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REVERSES OF THE CAUCHY-BUNYAKOVSKY-SCHWARZ
AND HEISENBERG INTEGRAL INEQUALITIES
FOR VECTOR-VALUED FUNCTIONS IN HILBERT SPACES

S. S. DRAGOMIR

ABSTRACT. Some reverses of the Cauchy-Bunyakovsky-Schwarz integral
inequality for vector-valued functions in Hilbert spaces and applications for
the Heisenberg inequality are provided.

1. INTRODUCTION

Assume that (K (-,-)) is a Hilbert space over the real or complex number field
K. If p: [a,b] C R — [0,00) is a Lebesgue integrable function with f;p (t)dt =1,
then we may consider the space L%([a, b]; K) of all functions f : [a,b] — K,

that are Bochner measurable and fabp ) |If (&)]* dt < oco. Tt is well known that
L2 (la,b]; K) endowed with the inner product (-, -) , defined by

b
%m:/mmmmww

and generating the norm

wwzuﬁwmw%f,

is a Hilbert space over K.

The following integral inequality is known in the literature as the Cauchy-
Bunyakovsky-Schwarz (CBS) inequality

2

b b b
wy  [e@lr@ita [ p@lg@itdz| [ o009 @ .

provided f, g € L? ([a,0]; K).
Equality holds in (1.1) iff there exists a constant A € K such that f (t) = Ag (¢)
for a.e. t € [a, b)].
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Another version of the (CBS) inequality for one vector-valued and one scalar
function is incorporated in:

2

)

b b b
(1.2) /pwmwﬁ/mwmwﬁ>/pwuwwﬁ

provided a € L% ([a,b]) and f € L% ([a,b]; K), where Lf) ([a,b]) denotes the
Hilbert space of scalar functions « for which fab p(t)]a (#)|* dt < co. The equality

holds in (1.2) iff there exists a vector e € K such that f(t) = a(t)e for a.e.
t € la,b].

In this paper some reverses of the inequalities (1.1) and (1.2) are given un-
der various assumptions for the functions involved. Natural applications for the

Heisenberg inequality for vector-valued functions in Hilbert spaces are also pro-
vided.

2. SOME REVERSE INEQUALITIES, THE GENERAL CASE

The following result holds.

Theorem 1. Let f,g € L2 ([a,b]; K) and r > 0 be such that

(2.1) 1F (&) =g @ <r<lg@®I

for a.e. t € [a,b]. Then we have the inequalities:

b 2

b b
(2.2) 0</ p(t) IIf(t)Ilzdt/ p (1) llg (&) dt — / p ) (f(t),g(t)dt

2

b b b
</p@wwm#pmww%—UﬁwMU@mmﬂ
b
<ﬂ/mwmwﬁ

The constant C = 1 in front of r> is best possible in the sense that it cannot be
replaced by a smaller quantity.

Proof. We will use the following result obtained in [1].

In the inner product space (H;(-,-)), if z,y € H and r > 0 are such that
lz —yll <7 < lyll, then

2 2 2
(2:3) 0 < [lzI* llyll™ = Iz, 9)]
<zl llyl* = Re {2, )]
<oz

The constant ¢ = 1 in front of 72 is best possible in the sense that it cannot be
replaced by a smaller quantity.
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If (2.1) holds true, then

b

b
I7=al2= [ p@lf O -9 Ot <r* [ pie)ae=r?

and

b b
o2 = [ p®lg @l de =2 [ pyat =12

and thus | f —g||, <7 </|g]|,- Applying the inequality (2.3) for (L% ([a,b];; K),
(-, ->p), we deduce the desired inequality (2.2).

1
—, f(t) =2, 9(t) =y, v,y € K, t € [a,b], then

a
from (2.2) we recapture (2.3) for which the constant ¢ = 1 in front of 72 is best
possible. O

If we choose p(t) =

We next point out some general reverse inequalities for the second (CBS)
inequality (1.2).

Theorem 2. Let a € L2 ([a,b]), g € L2([a,b];K) and a € K, r > 0 such that
lla|| > r. If the following condition holds

(2:4) lg () —a(t)al <rla ()]

for a.e. t € [a,b], (note that, if a(t) # 0 for a.e. t € [a,b], then the condition
(2.4) is equivalent to

9

(2.5) 0

<r

for a.e. t € [a,b]), then we have the following inequality

(2.6) ( / o) a0 i / o)l <t>u2dt)%
<mRe</abp<t>a<t>g<t>dt,a>
< ”‘;”_ 2 /abp@)a(t)g(t)dtu,




and

(2.9)
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0< (/abp<t>|a<t>|2dt[p<t> Hg(t)IIthf

[ raaw a

< (/abpa)\a(t)\?dt/abp(t) Hg(t)Hth);

~ Re </abp(t)0‘ (t) g (1) dt, ﬁ>

T2

b a
\/m(\la\H\/m) </ P(t)a(t)g(t)dt,m>

: [ rwatswal:

<

r

<
m@a\wm) a

b b
/ap(t)\a(t)\2dt/a p () [lg (£)]1* dt

< re( [ sawowata)

2

/abp<t>a<t>g<t>dt\ ,

2

b b
/ o (1) o (0)dt / p (1) g ()] dt — / p(t) o (t) g (1) dt
/b

b
pl)]a (e [ p(®)lg (o) d

- [Re</abp(t)a(t)g(t)dt,ﬁ>}
< <H2|2|2_T2) [Re</abp(t)a(t)g(t)dt,a>]

2

b
/p<t>a<t>g<t>dt .

<
= lal® =2 1l /a

2

2

7‘2

All the inequalities (2.6) - (2.9) are sharp.

Proof. From (2.4) we deduce

lg (0)]1* = 2Re (g (), @ (1) a) + la (1) [lal|* < Jor ()" r?
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for a.e. t € [a,b], which is clearly equivalent to:

(2.10) lg 17 + (Jlall* = 72) | () < 2Rea (1) g () ,a)

for a.e. t € [a, b)].
If we multiply (2.10) by p (¢) > 0 and integrate over t € [a,b], then we deduce

(21) [ @ o s (1a? ~+%) [ oo
< 2Re</abp(t)a(t)g(t)dt,a>.
Now, dividing (2.11) by 1/[al|* — 72 > 0, we get
) lg ()12 it + 3/ Jal® — 72 (1) d
Vlal? ﬂ/) e [

i
la])* - r? ¢

On the other hand, by the elementary inequality

(2.12)

b

P@awg@ﬁﬂ>

1
—p+Oéq 2\/ ) Oé>0, p,Q>0a

we can state that

(2.13) 2\//bp(t)!a(t)\2dt-\//bp(t)Hg(t)!!2dt
t)llg ()11 dt + 4/ l|al* — 72 (t)|” dt.
\/Ilall / " ’ /

Making use of (2.12) and (2.13), we deduce the first part of (2.6).
The second part of (2.6) is obvious by Schwarz’s inequality

b b
m</pamumumw§<\/pwawgmﬁhww
If p(t) = bia’ a(t)=1, g(t) =2 € K, then from (2.6) we get
e L persa < _lellal

T >
- Vllal* =12

provided ||z — a|| < r < ||a||, x,a € K. The sharpness of this inequality has been
shown in [1], and we omit the details.

The other inequalities are obvious consequences of (2.6) and we omit the de-
tails. O
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3. SOME PARTICULAR CASES

It has been shown in [1] that for A,a € K (K=C,R) and z,y € H, where
(H;(-,-)) is an inner product over the real or complex number field K, the fol-
lowing inequality holds

e[(A+a) (x
(3.1) ol o) < 3 - 2L+ 8 ()
[Re (Aa)
Lo _lA+d o
<3 ooyl
provided Re (Aa) > 0 and
(3.2) Re (Ay —xz,x — ay) > 0,

or, equivalently,

a+ A

(3.3) .

T —

o <514 allul.

1
holds. The constant 3 is best possible in (3.1).

From (3.1), we can deduce the following results

(3.4) 0 < [lz][ [lyll — Re (@, y)
1 Re [([Ha— 2 [Re (fia)]2> <x,y>}
2 [Re (Aa)]?
1 A+ a— 2[Re(Aa)]2
X 5 [Re (Aa)]% ‘((L‘,yﬂ
and
(3.5) 0 < [lzlHyll = Kz, )|
1 |A+a|—2[Re(4a))2 N
St el

If one assumes that A = M, a =m, M > m > 0, then from (3.1), (3.4) and (3.5)
we deduce the much simpler and more useful results:

1 M+m

(3.6) ] [yl < 3 i Re (z,y),
1 (\/M— \/ﬁ)2
(3.7) 0 < [[zlllyll — Re(z,y) < 3 WRG (z,9)
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and

L (VAT
(3.8) < 2l iyl =z 9l < 5 - Wl(x,wl,
provided

Re (My —x,x —my) >0
or, equivalently

M+m

(3.9)

T —

1
—(M — .
o <500 = m
Squaring the second inequality in (3.1), we can get the following results as well:

1 |A—al
1 <zl lyl? — 2L 2
(3.10) 0 < alP Iyl = e < - e Mol

1
provided (3.2) or (3.1) holds. Here the constant 1 is also best possible.

Using the above inequalities for vectors in inner product spaces, we are able to
state the following theorem concerning reverses of the (CBS) integral inequality
for vector-valued functions in Hilbert spaces.

Theorem 3. Let f,g € L2 ([a,b]; K) and »,T" € K with Re () > 0. If

(3.11) Re(Tg(t) = f (), f(t)—9(t) >0
for a.e. t € [a,b], or, equivalently,

(312) lr0- 255 5| < 5 -l

for a.e. t € [a,b], then we have the inequalities

b b 3
(3.13) (/mwﬂm%/p@mwmQ
| Re[(I+7) ffp(t) (),9(8)) dt]
[Re (T7)]
<l ”*”ﬂ / o) di

2 [Re (I'y)]2



8 S. S. DRAGOMIR

sy o</ o) Hf(t)Hth)% (/ o) ||g<t>u2dt)%

b
- [ ORets 0,9 0)
‘Re |[{T+5 —2[Re (D9)]% } [ p (1) (£ (1) .9 (1) ]

1 b
e R
(3.15)
b 3 b 3 b
o<< [ o ||f<t>||2dt> ( / p<t>ug<t>||2dt> -/ p(t)<f(t),g(t)>dt‘
1 T +7]—2[Re () | /¥
<y B | [T (70,90 ]
and
b b b 2
(316) 0< / p (1) |1 (1)]2dt / p (1) g (02 dt - / p (1) (f () g () dt
2 b 2
< rer | [ @sma

1
The constants 3 and 1 above are sharp.

In the case where I',~ are positive real numbers, the following corollary in-
corporating more convenient reverses for the (CBS) integral inequality, may be
stated.

Corollary 1. Let f,g € L% ([a,b]; K) and M >m > 0. If

(3.17) Re (Mg (t) — f(t),f () —mg(t) =20
for a.e. t € [a,b], or, equivalently,
— m + M .

(315) | <5 (0 —m) g (0]

f(@)

5 9(1)

for a.e. t € [a,b], then we have the inequalities

b b 3
(3.19) ( / p (1) |1 (1)t / o (t) ||g<t>u2dt)

a a

b
| r0Rels 0.9 o),
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(3.20) o<(/ o) IIf(t)Ilzdt>% (/ o) Hg(t)llzdtf

b
__]/ p(t)Re(f(t),g(t))dt

(¢M—¢m

b
-——Tﬁﬁlj/p@RﬂﬂﬂﬂU»%

(3.21) o<(/ o) IIf(t)Ilzdt>% (/ o) Hg(t)llzdtf

[ o

<

DO |

VI — ym) |
<§% [ o0 o.a@al.
and
b b b 2
G22) o< [p@Ir @R [ pOls@IPd-| [ o0 0).90)d

(M —m)® ?

mM

<

b
/ p (1) (f (1) g (1)) dt

1
The constants 3 and 1 above are best possible.

On utilising the general result of Theorem 2, we are able to state a number of
interesting reverses for the (CBS) inequality in the case when one function takes
vector-values while the other is a scalar function.

Theorem 4. Let a € L2 ([a,b]), g € L3 ([a,0];K), e € K, [le] =1, 7, T € K
with Re (T'y) > 0. If

Tt

(323) o) -aw- 55

1
| <3im=rllatl

for a.e. t € [a,b], or, equivalently
(3.24) Re(Ta(f)e — g(t).9(t) —a(t)e) >0

for a.e. t € [a,b], (note that, if a(t) # 0 for a.e. t € [a,b], then (3.23) is
equivalent to

1

< 0=+l

gt) T+~
=2

(3.25) O
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for a.e. t € [a,b], and (3.24) is equivalent to

_9 9®)
(3.26) Re<Fe OI0) 'y>>0

Q

~—
~—

for a.e. t € [a,b]), then the following reverse inequalities are valid:

(3.27) ( / o) P i / o)l (twmf

_Re (C+3) ([l o abgt)dte)]
b 2 [Re (I'7)] 2

/ o a (09 () |

< (/abp@)m(t)ﬁdt/abp(t) ||g<t>u2dt)§

~ Re L?% </abp(t)a(t)g(t)dt,e>]

T — )

2\/Re (T7) (yr +4] +2y/Re (m))

« Re iji% </abp(t)a(t)g(t)dt,e>]

L o ’ _
T (e o) [ eatsa

<

<

b b

p (1) o (£) 2t / p (1) g (02 dt

Re (1m) [Re ((Tw) </abp(t)a(t)g(t) dt’e>>r

2 b 2
e | [ pawaa

(3.29)

S~

N

VA
B~ =
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and

2

b
[ rwamgma

b b
(330) 0< / p (1) o (0)dt / o (8) g (1)) dt —

a

b b
< / p (1) o (0 dt / p (1) g ()% dt

- [Re (Eﬂ <pr<t>a<t>g<t>dt,e>)]

T (e[ rowoic))]

C— [ i
e || r0a®aa

2

2
<

<

= s =

1 1
The constants 3 and 1 above are sharp.

In the particular case of positive constants, the following simpler version of the
above inequalities may be stated.

Corollary 2. Let o € L2 ([a,b]) \ {0}, g € L2([a,b];K), e € K, |le|| = 1 and
M,méeR with M >m > 0. If

(3.31) %—M;mfugéw—m)
for a.e. t € [a,b], or, equivalently,
(3.32) Re <Me—%,%—me> >0
for a.e. t € [a,b], then we have
b b 3
(333 ([ r@awPa [ ol a)
m b
<5 U re( [ pwawawane)
m |l b
<3 | [ rta®aa
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0< A%mmawﬁlﬂwmmwwﬁaﬂA%ma@g@ﬁu

(
<<lfp<na<n(ﬁlfp@nw@w2ﬁ>%—Re<lﬂnwa@nmwﬁ¢§

(

(

2v Mm
VM - \/ﬁ)2 b
o prawgwﬁH
b b
(3.35) o</pmmaww/p@mwwﬁ
m2 b 2
< i% [Re</ p(t)a(t)g(t)dt,e>}
m)2 b 2
<3 B owamgwa
and
(3.36)

b 2

b b
pOla@Pd [ p@ls@Ra- | [ p0ato@a

o< [ o0
(/bp rdaéﬂuwuguﬂﬁdt—[Re<ébpu>a@>gawﬁm>}

2

2

<i$¥i§iﬁm<[p@amgmwmﬂ
<§lﬂi§flfpwamgmﬁ2

1
The constants 3 and 1 above are sharp.

4. REVERSES OF THE HEISENBERG INEQUALITY

It is well known that if (H;(-,-)) is a real or complex Hilbert space and
f i a,b] € R—H is an absolutely continuous vector-valued function, then f
is differentiable almost everywhere on [a,b|, the derivative [’ : [a,b] — H is
Bochner integrable on [a,b] and

(4.1) f@)= /t f'(s)ds for any t € [a,b].
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The following theorem provides a version of the Heisenberg inequalities in the
general setting of Hilbert spaces.

Theorem 5. Let ¢ : [a,b] — H be an absolutely continuous function with the
2 2
property that blle (b)[|” = all¢ ().

b 2 b b
an ([lewra) <i [ elePa [ o).

The constant 4 is best possible in the sense that it cannot be replaced by a smaller
quantity.

Then we have the inequality:

Proof. Integrating by parts, we have successively

Z—/abt% (I 011?) a

b
bl I - ale@|* - [ t5 (o0 ¢ 0)d

b
(4.3) / llo (O dt = ¢l (2]

dt

b

=~ [t @0 0) + (o). )
‘ b

= —2/ tRe<<p’ (t),¢(t)>dt
ba

. / Re (¢ (1), (~t) o (t)) dt.

If we apply the (CBS) integral inequality

/ab Rl s </b Hg(t)Hth/abHh(t)ll2dt>%

for g (t) = ¢’ (t), h(t) = —te(t), t € [a,b], then we deduce the desired inequality
(4.2).

The fact that 4 is the best possible constant in (4.2) follows from the fact
that in the (CBS) inequality, the case of equality holds iff g (t) = Ah(t) for a.e.
t € [a,b] and X a given scalar in K. We omit the details. O

For details on the classical Heisenberg inequality see, for instance, [2].
The following reverse of the Heisenberg type inequality (4.2) holds.

Theorem 6. Assume that ¢ : [a,b] — H is as in the hypothesis of Theorem 5.
In addition, if there exists a v > 0 such that

(4.4) " () —to )] <7 < [|¢ (®)]]
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for a.e. t € [a,b], then we have the inequalities

b b b 2
as) o< [Pleora [ oPa-5([leora)
a b a a
< [ 2l a.

Proof. We observe, by the identity (4.3), that
2

(16) i(/ﬂbuso(t)uzdtf = ([ rete @ tewyar)

Now, if we apply Theorem 1 for the choices f(t) = to (t), g (t) = ¢’ (t), and
1

p(t)= PR, then by (2.2) and (4.6) we deduce the desired inequality (4.5). O
—a

Remark 1. Interchanging the place of ¢y (t) with ¢’ (¢) in Theorem 6, we also
have

b b b 2
an o< [ele@Pa [ I 0P a5 ([ leoFa)
a ) ; a a
¢ [l 0l o,

¢ (t) =t (]| < p < tllle (@)

for a.e. t € [a,b], where p > 0 is a given positive number.

provided

The following result also holds.

Theorem 7. Assume that ¢ : [a,b] — H is as in the hypothesis of Theorem 5.
In addition, if there exists M > m > 0 such that

(43 Re (Mt (t) — &' (1) (1) — mip () > 0
for a.e. t € [a,b], or, equivalently,
(19) I )= 2500 )] < 5 07 = o

for a.e. t € [a,b], then we have the inequalities

b b m2 b
wi0) [ 2le@Pa [ 0 a< - S ([leok)

and

am [ erewra e oFa- ] (/abuso(nuzdt)Q
<L Qrom) (/ab||so<t>||2dt>2

2

respectively.
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Proof. We use Corollary 1 for the choices f (t) = ¢’ (t), g(t) = to(t), p(t) =

1
— to get
—-a

b b m 2 b
/a Hs@’(t>H2dt/a 2 ||¢(t)\|2dt<% </ Re(go’(t),tgp(t)>dt>

Since by (4.6)
([ivosona) -4 ([ors)

we deduce the desired result (4.10).
The inequality (4.11) follows from (4.10), and we omit the details. O

2

Remark 2. If one is interested in reverses for the Heisenberg inequality for scalar
valued functions, then all the other inequalities obtained above for one scalar
function may be applied as well. For the sake of brevity, we do not list them
here.
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