € Da ) : 7 exist}.
Proposition 6.1. The set SA[W,] s a subspace of the function space D[(Lb].

Proof. 1t suffices to verify the axioms of a set to be a subspace in this setting. We
focus more on discontinuous functions on the support [a, b] since if a function is con-
tinuous, then by necessity it follows from the inequality in the foregone discussion
surgical representation certainly exists and coincides with f, that is, f = f Since
the space of continuous functions is a vector space the result holds. Let A € R and
f € SAjap)- Then it follows that fexist. Thus by linearity it follows that X} = )\f
and it follows that A\f € SAj4). Again pick f,g € SA[yy), then it follows that f

and ¢ both exist. Thus by linearity f+ g = f/+\g and it follows that f/Jr\g also
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exists. Thus f + g € SA[, - This completes the proof of the claim that SA, ) is
a subspace of the space D[, p)- ([

Remark 6.2. Next we prove a result about the convergence of any function in the
space SA[, ) in the weak norm.

Theorem 6.3. Every sequence in the space SA|q ) converges in the weak norm.

Proof. Let f, € SAjq) be a sequence. Then we have

-

1F = Al =117 =71
sup {|(/ = (@)| = @ € la,b]\ o2 — .+ ]|
= sup {|fu(@) = f@)] : @ € [a,b]\ [a: — e,z + ]}

<96
for 6 > 0 and 0 can be made arbitrarily small by taking n sufficiently large, since
fn is continuous on its support. This proves the claim. (I
1.
REFERENCES

1. Thomson, Brian S and Bruckner, Judith B and Bruckner, Andrew M Elementary real analysis,
ClassicalReal Analysis. com, 2008.

2. Schréder, Bernd SW, Mathematical analysis: a concise introduction, John Wiley & Sons,
2008.

DEPARTMENT OF MATHEMATICS, AFRICAN INSTITUTE FOR MATHEMATICAL SCIENCE, GHANA
E-mail address: theophilus@aims.edu.gh/emperordagama@yahoo.com



