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Bounds for the energy of graphs

Kinkar Ch. Das* and Ivan Gutman'*

Abstract

The energy of a graph G, denoted by F(G), is the sum of the absolute
values of all eigenvalues of G. In this paper we present some lower
and upper bounds for E(G) in terms of number of vertices, number
of edges, and determinant of the adjacency matrix. Our lower bound
is better than the classical McClelland’s lower bound. In addition,
Nordhaus-Gaddum type results for E(G) are established.
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1. Introduction

Let G = (V, E) be a simple graph with vertex set V(G) = {v1,v2,...,v,} and edge
set E(G), |E(G)| = m. Let d; be the degree of the vertex v; for ¢ = 1,2,...,n. The
maximum and minimum vertex degrees are denoted by A and §, respectively. If the
vertices v; and v; are adjacent, we denote that by v;v; € E(G). The adjacency matrix
A = A(G) of G is defined by its entries as a;; = 1 if v;v; € E(G) and 0 otherwise. Let
A1 > A2 > -+ > ), denote the eigenvalues of A(G). \; is called the spectral radius of
the graph G. Some well known properties of graph eigenvalues are:

ZH:AZ- =0, Zn:Af =2m and detA = ﬁA
i=1 i=1 i=1
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A graph G is said to be singular if at least one of its eigenvalues is equal to zero. For
singular graphs, evidently, det A = 0. A graph is nonsingular if all its eigenvalues are
different from zero. Then, det A # 0.

The energy of the graph G is defined as
(1) EG) =3 A
i=1
where \;, i =1, 2,..., n, are the eigenvalues of graph G.

This spectrum-based graph invariant has been much studied in both chemical and
mathematical literature. For details and an exhaustive list of references see the mono-
graph [14]. What nowadays is referred to as graph energy, defined via Eq. (1.1), is
closely related to the total m-electron energy calculated within the Hiickel molecular
orbital approximation; for details see in [8, 11, 18].

The paper is organized as follows. In Section 2, we give a list of some previously known
results. In Section 3, we present a lower bound on the energy E(G). In Section 4, we
obtain an upper bound on E(G). In Section 5, Nordhaus—Gaddum type results for F(Q)
are established.

2. Preliminaries
In this section, we shall list some previously known results that will be needed in the

next two sections.

2.1. Lemma. (Cauchy interlace theorem) [3, 17| Let B be a p X p symmetric matriz and
let By be its leading k x k submatriz; that is, By is a matriz obtained from B by deleting
its last p — k rows and columns. Then fori=1,2,...,k,

(21)  pp-it1(B) < pr—it1(Bx) < pr—iy1(B)
where p;(B) is the i-th largest eigenvalue of B.

2.2. Lemma. [13] Let x1,x2,...,xn be non-negative numbers, and let

LN N 1/N
a:NZmi and 7:<Hxi>
i=1 i=1

be their arithmetic and geometric means. Then

1 2 1 2
N T 2 (VR V) Semvs g (v vE)

Moreover, equality holds if and only if x1 =22 =--- =N .
2.3. Lemma. [6] Let a1, az,..., an and b1, ba, ..., by, be non-negative real numbers. If
p > 1, then

n 1/p n 1/p n 1/p

(Z(ai +bi)p> < <Z af) + (Z bf) .
i=1 i=1 i=1

Moreover, the above equality holds if and only if the rows {a;} and {b;} are proportional.
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2.4. Lemma. [1] For a graph G,

MS)WS M71§7‘STL
nn—r+1) nr

2.5. Lemma. (2, 3] Let G be a connected graph of order n. Then
2
h> 2R
n

with equality if and only if G is a regular graph.

3. Lower bound on graph energy

In this section we give a lower bound on energy F(G) in terms of n, m and the
determinant of the adjacency matrix.

First we mention some popular lower bounds on graph energy.

In the monograph [14] the following simple lower bound in terms of m is mentioned:

(1) E(G)>2/m

with equality holding if and only if G consists of a complete bipartite graph K, ; such
that a - b = m and arbitrarily many isolated vertices.

McClelland [18] obtained the following lower bound in terms of n, m and the deter-
minant of the adjacency matrix:

(32)  E(G) > \/2m +n(n—1)]det A2/ .

Recently, Das et al. [5] have given the following lower bound, valid for non-singular
graphs:

2m n|det Al
. E > — —14+n{——).
(3.3) (G) > " +n +n( - >

We now give an additional such lower bound, applicable for any graphs:

3.1. Theorem. Let G be a simple graph of order n > 2 with m edges. Then

. 4 om (2m)\ /']
(34)  E(G) > y|2m+n(n — 1)|det A/ +(n+1)(n2){\/7_<n> ]

where equality holds if and only if G =2 3 Ko (n is even) or G = K, .

Proof. When G = K,,, we have m = 0, det A = 0 and E(G) = 0. Hence the equality
holds in (3.4). When G = % Ky (n is even), we have 2m = n, det A = (-=1)"/? and
E(G) = n. Hence the equality holds in (3.4). When G 2 p KoU(n—2p)K1 ([2] >p > 1),
we have 2m = 2p < n, det A = 0 and E(G) = 2p. Hence the inequality in (3.4) is strict.
Otherwise, G has at least one connected component with mi > 2 (my is the number of
edges in the connected component).

From Lemma 2.2, we get

N N 1/N 9
(3.5) Zx>N(Hm> +(N17*1)Z(ﬁ_‘/xj)

i<j
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(n—1)

Putting N = n 3 and

(551, L2500, xN) = <|>‘1H>‘2" |)‘l||)‘3|7~--7 P‘lH)‘nlv |)‘2||)‘3|7

co Palldals sl Al

in (3.5), we get

n 2/n
>l 2 ’“@”(Hw)

1<i<j<n

2 2
tormasy 2 (VNN VNN
1<j<k<t
that is,
2 ) NN > n(n—1) [det AP

1<i<j<n

4 2
(3.6) DD (VXTI = VAT

i<j<k<t

By Lemma 2.4,

2m 2m(n — 1 [2m
Anj2 < e and Ant1y/2 < W < o

for even and odd n, respectively.
From Lemma 2.5 and also from the above, we get for n > 3,

2m 2m
3.7 AL > — d Arny < 4/ — .
(37 A=z an 1Sy,

Since m > 1, by Lemma 2.1,
An < A2(Az)=-1.

From the above, we have that |\,| > 1. Since n > 3 and m1 > 2, we further have

> (VI - VIRI) 2 (VT = g lial)

i<j<k<l
2 2
+ > (VIR = V) > Dl (VInd = Al
i<j<k<t
(1, 5)#(1, n),
(k, (27, n)

2
N [ [2m <2m>”4]
n n
Combining the above result with (3.6), we get

I\ n(n — e 2/n $ 2—m— 2ﬂ l
2 Z |)‘ZH)‘J‘ > ( 1) ‘d tA' + (n+1)(n-2) |:\/7 ( n ) :| ‘

1<i<j<n
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Adding to both sides S A? (= 2m), we get

=1
2
4 [2m  (2m\"*
E(G)? > 2 1 AP/ LA et
(@) >2m+n(n—1) |[det A| +(n+1)(n—2)[ ” ”
which straightforwardly implies (3.4). |

Inequality (3.4), as well as (4.1), was mentioned in [9], but without details and without
the characterization of the equality cases.

3.2. Remark. Our lower bound (3.4) is better than the lower bound (3.2).

3.3. Remark. In [5], it has been mentioned that sometimes the lower bound in (3.3) is
better that the lower bounds in (3.1) and (3.2), but the lower bound in (3.3) is applicable
for non-singular graphs.

4. Upper bound on graph energy

In this section we give an upper bound on energy E(G) in terms of n, m, and det A.
Other upper bounds on graph energy are discussed in the book [14] and the recent papers
[4, 9, 19].

4.1. Theorem. Let G be a connected non-singular graph of order n with m edges. Then

41)  E(G)<2m-2m (Lm _ 1) W <M>

n n 2m

where det A (£ 0) is the determinant of the adjacency matriz. Equality holds in (4.1) if
and only if G =2 K, .

Proof. Since G is non-singular, we have |\;| > 0,¢=1, 2,..., n. Thus
n
|det Al =] N[ >0.
i=1
Moreover, since G has no isolated vertices,
_ . 2m
2m:Zdi2n ie., —>1.
i=1
Consider now the function

f@)y=a>—2z—Inz, >0

for which

oo 1
f(m)—Qx—l—;.

Thus f(z) is an increasing function on x > 1 and a decreasing function on 0 < z < 1.
Thus, f(z) > f(1) = 0 implying z < z® — Inz for > 0, with equality holding if and
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only if z = 1. Using this result, we get

EG) = )\1+Zn:|)\i|
1=2
(42) < MY (2
=2
= )\1+2m—)\%—lnﬁ|)\i|+ln)\1
=1
(4.3) = 2m+ XM\ — )\ —In|det Al +1In); .

From Lemma 2.5 we know that A1 > 2m/n. Since
g(x) =2m+ 2z —2° —In|det A| + Inz

is an increasing function on 0 < x < 1 and a decreasing function on = > 1, and since
a:z%"zl,wehave

2 2 2m\* 2

g(m)gg(—m>:2m+—m—<—m) —ln\detAH—ln(—m).
n n n n

Combining this with (4.3), we arrive at (4.1). By this, the first part of the proof is done.

Suppose now that the equality holds in (4.1). Then all the inequalities in the above
consideration must be equalities. From equality in (4.2), we get

(44) Dol =Pl = = =1.
Since G is connected, condition (4.4) is satisfied if and only if G 2 K, [3].

Conversely, one can see easily that the equality holds in (4.1) for K, . |

Concluding this section, it should be mentioned that similar techniques (based on
the inequalities stated in Section 2) have been used in estimating other spectrum—based
graph indices, especially the Estrada index FFE(G) [7, 12, 15, 16, 21, 22]. Recall that this
index is defined as

EE(G) = i el
=1

and that details of its theory can be found in the survey [10].

5. Nordhaus—Gaddum—type results for graph energy

Motivated by the seminal work of Noradhaus and Gaddum [20], we report here anal-
ogous results for graph energy. As usual, G denotes the complement of the graph G.

5.1. Theorem. Let G and G be both connected non-singular graphs. If G has n vertices
and m edges, then

3(n—1) + In ( n?|det (AA)|

2m(n(n — 1) — 2m)

)§M®+ﬂ@§%w4)

ST R AT T

n? 2m(n(n — 1) — 2m)
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where det A (# 0) and det A (# 0) are the determinants of the adjacency matrices of G
and G, respectively.

Proof. By (3.3),

E(G)+E(é)ZM+2(n—1)+ln n|det Al 4+ 1In MdiitA'
n 2m om

where 7 and A are the number of edges and the adjacency matrix of G.
Since 2m+2m = n(n—1) and det AA = det A det A, the lower bound in (5.1) follows.
By (4.1),

E(G)+EG) < 2m+2m+

om+2m  4m? + 4m?
n n2

n|det A| n|det Al
2m 2m
This straightforwardly leads to the upper bound in (5.1). O

5.2. Theorem. Let G be a graph of order n with m edges. Then

E(G)+EG) < n+A-6-1

m(n(n — 1) — 2m)

4 [(n—l) (n—1+4

1/2
(5.2) + % V2m(2m + n)(n? — 2m)(n2 — 2m — n))]

where A and § are the mazimum degree and minimum degree of G, respectively.

Proof. By Lemma 2.3,

n 1/2 n 1/2 n 1/2
(Z(|M|+|Ai|)2> §<2A$> +(ZA?)

1=2

where )\; and \; are eigenvalues of G and G, respectively. Since

Zn:)\? =2m and zn:Xf =2m
i=1 i=1
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we get
SOn D < ST+ IN 42
i=2 i=2 i=2
2 o -2 2 o -2
= 2m—AT+2m— A +2¢/(2m —)\3) (2m — )
< py Amt amt ) JAmm
= ’I’L(’ﬂ— )_ ’I’L2 + ’I’L4 (n - m)(m+n)
4 —-1)—-2
gy A=) —2m)
n
2
(5.3) + pel V2m(n?2 — 2m — n)(n? — 2m)(2m +n) .
Since A1 < A, using the Cauchy—Schwarz inequality, we obtain
E@)+E(@G) = M+l + D (Nl + X))
i=2

< Adn—0—1+,n—=1)> (Ixnl+N]2.
=2

Together with (5.3) this yields (5.2). O

6. Concluding remarks

Studies of the structure-dependence of the total m-electron energy has a long history.
Beginning with McClelland’s seminal work [18] in the early 1970s, most of the researches
along these lines were done by means of estimates (upper and lower bounds); for details
see the surveys [8, 9]. Eventually, the concept of total m-electron energy was extended
and redefined to the mathematically more general and more convenient concept of graph
energy, Eq. (1.1), see [14].

In the present work we offer a few more estimates for graph energy, in terms of
parameters that have direct and straightforward structural interpretation. By this, we
deem to have somewhat improved the understanding of how graph energy (and thus total
m-electron energy) are influenced by the respective structural features of the underlying
graph.
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kyunkwan University, 2012, and National Research Foundation funded by the Korean
government with the grant no. 2013R1A1A2009341.
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