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Abstract

This paper focuses on the time scale of molecular cloud
collapse by examining the correlation between virial tem-
perature, effective temperature, molecular cloud mass,
and lifetime. Additionally, it explores the connection be-
tween the mass of the collapsing cloud and the duration
it takes for the collapse to oc- cur from radius R to r. The
findings are then compared with the data catalog VizieR,
a 1D model of low-mass star formation, to further ana-
lyze the relation- ship between the evolution time of the
molecular cloud, mass density, and cloud radius during
the collapse process. The results highlight the intricate na-
ture of the relationship between the parameters and prop-

erties of star-forming clouds.
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Introduction

Molecular clouds are composed mostly of molecular hydro-
gen. These clouds are the coolest (10 to 20 K) and densest por-
tions of the interstellar medium and range in sizes from [J0.1
pc to 10100 pc in diameter [1-3]. Since these clouds are cooler
than most places, they are locations for star formation. Giant
molecular clouds (GMCs) and their life cycles are of particu-
lar importance to understand and predict the efficiency of
star formation in galaxies (SFE) [4]. In particular, the lifetime
of molecular clouds that determines the time scale for star for-
mation [4]. The molecular clouds’ diameters range from less
than 1 light-year to about 300 light-years (LY) and contain

enough gas to form stars.

As the gas core contracts, it heats up due to friction as the gas
particles collide with each other. The energy that gas particles
have when falling under the influence of gravity (gravitational
potential energy) is converted into thermal energy (thermal
energy). In this process the the cloud needs time to collapse

from initial radius R to a core of radius r.

As stated by [5] Young stellar objects (YSOs) are formed
when clouds of gas and dust collapse, but they may not al-
ways be visible due to being covered in dust. The physics be-
hind this collapse involves several factors, including the size
and time scale of the collapse, as well as the angular momen-
tum and magnetic field. In order to better understand this
process, a study was conducted to examine the relationship
between the time scale and size or volume of the cloud, which
can help estimate how long it takes for a particle to fall from
the edge of the cloud to the center [5]. However, due to the
long lifespan of giant molecular clouds (GMCs), which can ex-
ceed that of humans, indirect methods must be used to study

their life cycles.

This extended lifespan is thought to be due to the presence of
molecular clouds between the spiral arms [5]. Stars form be-
cause gravity pushes the gas and dust of the interstellar medi-
um toward regions of greater density, and radiative cooling
keeps temperatures from increasing as density increases, so
the pressure can’t stop the collapse. The collapse continues un-

til temperatures and pressures at the center reach a point

Tess =

T,

where nuclear fusion can start, heating enough gas to counter-
balance gravity and maintain equilibrium. So, what relation-
ship is there between temperature and time scale? I also need
to look at the relationship between the viral temperature and

time scale during collapse.

Molecular cloud collapse timescales provide information that
is essential for understanding the formation of stars and plan-
ets, and the development of stars and the formation of
galaxies. One of the most important questions in modern as-
trophysics and astronomy is how long does it take for clouds
of radius R to shrink to a tiny size r to become stars and plan-
ets? [6,7] explained that molec- ular clouds may have boun-
daries, these boundaries are just rapid transitions from the
molecular gas to the surrounding atomic gas, which is dis-
tributed in extended envelopes that typically have comparable
mass [6,7]. A significant amount of warm gas has densities n
4 103cm-3 and temperature between T = 300 - 104 K,
whereas gas with densities higher than n 4 103cm-3 found in
the densest parts [8]. Such high densities only occur in the in-
ner regions of the clouds with temperatures of T < 100K,
which are cold enough to result in active star formation [8].
Therefore, in this dynamic star formation process the clouds
of gas collapse to form the central core. This collapsing takes
time and depends on temperature as well as the initial mass
of the cloud. Following this, this paper aims to calculate the
collapsing time scale for the star-forming cloud in terms of

the mass and temperature.

Temperatures

The mean temperature at which a gravitationally bound sys-
tem would satisfy the virial theorem. For a system of mass M

and radius R with constant density, the gravitational energy

GM?

per unit mass is E, = [9]. The kinetic energy per

unit mass is E = (3/2) KT,, /g, where K is Boltzmann’s cons-
tant and p the mean molecular weight. According to the virial
theorem, E= E,/2, which leads to the virial temperature T, =
(1/3)(GM/KR) [6,7]. Now this sphere is in viral equilibrium,
it will have a certain viral temperature. Consequently I as-
sume that it also emits radiation from the surface and the tem-
perature Tef f which is a fraction £ of the virial temperature

given by:

(1)
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where & is the dimensionless factor which can be quantified
from the ratio of effective temperature to the virial tempera-

ture. The relationship between the virial temperature and the

L:

To estimate the Virial temperature (Tv) of this object we be-

E, =

The gravitational energy, denoted as Eg, plays a crucial role in
the possibility of contraction. If energy is emitted, a contrac-

tion becomes feasible. According to the Virial theorem, it is

By

By, = 5

This shows half the change in gravitational energy goes into

By =

There is a factor of half here that is the number of particles.

3M,
pmp

Ey, =

The relationship between the thermal energy of the collapsing
cloud and the Virial temperature is demonstrated in Equation

(6). This equation indicates that the thermal energy, denoted

T,

This implies Tv O R™, m,, T, 0 M.. Therefore, this immedi-

L = 47rR*0SBE* (

GM? 3 M
2R 2

GM.pmy
6KpR

effective temperature of the collapsing molecular cloud at a
certain level is described by Eqn.(1). Because the gas is not

perfect thick sphere, thus

ATR*oT s (2)

gan from the gravitational and thermal energies described as:

—GM?
r @

revealed that during the collapse of a cloud, half of this energy
could have been emitted. Consequently, the potential energy

that is radiated away can be determined as follows:

GM?
2R

(4)

internal energy the other half gets radiated away. Using the

virial temperature Eth is rewritten as:

Because hydrogen is ionized or one may say that the mean

atomic mass is half, thus:

KgTy (6)

as B, is directly proportional to the Virial temperature, repre-
sented as T,. By equating equations (4) and (6), I obtain the

following expression:
(7)

ately gives us the dependence of the Virial temperature on the

mass and radius. Now from eqns. (1), (2)and (7) I obtain:

GMpmyg

KR ) ®)
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The object experiences a loss of energy when it emits radia-
tion, resulting in the total energy being equal in magnitude to

the thermal energy. If the object continues to lose energy, the

thermal energy will increase accordingly. Consequently, I can
establish a relationship between the rate of energy loss and
the luminosity. By equating the rate of Equation (4) to Equa-
tion (8), I obtain:

GM? d 1 GMumg \*
c - _ 4 2 4
> @t m ATt < 6K s R ) (9)
GM? d 1 1 GMpumpg \*
c = - _ - 4 2 4 1
> @t r @ Ot < 6F 5 ) (10)
leads to

1d 1 1o o (pma\’
S~ = MM = 11
Car ~ ¢ Mot (6KB (11)
—1 dR 1 32, ¢4 [ HTH
= M 12
g - g o Moot <6KB (12)
i — i 87TG3M2 54 Hmg ! (13)
R? R? 6Kp

This is the rate of change of radius for the cloud in virial

equilibrium when started collapsing. Now using Eqn. (12) to

dR

dt

R

r =

The time at which the object (cloud) of mass M, contracts to

radius r is denoted as t. After a certain period of time, the

evaluate the time taken by the mass Mc to contract to radius r

from initial radius R. Rewriting Eqn.(14) as:

4
= - SrGPM2oE? (“mH> (15)

6Kp

/r dR = — /87rG3M02054 (’””—H)4dt (16)

6K B

4
R - 8ﬂG3MfJ§4(gZH) t, (17)

B

cloud collapses to radius r. The duration of this process can
be affected by the ratio of the Virial and effective tempera-

ture.
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R—r

8rG3M20Eh

R = r means the cloud or the sphere of gas is not collapsed.
This shows that when R = r the collapse time is zero, which is
correct because this time is calculated from the moment the
collapse begins. But after a while the collapse starts R differs

fromr.

Results and Discussions

Gravitational luminosity

Gravitational luminosity is the amount of gravitational ener-

gt

where M. is mass of the initial cloud, R is its radius, L, gravita-

ot
tional luminosity and t is the time taken by the pressureless
cloud to be contracted from initial radius R to the pre-stellar

core of radius r, G = 6.67x10 'm’kg ' s * (6.67x 10° cm’ g '

L _E
t

4
G M2 STGE M2t (’é;’;—g)

(5e) o

gy emitted by the collapsing cloud per unit time. To undergo
free fall the gravitational energy of the cloud has to dominate
other forms of energy pressures opposing it. Remembering
that the gravitational pressure is dominating the counteract-
ing pressures and the MC is falling to the central region. Thus
gravitational luminosity is the amount of gravitational energy
emitted by the collapsing cloud per unit time. As described in
a paper by [20] to undergo free-fall the gravitational energy of
the cloud has to dominate other forms of energy pressures op-
posing it. Consequently, gravitational luminosity is defined

as:

3M, :
4T R3 .

notes the initial density of the cloud. Therefore, using Eqn-

s.(4) and Eqn.(18) we have:

s ) is the universal gravitational constant, p, =

Lot = R R—r (20
Simplifying this we arrive at
Ly = B wcieun o)t (G2 ) (21
This gives
Ly = w (i [6K )" (%) (22)
Given that any object above absolute zero temperature can s given by  the  well-known  expression

emit radiation, the gravitational energy would be released as
black body radiation if the cloud was optically thick and in

thermodynamic equilibrium. The luminosity of this radiation

Lyqqd = 4TR20gT 2, where o, = 5.67x10"Js ' m K *
is Stefan-Boltzmann constant.Here we assume that the emitt-

ed radiation comes from the gravitational energy released dur-
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ing the collapse of the cloud from radius R to r. This suggests  from R to R - r. Therefore, our radiation luminosity equation

that the released energy occurs as the cloud radius decreases  becomes

Lyog = 4A7(R —1)%055T ;. (23)

Eqn.(23) shows the gravitational energy released in the form  Mass and the Time Scale
of radiation after the cloud of radius R began collapsing to ra-

diusr. Now equating Eqns.(23) and (21) I obtain:

3772 Ko\ 2 O N3/2
M, = 2P 6Kp\" (& — 1) (24)
A7rG2E2p \ pmy R5/2

If the mass of the cloud exceeds these values, it will collapse  under gravity. Now inserting Eqn.(24) and Eqn.(18)

t = Ror L (29)

= 2
372 6K R—r3/2
3 eff B r 4 HM g
87G nG2£2p (,umH) (R5/2) o&* | Gin

- I L] LI l L] L ) I L L] L I L L. ) I L] L | I L ) L] L . L] L.
o EtwvsriRq)
& tws Ripc)
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L
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Figure 1: According to this model, the relationship between the initial radius of a cloud and the core radius formed from it, as well as the
time it takes for the formation process, is depicted in this figure. It illustrates that a cloud with an initial radius measured in parsecs (pc) has

the potential to collapse and give rise to a core with a radius comparable to that of the sun or less.

Eqn.(25) shows the collapsing time is depending on many  variables. Now from the relation of Tef f and Tv Eqn. 25 be-

comes:
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R—r

(26)

2
3_ 317 6K
8nG mG2e3, ( B) (

wm

Eqn.(26) indicates the time scale is complex relation of molec-
ular cloud properties like mass, density, temperature and ini-
tial radius. Following this t [0 Tv-2. Fig.1 shows the collapsing
time affect the final core radius in the cloud collapse. The
time taken to bring the collapsing molecular cloud from ra-

dius R to radius r is indicated in Figure 1.

Figure 2 indicates when the radius of the cloud increases the

mass of the mass of the cloud reduces which is in line with

R—r\3/2 4 [ pm
R5/g) o <6K§

the Jeans criteria.

Figure 3 indicates when the collapsing duration elongated the
density grows to some maximum value. Figure 4 indicates
when the mass of the cloud is relatively large it needs relative
shorter time to undergo collapse. The relationship between
the ratio of effective temperature to Virial temperature, repre-
sented by &, and the decrease in Virial temperature is illustrat-
ed in Figure 5. As the value of £ increases, with T, = £T,, the

Virial temperature experiences a decrease.

L e e e s e e e S e
]
20
L »
[ .
e
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.
(1] ) .
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.
Y
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Ol M | 1
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Figure 2: The relationship between radius and mass in a collapsing molecular cloud is significant. As the cloud condenses and the core mass

increases, there is a corresponding reduction in its radius. This phenomenon highlights the interconnected nature of the cloud’s collapse and

the growth of its core mass.
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Figure 3: The relationship between time and the density of a collapsing molecular cloud is a key factor in understanding the evolution of den-
sity during the collapse. As the cloud collapses, its density gradually increases over a period of approximately 3.8 x 108 years, reaching its
maximum density at around 3.2 x 108 years. This information sheds light on the dynamic nature of collapsing molecular clouds and pro-

vides valuable insights into their lifespan and density variations.
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Figure 4: Time versus mass of the collapsing molecular. This shows how the star forming cloud evolves. The collapse of a cloud occurs more

quickly when it has a larger mass, indicating a shorter time required for the process to take place. The maximum life time for this cloud is
3.8 x 108yr.
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Figure 5: Time versus the ratio of effective temperature to Virial temperature. This implies if § grows (T = £T,) Virial temperature decreases,

simultaneously the time needed for collapse also rises with §, then drop after some maximum value.

Comparison

Using the data of VizieR Online Data Catalog: A grid of 1D
low-mass star formation models [10]. Simulations of gravita-
tionally collapsing Bonnor-Ebert spheres, varying the initial

mass, radius and temperature of the parent cloud [10].

Figures 6 and 7 provide evidence that clouds characterized by
a larger initial radius will endure a more extended period of
collapse. The variation between the theoretical prediction and
the empirical data can be ascribed to the influence of gravita-

tionally collapsing Bonnor-Ebert spheres.

The temperature of the cloud can be described in various
ways according to the theoretical model, and both these de-
scriptions have an impact on the rate at which the cloud col-
lapses. However, it is important to acknowledge the limita-
tions of the model, as well as the underlying assumptions and
potential source of inaccuracies that may influence the col-
lapse rate. Furthermore, the upcoming paper should also con-
sider the dynamics of the cloud, including external pressures

that can trigger the collapse

Conclusion

As the ratio of effective temperature to Virial temperature, de-

noted as §, increases (where T ;= £T,), the Virial temperature
decreases. Simultaneously, the time required for the collapse
of the cloud also increases with &, until it reaches a maximum
value and then begins to decrease. Consequently, as the Virial
temperature decreases, the time needed for the collapse of a
cloud with radius R to radius r increases, up to a certain maxi-
mum value, and then starts to decrease. Moreover, this time

also reflects the evolution of the mass of the

collapsing molecular cloud. However, the evolution of a star--
forming molecular cloud is a complex relationship that relies
on various parameters and properties of the cloud. Regardless
of the cloud’s location and star-forming efficiency, the effec-
tive temperature and Virial temperature play a significant
role in governing the collapsing processes of the molecular
cloud. Furthermore, it is crucial to consider the inclusion of
various factors and dynamic processes that impact the lifes-
pan of the cloud. Hence, I intend to pursue further studies in

this area in the future.
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