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Zz-symmetric lattice QCD simulations at finite chemical potential

Hiroaki Kouno*

Abstract: The results of the Zs-symmetric lattice QCD simulations at real finite chemical potential
under phase quenched approximation are shown. As temperature increases, the expectation value of the
absolute value of Polyakov-loop, which is the order parameter of confinement-deconfinement transition,
abruptly increases. The transition becomes sharper when the chemical potential becomes larger.
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1. Introduction

The effects of the QCD phase transition at finite
temperature (T) and finite density are important for
phenomena not only in nuclear and elementary particle
physics but in astrophysics and cosmology. At zero
temperature, quarks are confined in hadrons and have
approximately a one-third mass of the baryon. However,
the lattice QCD (LQCD) simulations show that the
deconfinement state of quarks with lighter current mass
appears at sufficiently large T. The new state is called
“quark gluon plasma (QGP)”. Now it is believed that
QGP existed in the early universe after the Big Bang.

Similar deconfined state of quarks is expected when
the quark number chemical potential becomes large.
Such a deconfined state may exist in the interior of
compact stars. However, at finite quark number chemical
potential, there is a well-known sign problem and the
LQCD simulations are not feasible when the chemical
potential large. The sign problem is caused by the
imaginary part of the effective action which appears
when the quark fields are integrated out.

There is another problem in deconfinement transition.

In pure gauge theory, theory has a symmetry under Z;
transformation, and the Polyakov loop is an order
parameter for the symmetry. On the other hand, the
Polyakov loop is related to the free energy of an isolated
heavy quark and is O (finite) when quark is confined
(deconfined). Hence, the Zs symmetry is the symmetry
that governs the deconfinement transition. However, the
full QCD with dynamical quarks does not have the Z;
symmetry, since the boundary condition of quark fields
breaks the symmetry.
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In the full QCD, there is no symmetry which
distinguishes the confined phase with the deconfined one.
Another important symmetry is a chiral symmetry but it
is only approximate, since the current quark mass is
small but finite. In fact, the LQCD results at finite
temperature and zero chemical potential indicates that
the transition from hadron to QGP is not a discontinuous
phase transition but a continuous crossover transition [1].

However, we can modify three flavor full QCD to
have the Z3 symmetry by imposing the flavor dependent
boundary condition on quark fields [2-5]. The modified
theory is called Z3-QCD. Z3-QCD approaches the
original QCD in the zero temperature limit. It is expected
that the sign problem is weak in the Zz -symmetric
theory [6]. In fact, the Zs-symmetric 3-states and
3-dimensional Potts model has no sign problem [7]. The
sign problem is weak in the Zs-symmetric effective
Polyakov loop (line) model [8].

The sign problem is expected to be weak in Z3-QCD.
At present, the lattice simulation of Z3-QCD was done
only at zero chemical potential [9]. In this brief report,
we present the results of the lattice Z3-QCD simulations
at finite chemical potential under the phase quenched
approximation. Note that the results under this
approximation correspond to the results with isospin
chemical potential rather than the ones with quark
number chemical potential. The calculations of quark
number density by using the reweighting method are the
works in future.

This paper is organized as follows. In Sec. 2, we
review the sign problem briefly and explain the phase
quenched approximation. The formulation of Z3-QCD is
given in Sec. 3. In Sec. 4, numerical results are shown.
Section 5 is devoted to summary and discussions.



2. Sign problem and phase quenched approximation

The grand canonical partition function in QCD at
finite temperature and quark number chemical potential
in path-integral form is given by

Z = [ DUDGD G exp(~Sqs —Sc)

Sec = fdrfd *xqMq
0

where g and U are quark and gauge (gluon) field
variables, respectively, and p=1/T. The matrix M has the
imaginary time 7, the spatial coordinate X, the color, the
flavor and the spinor indices, and depends on
temperature T and the quark chemical potential p. In this
paper, we only show the p-dependence of M, explicitly.
Sc is the pure gauge action the explict form of which is
not important in our discussions.

After integrating quark fields, we obtain
Z = [ DU det[M ()] exp(-S,)

The determinant satisfies the relation.
det{M ()] = det[M (—x")]

This means that the determinant is not real when p is real
and finite, and we cannot regard the integrand as a
probability function. Hence, the Monte Carlo simulations
with the importance sampling are not feasible.

To circumvent this problem, we use

|det[M(w)]lexp(-Se).

as an approximate probability function. This
approximation is called the phase quenched
approximation. In two flavor case, this is equivalent to
consider isospin chemical potential instead of quark
number chemical potential itself. With isospin chemical
potential w, the determinant part is given by

det[M (z, )1det[M (—z, )]

The first and the second determinants represent the u
quark and the d quark contributions, respectively. We
obtain

det[M (1, )] det[ M (—z, )]
= det[M (z, )] det[M (z, )]’

=| det[M (z,)11*
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This is equivalent to the phase quenched approximation
for the case with w quark number chemical potential.
Using the reweighting method, in principle, the quark
number density can be calculated exactly.

3. Z3-QCD

In pure gauge theory, there is a symmetry under the
gauge transformation given by the gauge group element
g with boundary condition

9(z=0, X)=zg(z=1/T,x).

Here, z is an element of the center group of SU(3),
namely, Z3 group. However, in full QCD with dynamical
quarks, this symmetry is broken, since the gauge
transformation above changes the quark field boundary
condition. The change of the quark field boundary
condition can be transformed into the following change
of chemical potential.

p—pHie (¢=0, 27/3,-27/3).

Consider the QCD with exact three flavor symmetry.
Suppose that the chemical potentials for each flavor
(u,d,s) are given by

W=pt+i2m/3,
W=~ 127/3,
Hs=HL .

It is clear that this system is invariant under the gauge
transformation above. This is a Zsz-symmetric QCD,
namely, Zs-QCD [2-9]. For technical reasons, in actual
calculations, we consider six flavor case and consider the
phase quenched approximation. Furthermore, we
multiply the quark action by the factor 1/3. Obtained
theory approaches to the original two-flavor QCD in zero
temperature limit, since boundary conditions are not
relevant in the limit.

4. Numerical results

In this study, we used the same lattice action and the
same parameter settings as the ones used in Ref. [10]. We
used a lattice with the spatial size 8% and the temporal
size 4.

We used the renormalization-group-improved
Iwasaki gauge action [11] and the two flavor Wilson
fermion action. We done the simulations by using the
Hybrid Monte Carlo program based on the Lattice QCD
Tool Kit [12]. (For the detail information, See Ref.
[10]. ) For comparison, we also done the simulations in
the case of ordinary two flavor QCD.

Figure 1 shows the B-dependence of the absolute
value of the Polyakov-loop P in the case of ordinary two
flavor QCD at p=0, where B=6/g> with the coupling
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constant g. The absolute value of the Polyakov-loop
increases smoothly as p increases. This behavior
indicates that the deconfinement transition is crossover
as already known [1].
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Fig. 1 The p-dependence of the absolute value of the
Polyakov-loop in the case of the ordinary two flavor
QCD at u=0.

Figure 2 shows the same as Fig. 1 but for Z5-QCD.
The absolute value of the Polyakov-loop increases
rapidly above B=2.1. This behavior indicates that there is
a first order phase transition as was already seen in Ref.

[9].

Z3 u/T=0.0

Fig. 2 B-dependence of the absolute value of the
Polyakov-loop in the case of Z3-QCD at p=0.

Figure 3 shows the same as Fig. 1 but the one at
wT=1.0. Note that this situation corresponds to the case
with finite isospin chemical potential rather than the one
with quark chemical potential, since the phase quenched
approximation was used. As in the case with zero
chemical potential, the absolute value of the
Polyakov-loop increases smoothly.

Figure 4 shows the same as Fig. 2 but the one at
WT=1.0. As is in the case with zero chemical potential,
the absolute value of the Polyakov-loop increases rapidly

above B=2.1. It seems that the transition becomes sharper
than the one at zero chemical potential.

u/T=1.0

0.05F

Fig. 3 p-dependence of the absolute value of the
Polyakov-loop in the case of the ordinary two flavor
QCD at w/T=1.0.

Z3 u/T=1.0

|P|
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Fig. 4 p-dependence of the absolute value of the
Polyakov-loop in the case of Z3.QCD at w/T=1.0.

Figure 5 shows the same as Fig. 4 but for number
density. Note that this number density corresponds to the
isospin number density rather than quark number density,
since we used the phase quenched approximation. As in
the case of the Polyakov-loop, the number density
increases rapidly above p=2.1.

5. Summary and discussions

In this brief report, we present the results of the
lattice Z3-QCD simulation at finite chemical potential,
using the phase quenched approximation.

In Z3-QCD, the absolute value the Polyakov-loop
has a rapid jump as B increases, while the quantity
increases smoothly in the ordinary LQCD. In Z3-QCD,
the transition becomes sharper when the chemical
potential becomes large.
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Fig. 5 B-dependence of the absolute value of the number
density in the case of Z3-QCD at W/T=1.0. a is a size of
lattice spacing.

The results in this report correspond to the ones at
finite isospin chemical potential rather than finite quark
number density, since the phase quenched approximation
was used. However, we can obtain the results at finite
quark number density by using the reweighting method.
It is a future work.
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Spectral distributions of distance-two graphs of homogeneous trees
from a viewpoint of quantum probability

By

Yuji HIBINO*

Abstract:

We obtain the concrete form of the spectral distribution of the distance-two graph of a

homogeneous tree by using the method of quantum decomposition. And we also obtain the asymptotic

spectral distribution of the distance-two graph of a d-homogeneous tree as d tends to infinity.

Key words:
Meixner law, free product.

1 Introduction

For the asymptotic problems in combinatorics, var-
ious approaches have been developed from different
branches of mathematics. According to Hora and
Obata [5] and Obata [9], the asymptotic spectral dis-
tribution of growing graphs has been studied from
the quantum probabilistic point of view. Recently,
the spectrum of the distance-k graph of N-fold power
of the Cartesian product of a graph was studied
in [6, 7, 8, 3], and [4]. Thereafter, Arizmendi and
Gaxiola [1, 2] have studied the asymptotic spectral
distributions of distance-k graph of the star product
graphs and of the free product graphs, respectively.
However, their argument was not the quantum prob-
abilistic approach. In the present paper, we study
the spectrum of the distance-two graphs of a homo-
geneous tree by using the method of quantum decom-
position.

This paper is organized as follows: In Section 2, we
give basic preliminaries of quantum probability the-
ory for graphs. Especially. the method of quantum
decomposition is mainly treated in the present paper.
Though a spectral distribution of d-homogeneous tree
is well-known, in Section 3.1 we derive it from the
viewpoint of the quantum probability. The readers
may find in [5] the proofs of all the statements in Sec-
tion 2 and 3.1. Section 3.2 is devoted to obtaining
the spectral distribution of the distance-two graph of
a homogeneous tree by using the method of quantum
decomposition. In Section 4, we consider the asymp-
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totic spectral distribution of the distance-two graph
of a d-homogeneous tree as d tends to infinity.

2 Quantum decomposition

We give a short review of quantum probability. An
algebraic probability space is a pair (A, ), where A
is a x-algebra and ¢ : A — C is a positive and nor-
malized linear functional (called a state). The state
corresponds to the expectation. We call a € A an
algebraic random variable. Especially, we call ¢ € A
a real random variable if a = a*. For a real random
variable a, a distribution u is called the spectral dis-
tribution of a with respect to the state ¢ if it satisfies

o= [

A graph is a pair G = (V, E), where V is a non-
empty set and F is a subset of the set of unordered
pairs of V, ie. E C {{u,v};u,v € V,u # v}. An
element of V' (resp. FE) is called a vertex (resp. an
edge). We say that two vertices u and v are adjacent
and write u ~ v, if {u,v} € E. The number of edges
incident at v € V is called the degree of the vertex
v and is denoted by x(v). If every vertex of a graph
has degree k, the graph is said to be k-reqular. For a
graph, the adjacency matriz A = (A,,) is defined as

Au'u = {

The adjacency matrix contains full information of the
given graph.

An adjacency algebra of G is defined to be the *-
algebra generated by A and denoted by A(G). In or-
der to apply the quantum probability theory to the

2™ u(dx), form=0,1,2,....

L,
0,

U~ v,

otherwise.
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graph G, we consider the algebraic probability space
(A(G), p,), where ¢, is a vacuum state defined as

Pola) = (do, ado),

where o is a fixed origin in V. A main theme of an
application of quantum probability theory for a graph
is to find a spectral distribution p of A, namely, to find
a probability distribution p satisfying

a € A(G),

wo(A™) :/ 2" p(dr), form=0,1,2,.... (1)

— 00

In order to obtain the distribution u, there is a
strong method called a quantum decomposition. For
a graph G, we define a graph distance dg(u,v) as the
length of the shortest walk from u to v. Using the
graph distance from the origin, we stratify the graph
G = (V, E) into a disjoint union of strata:

V= |_| Vy, where V,, = {v € V;95(0,v) =n}. (2)

n=0

Associated with the stratification (2), we construct an
orthonormal system

{‘I’nz Vo722 Z 5U;n=O,1,2,...}_

veVy,

Here we note that {d,; v € V} is a base of [>(V). As
a subspace of [?(V) we define I'(G) = span {®,,}.

The adjacency matrix A is regarded as an operator
acting in [2(V) by

A5y = 6.

uU~v

According to the stratification (2), the adjacency ma-
trix A has the quantum decomposition

A=AT 4+ A" 4+ A°,

The quantum components are defined as

AP o= > du= > wo(u)dy,

vEV, veEV, ug‘zil UEV, 41
AT 0= > du= ) wi(w)dy,
vEV, veEV), ungnv,l ueVy_1
A° Z 0y = Z Z 0y = Z WO(U)éua
veVy veVy, u“g‘}; ueV,
where

wi(v) = {u € Vigrsu ~ v},
w_(v) = |{u eVa_yunr~ UH’

wo(v) = [{u € V;u ~ v}, v E V.

If T'(G) is invariant under A*, A~ and A°, namely
ATT(G) CcT(9), A T(G) C T'(G) and A°T(G) C T'(G)
(these conditions are equivalent that wy(v), w_(v)
and wo(v) are constants on each stratum), then we
have

A+(I)n = \/wn+1(1)n+1, n Z O,
Aiq)n =V wn®p-1, n2>1,
AO(I)n = an+1(I)n7 n>1,
where
Vil 2
Wp = w_(v)-, v E Vn, 3
Vo @
= wo(v), veVu,y, n>1. (4

Note that w; = k(o) and a; = 0. This pair of two
sequences ({wy }, {an}) is called the Jacobi coefficient.

The Stieltjes transform G, (z) of the spectral distri-
bution p of A is expanded into the continued fraction
by using the Jacobi coefficient:

Go(2) = /+°° pu(dz)

o 2 X

1 w1 w2 Ws

Z—Ql—2Z—Qa—2—Q3—2—Qq— -

Conversely, if G,,(2) is given, we can recover the spec-
tral distribution p by means of the Stieltjes inversion
formula:

t
wu(t) — p(s) = . lim [ QGu(x+iy)de.
™ ylo Jg
Thus we are able to obtain the spectral distribution
of the given graph G by counting the number of edges
between strata provided that I'(G) is invariant under
the quantum components.

3 Distance-two graphs of homegeneous trees
3.1 homegeneous trees

A graph is called a tree if it has no cycle. The tree
is called d-homogeneous and denoted by Ty, if it is
d-regular (d > 2). A homogeneous tree has infinite
vertices, and the stratification (2) has infinite strata.
It is noteworthy that the stratification does not de-
pend on the choice of the origin o.

Considering the quantum decomposition of the ad-
jacency matrix of Ty as in the previous section, we
can easily verify that

d(d—1)""t n>1,
‘Vn| = _
1, n =20,
w_(v)=1, veV,n>1,
wo(v) =0, veEV,n>1
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Therefore, using (3) and (4), we obtain the Jacobi
coefficient:

d—1, n>2,
Wy =
d, n=1,

a, =0, n>1.

The spectral distribution having the Jacobi coefficient
above is known as the Kesten distribution with pa-

rameter d,d — 1. Namely, for the adjacency matrix
Ad of Td,

d [2Vi-t 4(d—1) — 2
©o((Aa)™) = 7/ mm(dz—)zdx
s 72\/ﬁ — X

holds for m =0,1,2,....

3.2 Distance-two graphs

Let G = (V, E) be a graph. For an integer k > 1 the
distance-k graph of G is a graph G¥l = (V, E[*) with

EW = {{u,v}; u,v €V, 8g(u,v) = k}.

The distance-one graph of G coincides with G itself.
The main aim of the present paper is the following
theorem.

Theorem 1. The spectral distribution of the
distance-two graph of a d-homogeneous tree is the free
Meizner law with parameter (d(d—1),(d—1)2,d—2).

Namely, for the adjacency matriz Ag} of Tf],

eo ((AF)™)

_d/3d4 m VAd—=1)2 — (z —d +2)2
o), U S tdd-2z+ 2(d-1)

holds for m =0,1,2,....

dx

Proof: Note that in the stratification (2) for Ty =
(V, E) there are no edges of which both of end vertices
belong to the same stratum. Let the stratification of
T = (v, @) be

Vi = |j V,?]

n=0
where V1 = {v € V50,21 (0,v) = n}. Then we have
d

TP] = V5,. Since the vertices of the odd-numbered
strata V5,41 can never reach from the origin by the
even steps, Tf] consists of two connected components.
However, for convenience’ sake, here we consider that
V2 means the connected component including the
origin. Up to here, we have verified

2n—1

1, n = 0. (5)

Now let us consider the number of edges (in E[?))
being incident with a vertex v € VTEQ]. First, a vertex
connected with v € V,, (n > 1) by two steps in Ty
lives in Vo,_2, Vo, or Va,io. In the above, Va,_o
equals VTE]l and Va,42 equals V,Egl. Therefore we
have w!? (v) =1 (n > 1). Second, the case that the
vertex v € Vo, is connected with u € V5, by two steps
in Ty is just a case where v ~ w ~u (w € Vap—1). In
fact, if v ~ w (w € Vap41), then w cannot be adjacent
tou € Vi, (u # v). Therefore, we have w2 (v) =d-2.

Using (3) and (4), we obtain the Jacobi coefficient:

L2 {<d —1% 22, (6)

" dd—1), n=1,
— >
0, n=1,

According to [5, Definition 4.28], the free Meixner
law with parameter (p,q,a) (p > 0, ¢ > 0,
a € R) is characterized by a Jacobi coefficient
{p,q,q,.-.},{0,a,a,...}). The desired result follows
since the spectral distribution associated with the Ja-
cobi coefficient (6), (7) is the free Meixner law with
parameter (d(d — 1), (d —1)%,d — 2). O

Remark 1. In the case of k > 3, we cannot apply the
method of the quantum decomposition since F(T(Ek]) is
not invariant. For example, Vlm = V3 but V2[3] = VU
ViV, Forv € Vg C VQ[?’] we have w!” (v) = 1. On the
other hand, for v € V, C V2[3] we have w!” (v) =d-2,
and, forv € V, C V2[3] we have w! (v) = (d=2)(d-1).

Thus w®! (v) is not constant on the stratum.

4 Asymptotic spectral distributions

In this section we consider the asymptotic spectral
distribution of distance-two graphs of Ty as d tends
to infinity.

In general, let G be a growing graph with param-
eter N. Let Ay denote the adjacency matrix of Gy .
Suppose (A(Gn),¢n) is properly defined. We nor-
malize the adjacency matrix Ay by

_ An —(An)

AN - Ta (8)

where <AN> = (pN(AN), E?V = <(AN — <AN>)2> Due
to the affine transformation (8), the Jacobi coefficient
(@n(N), @, (N)) associated with Ay is given by
wn(N) = Wn(N)/E?Va
an(N) = (an(N) = (AN))/EN



where (wy,(N), a,(N)) is the Jacobi coeflicient asso-
ciated with Apy. Therefore, as N tends to infinity, we
seek the asymptotic spectral distribution p associated
with the Jacobi coefficient

Wp, = Iégnoo on(N),

ap = lim a@,(N).
N—00

Analogously to (1), we express the result by

lim on ((An)™) =/ 2™ u(dz), m=0,1,2,....

N—o0 — oo

Theorem 2. The asymptotic spectral distribution of
the distance-two graph of a d-homogeneous tree is the
free Meizner law with parameter (1,1,1). Namely, for

the adjacency matriz AL?] of Tf],

AR\
;520%(( d<d1>> )

/TR

27r rz+1
holds for m =0,1,2,....

Proof: In the case for TE], we have goO(A([iz]) =0
and @, ((AE]P) = k(o) = d(d — 1). Thus AE] =

Ag]/\/d(d —1). By the use of (6) and (7), we have

_1\2
limu:, n>2,
O = Noood(d —1
n g a1 .
Noedd—1) 0 T
li -2 _ . n>2,
Gy = { N=oo \/d(d — 1)
0, n=1

The result follows since the spectral distribution as-
sociated with the Jacobi coefficient above is the free
Meixner law with parameter (1,1,1). O

Remark 2. The asymptotic spectral distribution of
the distance-k graph of the d-fold free product graph
has been studied in [2], in which the result is Py(s)
where Py is the Chebychev polynomial of degree k
and s is a random variable obeying the semicircle law.
Namely, for the normalized adjacency matrix fll[ik] of
the distance-k graph of the d-fold free product of a
graph,

Jm e (A7) = L [ ey

V4 — 22dx
(9)

Yuji HIBINO

holds for m =0,1,2,....

Note that Ty can be regarded as the d-fold free
product of the complete graph with two vertices. The-
orem 2 is regarded as the special case of the result (9).
In fact, we can verify that because of Py(z) = 2% — 1,

/ myA= (@ = /x_l m /1= Pda

z+1

by the use of the integration by substitution.

Acknowledgements. This work is inspired by Mr.
Noa Bannai’s master thesis.
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With the increase in dual-earner couples, conflict and
balance between family and work lives have become
important issues for families and organizations. Many
researchers have reported that work-family imbalance
could cause many adverse effects such as psychological
problems and decision-making difficulties in individual
level and low productivity, less organizational
commitment and higher absenteeism in organizational
level. Even though many researchers have long been
interested in currently active workforce who combine
paid work with non-work roles, comparatively very
limited attention has been given to the expectations that
young people hold prior to occupying these roles.
Especially, studies on South Asian emerging adults’
future work and family planning were rarely found. More
importantly, in a country like Sri Lanka, where
traditional Eastern cultural elements are still very
powerful, the younger generation has to face much more
pressure from society. The youth is the most dynamic
mediums of social change and the main capital of the
country’ furtherance. Therefore, it is important to have a
clear image on their future expectations on balancing
their family and social life with paid employment for a
better future in Sri Lanka. This is the area in which this
study seeks to contribute.

The reviewed literature reveals that work-family
research in Sri Lanka has been exclusively focused on
the females and totally overlooked males and the
younger generation. Further, previous studies have been
considered only about two or three roles (worker, spouse,
parent) and ignored other essential roles (daughter/son,
family member, neighbor, and member of the society),
which Sri Lankan people generally engage due to
Eastern, closed family relation behavior. Additionally,

this study made an insight into Sri Lanka’s institutional
(state and organizational level) and non-institutional
(socio-cultural) context while discussing the available
opportunities and constraints for achieving balance in
work and non-work roles.

This study’s overarching aim, therefore, is to
understand how Sri Lankan young generation’ plan
towards the balancing of multiple life roles and its’
determinants, especially the role of social pressure. For
that, Lent’s Social cognitive career theory’s (SCCT)
self-management model has been employed as the
framework of this study. A self-administered
questionnaire survey was conducted to collect data at a
leading Sri Lankan government university (students
‘population>12,000), in March 2017. The original
questionnaire was prepared in English and later
translated into Sinhalese; the native language in Sri
Lanka. Questionnaires were distributed among 900
unmarried students in major three faculties. After
removing participants with an incomplete questionnaire,
the final analysis included 725 participants. Therefore,
the overall response rate was 80.5%. Data analysis
included mainly Structural Equation Modelling with
multi-group analysis and other inferential statistics.

The data analysis of the study reveals that young
females’ self-efficacy feelings to balance multiple roles
in the future is higher than male students. Moreover, it
exposes that female students’ positive outcomes
expectations are higher than males and in contrast, young
males hold stronger beliefs on negative outcomes of
multiple role balance than females do. In addition, the
results indicate those female students have a stronger
intention for balancing multiple roles in future than male
students. Besides, it reveals that students in management
faculty have strong beliefs on the positive consequences
of balancing work and non-work roles compared to
science faculty students. Further, results of moderated
regression analysis show that there are not any
moderating effects of gender and students” majoring field
on the relationships among self-efficacy beliefs, outcome
expectations and multiple role balance intentions.
Structural Equation Modelling test results indicate that
there is a positive and significant effect of perceived
social pressure on anticipated multiple roles balance both
directly and indirectly through multiple role balance
self-efficacy and positive outcome expectations. Further,
the results reveal that the effect of perceived social
pressure on self-efficacy and anticipated multiple balance
is statistically different across the gender.

As a result, one contribution of this study to the Career
Self-Management (CSM) literature by using SCCT’
self-management model in Sri Lankan context for
analyzing the anticipated multiple role balance intensions
for the first time. A second contribution is filling the gap
on sources of self- efficacy, and outcome expectation by
studying the role of perceived social pressure in
emerging adults. The third contribution of this study is
the inclusion of both positive and negative outcome
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expectations individually as the predictors of adaptive

behavior which is rarely found in CSM literature. Finally,

it would expand the local existing knowledge on
opportunities and barriers of institutional and
non-institutional context for combining employment with
family responsibilities and contributory factors for
achieving multiple role balance. Most importantly this
study provides possible implications for policymakers,
career-family counselors and relevant authorities in Sri
Lanka to facilitate a better environment for handling
multiple works and non-work roles with minimum role
conflict.
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Loop heat pipe (LHP), a passive two-phase heat
transport device, operates based on the phase changing
processes and the natural motivations such as capillary or
gravitational force. Different with conventional heat pipe
(HP), vapor and liquid in LHP flow in separated pipes
and the fine pore wick occurring inside the evaporator
only. Hence, LHP accesses some favor characteristics
such as flexibility, compact ability, high heat transfer
capacity with low thermal resistance and high-reliability
characteristics. LHP has been applied successfully and
commonly in the thermal management systems
functioning on the orbital vehicles or machines like
spacecraft, satellites, orbiters which operates in the
zero-gravity environment. Nowadays, LHP is considered
as one of the potential solutions to the challenges that the
cooling system of modern electronics devices is facing
such as high heat power and heat flux dissipation, stable
and reliable performance as well as electricity
consumption or environmental problem. There are
numerous experimental and computational studies
conducted to evaluate the performance, the phenomenon
happening inside the LHP under the effects of different
parameters. However, until now LHP has not approved
the commercial situation as the normal HP does. One of
the reasons can be caused by the complicated structure of
evaporator, especially sintered porous wick that increases
the LHP manufacturing cost. In this study, a new pattern
of evaporator was suggested, and various experiments
were conducted to find out the thermal performance of
this evaporator as well as the whole LHP operating under
different conditions including orientations, working
fluids, cooling conditions. From the experimental results,
the assumption above boiling and heat transfer process
happen inside this evaporator was withdrawn. This
assumption can be used as one of the factors to improve
the design of LHP in future.

The works done in this thesis can be summarized as
follows.

Designing and fabricating the first pattern of the
evaporator. This pattern was accompanied with the
sintered stainless-steel wick, and water was the working
fluid inside the LHP. The LHP’s performance was
investigated under both gravity-assisted and horizontal
orientation condition.

In the experiment that LHP worked in condition
advantage in gravity, the condenser was cooled by water
at 27.5 °C with mass flow rate at 27 kg/h, the LHP could
operate stably in the range of 50 to 520 W (19.2 W/cm2)
and maintain the temperature on the top surface of the
heating block not be higher than 105 °C. The total
thermal resistance of LHP reduced with heat power
increment and had the minimum value 0.149 K/W at the
heat power of 520 W. For the target of cooling, this LHP
could take the heat at the rate of 350 W (12.9 W/cm2)
from the heater while the temperature on the top surface
of heating block was kept at 85 °C. The start-up
characteristics of the LHP under different heat power
were analyzed and discussed. Moreover, the
experimental  results included the changing of
evaporation heat transfer coefficient on the heat flux.
Through the results, an assumption about boiling
phenomenon happening inside the evaporator was
introduced. This experiment also examined the cooling
performance of the LHP after turning off the heater.

Within the horizontal condition, the performance of
LHP was investigated when the inlet temperature of
cooling water was adjusted at different values including
18.5 °C, 28.5 °C, 36.5 °C. When cooled by water at
28.5 °C, the LHP could operate in the range of heat load
from 10 W to 94 W and maintain temperature at the top
surface of heating block lower than 100 °C; however, the
LHP demonstrated the weak oscillating behavior under
heat load at 10 W. Experimental results also show that
the total thermal resistance of LHP, when cooled by
water at 28.5 °C and 36.5 °C, are nearly equal together
and smaller than the case that cooling water was set at
18.5 °C. This result indicates that LHP can function
efficiently with natural water without cooled in advance.
Besides, the experiment of horizontal condition also
found out the overcharged of working fluid is one of
reasons caused the LHP to behave different oscillation
characteristics.

However, the first pattern of the evaporator behaved
some disadvantage, especially the vapor chamber and
compensation chamber could connect with each other, so
made the circulation weaker. Therefore, we designed and
fabricated the second pattern of the evaporator having
some strong points such as prevent the connection
between the vapor collector and compensation chamber,
easy in changing the wick as well as the base of the
evaporator. Within the second pattern, performance of
LHP under gravity assisted condition was investigated
when operating with different working fluids including
water and ethanol. In the experiment, the evaporator’s
LHP was also equipped with sintered stainless-steel wick.
The results show that the performance of water LHP was
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almost similar to one working with the first pattern of
evaporator although the elevation different between
evaporator and condenser was smaller. Comparison
between water and ethanol LHP, the LHP with water as
working fluid had the better performance. In the case of
water LHP, when heating power was changed from 33 to
535 W, the temperature at the top surface of the heating
block raised from 38 °C to 110 °C. With the ethanol LHP,
this temperature reached the value of 133 °C at the
heating power of 395 W. If temperature limitation of
microprocessors  functioning inside the DCs is
recognized at 85 °C, the cooling capability of LHP will
be 220 W and 350 W corresponding to the working fluid
was ethanol and water respectively. In addition, the
discussion about the difference in boiling heating transfer
characteristics as well as condenser performances in the
cases that water and ethanol were used as working fluid
was also presented in this experiment.
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Interfacial wave behavior and flow characteristics of
falling liquid films on an inclined porous wall have been
studied by means of a numerical simulation. Basic
equations are discretized on a staggered grid fixed on a
physical space. Using the Navier-Stokes and
Darcy-Brinkman equations in the film and porous layer,
respectively, the problem is reduced to study of the
evolution equation for the free surface of the liquid film
derived through a long-wave approximation. Interfacial
boundary conditions are treated with an originally
proposed method and the wave behavior can be
calculated accurately. Small artificial perturbations given
at the inflow boundary grow rapidly and then the
amplitude of the waves approaches to developed waves.
Calculations have been performed in the wide range of
physical parameters, in particular for inclined porous
wall.

Heat and mass transfer for liquid evaporation along a
vertical plate covered with a thin porous layer has been
investigated. The continuity, momentum, energy and
mass balance equations, which are coupled nonlinear
partial differential equations are reduced to a set of two
nonlinear ordinary differential equations and solved
analytically and numerically by using shooting technique
in MATLAB. The effect of various parameters like the
Froude number, the porosity, the Darcy number, the
Prandtl number, the Lewis number and the driving
parameters on the flow, temperature and concentration
profiles are presented and discussed. It is clearly viewed
that the heat transfer performance is enhanced by the
presence of a porous layer. The local Nusselt number and
the local Sherwood numbers are computed and analyzed
both numerically and graphically.

Similarity solution of heat and mass transfer for the
falling film flow on a porous medium in presence of heat

generation or absorption has been modeled by
Darcy-Brinkman equations and solved by using
similarity technique. Heat generation, thermal radiation
and chemical reaction effects are considered. By using
appropriate transformations, the governing nonlinear
partial equations are transformed into coupled nonlinear
ordinary differential equations. Graphs are decorated to
explore the influence of physical parameters on the
non-dimensional velocity, temperature and concentration
distributions. The local Nusselt number and the local
Sherwood number are computed and analyzed
numerically.

Effect of thermal radiation and chemical reaction on
heat and mass transfer flow over a moving porous sheet
with suction and blowing has been investigated. Thermal
radiation and chemical reaction effects are considered.
By using appropriate transformations, the governing
nonlinear partial equations are transformed into coupled
nonlinear ordinary differential equations. Graphs are
decorated to explore the influence of physical parameters
on the non-dimensional velocity, temperature and
concentration distributions. The skin friction, the local
Nusselt number and the local Sherwood number are
computed and analyzed numerically.
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