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Abstract

In this paper, we present the critical mass of magnetized, turbulent and ro-
tating star-forming molecular cloud core (MCc) in the presence of magnetic
tension. The critical mass of star-forming magnetized cloud is influenced by
the magnetic tension, magnetic pressure and other pressures. Applying the
method of theoretical modelling by taking into account the basic equations
and assumptions, we formulate the critical mass of magnetized MCc in dif-
ferent cases. Accordingly, the minimum critical masses we find in both cases
are different. Energy due to magnetic tension significantly triggers the col-
lapse at relatively larger radius of the core. The model shows that when the
initial radius of the parent cloud (&) is larger than that of collapsing core ra-
dius (R,,.) the magnetic tension also has the larger radius of curvature, so it
plays a significant role in supporting gravity to collapse the core. The results
indicate gravity without magnetic tension may not overcome magnetic pres-
sure, turbulence pressure and pressure due to rotation. This shows the critical
mass of MCc for the collapse depends on the tension force that magnetic field
lines apply on the envelope. We conclude that if there is magnetic pressure in
star-forming MCec, there is also unavoidable magnetic tension, which triggers
the collapse of the core. If there is no magnetic tension, the magnetized MCc
needs relatively larger mass and higher density within the small size to col-
lapse.

Keywords

Star Formation, Molecular Cloud, Critical Mass, Magnetic Field, Turbulence,
Magnetic Tension

1. Introduction

Star formation is one of the most important and yet unsolved problems of
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astrophysics. It plays an important role in many different areas of astrophysics,
especially in the field of galaxy formation and evolution [1]. Without a theory of
star formation, it will be difficult to understand the origin of galaxies and
luminous matter in our universe. Molecular cloud is a cool dense interstellar
region composed of a wide variety of molecules, mainly hydrogen, plus some
dust, in which stars are forming. Cores are the denser sites of star formation in
molecular clouds with number density >10° cm™ [2]. A star forms as the final
stage of various complexes, non-linear dissipative processes that are the result of
the interplay between turbulent, thermal and magnetic pressure effects on one
side and gravity on the other side [3]. However, how star formation is triggered
and inhabited by pressures supporting gravity and opposing gravity needs a
detail theoretical formulation by incorporating magnetic tension.

The standard theory simply related to the magnetic fields of the progenitor
main-sequence stars frozen during collapse or flux conservation [4]. This model
does not deliver the mechanism how magnetic field supports and opposes
gravity in star formation. Understanding the origin and evolution as well as
physical behaviour of the complex process of star formation (SF) is still an
ongoing research area in modern astrophysics. Solving those problems will help
to develop a theory regarding origin of stars. Some of unanswered questions
regarding the role of magnetic fields in star formation are: What is the effect of
magnetic fields on MC core collapse? It has been suggested that magnetic
fields suppress fragmentation [5]. The other way suggested is that the presence
of magnetic fields may enhance fragmentation [6]. To this end, we perform
theoretical formulation how magnetic field counteracts gravity and how mag-
netic tension supports gravity in a gravitating, magnetized turbulent rotating
MCec.

The first numerical calculations of the collapse of a molecular cloud core to
stellar-core formation and beyond was performed by [7]. Where as [8] combined
the radiation hydrodynamical (RHD) method of [9] and the magnetohydro-
dynamical method of [10] and performed the first smoothed particle radiation
magnetohydrodynamic (SPRMHD) calculations of protostellar collapse to stellar-
core formation. In this paper, we combine energies due to gravity opposing
pressures and energies of gravity supporting pressures to formulate the critical
mass of gravitating, magnetized, turbulent and rotating MC core in the presence
of magnetic tension effect. Thus we show how those pressures counteract and
support gravity in dispersing and collapsing MC core respectively.

Clouds do not become gravitationally bound, and they dissipate; those that are
self-gravitating form stars in essentially a free-fall time [11] [12]. But what if the
cloud is strongly magnetized? This needs additional theoretical formulation to
understand how magnetic pressure, with turbulence and rotation controls star
formation. It is also necessary to describe how the size of the core influences
magnetic pressure and magnetic tension. In other case it has been explained that
supersonic turbulence will dissipate on roughly the free-fall time scale as collapse

of gravitationally bound clouds [13] [14]. Although magnetic pressure cannot
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stop the collapse [15] [16]. Strong magnetic pressure together with supersonic
turbulence in large scale and pressure due to rotation can dominate gravity
and elongate the SF time. Therefore, we intend to explain how magnetic
tension supports gravity in collapsing the MCc. The general purpose of the
study is: Theoretically to formulate the critical mass of gravitating, magnetized,
turbulent and rotating MCc in the presence of restoring force due to magnetic

tension.

2. Basic Equations and Approximations

In the process of star formation different energy pressures are involving in
collapsing as well as holding the cloud. As an initial condition we assume
gravitating, magnetized, turbulent and rotating molecular cloud. Some energies
are supporting gravity and some are opposing gravity during star forming
process. The energies involved in star formation are originated from, gravity,
magnetic field, turbulence, rotation, thermal effect as well as external pressures.
For the MC initially in force balance, the combination of these energies is

written as

|E, +E,|=2E, +2E,,, +2E,, +E, - pv'V (1)

where E, is the total gravitational energy, E, is the total thermal energy,
E_ 1is the total magnetic energy (If B inside is greater than out side), E  is
energy due to the magnetic tension, E, , energy due to turbulent motion, E,_,
is rotational energy, and pv’ =P, . is the external pressure, and Vis the total
volume. The sum of gravitational energy, energy due to magnetic tension and
energy of external pressure must exceed the sum of all pressures counteracting

gravity for the MCc to collapse. Thus Equation (1) is re-written as

E,+pv’V+E, |>2E, +E, +2E,, +2E,, (2)

turb

The coefficient 2 for total kinetic energy (where E

ktot

=E,+E,,+E,)
shows half of the gravitational energy goes to total kinetic energy during MC
collapse. In this process tremendous amount of gravitational energy is released
and taken away via mechanisms of energy transport. The gravitational energy
released raises temperature of the core and kinematics of the particles in the gas
cloud. Half the gravitational energy is released in the form of radiation and half
of it rises temperature, kinematics and tend the cloud to rotate. Thus rotation
also plays its own role in supporting the cloud core as well as determining
critical mass of the cloud. In this paper we do not consider external pressure
because the source of external pressure is violent explosions like supernova,
which we can not specify its equation for the time being. Therefore we focus on
energies or pressures, which we can formulate their equations. Since

gravitational energy released when a MC of mass M and radius R collapses is

given by
GM’*
E, =—c, n (3)
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where ¢, =3/5 is gravitational constant for spherical cloud. In the same manner
rotational energy is written as
Erut = CrutMRZQz (4)

where M is mass of the rotating cloud core, R is its radius, Q is its angular

. 1. . .
velocity and ¢, =3 is rotational constant. In this study we assume angular

velocity that depends on mass distribution. In other way turbulent energy of the

cloud of mass M with turbulent velocity dispersion is given by

1

1
E,,= EMGZ )

where o is three-dimensional velocity dispersion given by
o’ =0, +0, +0'; (6)
In this study we consider isotropic velocity dispersion, hence for isotropic
velocity dispersion o} =0, =0, , where o is the radial velocity dispersion
and it is the only one we can measure (the other two are perpendicular to our
line of sight). Therefore

2

o’ =307 (7)

whereas the known equation of thermal energy is written as
3k, TM
2 m,u

(8)

th

Now neglecting external pressure from Equation (2) and using Equations (3),
(4), (5) & (8) we rewrite Equation (2) as
k,TM
m, [

|E, +E ©)

mt

> Mo’ +2¢, MR’ +E, +3

where K, is the Boltzmann constant, 7'is temperature of the cloud, m, and
/4 are atomic mass unit and mean molecular weight of the gas in atomic mass

unit.

Magnetic Pressure & Magnetic Tension

One of the most fundamental questions in astrophysics is how do stars form [17].
Observations clearly show that this process takes place in self-gravitating,
turbulent, magnetized filamentary molecular clouds (for more clarification see
[18]). However, the question of how magnetic tension supports gravity in
collapsing MCc is still largely unanswered. In gravitating, magnetized, turbulent
and rotating MC core some energies are counteracting gravity and some are
supporting gravity (such as magnetic tension and external pressure). In this
study we mainly focus on magnetic tension than external pressure. Equations of
those energies can be obtained from their corresponding pressures. Where
magnetic pressure is given by

P = B
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Magnetic energy is volume integral of magnetic pressure, so that
B 1
E, =|Pdv=|—dv=—|B*dv 11
" '[ " I 8 8 '[ (1

Integrating Equation (9) over the volume of sphere of MC core leads to
BZ
E,=—LFR (12)
6
This is if the field inside the cloud is much larger than the field outside it.
Magnetic field B can be the initial field (seed field) from galaxy. Hence the core
inherits magnetic field from its parental MC or clump, thus we consider
conservation of magnetic flux. Assuming the total flux threading a given area is a

conserved quantity, then
B,R’ = B, R’ (13)
where B, and R, are the magnetic field and radius of the initial or parent

cloud which is not yet collapsed; where as B, is the new magnetic field

strength after the sphere of cloud has been compressed slightly to radius R. Thus

2
RO
B, =B, [?J (14)
Inserting Equation (14) in Equation (12) we have
B’R!
=92 o 15
" 6R (15)

In actual fact there is an extra term of the same magnitude for the magnetic
field strength between Rand R, [19], so that the magnetic energy is
B'R}

16
n= 3 (16)

Assuming radius of curvature of the magnetic field line extends over the core
radius. Therefore,finally magnetic energy of a molecular cloud of radius R,
collapsing to a cloud core of R=R , is written as

BR;
Eﬂl = - .
3R

core

(17)

We apply this equation (Equation (17)) for our next work. On the other hand,
there is a magnetic curvature force pointing toward its center of curvature; there
is a restoring force called magnetic tension force, which is caused by magnetic
field lines extended over a given radius of curvature and is given by

BZ
T —

V= (18)

Magnetic tension is the restoring force due to magnetic field line over its
radius of curvature. Then magnetic tension acts to straighten bent magnetic field
lines. To obtain magnetic energy due to its tension we integrate Equation (18)

over the radius dr of the spherical cloud core as
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Ry B?
Emt = J.del" = .[0 Edr (19)
We assume the radius of curvature of the magnetic field line extends over the
~ R in our expression). Thus we have

g =B

mt core
4

cloud core radius (R; = R

core

(20)

Using conservation of flux, and thus inserting Equation (14) in Equation (20)
we have
B’R}

=0 o 21
" AnR3 @)

As cloud core collapses from radius R, to R the field strength increases so
that, we assume, there is an extra magnetic tension term of the same magnitude
for the magnetic tension between Rand R . Therefore, energy due to magnetic
tension, which is directed towards centre of curvature of Bis redefined as

_BR

=_0 9 22
" 2R} (22)

This is energy due to magnetic tension over a given radius of curvature which
supports gravitational energy in collapsing MC core and dilutes magnetic
pressure as much as possible. If B has larger radius of curvature than B,
therefore, B, has larger restoring force due to tension. This energy acts to
straighten bent magnetic field lines, simultaneously it enhances the inflow of
matter. So that, it is important in collapsing molecular cloud to form star. This is

why we define magnetic tension is a gravity supporting force in star formation.

3. Results & Discussions
The Critical Mass

Critical mass of the molecular cloud is the minimum amount of mass needed by
the cloud to collapse and form star. In this section we formulate the critical mass
of gravitating, turbulent, magnetized and rotating molecular cloud core by
incorporating magnetic tension. Now plugging Equations (17) and (22) in

Equation (9) we have

|3GM30re + BSR: 2 + 3kBT;oreMcare
5R 2R’ core m
| core core H H . (2 3)
B’R
+ ZcrotMcore (Rcore core )2 +—2 .
3R

core

where M, & R, are the mass and radius of the collapsing cloud core

core core

respectively. From Equation (23) we have

GM> Sk, T, M., |
uore>§M O-Z+M+—OC Mw,.e(R >Qcore)2

Rcare 3 core l[ij rot core (24)
5B!R; 5BR!
+ - o0 _ o 0
9 RL‘OY@ 6 TCR:O)‘@
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Multiplying both sides of Equation (24) by R

core

and considering spherical

4
coreof mass M__ =—nR’

wre =3 > vePeore s well as substituting

RL'OVC' = 3ML'DI'€ ( core 47tpc0re) we arrlve at

5R SR, kT, M 10R}
1520}“6 > 32’8 MCOVE 2 COFEG <o cone 3Gcore VO[MCDI‘E 1250}“6
m

Himy (25)

. SB’R! 3MW 1 1

4TEGpL'[)r€ core 9RLUV£’ 6TER30V€
Simplifying the last two terms we have
R R, kT M 10R’
Mire 53 g)e Lore 2 5 careg core”"" core + 03 éare Mcoregiare
m
Hmy (26)
+ 5B02 RjMCOVE 1 1
4TEGpC(H‘€R30r8 3R(‘07€ 2TER30}‘E

Dividing both sides of Equation (26) by M
the last terms we arrive at

5SR,. , SR, k,T, 10R’ ,
o+ C

and taking out R __ from

core core

core core core core

MCO!"L’ rot core
3G Gumy, 3G

. 5B’R} 1 1
4TCGIDL‘0VE core 3 2TCR :

core

(27)

We assume isotropic turbulent velocity dispersion o, which is given by

o’ =0; +0, +0,, hence for isotropic velocity dispersion o =30, , where

o} is the radial velocity dispersion the only one we can measure (the other two

”

are perpendicular to our line of sight). Thus Equation (27) becomes

SReye 2, SReyekyTie | 10R; ,
(e C

MCO/’L’ > gre r gre <o 3gye rot core
m
Hmy (28)
. 5B’R} 1 1
4TCGpC0F@ core 3 ZTCR:OYE
Now substituting p,,., =n,,. 1M,
5R 5R.,,.k,T. 10R]
ere > core Grz core core ncore core C, 30,.6
G Gpeore 3G
(29)
N SB)R] 1 1
4nGp(,Dr€RLDr€ 3 27[RLOV€'
By rearranging Equation (29) we get
kyT, 10R]
core core coreMeore + O_r2 + core cthi}m
G pCUVC 3G
(30)
5BR, (11
47[Gpcore core 3 ZTERCzO}E
Hence the gas pressure from equation of state is given by
P = K,T (31)

Core core
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where 7, is particle number density of the core, K, is the Boltzmann

core

constantand 7, iscore temperature. Then, using Equation (31) we have

core

5R.( P,(Puoe 10R?
M > core( g(p )+02J+ 3(c;orec QZ

core r rot™ ~core
G P, core

. SBIR} 1 1
47[(;pc‘«’]l‘BR3 3 2nR(‘0F€

core

(32)

The core can collapse & form the star if the condition in Equation (32)

satisfied. But it expands if

R,.[PF 10R’
5 core 8(p€07€)+0_2 + 0 core QZ
3G

r rot™ ~core
p core

core G
5B’R} 1 1
+ —_—
4nGp,, R |3 2mR’

core core

(33)

Finally, the critical mass of gravitating, magnetized, turbulent, and rotating
star-forming molecular cloud core in the presence of magnetic tension is

formulated as
crt r core
G pcore

SB’R! 1 1
+ ey 2
4nGp,, R .\ 3 2nR

core core

SRy [ Lo (Prore 10R},
M — care( g(p )+62]+ 357}@ cthZ

(34)

where M, is the critical mass of magnetized MC core. The core mass has to
exceed this critical mass to collapse and form star. Equation (34) is the critical
core mass explained in general way. Recent studies show average values of the
magnetic field of molecular cloud is =5 - 15 pG [20] [21]. We use the average of
this magnetic field in our calculation. Since angular speed of molecular cloud is

approximated to 107" s™' - 107" s7'. For instance, given a pre-stellar core of
=10" s, depends

is radius of parent MC ~

initially collapsing MC (parent cloud) rotating with Q
,=1/5, R, =00lpc, R

core 0

on mass distribution, c,,
lpc, p,.=10""kg-m’, typical MC magnetic field B, =10uG, speed of
sound ¢, =332m-s", assuming supersonic turbulent velocity dispersion
o ~400m-s™', we find the critical mass of this MC is ~ 33.743M _, beyond this
mass the MC core becomes supercritical. Due to this reason the cloud core
collapses and can form star. This confirms that properties of the parent cloud
governs the critical mass of molecular cloud core. The role of rotation is
displayed in Figure 1 when the core rotates rapidly the cloud supporting
pressures increase, so that the cloud must contain large mass within small size to

collapse. The critical mass is lower at R __ =0.2 pc in Figure 1, it may be the

minimum critical mass required in order to collapse for the MCc under
consideration. Above this radius it needs larger MCc mass to collapse and form
star. We understand that from Figure 2 outflow from the core disperses gases
and dusts near to the surface of the protostar. At this stage stellar wind also

made the circumstellar disk to disperse. Far away from the core those dispersed
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MCI" [M sun]
\
\

60 - P i
40 - core

20 - -- =

001 002 003 004 005 006 007 008 009 01 0.1
Rcore [pc]

Figure 1. The pre-stellar core radius vs its relative critical mass (M, ). With parent MC

=0.01pc-0.1pc, ¢,=332m-s™, B, =10uG,

core

radius R =1pc, R

Pore =10 kg-m™, and o, =400m-s™'. The figure shows high angular velocity results
in larger critical mass. This figure is plotted making use of Equation (34). This figure
shows to overcome the pressure of rotation the MCc mass has to be relatively larger to
collapse.

Figure 2. When magnetic field lines stretched over its radius of curvature. Here, the
protostar grows to pre-main sequence star. Simulated using vertical structure and disk
radius where sinf=g_/g is the angle between the horizontal and core’s gravity (g),
where as g, is the vertical component of the core’s gravity. Dipolar magnetic field line

equation is used to simulate the field lines. This figure is just to show the importance of
magnetic tension how it holds the central core and its envelope together.

materials condense and coagulate. A strong stellar wind breaks out at the
rotational poles, reversing the infall and producing bipolar outflows. This phase
is connected with the disk formation phase. Then after the newly formed

star/disk system becomes optically visible and the protostar is identified as a T
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Tauri star or Low mass (M < 2M ) young stellar objects (YSOs) [22] [23].
Magnetic field line extends out of the central protostar radius this helps to
hold the protoplanetary disc and the central stellar object (see Figure 2).
Therefore, if there is strong magnetic tension the disc may not escape from the
star and has great chance to form planets. Of course the strength and geometry
of magnetic fields implanted in protostars during the star formation process is
unknown [8]. However, we use dipolar field lines for simplicity, and to show
how magnetic tension is playing a crucial role in star formation. As the protostar
collapses and rotates the field lines are twisted into helical shapes. Then drawing
the field lines closer together results in strong field and the twisting of the field
causes torsional Alfve’n waves to travel along the field lines, like torsional waves
on a string. The magnetic field is responsible for carrying away excess angular
momentum by being tied to the surrounding envelope. We show in Figure 3 &
~5.6290M ; in the presence of
all possible energies in our model (Equation (34)) for those specified conditions.

Figure 4 the minimum critical mass is M

mincrt

If there is no magnetic tension the minimum critical mass is beyond the value

we get here, .e. M >5.6290M .

4. Critical Mass in Different Cases

In this section, we consider different cases to see how conditions can vary the

critical mass of a star-forming MCec. In our assumptions, the initial condition for
-1

sound speed in MCc is ¢, #200s™ [24] and the supersonic turbulent velocity
dispersion is greater than 332 m-s™".

Case I For 1/2aR. =0

core

If the core is very large in size the ratio of approaches to zero. So that

2

core

MCI‘l [MSUT‘I]

1

0901 0.02 0.03 0.04 005 0.06 0.07 008 0.09 0.1 0.11

Rcore [pc]

Figure 3. The pre-stellar core radius vs its relative critical mass (A, ). Assuming parent

MCradius R =1pc, Q_ ~10"s", R, =0.0lpc-0.1pc, ¢, =332m-s",

Lo =10""kg-m~,and o, =400 m-s™'. The red solid line is for the magnetized parent
cloud core whereas the black broken line is for unmagnetized MC core. The figure is
plotted from Equation (34) (the red curve) and Equation (36) (the black broken line).
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we omit the last term of Equation (34) in parenthesis. It is almost approaches to

zero (1/2nR’ , = 0) and has no significant effect unless the core radius is too

core

small. Due to this reason Equation (34) becomes

P 3 2 p4
SRcore( g(p00F9)+02J+10?’Rcore c QZ 5 BoRo (35)

crt
G

[ P +

pcare " o 12nG IocoreR3

core

If a core is very large in size its critical mass can be calculated using Equation
(35). This kind of core has to be denser and massive to collapse.

Case II. For B, = 0

This condition is for unmagnetized MC if it exists. Or when the influence of

magnetic pressure and tension is insignificant. Thus Equation (34) becomes

P , 3
— SRcore( g(pﬁorﬂ)+02j+ 103Rgre c Q2 (36)

crt r rot= “core
G P, core

A non-magnetized cloud core’s critical mass depends mainly on density,
radius and angular speed. If the core is denser, small in size and slow rotating it
can collapse, even if it has small mass according to Equation (36).

Case Il For Q =0

If magnetized turbulent cloud core is not rotating € =0. Then its critical
mass is expressed as
5R P, 5B.R! 1 1
Mcrt — core g + 0’2 + 0" - - 5 (37)
G pCOV(? 4TCGpC0r€RCOV€ 3 2TCRCOV(:’

This situation describes a non-rotating cloud core’s critical mass. Here the
role of magnetic tension is significant to protect the cloud from dispersing.

CaselV: For o, & Q_,, =0

This condition explains where there is a probability of getting non-turbulent
and non-rotating, but magnetized and gravitating molecular cloud core. For this

case Equation (34) becomes

P 2 p4
— SRcore { g (pfare)J+ SB,) Ro (1 l ] (38)

- G pC(H‘E 41tGpCUr€R3 g_ 27[R2

core core

Case V: For o,,Q & B, =0

In this case gravity left alone to trigger MC to collapse. For this condition

core

Equation (34) becomes

SR, (P (Peore)
— core 39
o G [ pcore J ( )

From both cases (case I to case V) we clearly understand that star formation
process depends on varies parameters and physical conditions in addition to
magnetic tension. Therefore, understanding factors affecting critical mass of the
MCc will provide some idea for star formation theory. In this paper, we
formulated five different equations of critical mass from the basic model
(Equation (34)). Then those equations are useful to calculate the critical mass of

star-forming cloud core. In rare case if there are no gravity opposing pressures

DOI: 10.4236/ijaa.2018.84025

357 International Journal of Astronomy and Astrophysics


https://doi.org/10.4236/ijaa.2018.84025

G. M. Kumssa, S. B. Tessema

the minimum critical mass we obtained is ~0.4617M (shown by the black
line in Figure 7). These show how critical mass of star-forming MC depends on
different dynamical process and conditions. However, the minimum critical
mass contained in different radius of the core is quite different from one another
regardless of having the same p,B,0, and Q. This means that there is a
specified critical mass for each radius of the core (example see Figures 4-7).

The blue curve in Figure 7 indicates near the center of the core magnetic
pressure is extremely high, so that the cloud has to be massive and more dense to

collapse. But as radius the increases the corresponding critical mass reduces,

40

30 .
=
2
= 20 4
5
=
10 7
—/1 1 1 1 | 1 1
0901 0.02 0.03 0.0 0.05 0.06 0.07 0.08 0.09 0.1 0.11

R ore [PC]

core

Figure 4. Critical mass comparison of unmagnetized and magnetized, but rotating and
turbulent MC core. At a point far from the center of the core (relatively larger radius)
magnetic pressure is dominated by magnetic tension plus gravity. Thus the graphs
overlap after R, 2 0.05pc in this particular case. With parent MC radius R =1pc,

¢,=200m-s"', p,.=10""kg-m", and o, =300m-s"'. It is Plotted from Equation
(34) (the blue and green curves) and Equation (36) (the red line).

35
—B,c& Q>0
30 a
---only Q=0
25 * B, Q>0 & o subsonic 1
2 20 1
T
o
=
15 a
10 B
."uu.ﬂ.oﬂ""........ |

%01 002 003 004 005 006 007 008 009 01 011
[pc]

R
core

Figure 5. Critical mass versus radius of the core for different conditions. With parent MC

radius R =1pc, ¢,=200m-s', B, =10uG, p, . =10"kg-m>, Q  =10"s",

we assume o, =400 m-s™ for supersonic (in solid and dashed lines) and &, =300 m-s™'
for subsonic indicated in the doted line. Plotted from Equation (34) (the black solid line
and black dotted line) and Equation (37) (the black broken line).
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Figure 6. Critical mass comparison of non-turbulent and non-rotating, but magnetized
MCec (the black curve) with turbulent and rotating magnetized MCc (the blue curve).
Assuming parent MCradius R, =1pc, ¢,=200m-s', B, =10uG, Q_ =10"s",

Lo =10""kg-m™,and o, =300m-s™ . The figure is plotted using Equation (34) (black
curve) and Equation (38) (blue curve). The black curve in Figure 6 shows how the
existence of rotation and turbulence create difference in critical mass. Where as near the

center of the core magnetic pressure dominates magnetic tension.

35 T T T T T T T
30 —B>0,6& Q=0
—B=0,6&0Q50
25 —both B,c & Q=0 | |
"5 20 1
s
s’ 15 .

10

0901 0.02 0.03 0.04 0.05 0.06 0.07 0.08 009 0.1 0.11

Rcore[pC]

Figure 7. The core requires relatively low critical mass compared to other conditions.
With parent MC radius R, =1pc, R, =0.01pc-0.1pc, ¢,=200m-s™',

core

Lo =10 kg-m™, o, =300m-s™ for subsonic turbulent velocity. The figure is plotted
using Equation (38) (blue curve), Equation (36) (red line) and Equation (39) (black line).

because as the radius of curvature increases magnetic tension increases. The
point at which the blue and red curves cross each other is the point (radius) at
which magnetic field effect is equal to the effect of turbulence plus rotation. At
the same time, the red line shows as radius increases critical mass also slightly
increases, and the curve has positive slope, this tells us no magnetic tension as B
= 0. Therefore, gravity struggles alone to bring matter from the envelope to the
central core. Thus the black line in Figure 7 shows the only dominating energy
is gravitational energy, due to this the graph attains positive slope and the
smallest critical mass at smaller radius than other cases.
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The blue curve in Figure 7 confirms how strong magnetic pressure is near the
center of the core and being diluted by magnetic tension plus gravity at a point
far from the center. Fortunately if the cloud is not magnetized but rotating and
turbulent, we obtain the graph of radius versus critical mass with positive slope
(see red curve in Figure 7). As indicated in Figure 8 a highly supersonic
turbulent cloud core has to contain very large mass within a small radius to
collapse, but this small radius can not hold the amount of masses indicated by
the black dashed line in this figure, which is out of reality, therefore, magnetized
and highly supersonic cloud may not collapse before cloud life time. However, it
seems realistic for subsonic turbulence Ze. indicated by the red line in this figure.
For dense regions in cold molecular clouds of ¢, =0.2km-s™, B, =30uG
and 7 =0.05pc it has been found that the initial core mass M =1.5M_ [25].
However, turbulence and rotation were not considered by [25] in his particular
finding. Nevertheless, we interpret our findings using simple energy balance
equations by incorporating gravity, thermal, rotation, turbulence, magnetic
pressure and magnetic tension. In Table 1 different critical masses have been
displayed because all possible pressures except external pressure have been
incorporated in our model (Equation (34)), and then critical masses are

calculated for different conditions (as shown in Table 1).

Numerical Results of Magnetic Field from Literature for
Comparison

Magnetic fields of the line of sight for OMC B (Orion molecular cloud B) and
CMC (California molecular cloud) has been measured using rotation measure
data from the literature [26]. The Orion molecular cloud (OMC) is a
well-studied, active star-forming region. CMC is also a giant molecular cloud,

but with relatively little star formation activity. This indicates the combination of

1200 T T T T T T
—subsonic o= 0.3km/s ..
1000 . . -
---highly supersonic ¢ = 3km/s Rt
800
EE 600+ 1
s
400- ]
200 .- 1
0901 0.02 0.03 0.04 005 0.06 0.07 008 0.09 0.1 0.11
R orelPC]

core

Figure 8. Critical mass comparison of magnetized turbulent subsonic and highly

supersonic velocity dispersion. Assuming parent MC radius R =1pc, ¢, =300m-s™,
B, =10pG, Q_ =10"s", p =10"kg-m>, and o,=3000m-s”. The graph

core core

can be plotted from Equation (34) using the specified conditions.
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Table 1. Calculated critical masses of molecular cloud cores in different conditions.
=10uG, Q,, =10"s",
Looe =107 kg-m™ , with temperature (7) ~ 10 Kand o, =300m-s™ (subsonic) for the

Assuming R =1pc, ¢,=200m-s”', B

core

case of magnetized, rotating, turbulent molecular cloud core.

B,Q,c#0 B=0 & Qo#0  B#0,0=0,Q=0 B=0,06=0,Q=0
ReordPC
M, /M, MM, M, /M, M, /M,
0.01 32.124 1.502 31.084 0.462
0.011 24.660 1.653 23.515 0.508
0.012 19.524 1.803 18.275 0.554
0.013 15.892 1.954 14.538 0.600
0.014 13.265 2.105 11.806 0.646
0.015 11.329 2.256 9.766 0.693
0.016 9.883 2.407 8.215 0.739
0.017 8.791 2.558 7.016 0.785
0.018 7.961 2.710 6.082 0.831
0.019 7.326 2.861 5.342 0.877
0.02 6.841 3.013 4.751 0.923
0.021 6.472 3.165 4.276 0.970
0.022 6.193 3.317 3.892 1.016
0.023 5.986 3.469 3.579 1.062
0.024 5.837 3.622 3.323 1.108
0.025 5.734 3.775 3.114 1.154
0.026 5.670 3.928 2.943 1.201
0.027 5.637 4.081 2.803 1.247
0.028 5.629 4.234 2.688 1.293
0.029 5.643 4.388 2.595 1.339
0.03 5.676 4.542 2.519 1.385
0.031 5.724 4.696 2.459 1.431
0.032 5.785 4.850 2.412 1.478
0.033 5.857 5.005 2.376 1.524
0.034 5.939 5.160 2.349 1.570
0.035 6.029 5.315 2.330 1.616
0.036 6.127 5.471 2.319 1.662
0.037 6.231 5.627 2.313 1.709
0.038 6.341 5.783 2.313 1.755
0.039 6.456 5.395 2.317 1.801
0.04 6.575 6.096 2.325 1.847
0.041 6.698 6.254 2.338 1.893
0.042 6.825 6.411 2.353 1.939
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Continued

0.043 6.954 6.569 2.371 1.986
0.044 7.087 6.728 2.391 2.032
0.045 7.222 6.886 2.414 2.078
0.046 7.360 7.046 2.439 2.124
0.047 7.500 7.205 2.465 2.170
0.048 7.642 7.365 2.493 2.216
0.049 7.786 7.525 2.523 2.263
0.05 7.931 7.686 2.554 2.309
0.051 8.078 7.848 2.586 2.355
0.052 8.227 8.009 2.619 2.401
0.053 8.377 8.171 2.653 2.447
0.054 8.528 8.334 2.689 2.494
0.055 8.681 8.497 2.724 2.540
0.056 8.835 8.661 2.760 2.586
0.057 8.990 8.825 2.797 2.632
0.058 9.146 8.989 2.835 2.678
0.059 9.303 9.154 2.873 2.724
0.06 9.462 9.320 2912 2.771
0.061 9.621 9.486 2.952 2.817
0.062 9.781 9.653 2.991 2.863
0.063 9.942 9.820 3.032 2.909
0.064 10.1044 9.988 3.072 2.955
0.065 10.267 10.156 3.113 3.001
0.066 10.431 10.325 3.154 3.048
0.067 10.596 10.494 3.196 3.094
0.068 10.762 10.664 3.237 3.140
0.069 10.928 10.835 3.279 3.186
0.07 11.095 11.006 3.322 3.232
0.071 11.263 11.178 3.364 3.279
0.072 11.432 11.350 3.407 3.324
0.073 11.602 11.524 3.451 3.371
0.074 11.773 11.697 3.493 3.417
0.075 11.944 11.872 3.536 3.463
0.076 12.116 12.047 3.579 3.509
0.077 12.289 12.222 3.623 3.556
0.078 12.463 12.399 3.666 3.602
0.079 12.638 12.576 3.710 3.648
0.08 12.813 12.754 3.754 3.694
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Continued

0.081 12.989 12.932 3.798 3.740
0.082 13.167 13.111 3.842 3.787
0.083 13.343 13.291 3.886 3.833
0.084 13.523 13.472 3.931 3.879
0.085 13.703 13.653 3.975 3.925
0.086 13.883 13.835 4.019 3.971
0.087 14.065 14.018 4.064 4.017
0.088 14.247 14.202 4.109 4.064
0.089 14.429 14.386 4.153 4110
0.09 14.613 14.571 4.198 4.156
0.091 14.798 14.757 42427 4.202
0.092 14.983 14.944 4.288 4.248
0.093 15.169 15.131 4.333 4.294
0.094 15.357 15.321 4.377 4.341
0.095 15.544 15.509 4.423 4.387
0.096 15.733 15.699 4.468 4.433
0.097 15.923 15.899 4513 4.479
0.098 16.114 16.082 4.558 4.525
0.099 16.306 16.274 4.603 4571

0.1 16.498 16.468 4.648 4.618

those parameters we have been used in Equation (34) is very important to
determine the minimum cloud core mass required for collapse. Since CMC has
lower density than Orion [26] For this reason, magnetic pressure dominates
gravity plus magnetic tension, this made CMC has lower star formation rate
than OMC. Therefore, our model will help to describe why some giant molecular
clouds are not active in forming star. Despite their similarity in size and mass,
Some molecular clouds are characterized by rates of star formation that differ by
more than an order of magnitude [27]. So that our results more securely
establish that significant variations in the level of star formation activity and star
formation rate are common in magnetized molecular clouds and are dependent
on the cloud core magnetic field strength. As a result, it is possible from
comparative studies of such clouds to determine the physical factors that govern
the star formation rates in molecular clods.

The negative and positive signs in Figure 9 & Figure 10 indicate magnetic
field directed away from the observer and magnetic field toward the observer
respectively. This comparison is just to see how critical mass depends on
dynamical process & parameters including magnetic field. Thus our result has its

own contribution in building star formation theory. Even so, the author ([26])
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Figure 9. Line of sight (LOS) magnetic field of OMC B (Orion molecular cloud B) versus
Rotation measure of Molecular Cloud (RMmc) J2000. RMmc is the rotation measure of
the molecular cloud alone as described in literatures [26]. The graph is plotted using data
available online and obtained from J/A + A/614/A100 [26]. Green circles indicate the
magnitude of magnetic field of the cloud at its corresponding rotation measure.
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Figure 10. Line of sight (LOS) magnetic field of CMC (California molecular cloud) versus
Rotation measure of Molecular Cloud (RMmc) J2000. The graph is plotted using data
available online and obtained from J/A + A/614/A100 [26]. RMmc is the rotation
measure of the molecular cloud alone. Blue circles indicate the magnitude of magnetic
field of the cloud at its corresponding rotation measure.

did not calculate the critical mass of those molecular clouds with respect to their
magnetic field strength. Rather they measured magnetic fields of the line of sight

using rotation measure data.

5. Conclusions

Star formation in magnetized, turbulent and rotating MC may take longer time
unless magnetic tension supports gravity. The minimum core mass required to
collapse, and form star can be calculated for different conditions. Indeed, the

model indicates magnetic tension has also its own role in protecting cloud
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dissipation. If the role of magnetic tension is negligible, the core would take
longer time than cloud life time to collapse, which results in non-star-forming
region. In other way, for the case of no magnetic tension, turbulence has to
decay before the free fall time, then the core collapses in time to form star. This
implies there is a competition between turbulence and magnetic tension. Our
findings confirm that the interplay among many dynamical processes made
too difficult to fix the critical mass, unless we know the properties of the
environment in which the star-forming cloud resides. Recent observations
confirmed that there are non-star-forming giant molecular clouds. Therefore,
our model displays some reasons to answer the question why some clouds do
not form star through identifying the role of magnetic pressure and tension of
magnetic field lines.

Strong magnetic pressure causes dissipation of the cloud through ambipolar
diffusion (slow drift of neutral particles across magnetic field lines) and forbidding
the infall of matter from the envelope. In addition, rotation also supports magnetic
pressure, the faster the envelope rotates around central core the more difficult
for the core to gain mass. We have shown to what extent each energy pressure
determines the critical mass of star-forming MC core (see Figures 2-8 and
Table 1). These figures indicate how magnetic pressure is too strong at relatively
inner radius of the core, and results in the necessity of larger critical mass for
MCc to collapse and form star. In Figure 7, we show magnetic tension has
significant role in supporting gravity at a point far from the center of the core.
Thus at a great distance from the center of the core, magnetic pressure is diluted
by the sum of magnetic tension and gravity. This is why the blue curve and black
line overlap in Figure 7 at R, 2 0.05pc for this particular situation. In
general, we model critical mass of star-forming molecular cloud core in different
cases by involving magnetic tension at the beginning. According to our view,
where there is magnetic field in star-forming cloud core there is also unavoidable

magnetic tension.
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