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Abstract

The Radenkovi¢ and Gutman conjecture establishes a relationship between the Laplacian energies
of any tree 7,,, the star graph S,, and the path graph P,, i.e., LE(P,) < LE(T,) < LE(S,,). In this
paper, we focus on verifying the validity of this conjecture for some classes of trees with diameter
5. By analyzing their structural properties and the corresponding Laplacian spectra, we establish
that the conjecture holds for these few subclasses.
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1. Introduction

Let G = (V, E) be a crisp graph having V' (G) = {vy,vs,...,v,} and E(G) = {e1, eq,...,€,}.
The numbers n = |V (G)| and m = | E(G)| represent the order and size of the graph G, respectively.
By d(v), we denote the degree of the vertex v. Vertices of degree 1 are known as pendant vertices.
A tree on n vertices represented by 7,,, is a connected graph without cycles. A path on n vertices
indicated by P, is a tree having 2 pendant vertices. Any tree graph having n — 1 pendant vertices
and one node with n — 1 connected edges is called a star graph denoted by S,,. We direct readers to
any standard literature, such as [3], [12], [16],and [19], for further notations and definitions of these
concepts from matrix theory and graph theory. The “energy” of a graph is a concept that comes
from spectral graph theory, a subfield of graph theory that focuses on the connections between the
eigenvalues and eigenvectors of certain matrices associated with a graph.
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Graph energy has a wide range of applications in chemistry [24, 1], particularly in studying
molecular graphs and their properties. The energy of the graph has served as a structure descriptor
in the case of o-electron systems. The graph energy gives better results than the traditional structure
descriptors. Understanding the structure, stability, and reactivity of molecules in many chemical
situations is made possible by useful tools provided by graph energy and LE analyses, which
further advance synthetic chemistry. The LE is related to molecular stability, where molecules
with lower LE are generally more stable. The eigenvalue distribution of the Laplacian matrix
offers insight into molecular reactivity. Isomers with the same chemical formula can have different
graph Laplacian energies, and these differences help chemists understand how structural variations
affect molecular properties.

Gutman [7] first introduced the concept of the energy of a graph G denoted by F(G) in 1978
and it is known as the total of the absolute eigenvalues of the adjacency matrix A (G) denoted by

E(G) :Z\M,

where \j, Ao, ..., \, represent eigenvalues of A(G). The idea of energy has been extended to
general matrices in addition to other kinds of matrices connected to graphs [18]. Many studies
have been conducted in this area, and further research is ongoing because there are still a number
of unsolved problems. We refer to [9, 17, 20] and their sources for some current research on graph
energy and associated findings. In 2006, Gutman and Zhou [8] introduced the Laplacian energy
(LE) of a graph G and is represented by

_ 2m
=1

where m is total count of edges and n is total count of vertices of L(G). The Laplacian matrix is
defined as L(G) = D(G) — A(G), where D(G) is the degree matrix which is a diagonal matrix that
tells the degree of each vertex (count of edges connecting to it) of the graph. and 1y > po > ... >

fn—1 >, = 0 are the LEVs of G. Since ) y; = 2m, it is easy to see that [5]
=1

n k
LE(G) =2 Z (,ui — ad> =2 max (Z i — kd) (1)
i=1 ="=" \i=1

where o denotes the count of Laplacian eigenvalues (LEVs) that are equal to or greater than the
average degree d. This number has been explored in great detail due to its uses and relationships
with more significant spectral characteristics of graph G. This term is also a current area of study,
and the literature has a few publications, especially on trees [23]. See [10] and its references for
some new findings on LE.

Finding the maximum value of a spectral parameter and characterizing the graph or graphs that
reach this maximum value are key issues in spectral graph theory. The extremal value within a
class of order n graphs or within all graphs of order n. The graph’s energy, or £(G), for Several
families of graphs and trees has been examined in this problem, and the graphs that reach the
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greatest and least values are fully identified. According to [6],F, the path graph has the highest
energy than trees 7, and star graph S,,.

The symmetry of a molecule is an important factor in determining its chemical properties.
Graph LE can be used to quantify the symmetry of molecular graphs. Molecules with higher
symmetry tend to have distinct LE signatures, which can be used in classifying and predicting
chemical behavior. Similar to the energy of a graph, an easy way to get the greatest value that a
parameter can have in every n-vertex graph therefore the purpose of including the LE of a graph is
to identify the graph on n vertices whose LE accomplishes this maximum value.

To the extent of our understanding, this appears to be a challenging issue that is still unresolved.
Researchers Radenkovi¢ and Gutman [22] looked into the relationship between a tree’s energy and
LE. Following the computation of the energy and LE of each tree with n > 14 vertices, the
upcoming conjecture came into existence.

Conjecture 1. Let T), be the set of trees with n vertices. Then,
LE(P,) < LE(T,) < LE(S,).

In [25], it has been proved that the conjecture 1 is true for diameter three trees. They also
validated that the conjecture is true for any tree of order upto 18. Fritscher et al. [5] proof estab-
lishes the validity of the Conjecture 1’s right-side for all nth order trees. Chang et al. verified the
first hypothesis for trees with diameters of 4 and 5 with perfect matching in [4], proving the left
inequality. Rahman et al. [21] recently examined a few classes of trees with diameter 4 (which
were not taken into account in [4]) and confirmed the validity of the left-side inequality of Con-
jecture 1 for the trees in these families. Our goal in this work is to fully demonstrate the left side
of the inequality of Conjecture 1 for diameter 5 trees. Ganie et al. [11] validated the conjecture

for all trees having a maximum of — — 2 non-pendant vertices. In this work, we establish the

conjecture 1 for some classes of diameter 5 trees. For computations in the paper, we have used the
computational programs Wolfram Mathematica. We recommend reading the upcoming sources
[23, 26] and the references contained therein for additional material in this area.

Theorem 1.1. /5] Let T,, be a trees with n vertices provided that T,, # S,,. Then,
LE(T,) < LE(S,).

This theorem suggests that the conjecture 1 upper bound holds true for each tree 7;, with n
vertices. Therefore, there is no need to prove it again for diameter 5 classes. However, the lower
bound is still open. So we will focus to establish the lower bound of the conjecture.

The paper is organized as follows. We list a few results that are already known in Section 2.
We use these results to verify the conjecture 1 for some classes of trees of diameter 5 in Section 3.
Finally, a conclusion of the study is presented in Section 4.

2. Preliminaries

This section includes two algorithms and a few well-known results that are useful throughout
the paper.
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Lemma 2.1. Let p and q represent G’s neighbors and leaves, respectively. Then 1 is a multiplicity
at least p — q > 0 Laplacian eigenvalue of G.

We can now proceed with a discussion regarding LEVs and the Laplacian characteristic poly-
nomial, specifically focusing on trees. There exists a notable lemma in this context, credited to
Brouwer and Haemers [2].

Lemma 2.2. Let G be a connected graph with LEVs as j1; > o > ... > [iy,. Then,
M Zdj—l—f—Q, i:1,2,...,n,
such that dy > dy > ... > d, is the order of degree of vertices of G.

We use the technique described in references [14] and [15] to determine the LEVs of tree of
the nth order 7;,. This approach may be simply modified to investigate the distinctive polynomial
of the Laplacian matrix because it is made to operate directly on the tree structure.

Algorithm (1): [13]
Input: tree 7', scalar A
Output: diagonal matrix D congruent to L(7) + \I Diagonalization Algorithm (7', \)

1. Setup a(u) := d(u) + A for each of the vertices in u
2. Order vertices from below
3.forj=1ton
(a) if u; is pendent then continue
(b) otherwise if a(c) # 0 for all children ¢ of u; then
i. a(uy) := a(u;) — 3, 45y adding all children of u;
(c) otherwise
i. Choose a child uy, of u; for which a(uy) =0
ii. a(uj) = —3
iii. a(ug) :=2
iv. if u; has a parent v, delete the edge u;,
end loop
This approach allows us to estimate o for a tree by calculating the quantity of the Laplacian
matrix of 7" eigenvalues that fall inside a certain range. Notably, the values a(u) on each u of the
7T are exactly matched by the diagonal components of the output matrix. Throughout the work, the
upcoming observation from Jacobs and Trevisan [13] is useful.
Algorithm (2): [14]
The algorithm functions by assigning a rational function a(v) = ﬁ to each vertex v in the tree,
where both ¢ and ¢ are polynomials within the polynomial ring Q[)\].. Beginning with the leaves of
the tree, which are originally given the value A\ — 1 (assuming the tree is rooted arbitrarily), the pro-
cess follows a bottom-up methodology. After all of v’ children have undergone this computation,
the vertex v is then provided the resulting rational function.

i) = A —d— 3 )

ceC CL(C),
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where d, is the degree of vertex v and C' is the collection of its offspring. Following this procedure
for each vertex, the characteristic polynomial is calculated by multiplying each function a(v) by
the total count of vertices.

X\ = ] a). 3)
veV

Lemma 2.3. [13] Consider D a diagonal matrix generated by the algorithm Diagonalize(T, — ),
and let T' be a tree. Then, the following claims are true:

1. The count of LEVs of T larger than « is the count of positive values in D.
2. The count of LEVs of T less than « is the count of negative values in D.
3. A LEV of T with multiplicity j is « if there are j zero diagonal elements in D.

Trevisan et al. [25] have established a lemma regarding the LE of path P,.
Lemma 2.4. [25] Let P, be the set of trees with n vertices. Then, LE(FP,) < 2 + 4?”.
Lemma 2.5. [11] The LEVs of G interlace the LEVs of Gy if Gy = G + e. In other words,

11(Go) < p1(G) < p2(Go) < p2(G) < -+ < pin(Go) < pn(G) = 0.
[23] has the upcoming finding regarding the division of LEVs of trees.
Lemma 2.6. The number of LEVs smaller than 2 — % will be at {%w

Corollary 2.1. [11] Let T be a tree with s internal (non-pendent) vertices and an order of n > 4.
(1) For any n > 9, Conjecture 1 is valid if s = 1. (ii) For any n > 12, Conjecture 1 is valid, if
s = 2. (111) For any n > 14, Conjecture 1 is valid, if s = 3. (iv)For any n > 17, Conjecture 1 is
valid, if s = 4. (v) For any n > 20, Conjecture 1 is valid, if s = 5. (vi) For any n > 23 Conjecture
1 is valid, if s = 6. (vii) For any n > 25 Conjecture 1 is valid, if s = 7. (viii) For all n Conjecture
1is valid, if s < 92 — 2.

Corollary 2.2. [11] For a tree T with n > 7 and e be its non-pendant edge. The components of
T — e are represented by Ty and Ty, and the quantity of LEVs of T — e that are more or comparable
to the mean degree d(T — e) is represented by o. The count of LEVs of T; that are more or equal
to d(T — €) with hy 4+ hy = o and the counts of LEVs of T; that are higher or equal to d(T}) are
denoted by h; and o;, respectively. Conjecture 1 holds for T if oy = hy and 09 = hy, given that
LE(T)) > 2+ ;- for j = 1,2.

3. Laplacian energies of trees of diameter 5

In this section, we verify that for some classes of trees of diameter 5 tree, Conjecture 1 holds.
Trees having order n > 3 and diameter d are denoted by 7T,,(d). Specifically, considering the
family denoted as 7,,(5) of few classes of trees of order n and diameter 5. To confirm the validity
of Conjecture 1 for the family of trees 7,,(5), we must take into account more than 19 potential
subfamilies. Here, we examine the family 7},(5) as a whole and confirm that Conjecture 1 is true.
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Theorem 3.1. For the family T, (5) of trees with diameter 5, Conjecture 1 is true.

Proof. The theorem 1.1 suggests that the conjecture 1 upper bound holds true for each tree 7, with
n vertices. Therefore, there is no need to prove it. However, the lower bound is still open. So we
will focus to establish the lower bound of the conjecture.

When a tree of diameter 5 and order n > 19 is represented by 7', then 7" € T,(5). Let
d (T)=2- % be the average node degree of 7" and the LEVSs are arranged in a nondecrasing order.
It is clear from Lemma 2.4 that, for every n > 19, it is sufficient to show that Conjecture 1 is true

for T', the expression
4n

LE(T) < 4o, )
7
applies for 7. T' is either a multi-broom graph of diameter 5 (as shown in Figure 1, or an SNS-tree
of diameter 5 (as shown in Figure 7).
Let 7;,, be the first type of multi-broom graph of diameter 5 on n vertices as shown in Figure
1, respectively.

C1

Figure 1. Multi-broom graph of diameter 5

To construct characteristic polynomial of this tree we use Algorithm (2) in the upcoming steps;

X = (-l4+2)(-1+z—c)—a)/(-14+x)...
(“1+2)(-1+2—-0¢)-¢)/(-1+2)

~
|

Z = 3+z—(-1+z2)/(-1+2)(-14+z—c1)—c1)—...— (-1+2)/(-1+2)(—-1+ 2 —cp)

— )
S = ((-1+z)(-1+x—d)d)/(-1+2x)...
U = (-1+2z)(-142—-dy) —d,)/(-1+2)

V = 3+z—(-1+a)/(-1+2)(-14ax—d)—dy)—...— (=1+2z)/(-1+2)(-1+x—d,)

dg) —1/((=3+2)
(—1+2)/(-14+2)(-1+z—c1)—c1)— ... — (=1 +2)/(-1+2)(-14+ 2 —0¢,) —
W = (_1 + x)(c+01+...+cp+d+d1+...+dq).
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By taking product of all of the above mentioned functions, the required polynomial can be con-
structed. We will discuss few subcases of this generalized class by assigning different values to ¢
and d as shown in figures 2,3 and 4 respectively.

dy

i

Figure 2. (c=2,d=1) Figure 3. (c=2,d=2)
Figure 4. (c=1,d=3)

The Laplacian characteristic polynomials of these three subcasses of 7},, are as follows:

(1)

(ii)

(iii)

X(Tp, (c1,c2,d1)) = (=1 +2) " p (=54 33z — 8922 +1272° — 1032+ +472° — 1128 + 27 —
c1+10xc; —312%¢c; +4323c1 — 292 ¢ +92° ¢, — 28 ¢y —d+11xdy — 3322 dy +4423d; — 2924 d, +
92°dy — 28dy + 3zcydy — 122%¢1dy + 1523 c1dy — Trte dy + 2°cidy — o + 102cy — 3122 co +
43723¢cy — 2924y + 92°cy — 28cy + 2xc10 — 2 — 1122109 + 1523 ¢100 — Tatcrco + 2Pci0o +
3xdicy — 122%d ey + 1523dyco — Tatdycy + 2Pdycy — 5acydicy + Hx3eidicy — xleydicy);
X(Tp, (c1,dy, ca,dz)) = (=1 4 2)" 102 (—6 + 53z — 20022 + 4242° — 5562 + 4662° —
24825 + 80x” — 1428 + 2° — ¢; + 14wy — 6422 ¢y + 14403 ¢y — 18222 ¢y + 1342° ¢y — 5625¢1 +
1227¢; — 28¢; — dy + 1dad; — 6422dy + 14423dy — 1822 dy + 1342°dy — 5628d; + 1227 dy —
28dy + 3xcidy — 202%cidy + 5023cidy — 60z c;dy + 362°cidy — 102%¢1dy + 27cidy — co +
l4zcy — 642%cy + 14423cy — 18224 cy + 1342°cy — 5625¢cy + 1227¢cy — 28y + 220100 —
1822%¢1co + 4923 ¢1c9 — 602 crca + 362°c1co — 1025¢1c0 + 27109 + 3xdica — 2022d1cy +
50$3d102—60$4d102+36l‘5d102—10$6d102+$7d102—5I201d1C2+18(L’301d1C2—20$4Cld102+
8xPcrdicy — x8cidicy — do + 14xds — 642%dy + 14423ds — 18224 ds + 1342°dy — 5628d, +
12I7d2 — I‘Sdg + 3$Cld2 — 201‘201d2 + 501‘301d2 — 60$461d2 + 36$561d2 — 10{23'601d2 —|—I761d2 +
Qxdldg — 18.1’2(11(12 + 491’3d1d2 — 601’4611(12 + 361‘5d1d2 — 10$6d1d2 + $7d1d2 — 5$201d1d2 +
1823 ¢1dydy—2024 c1dyda+-82° ¢ dyds— 28 ¢y dydy+3xcads — 2022 coda+5023 cody — 6024 coda+
362 coda—1028cods+x7 cods— b2 1 coda+1813 1 coda—202  cq cody+82° c1 cody— 18y cody—
5I2d102d2 —+ 18[E3d102d2 — 201’4d1€2d2 +85L’5d1€2d2 —I6d102d2 +8[E301d102d2 — 613401d1€2d2 +
$5C1d102d2);

X(T, (c1,dy, do, d3)) = (—142) 103 (—64-520—19422+4092° — 53621 +4512° — 24225+
7927 — 1428 + 2% — ¢y + 152¢; — 6722 ¢y + 14623 ¢; — 1802 c; +13125¢; — 5525¢; +1227¢; —
8¢y — dy + 132dy — 592%dy + 13423dy — 1722%dy + 1292°d; — 5528d, + 1227dy — 28d; +
Sl’Cldl - 205[]261d1 + 49[E3€1d1 — 58I401d1 + 35I501d1 - ]_OZEGCldl + $7Cld1 — d2 + 13$d2 —
59!E2d2 + 134l‘3d2 — 1721’4d2 + 1291’5d2 - 55l‘6d2 + 121‘7d2 — Igdg + 3$Cld2 - 20l‘201d2 +
4923c1dy — 58xreidy + 352°cidy — 102%cidy + 27 cidy + 2xdidy — 162%d,dy + 4423d dy —
56xtdydy + 35x°dids — 102%d1dy + 27d1dy — HxPcidids + 1723c1didy — 1924 cidydy +
8a5¢cididy — 25¢cididy — ds + 13xds — 592%ds + 13423ds — 17204 ds + 1292°5d5 — 552%d3 +
1227 ds — 28d3+ 3xcids — 2022 e ds + 4923 ¢y ds — 58zt i ds + 35x° c1ds — 1028¢1ds + 27 ey ds +
21’d1d3 - 161’2d1d3 + 44[L‘3d1d3 - 561’4d1d3 + 35[L‘5d1d3 - 10[E6d1d3 + ZL‘7d1d3 — 51‘201d1d3 +
17$361d1d3 — 19$461d1d3 + 8[L’561d1d3 — $661d1d3 + 2[L’d2d3 — 161’2612(13 + 441’3d2d3 —
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56!L‘4d2d3 + 35[E5d2d3 — 1O$6d2d3 + $7d2d3 - 5[L‘201d2d3 + 171’301d2d3 - 19[E461d2d3 +
81‘5C1d2d3 — 1’601d2d3 — 3l‘2d1d2d3 + 151‘3d1d2d3 — 191‘4d1d2d3 + 81’5d1d2d3 — l’ﬁdldgdg +
71’301d1d2d3 — 6$4Cld1d2d3 + x501d1d2d3);

Initially, it is important to acknowledge that Trevisan et al. [25], asserted the validity of the
inequality LE(P,) < LE(T,) for n vertices in the context of any tree T,,, specifically for cases
where n < 18. In the course of our proof, we can safely suppose that n > 19. Consider the case
T, (c1, ¢, dy) since, (T, (c1,¢2,dy)) has exactly 4 LEVs greater than d = 2 — 2 so from Eq. 2,
we see that

LE(T,, (c1,co,dy)) = |21 — d| + |wg — d| + |25 — d| + |24 — d| + (n — T)|1 — d| + |2_s — d
+ |Zpoy — d| + |z, — d
—d+(n—7)(d—=1)+ (x; — d) + (x2 — d) + (x3 — d) + (d — x4)
+(d = 2p2) + (d — p 1)

—d+(n—"7)(d—=1) 4 (214 3+ 23) — (T4 + Tn_o + Tn_1).
)
Through the characteristic polynomial of (T, (¢; , C2, dy)) and Eq. 3, we observe that z; + x5 +
T3+ T4+ Tp_o + T—1 = n + 5 and substituting d = 2 — %, Eq. 5 implies that:

10
LE(Tnl (Cl, Co, dl)) =2n + E —4 — 2(1’4 + T+ xn—l)- (6)

Using Lemma 2.4 and Eq. 6, the above equation becomes:

4 10
LE(Pn) — LE(Tnl (Cl, Co, d1)> S n(; — 2) — ? + 4 + 2(5(74 + Tpn—2 + .Z'n,l).

Since x4 < 2, Zp_o,Tp_1 < 1land % > 0, so it follows;

4 10
LE(P,) — LE(T,, (1, ¢3,d1)) < n(= —2) — — + 10,
7 n
provided that 4?" +2<2n+ % — 8. which is negative for n > 18. In similar steps, the same results
can be proven for remaining cases.
Let T;,, be the second class of multi-broom graph of diameter 5 on n vertices having 2 sub-
classes as shown in Figures 5 and 6 respectively. The Laplacian characteristic polynomials of all 2

e G W

Figure 5. (1) Figure 6. (ii)

sub-classes of 7;,, are as follows:
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Q) x(Tn,(c,d, f)) = (=1 +2)" Da(4 — 222 + 482% — 5323 + 312t — 92° + 25 + ¢ — Szc +
1822%¢ — 1723¢ + Tatc — 2°c + d — 8xd + 182%d — 172%d + 72*d — 2°d — 3xed + Tx?ed —
Sadcd+xted + f —6xf + 1322 f — 1323 f + 62 f — 20 f — 2zef +5a’cf — 4adcf +aief —
xdf + 4x?df — 423df + 2rdf + 222cdf — 2cdf);

(i) X(Th,(c,d,e, f)) = (=1+2) " Dp(—44262 — 7022+ 1012° — 842* +402° — 102% + 27 —c+
9xc—26x%c+3bx3c—24xtc+8x°c—a%c— d+9xd — 262%d + 3523d — 244 d 4+ 825d — 2°d +
3xcd—10x%cd+12x3cd—62 cd+2°cd—e+Tre—192%e+2623e— 19z e+ T2 e —2be+xce—
S5a?ce+8x3ce — baice + xPce + 2xde — Tx?de + 9x3de — batde + x°de — 2xcde + 3x3cde —
viede— f+Txf — 1922 f + 2623 f — 1924 f + 725 f — a8 f 4+ 2wcf — Tacf +92x3cf —batef +
2Pcf + xdf — 5a?df 4+ S8a3df — baxtdf + 2°df — 222cdf + 3acdf — xtedf + xef — dx’ef +
6x3ef — dxtef + xef — x’cef + 2x3cef — xicef — x?def + 2x3def — xidef + xicdef);

The Algorithm (2) depicted in the previously mentioned section 2 is applied here. It is clear from
Figures 5 and 6 that (7,,,(c,d, f)) and (T,,,(c, d, e, f)) have internal vertices s = 4, respectively.
Therefore, through the support of of part (iv) of Corollary 2.1, the upcoming expression

4
LE(T) > —~ 42
m

consistently valid, provided that it is also valid for this particular Scenario.

Now, assume the second case, where 7' € T,,(5) is a tree with root vertex vy of order n > 18
having p > 0 pendent vertices of stage 0 and k£ > 2 vertices of stage 1 provided that each vy has
s, pendent vertices and at least two s; of them are non-zero. while vj,;; a vertex of stage 2 has ¢
pendent vertices as shown in Figure 7. Clearly, the order n of 7" in this case is

k
n=p+k+t+1l+) s

J=1

We verify Conjecture on 7' by applying induction on k. If £ = 2 then 7" has obviously s = 3
internal vertices, Corollary 2.1 (iv) applied here, thus the solution is valid. Let us assume that the
outcome is valid for all trees having k = h + 1 vertices. 1 vertex of stage 2 and h vertices of stage
1. It is demonstrated that the result is true for trees with (h + 2 vertices, 1 vertex of stage 2 and
h + 1 of stage 1). Given a tree 7" having k = h + 1 vertices vy, vs, ..., v, of stage 1 and v, 1 of
stage 2. Assume that e = v,vp41 1s the edge between the vertex v, and v,. Remove the edge e,
and designate the elements of 7' — e as 17 and T5. Let 7 = 1,2, with n; > ny, be the order of 7T;
and J(TJ) =2 % be the average vertex degree of 7. Clearly, 77 is tree with order n; and k& = h

vertices, vy, Vo, . . ., Up, Of stage 1 as shown in Figure 8, since £ > 3. On the other hand, 75 is a star
K, +as shown in Figure 9. The inequality 4 holds for both 7 and 75, according to the induction

hypothesis. If cZ(T]) =2 %, then o; represents the count of Laplace eigenvalues of tree 7 that
J

are higher than or equal d. oy = 1 follows from T} is the star graph having at least two vertices,
and for any star graph, With the exception of the spectral radius, all non-zero LEVs are equal to
1. Now to compute o4, we apply Algorithm (1) with o« = —2 + n% to the tree 77. Let the pendant
vertices in 77 be represented by w. We have

2 —2
a(w):d(w)—l—a:1—2+—:—n1 <0,
nq nq
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Figure 7. An SNS tree T of diameter 5

as n; > 4.This indicates that each pendant vertex’s diagonal entries in the resulting diagonal matrix
are negative. Regarding the vertices of stage 1, v;, 1 < 7 < h, we have

2 S
V=6, +1—-2+ - — 2 —95. 1
a(vj) =s; + + m a(w) s, +
indicating that each vertex v; of stage 1 has a diagonal entry in the resulting diagonal matrix that is
positive. oy = h or h + 1, depending on whether a(vy) < 0 or a(vg) > 0, is evident from Lemma
2.3. We have for the root vertex vg,

2 -2 1
a(vo):h+p—2+n—+m—z
1 :

ni = afvy)

LRSS

Uh+1

Figure 9. T5

Figure 8. T}

Lemma 2.3 indicates that 0y = h + 1 if p > 1, which is easily observed. Hence, let us assume
that p = 0 in 7. Lemma 2.3 states that 0; = h + 1 also holds true in the scenario where at least
three of s; are basically higher than or equal to 2. This is proven by the observation that a(vy) > 0.
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The induction process is thus completed for 7" with »r = h + 1 (h vertices of stage 1 and 1
vertex of stage 2) vertices. Consequently, we have o1 = h + 1 non-pendent vertices for the tree 7.
The LEVs of 77 higher or equal to d(T} UT,) = 2 — % can be denoted by h,. Then, h; > o1, since
d(Ty) > d(T1 UT,). As we assert, h; = oy. It follows that h; < h + 1 since o7 = h + 1. Using
algorithm (II) on the tree 77, we obtain o« = —2 + %.

4 n—4

a(w) =d(w) + « +- " <0,

for all pendant vertices w of 7. Accordingly, h;y > h + 1 therefore, h; = h + 1 = 07 must exist,
supporting the assertion in this instance. Moreover, let h, represent the count of LEVs for the tree
T, that not exceed d(T) UTy) = 2 — %. hy = o9 = 1 follows since o, = 1 and T), have at least
one edge. We have thereby shown that the inequality 4 holds for the components 7} and 75 of
T — e and that they meet the characteristic that h; = o, and hy = 05. Using Corollary 2.2, we
may deduce that inequality 4 also valid for 7". Thus, we conclude that the result holds for every
k > 2 with the help of induction. The proof of the Conjecture 1 is now completed for all classes

of diameter 5 trees. O]

4. Conclusion

We partitioned a family of diameter 5 tree classes into subclasses to test Conjecture 1’s validity.
Through established results and, in some cases, induction hypotheses, we confirmed Conjecture 1:
the LE of such family of diameter 5 trees 7,,(5) falls between that of the star graph S,, and the path
graph P,.

5. Authors Contribution Statement

All the authors contributed equally to this article.

6. Acknowledgment

The authors are highly indebted to the anonymous referees for their valuable comments and
suggestions, which resulted in an improved version of the paper.
References

[1] A.T. Balaban, Applications of Graph Theory in Chemistry, Journal of Chemical Information
and Modeling, 45 (1) (2005), 11-21.

[2] A.E. Brouwer and W.H. Haemers, A lower bound for the Laplacian eigenvalues of a
graph—proof of a conjecture by Guo, Linear Algebra Appl., 429 (8-9) (2008), 2131-2135.

[3] D.M. Cvetkovi¢, P. Rowlison, and S. Simi¢, An introduction to the theory of graph spectra,
Theory and application, London Mathematical Society student Text, 75. Cambridge Univer-
sity Press, Inc. UK, 2010.

291



On Radenkovi¢ and Gutman conjecture for some classes of trees of diameter 5 | A. Maryam et al.

[4] A. Chang and B. Deng, Regarding the Laplacian energy of trees with perfect matchings,
MATCH Communications in Mathematical and in Computer Chemistry, 68 (2012), 767-776.

[5] E. Fritscher, C. Hoppen, I. Rocha, and V. Trevisan, On the sum of the Laplacian eigenvalues
of a tree, Linear Algebra Appl., 435 (2011), 371-399.

[6] 1. Gutman, Acyclic structure possessing extreme Hiickel m-electron energy, Theoretical
Chemistry Accounts, 45 (1977), 79-87.

[7] I. Gutman, The energy of a graph, Berichte der Mathematisch-Statistischen Sektion im
Forschungszentrum Graz, 103 (1978), 1-22.

[8] I. Gutman and B. Zhou, Laplacian energy of a graph, Linear Algebra Appl., 414 (2006),
29-37.

[9] H. A. Ganie, S. Pirzada, and E.T. Baskoro, On energy, Laplacian energy and p-fold graphs.
Electron. J. Graph Theory Appl., 3 (1)(2015), 94-107.

[10] H.A. Ganie, S. Pirzada, B.A. Rather and V. Trevisan, Additional improvements about the sum
of Laplacian eigenvalues of graphs, based on Brouwer’s conjecture, Linear Algebra Appl.,
588 (2020), 1-18.

[11] H.A. Ganie, B.A. Rather, and S. Pirzada, On a conjecture of Laplacian energy of trees, Dis-
crete Math. Algorithms Appl., 14 (06) (2022), 2250009.

[12] R. Horn and C. Johnson, Analyzing Matrix, Cambridge University Press, 2012.

[13] D.P. Jacobs and V. Trevisan, Finding a tree’s eigenvalues, Linear Algebra Appl. 434 (2011),
81-88.

[14] D.P. Jacobs and V. Trevisan, Building the adjacency matrix’s characteristic polynomial for a
tree, Congr. Numer., 134 (1998), 139-145.

[15] D.P. Jacobs, V. Trevisan and F. Tura, Computing the characteristic polynomial of threshold
graphs, J. Graph Algorithms Appl., 18 (5) (2014), 709-719.

[16] X. Li, Y. Shi, and M. Trinks, Polynomial reconstruction of the matching polynomial. arXiv
preprint arXiv:1404.3469. (2014).

[17] S.A. Mojallal and P. Hansen, Regarding the disparity in energy between a graph and its cor-
responding graph, Linear Algebra Appl., 595 (2020), 1-12.

[18] V. Nikiforov, Beyond graph energy: norms of graphs and matrices, Linear Algebra Appl. 506
(2016), 82—-138.

[19] S. Pirzada, An Overview of Graph Theory, Universities Press, Orient BlackSwan, Hyderabad,
2012.

292



On Radenkovi¢ and Gutman conjecture for some classes of trees of diameter 5 | A. Maryam et al.

[20] S. Pirzada, H.A. Ganie, B.A. Rather, and R.U. Shaban, Regarding universal distance energy
of graphs, Linear Algebra Appl., 603 (2020), 1-19.

[21] J. Ul Rahman, U. Ali, and M. Rehman, The Laplacian energy of diameter 4 tree, J. Discrete
Math. Sci. Cryptogr., 24 (1) (2021), 119-128. DOI:10.1080/09720529.2019.1670943.

[22] S. Radenkovi¢ and I. Gutman, Laplacian energy and total m-electron energy: Exploring the
extent of the analogy?, Journal of the Serbian Chemical Society, 72 (12) (2007), 1343—-1350.

[23] C. Sin, Regarding the number of a tree’s Laplacian eigenvalues that are smaller than the mean
degree, Discrete Math., 343 (2020), 111986.

[24] D. Stevanovié, Spectra of Graphs: Theory and Applications, Elsevier, (2011). [See Chapter
on Chemical Graph Theory]

[25] V. Trevisan, J.B. Carvalho, R.R. Del Vecchio, and C.T. Vinagre, Laplacian energy of diameter
3 trees, Appl. Math. Lett., 24 (6) (2011), 918-923.

[26] L. Zhou, B. Zhou, and Z. Du, On the quantity of Laplacian eigenvalues of a tree that are less
than two, Taiwanese J. Math., 19 (2015), 65-75.

[27] M. Fiedler, Laplacian of Graphs and Algebraic Connectivity, Banach Center Publications, 1
(25) (1989), 57-70.

293



