REVERSES OF THE SCHWARZ INEQUALITY IN INNER
PRODUCT SPACES AND APPLICATIONS

SEVER S. DRAGOMIR

ABSTRACT. Recent reverses for the celebrated Schwarz inequality in inner
product spaces and applications for discrete and integral inequalities are sur-
veyed.

1. INTRODUCTION

Let H be a linear space over the real or complex number field K. The functional
(,) + H x H—Kis called an inner product on H if it satisfies the conditions
(i) (z,z) > 0 for any x € H and (z,z) =0 iff z = 0;
(ii) (ax + By, z) = a{z,z) + B{y, z) for any o, f € K and z,y,z € H;
(ili) (y,z) = (z,y) for any =,y € H.

A first fundamental consequence of the properties (i)-(iii) above, is the Schwarz
inequality:

(1.1) (@, 9)[* < (,2) (y,9),

for any x,y € H. The equality holds in (1.1) if and only if the vectors « and y are
linearly dependent, i.e., there exists a nonzero constant o € K so that x = ay.

If we denote ||z| := \/(z,z),z € H, then one may state the following properties

(n) ||z|]| > 0 for any € H and ||z|| =0 iff z = 0;
(nn) ||az|| = |al||z|| for any « € K and = € H;
(nnn) |z +y|| < ||z|| + ||ly|| for any =,y € H (the triangle inequality);

ie., ||| is a norm on H.

In this survey paper we present some recent reverse inequalities for the Schwarz
and the triangle inequalities. More precisely, we point out upper bounds for the
nonnegative quantities

i lyll = [z, )] [l ]l = )]
and
]l + llyll = llz + v
under various assumptions for the vectors z,y € H.
If the vectors x,y € H are not orthogonal, i.e., (x,y) # 0, then some upper
bounds for the supra-unitary quantities

2 2
I Iyl =] Iy
o) [, y)]?
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are provided as well.
Applications for discrete and integral inequalities are also pointed out.

2. AN ADDITIVE REVERSE OF THE SCHWARZ INEQUALITY

2.1. Introduction. Let a = (ay,...,a,) and b = (by,...,b,) be two positive
n—tuples with

(2.1) 0<mi <a; <M <ooand 0<mo <b; <My < o0

for each i € {1,...,n}, and some constants my, ma, My, Ms.
The following reverses of the Cauchy-Bunyakovsky-Schwarz inequality for posi-
tive sequences of real numbers are well known:

(1) Pdlya-Szegd’s inequality [20]
D ke O D 1 < | M / )
(XChot akbk
(2) Shisha-Mond’s inequality [23]
Yhi0h Y arbe _ (Ml> _ (ml)
D=1 anbr PO AP Mo
(3) Ozeki’s inequality [19]
n
Zak ZbQ <Z akbk> S Z (M1M2 — m1m2)2 .
k=1 k=1 k=1
(4) Diaz-Metcalf’s inequality [1]
b2 2 < L e b
kzﬂ [ mlM Z ( + )Zak k-

If w = (wy,...,w,) is a positive sequence, then the following weighted inequal-
ities also hold:

(1) Cassel’s inequality [24]. If the positive real sequences a = (a1, ..., a,) and
b = (by,...,b,) satisfy the condition

(2.2) 0<m§Z—:§M<ooforeachk€{17...,n},
then
(Xkor wrai) (Xrog wib) _ (M +m)®
iy wnanby)” T AmM
(2) Greub-Reinboldt’s inequality [12]. We have

n n 2 n 2
9 9 (MlMQ + mlmg)
by | < b
(kzzlw’““’“> (kzzlw’“ k) = " dmyma My My kzzlw’“a’“ o

provided @ = (a1, ...,a,) and b = (by,...,b,) satisfy the condition (2.1).
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(3) Generalised Diaz-Metcalf’s inequality [1], see also [17, p. 123]. Ifu,v € [0, 1]
and v <wu, u+v =1 and (2.2) holds, then one has the inequality

n n n
U Z wyby + vaZ wra < (vm 4 uM) Z W aby.
k=1 k=1 k=1

(4) Klamkin-McLenaghan’s inequality [15]. If @, b satisfy (2.2), then

n n n 2
(2.3) (Z wm?) (Z ’LUZb?) — <Z wiaibi>
i=1 i=1 i=1
S (M% — m%)2 Zwiaibi szaf
=1 i=1

For other recent results providing discrete reverse inequalities, see the recent
survey online [4].

In this section, by following [5], we point out a new reverse of Schwarz’s inequal-
ity in real or complex inner product spaces. Particular cases for isotonic linear
functionals, integrals and sequences are also given.

2.2. An Additive Reverse Inequality. The following reverse of Schwarz’s in-
equality in inner product spaces holds [5].

Theorem 1. Let A,a € K (K=C,R) and z,y € H. If

(2.4) Re (Ay — z,2 — ay) > 0,
or equivalently,
a+ A 1

2.5 — . < -]A-
2.5) s it EE T
holds, then one has the inequality

2112 2 1 2 14
(2.6) 0 < [lz[I*lly” = Kz, )" < 7 1A =al"[ly[".

The constant % is sharp in (2.6).

Proof. The equivalence between (2.4) and (2.5) can be easily proved, see for example
[3].
Let us define

ho=Re [ (Allyl* ~ @.v) (e.0] ~al)®) |

and
I = ||y|*Re (Ay — 2,z — ay) .
Then
I = |ly)* Re [ATw,9) +@ (2,9)] = l{z. 9)* = |ly]|* Re (4a)
and

2 TV, = 2 112 4 _
I, = lyl* Re [4Te ) +a (2 )] — oI Il — 1y Re (4a),
which gives
2, 112 2
L= I = =" [lyll” = Kz, )]
for any z,y € H and a, A € K. This is an interesting identity in itself as well.
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If (2.4) holds, then I > 0 and thus

@7 el Iyl =~ e w)l < Re [ (Allyl® — (2.9) ) (@) —allol®) -

Further, if we use the elementary inequality for u,v € K (K = C,R)

Re (uv) < = Ju + v\z ,

B~ =

then we have, for
wi= Allyl® = (@), vi=(@,9) - allyl,
that
2 TN = 2 1 2 4
_ _ < = _
(28)  Re[(Alyl —(@.p)) (o) —alol®)] < 714 =allyll"-

Making use of the inequalities (2.7) and (2.8), we deduce (2.6).
Now, assume that (2.6) holds with a constant C' > 0, i.e.,

(2.9) l=]* llyl1* = Kz, 9)* < C1A = al* Jyll*,

where z,y, a, A satisfy (2.4).
Consider y € H, |ly|| =1, a # A and m € H, |m| =1 with m L y. Define

A+a +A—a
= m.
. 2 YT
Then
A—al?

<Ay—m,x—ay>=‘ (y =—m,y+m) =0,

2
and thus the condition (2.4) is fulfilled. From (2.9) we deduce

A A— 2 A A-— 2
(2.10) +ay+ || - Jray+7am,y < C|A—al?,
2 2 2 2
and since
A+a A—a |? A+al? A—al?
mi| = +
2 2 2 2
and
A+a +A—am 27 A+al?
g YT T Y T T
then, by (2.10), we obtain
A g
%§C|A—a|2,

which gives C' > %, and the theorem is completely proved. I
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2.3. Applications for Isotonic Linear Functionals. Let F'(T') be an algebra
of real functions defined on 7" and L a subclass of F' (T') satisfying the conditions:
(i) f,g € L implies f + g € L;
(ii) f € L, a € R implies af € L.
A functional A defined on L is an isotonic linear functional on L provided that
(a) A(af+Bg) =aA(f)+ BA(g) for all o, € R and f,g € L;
(aa) f > g, that is, f(t) > g (¢) for all t € T, implies A(f) > A(g) .
The functional A is normalised on L, provided that 1 € L, i.e., 1 () = 1 for all
t € T, implies A (1) = 1.
Usual examples of isotonic linear functionals are integrals, sums, etc.
Now, suppose that h € F(T), h > 0 is given and satisfies the properties that
fgh € L, fh € L, gh € L for all f,g € L. For a given isotonic linear functional
A: L — R with A(h) > 0, define the mapping (+,) 5, : L x L — R by

(Fhani= 240052,

This functional satisfies the following properties:

(s) (f;f)ap =0forall feL;

(ss) (af + B9, k)ap, = (fk)ap +B(g:k)ay forall fg,k €L and o, 8 € R;
(SSS) (fa g)A,h = (gaf)A,h fOI‘ all f?g € L
The following reverse of Schwarz’s inequality for positive linear functionals holds

[5].

Proposition 1. Let f,g,h € F(T) be such that fgh € L, f*h € L, g°h € L. If
m, M are real numbers such that

(2.11) mg < f < Mg on F(T),
then for any isotonic linear functional A : L — R with A(h) > 0 we have the

inequality

(M — m)2 A? (hgg) .

I

(2.12) 0< A(hf?) A(hg?) — [A(hfg))? <
The constant i in (2.12) is sharp.
Proof. We observe that

(Mg —f,f=mg)ay =A[R(Mg—f)(f—mg)] = 0.
Applying Theorem 1 for (-,-) 4, , we get

(M —m)*(9.9)% s>

] =

2
0<(f, f)A,h (979)A,h - (fvg)A,h <
which is clearly equivalent to (2.12). I
The following corollary holds.

Corollary 1. Let f,g € F(T) such that fg, f2,9> € F(T). If m,M are real
numbers such that (2.11) holds, then

(2.13) 0<A(f?) A(g?) — A% (fg) < i (M —m)* A* (%)

The constant + is sharp in (2.13).
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Remark 1. The condition (2.11) may be replaced with the weaker assumption
(Mg —f,f—mg) 4, > 0.

2.4. Applications for Integrals. Let (2,%, ) be a measure space consisting of
a set , 3 a o—algebra of subsets of {2 and p a countably additive and positive
measure on ¥ with values in RU {0} .

Denote by L?) (©,K) the Hilbert space of all K-valued functions f defined on 2
that are 2—p—integrable on Q, i.e., [, p(t) |f (s)|? dp (s) < oo, where p : Q — [0, 00)
is a measurable function on €.

The following proposition contains a reverse of the weighted Cauchy-Bunyakovsky-
Schwarz’s integral inequality [5].

Proposition 2. Let A,a € K (K= C,R) and f,g € L2 (Q,K). If

e[ Re[ag() - 7o) (FE =75()] ps)di(s) 20

or equivalently,
2

Lr@re - 5200 du < {la=a [ oo (o) duo).
holds, then one has the inequality
2
OS/Qp(s)If(s)l du(S)/Qp(S)Ig ) du (s \/ (5)dp (s)

<ama ([ po ool an)

The constant i is best possible.

Proof. Follows by Theorem 1 applied for the inner product (-, ~>p : sz, (Q,K) x
L? (. K) — K,

)y = [ p(5) £ ()71 (5.
|
Remark 2. A sufficient condition for (2.14) to hold is
Re [(Ag (s) = f(9) (m ag(s ))} >0, for u—a.e s€q.

In the particular case p = 1, we have the following reverse of the Cauchy-
Bunyakovsky-Schwarz inequality.

Corollary 2. Let a,A € K (K=C,R) and f,g € L? (Q,K). If

(215) | Re[(dg )= 1) (FT - 3(s)

or equivalently,

[
IS
=
O
\Y
=
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holds, then one has the inequality
2

OS/Qf(S)Zdu(S)/Q9(8)I2du(8)—‘/Qf(S)g(S)du(S)

<ba-a? (/Q|g<s>|2du(s>)2.

The constant i 1s best possible

Remark 3. If K = R, then a sufficient condition for either (2.14) or (2.15) to
hold is

ag (s) < f(s) < Ag(s), for p—ae s,
where, in this case, a, A € R with A > a > 0.

2.5. Applications for Sequences. For a given sequence (w;);cy of nonnegative
real numbers, consider the Hilbert space ¢2 (K), (K = C,R), where

(o)
Zwi |z)? <oo}.

2 (K) = {x = (#;);ey CK
=0

The following proposition that provides a reverse of the weighted Cauchy-Bunyakovsky-
Schwarz inequality for complex numbers holds.

Proposition 3. Let a, A € K and X,y € (2 (K). If

(2.16) " w; Re[(Ay; — z;) (%7 —a 7)) > 0,
=0

then one has the inequality

oo oo
0<> w \l’i|22wi lyil* —
=0 =0

The constant % s sharp.

2 2
1 o0
< 1|A—a|2 (;wi |yi|2> .

o0
E Wi Ys
i=0

Proof. Follows by Theorem 1 applied for the inner product (-, -),, : £2 (K)x /(2 (K) —
K,

o0
(X,¥), = Z W% Y-
i=0
|

Remark 4. A sufficient condition for (2.16) to hold is
Re[(Ay; — ;) (7 —ay;)] 2 0, for alli€N.

In the particular case w; = 1, i € N, we have the following reverse of the Cauchy-
Bunyakovsky-Schwarz inequality.

Corollary 3. Let a,A € K (K= C,R) and X,y € ¢?(K). If

(2.17) Y Re[(Ay; — ) (77 — am)] > 0,
=0
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then one has the inequality

<3 a3l - [S o] < Jia-a (St
i=0 i=0 i=0 i=0

Remark 5. If K = R, then a sufficient condition for either (2.16) or (2.17) to
hold is

ay; < x; < Ay; for each i €N,
with A > a > 0.
3. A GENERALISATION OF THE CASSELS AND GREUB-REINBOLDT INEQUALITIES

3.1. Introduction. The following result was proved by J.W.S. Cassels in 1951 (see
Appendix 1 of [24]).

Theorem 2. Leta = (ay,...,a,), b = (by,...,b,) be sequences of positive real
numbers and W = (wn,...,w,) a sequence of nonnegative real numbers. Suppose
that
(3.1) m = min{ai} and M—max{ai}.
i=T,n | bi i=T,n | bi
Then one has the inequality
2
(3 2) Z?:l wiazz Z?:l wlb% < (m + M)
. 2 — .
(X iy wiaibi) AmM
The iqualitg holdsain (8.2) when wy = allibl’ Wy, = ﬁ, Wy = -+ = Wp—1 = 0,
m=% and M = .
by bn

If one assumes that 0 < a < a; < A< ocand 0 < b < b; < B <  for each
i€{l,...,n}, then by (3.2) we may obtain Greub-Reinboldt’s inequality [12]
Dy wiad 3o wib < (ab+ AB)®
(" wiagb)?  — 4abAB
The following “unweighted” Cassels’ inequality also holds

Z?:1 azz Z?:1 b12 < (m—l—M)2
> b-)2 - 4mM

i=1 @il

)

provided @ and b satisfy (3.1). This inequality will produce the well known Pdlya-
Szegd inequality [20, pp. 57, 213-114], [17, pp. 71-72, 253-255]:
i1 f 2 Uf < (ab+ AB)2

n 2 — ’
> b;) 4abAB

i=1 i

provided 0 <a<a; < A<ooand 0<b<b; <B<ooforeachie{l,...,n}.
n [18], C.P. Niculescu proved, amongst others, the following generalisation of
Cassels’ inequality:
Theorem 3. Let E be a vector space endowed with a Hermitian product (-,-) . Then
Re (x, 2
%< . 3 = Q'
(r,2)> (y,9)” /g + \/;

for every x,y € E and every w,Q > 0 for which Re (x —wy,z — Qy) < 0.

(3.3)
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In this section, by following [6], we establish a generalisation of (3.3) for complex
numbers w and 2 for which Re (@2) > 0. Applications for isotonic linear functionals,
integrals and sequences are also given.

3.2. An Inequality in Real or Complex Inner Product Spaces. The follow-
ing reverse of Schwarz’s inequality in inner product spaces holds [6].

Theorem 4. Let a, A € K (K=C,R) so that Re(@A) > 0. If x,y € H are such
that

(3.4) Re (Ay — z,z — ay) > 0,

then one has the inequality

Re | A{x, a(x,
35 llellvl < i A+ i
2 Re (aA)]?

The constant % is sharp in both inequalities.

Al + |al
Re (aA)]2

| 1
<5 9]

Proof. We have, obviously, that

I:=Re(Ay —z,z — ay)

= Re [Afz,y) + @ (z,5)|  |l2]]* - Re (@A) |y|)

and, thus, by (3.4), one has

lall® + [Re @A) -yl < Re [Ale,y) +a(a.)]
which gives
Re [Afe,) +a (a,y)]

[Re@A)]?

(3.6) l2ll” + [Re @A)]* [lyl|” <

[Re (@A)]®
On the other hand, by the elementary inequality
1
ap® + —¢* > 2pg,
o
valid for p,q > 0 and a > 0, we deduce

(3.7) 2|z lyll < l2]1* + [Re (@A)] [ly]*.

[Re (@A)]?

Utilizing (3.6) and (3.7) we deduce the first part of (3.5).
The second part is obvious by the fact that for z € C, |Re (z)| < |2].
Now, assume that the first inequality in (3.5) holds with a constant ¢ > 0, i.e.,

Re [Afz.y) +7 (z.5))
[Re (@A))*

(3-8) ]l lyll < ¢ ;
where a, A, z and y satisfy (3.5).

If we choose a = A =1, y = x # 0, then obviously (3.4) holds and from (3.8) we
obtain

2 2
)™ < 2¢ ]|,

giving ¢ > %

The theorem is completely proved. i
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The following corollary is a natural consequence of the above theorem [6].
Corollary 4. Let m,M > 0. If x,y € H are such that
Re (My — z,x — my) > 0,

then one has the inequality

1 M+m 1 M+
3.9 x < - Re(z,y) < = z,Y)|.
(39) ol ) < 5 - Reog) < 5 - [ {e.)

The constant L is sharp in (3.9).

3

Remark 6. The inequality (3.9) is equivalent to Niculescu’s inequality (3.3).
The following corollary is also obvious [6].

Corollary 5. With the assumptions of Corollary 4, we have

G10) o<l - o)l < el Iyl - Re (r,)
(var - vm) (var - vm)
< Wi Re (z,y) < BN |z, )]
and
(.11) 0< el ol = I )2 < el y)® ~ [Re {z, )"
< ) e oy <« DT 0, 2

1 1
The constants 5 and 3 are sharp.

Proof. If we subtract Re (x,y) > 0 from the first inequality in (3.9), we get

el ] = Re (2.9) < (5 + St 1) Re )
I CEE D
2vVmM 7

which proves the third inequality in (3.10). The other ones are obvious.
Now, if we square the first inequality in (3.9) and then subtract [Re (z, y>]2 , we
get

) [lyl1* — [Re (z,9)]* < % —1| [Re{z,y)]”
- (M— m)2 2
= Relz,y)l

which proves the third inequality in (3.11). The other ones are obvious. I

3.3. Applications for Isotonic Linear Functionals. The following proposition
holds [6].

Proposition 4. Let f,g,h € F(T) be such that fgh € L, f?h € L, g*h € L. If
m, M > 0 are such that

(3.12) mg < f<MgonF(T),
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then for any isotonic linear functional A : L — R with A(h) > 0, we have the
inequality

A(PR)A () _ (M +m)’
(3.13) 1< ) S aml

The constant + in (3.13) is sharp.

Proof. We observe that
(Mg — f,f=mg)a, = Alh (Mg — ) (f —mg)] = 0.
Applying Corollary 4 for (-,-) , , we get

< (fmf)A,h (gvg)AJL < (M+m)2
> 3 = s
(ﬁg)A,h AmM

which is clearly equivalent to (3.13). I

1

The following additive versions of (3.13) also hold [6].

Corollary 6. With the assumption in Proposition 4, one has
0< [A(f2h) A(g*h)]* — A(nfg)

<(Ww_w@i4h
< W (hfg)
and

0 < A(f?h) A(g*h) — A*(fgh)

(M —m)*
< WAQ (fgh).

The constants % and % are sharp.
Remark 7. The condition (3.12) may be replaced with the weaker assumption
(3.14) (Mg—f,f—mg)a), =0

Remark 8. With the assumption (3.12) or (3.14) and if f,g € F (T) with fg, f?,9° €
L, then one has the inequalities

A(f)A(g") _ (M +m)®
2T S

and
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3.4. Applications for Integrals. The following proposition contains a reverse of
the weighted Cauchy-Bunyakovsky-Schwarz integral inequality.

Proposition 5. Let A,a € K (K= C,R) with Re (@A) > 0 and f,g € L,% (Q,K).
If

a15) [ Re[(g () =7 () (FRI~a ()] p(s)d(s) >0

then one has the inequality

(3.16) [ 1@ [ )l 6 du )]

Jap () Re [ AT Gl (5) +f (5)9 )] di (5
[Re (ad)]

/ p(5) £ (5) 7 (i (3)]
Q

<

[N

Al + al
1
[Re (aA))*
The constant % is sharp in (3.16).

<

N = N =

Proof. Follows by Theorem 4 applied for the inner product (-,-), : L% (Q,K) x
L2 (92,K) =K,

(o) i= [ p(s) £ ()51 (5.
|
Remark 9. A sufficient condition for (3.15) to hold is
Re[(Ag(s) = £ () (F) ~ag ()] 2 0, for p-ae. seQ.
In the particular case p = 1, we have the following result.
Corollary 7. Let a, A € K (K = C,R) with Re (@A) > 0 and f,g € L2 (Q,K). If
(317) [ Re (05 = £ () (TG = )| d(5) = 0
then one has the inequality

[rera [ |g<s>|2du<s>}é

JaRe [AF Gy (s) +af ()9 ()] du ()
[Re (aA)]

/ £ (5) g (5)du (s)
Q

<

[NIE

Al + |al
[Re (ad)]>

Remark 10. If K = R, then a sufficient condition for either (3.15) or (3.17) to
hold is

N~ N

<

ag (s) < f(s) < Ag(s), for p-a.e s€q,
where, in this case, a, A € R with A > a > 0.

If a, A are real positive constants, then the following proposition holds.
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Proposition 6. Let m, M > 0. If f,g € Lf) (Q,K) are such that
[ oo Re (09 () = 1 (5)) (FT) = mi (s)) (9 > 0

then one has the inequality

UQ O r /sz p(s)lg () dp (J %

1 M+m —
<3 Urag )RS (990 dus).

The proof follows by Corollary 4 applied for the inner product
)y = [ p(s) £ ()7 (5.

The following additive versions also hold [6].

Corollary 8. With the assumptions in Proposition 6, one has the inequalities
0< [/QP(S)lf(S)lzdﬂ (8)/910(8) lg (S)Qdu(S)]
- [ p@Re [ 07 du)

2

VI -y
< %/{Zp@)r{e [5G )

and

0< /Q p ()1 () du(s) /Q p(5)lg (5)[ dpa ()

([ rre 1070 nts))
<W(/ﬂp<s>m (£ ()9 )] du<s>)2.

Remark 11. If K =R, a sufficient condition for (3.15) to hold is
mg(s) < £ (5) < Mg(s), for pae. s €9,
where M >m > 0.

3.5. Applications for Sequences. For a given sequence (w;);cy of nonnegative
real numbers, consider the Hilbert space ¢2 (K), (K = C,R), where

o0
Zwi |z4)? <oo}.

=0

t, (K) == {X = (zi)en CK

The following proposition that provides a reverse of the weighted Cauchy-Bunyakovsky-
Schwarz inequality for complex numbers holds [6].
Proposition 7. Let a, A € K with Re (@A) > 0 and X,y € (2 (K). If

(3.18) > wiRe[(Ay; — z;) (T —am)] > 0,
=0
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then one has the inequality

1

oo 00 b 50 - L
1 Y i—owiRe[ATy; +axy;
(3.19) > wil Y wilul?] < 3 Lizo [ a }
i=0 =0 [Re (aA)]>
1 A >
SRR Sy
2 [Re(@d)® |=

The constant & is sharp in (3.19).

Proof. Follows by Theorem 4 applied for the inner product (-, -) : £2 (K) x 2 (K) —

w
K,

oo
(X, ¥)y = Z Wi
=0

|
Remark 12. A sufficient condition for (3.18) to hold is
(3.20) Re[(Ay; — x;) (T —ay;)] > 0 for all i € N,

In the particular case p = 1, we have the following result.

Corollary 9. Let a, A € K with Re (@A) >0 and X,y € £*(K). If
> Re[(Ay; — ;) (77 — agi)] = 0,
=0

then one has the inequality

[ileily»f] 5 o 1 Yo Re[ATiy, + aziy]
i=0 i=0 2 [Re (@A)]?
SEREESIN )
[Re (@A)]? [iZo

Remark 13. If K = R, then a sufficient condition for either (3.18) or (3.20) to
hold is

ay; < x; < Ay; for each i€ {l,...,n},
where, in this case, a, A € R with A > a > 0.

For a = m, A = M, then the following proposition also holds.
Proposition 8. Let m, M > 0. If X,y € (2 (K) such that
(3.21) > wiRe [(My; — x;) (T — mgi)] > 0,

i=0

then one has the inequality

o0 oo 2
9 9 1 M+
;:0 w; |24 ZE:O w; |yl <3

3

i w; Re (x;73) -

=0

:
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The proof follows by Corollary 4 applied for the inner product
oo
<i7 y)»w = Z W;Tq, E
i=0

The following additive version also holds [6].

Corollary 10. With the assumptions in Proposition 8, one has the inequalities

1
2 oo
- Z w; Re (z:9;)
=0

o0 oo
0< [Z w; |£102|2 sz |yz|2
i=0 i=0

() &
< Wi ; w; Re (x;7;)

and

oo o0 oo 2
0<> wilwsf* Y wilyil* — [Z w; Re (xi%)]
=0 =0 1=0

2 [ oo 2

Remark 14. If K =R, a sufficient condition for (3.21) to hold is
my; < x; < My, for each i €N,
where M >m > 0.

4. QUADRATIC REVERSES OF SCHWARZ’S INEQUALITY

4.1. Two Better Reverse Inequalities. It has been proven in [8], that
2

)

1
@) o e L e

provided, either
(4.2) Re (¢e — x,x — pe) > 0,
or equivalently,

o+
2

holds, where e € H, ||| = 1. The constant 1 in (4.1) is best possible.

(4.3)

T —

1
< Z b —
e _QW o,

15

If we choose e = ﬁ, d=Tyll, e =7yl (y #0), T,y €K, then by (4.2) and

(4.3) we have,
(4.4) Re(Ty — x,x — vyy) > 0,
or equivalently,

PO N skt
2

implying the following reverse of Schwarz’s inequality:

1
(4.5) < 5T =yl

Y

2 2 2 1 2 4 |I'+y 2
46) 0 ol Iyl el < 10— holl = | 5 ol - e
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The constant % in (4.6) is sharp.

Note that, this inequality is an improvement of (2.6), but it may not be very
convenient for applications.

In [3], it has also been proven that

1
(47) 0 < o] = I{z,e)* < § 16— ol — Re (e — 2,2 — pe),

provided either (4.2) or (4.3) holds true.
If we make the same choice for e, ® and ¢ as above, then we deduce the inequality

2 12 2 1 2 4 2
(48)  0< |z llyll” = Ka, )" < 71T =" llyll” = llyll” Re Ty — 2,2 —yy)

provided either (4.4) or (4.5) holds true.

The constant 1 is best possible in (4.8).

We note that (4.8) is another improvement of (2.6). Moreover, the bounds
provided by (4.6) and (4.8) cannot be compared in general, meaning that one
may provide better bounds than the other for different choices of the parameters
involved.

4.2. A Reverse of Schwarz’s Inequality Under More General Assump-
tions. The following result holds [9].

Theorem 5. Let (H;(-,-)) be an inner product space over the real or complex
number field K (K=R, K=C) and x,a € H, r > 0 are such that

z € B(a,r):={2€ H||z—a| <r}.
(i) If ||al| > 7, then we have the inequalities
(4.9) 0 < llz* flall® = [{z, a)|* < | lall* - [Re {z,a)]* < r*||z]*.

The constant C = 1 in front of r? is best possible in the sense that it cannot
be replaced by a smaller one.
(i) If ||al| =T, then

(4.10) [z]|* < 2Re (z,a) <2 |(z,a)].

The constant 2 is best possible in both inequalities.
(iii) If ||a|| < 7, then

(4.11) Jall? < 7% — flall* + 2 Re (&, ) < 12 — [la]* + 2|, 0}
Here the constant 2 is also best possible.
Proof. Since x € B (a,r), then obviously ||z — a||® < r2, which is equivalent to

(4.12) Iz* + [lal|® = r* < 2Re (z,a) .

(i) If [|a]| > 7, then we may divide (4.12) by 1/|lal|* — r2 > 0 getting

2
(4.13) %—H/HaHQ—r? < 21:{672%@.
Vlall” = r? Vlall” = r?

Using the elementary inequality
1
ap+7q22\/p7 OL>0, paqzoa
@
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we may state that

2

(4.14) 2|zl < +y/lall” =72

Making use of (4.13) and (4.14), we deduce

(4.15) Iz \/lla]* = r? < Re (@, a),

which is an interesting inequality in itself as well.
Taking the square in (4.15) and re-arranging the terms, we deduce the
third inequality in (4.9). The others are obvious.
To prove the sharpness of the constant, assume, under the hypothesis of
the theorem, that, there exists a constant ¢ > 0 such that
(4.16) )1 la]* = [Re (z, a)}* < e |l
provided = € B (a,r) and ||a|| > r.
Let r = e > 0,e € (0,1), a,e € H with |la|]| = |le]| = 1 and a L e.
Put x = a + /ge. Then obviously « € B (a,r), |a|| > r and ||ac||2 = Ha||2 +
ellel* =1+¢, Re(w,a) = [|la]|* = 1, and thus [|z[|* [[a]|* — [Re (z,a)]* = e.
Using (4.16), we may write that
e<ce(l+¢), e>0
giving
(4.17) c+ce>1 forany € > 0.
Letting e — 0+, we get from (4.17) that ¢ > 1, and the sharpness of the
constant is proved.
(ii) The inequality (4.10) is obvious by (4.12) since ||a|| = r. The best constant
follows in a similar way to the above.

(i) The inequality (4.11) is obvious. The best constant may be proved in a
similar way to the above. We omit the details.

The following reverse of Schwarz’s inequality holds [9].

Theorem 6. Let (H;(-,-)) be an inner product space over K and z,y € H, v,I' € K
such that either

(4.18) Re(l'y —z,z —yy) > 0,
or equivalently,

'+~ 1
(419 o= 552 < gir =t

holds.
(i) If Re (I'y) > 0, then we have the inequalities

=, = 2

(4.20) o o < § - D o]}
1 ‘F+'Y‘2 2
<1 Re(my) @l



18 SEVER S. DRAGOMIR
The constant i is best possible in both inequalities.
(ii) If Re (I'y) = 0, then
Iz]* < Re [(T +7) ()] < [T+~ [{z,y)].
(iii) If Re(I'¥) < 0, then
lz* < = Re (7) lyl|* + Re [(T +7) (2, )]
—Re (1) lyl* + T + 7] |z, )| -

Proof. The proof of the equivalence between the inequalities (4.18) and (4.19) fol-
lows by the fact that in an inner product space Re (Z —x,x —2z) > 0forx,2,Z € H
is equivalent with ||z — 252 || < $1|1Z — 2| (see for example [7]).

Consider, for y # 0, a = 22Xy and r = 1 [T — 7| ||y|| . Then

2 |F+’Y| - |F*’Y| 2 _ 2
la|® —r* = ) lyll™ = Re (I'7) [lyl|~ -

(i) If Re(I'7y) > 0, then the hypothesis of (i) in Theorem 5 is satisfied, and by
the second inequality in (4.9) we have

r+
g T2 e A Re [T 49) @)} <
from Where we derive

IT+9* = |0 =
1 2] ly]|* <

T — 3 [l 1yl

pMH

{Re [(T+7) (2.9)]}".

»-lk\'—‘

giving the first inequality in (4.20).

The second inequality is obvious.

To prove the sharpness of the constant %, assume that the first inequality
n (4.20) holds with a constant ¢ > 0, i.e.,

{Re [(T+7) r.0)]}"
(4.21) ol Iyll” < e Re (T79) ’

provided Re (T'%) > 0 and either (4.18) or (4.19) holds.
Assume that T',y > 0, and let © = vy. Then (4.18) holds and by (4.21)

we deduce ) .
T+ lly
Pyl < o- EFL L
v
giving
(4.22) My<c(T+ 7)2 for any I',y > 0.

Let € € (0,1) and choose in (4.22), T = 1+¢&,7y=1—¢ > 0to get 1—&2 < 4¢
for any ¢ € (0,1) . Letting ¢ — 0+, we deduce ¢ > i, and the sharpness of
the constant is proved.

(ii) and (iii) are obvious and we omit the details.

Remark 15. We observe that the second bound in (4.20) for ||lz||* |lyl|* is better
than the second bound provided by (3.5).

The following corollary provides a reverse inequality for the additive version of
Schwarz’s inequality [9].
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Corollary 11. With the assumptions of Theorem 6 and if Re (I'y) > 0, then we
have the inequality:

1 |r-— ’Y|2 2
4.23 0 < ||| lylI* - R :
(4.23) < el lol® @, < § o o)
The constant % is best possible in (4.23).
The proof is obvious from (4.20) on subtracting in both sides the same quantity
|{z,y)|*> . The sharpness of the constant may be proven in a similar manner to the

one incorporated in the proof of (i), Theorem 6. We omit the details.

For other recent results in connection to Schwarz’s inequality, see [22], [11] and
[13].

4.3. Reverses of the Triangle Inequality. The following reverse of the triangle
inequality holds [9].

Proposition 9. Let (H;(-,-)) be an inner product space over the real or complex
number field K (K =R,C) and x,a € H, r > 0 are such that

[z —al <7 <|lal.
Then we have the inequality

(4.24) 0 < lzll + fla]l = [l + ol

< Var. Re (z,a)

Vil =2 (el =2+ Jal)

Proof. Using the inequality (4.15), we may write that

Jal o) < Lol Be @ @)
\llal* =72
which gives
(4.25) 0 < [lz| [[a]] — Re (z,a)
lall = \/lla]* = r?
< Re (z,a)
la])* — r
r? Re (z, a)

i lal? = 2 Ma”? C2 g ||a||)

which is an interesting inequality in itself as well.
Since

(lzll + llal)* = llz + all* = 2 (|l |all - Re (z,a)),
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then by (4.25), we have

2r2 Re (z, a)
Il =72 (wan r2+||a||)

Re (z,a)

Vil =2 (el =2+ Jal )

Izl + llall < | llz + all* +

IN

|z +al + vV2r-

giving the desired inequality (4.24). I

The following proposition providing a simpler reverse for the triangle inequality
also holds [9].

Proposition 10. Let (H;(-,-)) be an inner product space over K and xz,y € H,
M > m > 0 such that either
M+m ?JH < 1

Re (My — z,z — my) > 0,
-

holds. Then we have the inequality

(4.26) < lell + ol - e+ ol < Y2 Ry

Proof. Choosing in (4.15), a = 2™y r = 1 (M —m) |jy|| we get

M
]l ly[l v Mm <

or equivalently,

(M —m) |yl

|

"~ Re (z,9),

giving

(var - vm)
2v/mM

Following the same argument as in the proof of Proposition 9, we deduce the desired
inequality (4.26). I

0 < [lz[Hlyll - Re (z,y) < Re (z,y) .

For some results related to triangle inequality in inner product spaces, see [2],
[14], [16] and [21].

4.4. Integral Inequalities. Let (2,3, u) be a measurable space consisting of a
set ), ¥ a o—algebra of parts and p a countably additive and positive measure
on E With values in RU{oc}. Let p > 0 be a g—measurable function on Q with
fﬂ p(s = 1. Denote by L2 (©,K) the Hilbert space of all real or complex
valued functlons defined on 2 and 2 — p—integrable on €, i.e.,

/ p ()1 () dp (s) < oc.
Q

It is obvious that the following inner product

(f.9), = / p(5) £ (5) () ().
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1

generates the norm |[|f|, (fﬂp )| dp (s ))§ of L2 (9,K), and all the
above results may be stated for 1ntegrals.

It is important to observe that, if

Re {f(s)@} >0, for u—ae sef,

then, obviously,

(1.27) Re(f,9), = Re [ p(5)7 ()Gl 0]
= [ ) Re[£ (95T due(s) =0,

The reverse is evidently not true in general.
Moreover, if the space is real, i.e., K =R, then a sufficient condition for (4.27)
to hold is:

f(s) >0, g(s) >0, for p—ae. sec.

We now provide, by the use of certain results obtained above, some integral
inequalities that may be used in practical applications.

Proposition 11. Let f,g € L% (Q,K) and r > 0 with the properties that

(4.28) lf(s)—g(s)| <r<|g(s)|, foru—ae seq

Then we have the inequalities

(4.29) os/ <>|f<>|2du<>/ (5) 19 ()17 da ()

/ 51 5)
< [r@1F@P ) [ 2o )P ()

([ pore (s 05 dntel]
<r* [ ) lg (o) du(s).

The constant ¢ = 1 in front of r2 is best possible.

The proof follows by Theorem 5 and we omit the details.
The following results also holds [9].

Proposition 12. Let f,g € L,Q) (Q,K) and v,T € K such that Re (Iy) > 0 and

Re [(Tg (s) — f(s)) (f(s)—ﬁm)} >0, foru—a.e sef.
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Then we have the inequalities
(4.30) L r@1£ @ au [ pe)la) aus)

{Re[(T47) for () £ ()9 e (5)] }
Re (T7)

/ p(5) f (5)g (5)du (5)
Q

The constant i 1s best possible in both inequalities.

<

— ] =

2
el
— 4 Re(Iy)

The proof follows by Theorem 6 and we omit the details.
Corollary 12. With the assumptions of Proposition 12, we have the inequality

(4.31) 0§Aﬂ@ﬁ@ﬁ@ﬂﬁéﬂ@@@ﬁ@d$

1 r—np

~— 4 Re(Tw)

The constant % is best possible.

/ p(5) £ (5) 9 (5)dps (5)
Q

Remark 16. If the space is real and we assume, for M > m > 0, that
mg(s) < f(s) < Mg(s), forpi—ac. s€Q,

then, by (4.30) and (4.31), we deduce the inequalities

@32 [ o)1 O du) [ o) o) du(s)

Q

<3 U [rerea )]
and

2 2
(4.33) 0< / o () [f (5)) du (5) / 0 () [g (5)]7 dps (5)

- [/Qp@)f(s)g(s)dﬂ(s)r

LA s s @]

The inequality (4.32) is known in the literature as Cassel’s inequality.

5. MORE REVERSES OF SCHWARZ’S INEQUALITY
5.1. General Results. The following result holds [10].

Theorem 7. Let (H;(-,-)) be an inner product space over the real or complex
number field K, x,a € H and r > 0. If

(5.1) z € B(a,r):={z€ H|||z—a| <r},
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then we have the inequalities:
(5.2) 0 < [lzlllall = [z, a)| < [lz[l [la]l — |Re (z, a)]

1
<zl flall — Re (z, a) < 5T2-

The constant % is best possible in (5.2) in the sense that it cannot be replaced by a
smaller constant.

Proof. The condition (5.1) is clearly equivalent to
(5.3) |z]|* + l|al|” < 2Re (z,a) + 2.
Using the elementary inequality
2 2
2|zl flall < l=” + llal®, a,xeH
and (5.3), we deduce
2||z|l [lall < 2Re (z,a) + 12,

giving the last inequality in (5.2). The other inequalities are obvious.
To prove the sharpness of the constant %, assume that

(5.4) 0 < [l2]l la]l = Re (2, a) < er?

for any x,a € H and r > 0 satisfying (5.1).

Assume that a,e € H, |la|| = |le] = 1 and e L a. If r = /g, ¢ > 0 and if we
define © = a + \/ee, then ||z — a|]| = /e = r showing that the condition (5.1) is
fulfilled.

On the other hand,

2
el lall - Re (z,a) = /[Ja + vZe|* - Re{a + vze, a)
2 2 2
= Vllal® + llel]* = Jal
=v14+e—-1.

Utilising (5.4), we conclude that

(5.5) V14+e—1<ce forany ¢ > 0.
Multiplying (5.5) by v/1+ &+ 1 > 0 and then dividing by € > 0, we get
(5.6) (Vi+e+1)c>1 forany > 0.

Letting &€ — 0+ in (5.6), we deduce ¢ > %, and the theorem is proved. I

The following result also holds [10].

Theorem 8. Let (H;(-,-)) be an inner product space over K and z,y € H, v,T € K
(T # —7) so that either

or equivalently,

(5.8)

2

H ~+T
r_JT
2

1
strv|w,
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holds. Then we have the inequalities

(5.9) 0 < [lzll lyll = 1{z, )l

T+7
] NIyl T

el ~ Re [ 122 (2.3)]

T+~

IN

2
N el

2
<3 Eor -

The constant i in the last inequality is best possible.

Proof. Consider for a,y # 0, a = F—JQFA’ -y and r = |T'—7||ly||. Thus from (5.2),
we get

'+~ L'+~
| R e [
I +y +75
< ol [552 ol = [ |25 ]|
I+~ L+75
< ol 52yl - Re [ S5 (o0
<1I‘ 20112
< g IF=lyl”

Dividing by % IT" + 7| > 0, we deduce the desired inequality (5.9).
To prove the sharpness of the constant i assume that there exists a ¢ > 0 such
that:

(.10 el Iyl - Re | 5 (o) < -

provided either (5.7) or (5.8) holds.

Consider the real inner product space (RQ, (,)) with (X,¥) = z1y1 + 22y2,
%= (21,72), ¥ = (y1,92) € R% Let § = (1,1) and I',¥ > 0 with I" > ~. Then, by
(5.10), we deduce

(I — w
5.11 V2y/22 + 22 — (21 + x2) < 2¢- .
(5.11) 1Tz T T a2 T+~

If 4 =T, x5 = v, then
Ly —%,x—9y) = (' = z1) (21 —=7) + ([ = 22) (22 —7) = 0,
showing that the condition (5.7) is valid. Replacing x; and xz in (5.11), we deduce

Lo
T+

I — )2

(5.12) V2yT2 +42 — (T +79) < 2(r{?'

If in (5.12) we choose I' =1+4¢,y=1—¢ with € € (0,1), then we have
4e?

2 ]. + 52 — 2 < 207
giving

(5.13) V142 —1< 2
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Finally, multiplying (5.13) with v/1 +2+1 > 0 and thus dividing by €2, we deduce

(5.14) 1< 2 (\/1 e 1) for any ¢ € (0,1).

Letting ¢ — 0+ in (5.14) we get ¢ > I, and the sharpness of the constant is

4
proved. i

5.2. Reverses of the Triangle Inequality. The following reverse of the triangle
inequality in inner product spaces holds [10].

Proposition 13. Let (H;(-,-)) be an inner product space over the real or complex
number field K, x,a € H and r > 0. If ||z — al| < r, then we have the inequality

(5.15) 0 < |lzl +llall = [l +al| <.
Proof. Since
2 2
(=l + llal)” = lz + all” < 2(||z[| o]l — Re (z,a)),
then by Theorem 7 we deduce
2 2

(]l + llall)” = |z +a]* < =2,

from where we obtain
]| + llall < /2 + &+ al* < v+ ||z +all,
giving the desired result (5.15). I
We may state the following result [10].

Proposition 14. Let (H;(-,-)) be an inner product space over K and xz,y € H,
M > m > 0 such that either

Re(My — z,x — my) > 0,
or equivalently,

T —

M+m
\\ L= m) .

holds. Then we have the inequalzty

2 M
(5.16) 0l + 1l o + 9l < 2. il

Proof. By Theorem 8 for I' = M, v = m, we have the inequality

1 (M-—m)” m)’

el )~ Re o) < § - 7o

Then we may state that

2([lzl lyll — Re (z, y))
1 (M —m)” m)?
5 S e,

2 2
(]l + ly D)™ = llz + yll
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from where we get

1 (M —m)?
]l + llyll < \/ e lyll* + |z + y)®

2 M+m
< lz + yll + ——=—=—= |
> Ty Yl
V2(M+m)

giving the desired inequality (5.16). I

5.3. Integral Inequalities. We provide now, by the use of certain results obtained
above, some integral inequalities that may be used in practical applications.

Proposition 15. Let f, g € Lf) (Q,K) and r > 0 with the property that
lf(s)—g(s)|<r, forp—ae seq.

Then we have the inequalities

Nl

(5.17) 0< UQP(S)If(S)IQdu (8)/QP(S) lg (S)IQdu(S)}

/ p(5) £ (5) 7 (&)ds (5)
Q

< { [ o1l a [ o)l <s>|2du<s>}

[ pts)ke [ ()56 aus)
Q

[

<\ [rlr P [ po)la6F )
- /Q p(s)Re [f ()9 ()] d (5

< —r?

N | =

The constant & is best possible in (5.17).
The proof follows by Theorem 7, and we omit the details.
Proposition 16. Let f, g € L% (Q,K) and v,T € K so that T' # —v, and

Re {(Fg (s) = f(s)) (mfim)} >0, for p—a.e s

Then we have the inequalities

N

(5.18) o< | [p@1r@Fan) [ o)l du)

W=
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< { [o@1f 0P ) [ ps)lo <s>|2du<s>}

L+75 —
— Re p(s)f(s)g(s)du s]
{|P+7| A (s) f(s) g (s)du(s)
1 |F*’)’|2 2
< - s)lg(s)|"du(s).
1y [ @la ) du(s)
The constant % is best possible.

Remark 17. If the space is real and we assume, for M > m > 0, that
(5.19) mg(s) < f(s) < Mg(s), for p—ae seQ,
then, by (5.18), we deduce the inequality:

(NI

0 < UQ/J(S)If(8)|2du(8)/ﬂp(8)Ig(S)IQdu(S)]

/Q p(5) £ (5) 7 (5)dlp (5)

< O [l ).

The constant i is best possible.

The following reverse of the triangle inequality for integrals holds.

Proposition 17. Assume that the functions f,g € L% (Q,K) satisfy (5.19). Then
we have the inequality

o< ([r@irerae) ([ o0 |g<s>2czu<s>)é

- (/Qp<s>|f<s>+g<s>|2du<s>)é

<M (] swlane)

The proof follows by Proposition 14.
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