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The Entropy of the Collapsing Molecular Cloud

Gemechu Muleta Kumssa
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Department. Addis Ababa, Ethiopia.; gemechumk@gmail.com

Abstract: The study of the change in entropy during the formation of stars in collapsing molecular clouds is

an important area of research in astrophysics. As the cloud decreases in size, the presence of gases leads to an

increase in entropy. However, the extent of this change in entropy is influenced by the amount of space available

for the gases. In this scientific investigation, I conduct a detailed analysis of entropy on a small scale within

the contracting cloud, following the principles of the second law of thermodynamics. Initially, my focus is on a

turbulent cloud composed of N particles with a mass of M, which collapses under the force of gravity. It becomes

clear that in order for the collapse to occur, gravitational energy must overcome other pressure forces that oppose

it. This process results in the rapid movement of particles within the cloud, ultimately leading to a change in

entropy.
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1. Introduction

It has been stated by [4] that the arrow of time arises from the universe being at some distance
from equilibrium in a nation of low entropy. This implies the Second Law of Thermodynamics tells
us that the entropy of the universe does now not minimize [9]. According to a paper by way of [9]
a homogeneous universe with a outstanding fluid expands adiabatically with constant entropy. It
has additionally been inferred that the rate of change of the entropy is to increase the entropy for
the duration of expansion and minimize the entropy in the course of contraction [1,5,9]. As [13,18]
cited that black holes are the largest accumulations of entropy due to the fact they have strongest
gravity. Physically speaking, gravitational collapse leads to the greatest feasible quantity of disorder.
In addition [6,8] have calculated the entropy inside the observable universe. This has been observed
up by means of [6] they have introduced correct consequences and additionally comprise the entropy
of the cosmological horizon. But what about the entropy of the collapsing molecular cloud throughout
the formation star? How entropy of the small scale constructions can be calculated from the views
of thermodynamic laws? This wants detail analysis and appreciation due to the fact the gravitation
pressure of the star forming core is much less than that of black holes. Many studies have stated that
the cooling time and entropy thresholds are a consequence of thermal instabilities that develop in hot
gases when the ratio of crossing time to free-fall time is less than 10 [14,17,19].

The formation of massive compact (MC) structures seems to take place when the diffuse interstellar
medium (ISM) undergoes significant compression due to various factors such as supernovae explosions,
magnetorotational instability, or gravitational instability within the stellar and gaseous disks of galaxies
[3].

Over the past ten years, there have been significant advancements in our understanding of the
initial stages of low-mass star formation through observations. The utilization of sensitive receivers on
large radio telescopes like the JCMT and IRAM 30m MRT has allowed us to detect young protostars
during the early accretion phase, known as ’Class 0’ objects. This breakthrough has also enabled us to
explore the inner density structure of pre-collapse cores, which was previously unattainable. Class
0 objects exhibit strong dust continuum emission at submillimeter wavelengths, minimal emission
below 10 microns, and display powerful jet-like outflows. Furthermore, we have directly observed
evidence of gravitational infall in several of these objects [2].

How gravity would possibly make the entropy increases in the early collapse phase than the late
one in the process of star formation is an other problem to be understood to support the existing star
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formation theory. Are diffuse systems have higher entropy than that of condensed systems, or vice
versa? And in fact, the entropy of the early Universe was lower than at present when I consider the
whole Universe. Of course there are some diffuse systems higher in entropy than some condensed
systems [20] ,and vice versa. Here ’lower’ is a relative term. Considering the attractive nature of
gravity it has been claimed that a uniform state has much lower-entropy than a much more dispersed
state. The early Universe seems to have had a higher entropy than the present-day Universe, which
after all is not a very hot, very uniform gas. But a moment’s thought shows that this is at best not
obvious[20].

Turbulence in the interstellar medium of Milky Way type galaxies can be attributed to accretion,
assuming the galaxies are accumulating mass at a similar pace to their star formation. This phenomenon
is especially significant in the outer disks beyond the region where stars are actively forming. However,
in dwarf galaxies, the accretion rate must surpass the rate of star formation by a significant margin in
order to drive turbulence, indicating that other factors are likely to play a more prominent role in these
smaller galaxies [12]. Turbulence serves a dual purpose, as it not only generates areas of increased
density that trigger gravitational contraction or collapse, but also counteracts the gravitational effects
within these regions of higher density [15]. Compressible turbulence is a significant factor in shaping
the structure of the interstellar medium within our Galaxy, and it is believed to have a crucial role in
the formation of structures in the early Universe as well. The density probability distribution function
(PDF) and the power spectrum of this compressible, supersonic turbulence are essential components
in theories related to star formation [7].

The Second Law of Thermodynamics remains a perplexing puzzle in the field of physics. The
progression of the universe involves a rise in disorder, known as entropy, which cannot be derived
from our current understanding of the fundamental laws of physics, nor can it be elucidated solely
through statistical reasoning. Notably, the Second Law establishes a distinction between the flow of
time in the past and future [16].

Entropy fluctuations are unstable in a thermal self-gravitating cloud due to its negative heat
capacity. The negative heat capacity of a star is properly understood. As a star loses complete poIr
by means of radiation, the contraction will increase the thermal velocities, equivalent to an growth in
temperature, to maintain equilibrium with the increase in the absolute value of the potential energy.
The entropy of a star decreases in conjunction with the whole energy. More generally, if a phase
of a cloud loses energy, then inside this contracting region, the temperature rises while the entropy
decreases. Conversely, section of the cloud that gains energy, expands with a ensuing reduce in
temperature and an expand in entropy.

It has been discussed by [9] the arrow of time arises from the universe being far from equilibrium
in a state of low entropy. The Second Law of Thermodynamics requires that the entropy of the universe
does not decrease.Hence the universe must initially have been in a state of very low entropy [9].
According to the past hypothesis by [1] entropy of the entire universe was very low (compared to now)
roughly 15 billion years ago.

At large scale, the early Universe used to be very hot, and additionally very dense; as it expanded and
cooled, it grew to be much less hot, and much less dense. Since entropy is a measure of phase-space
volume. It has been suggested by [10] that one can associate an entropy with an event horizon propor-
tional to its area [10]. In addition, [21] estimated the entropy increase in Hawking evaporation. Where
as my work focus on star forming region named molecular cloud which is different from the case of
compact objects. It was described by [20] that the early universe was at local thermal equilibrium
and was highly uniform, but it was not at global thermal equilibrium because of the expansion of the
universe. The process of becoming non-uniform is leading to increasing entropy. The conversion of
gravitational energy to internal energy, and the emission of electromagnetic radiation result in the
growth of entropy. However, the dominating entropy increasing processes are the formation of black
holes. But this paper particularly deals about the entropy of collapsing star forming molecular cloud.
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The purpose of this study is to analyze the alteration in entropy of a collapsing cloud in relation
to its initial and final dimensions. While the expansion of a self-gravitating gas leads to an increase
in volume and subsequently entropy, the impact of turbulence on the cloud remains a question. This
research incorporates the isotropic turbulent velocity dispersion, along with the number of particles
and the cloud’s size, to determine the entropy change within the system under investigation.

2. Entropy

Entropy is a thermodynamic quantity representing the unavailability of a system’s thermal energy
for conversion into mechanical work, or the degree of disorder or randomness in the system. Here
I take into account macroscopic systems composed of N particles, with very large N (N≫ 1), I first
begin from the first law of thermodynamics given by:

dE = dQ − PdV (1)

It states the total change in internal energy of a system is the sum of the heat added to it and the
work done on it. The second law of thermodynamics is:

dQ = TdS (2)

It asserts that processes occur in a certain direction and that the energy has quality as quantity.
Combining equations (1) and (2) I have:

dE = TdS − PdV (3)

Now taking the time derivative of eqn. (3) one can get:

dE
dt

=
TdS
dt

− PdV
dt

(4)

Rearranging this and using dQ instead of TdS (eqn. (2)) I have:

dQ
dt

=
dE
dt

+
PdV

dt
(5)

E =
3M

2
KBT =

3M
2

σ2 (6)

This yields

3
2

KBT =
3
2

σ2

Which leads to the way stated by [11] the energies and volume are expressed per unit mass. Thus
the energy in a turbulent cloud with one dimensional velocity dispersion σ, is ,

EK =
3
2

σ2 (7)

and pressure in a turbulent cloud with one dimensional velocity dispersion σ, is given by:

p =
P
M

=
1
V

σ2 = ρσ2/M (8)

Thus

dQ
dt

=
3
2

dσ2

dt
+ σ2 3

R
dR
dt

, (9)

where R is the radius of the cloud with mass M (from equation (8)). Now equation (8) gives:
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dQ
dt

= k
(

σ−2 dσ2

dt
+

2
R

dR
dt

)
(10)

implies

dQ
dt

= 2k
d
dt

ln(σR), (11)

where K is the turbulent kinetic energy. The quantity ln(σR) is analogous to the thermodynamic
or heat engine entropy in the equation, dQ/dt = TdS/dt, with the kinetic energy analogous to the
thermal temperature, T.

3. Entropy of turbulent-gravitating molecular cloud

In this section I intend to incorporate the chemical potential (µ) in equation (3), The chemical
potential (µ) describes effect of change in number density. The term µ dN has been missed from the
basic equation (3). Thus I included this term and reformulate (3) as:

dE = TdS − PdV + µdN, (12)

where N is total number of particles in the volume V of the cloud. The chemical potential
of a phase rises with an increase in its internal energy, E, while simultaneously decreasing with a
decrease in the phase’s entropy, S, at a specific temperature. This shows, the change in entropy reduces
with increasing chemical potential (ref.(12)). This implies the difference between the initial and final
entropies is getting smaller and smaller as time goes, and if the chemical potential grows. Using
equation (2) in (12) taking the time derivative in both sides, and rearranging I get:

dQ
dt

=
dE
dt

+
PdV

dt
− µ

dN
dt

(13)

Based on the basic framework I set above and use Eqns.(7) and (8) in Eqn.(13) I obtain:

dQ
dt

=
3
2

dσ2

dt
+ σ2 3

R
dR
dt

− µ
dN
dt

(14)

yields

dQ
dt

=
3
2

dσ2

dt
+ σ2 3

R
dR
dt

− µ
dN
dt

(15)

From the ideal gas equation of state P = nKT = ρc2
s = ρ KT

µmH
, n = N/v, implies µ = ρV

NmH
. Where cs

is speed of sound, mH is mass of a hydrogen atom.

dQ
dt

=
3
2

dσ2

dt
+ σ2 3

R
dR
dt

− ρV
NmH M

dN
dt

(16)

This leads to

dQ
dt

=
3
2

dσ2

dt
+ σ2 3

R
dR
dt

− 1
NmH

dN
dt

(17)

The chemical potential of a phase rises with an increase in its internal energy, U, while simultane-
ously decreasing with a decrease in the phase’s entropy, S, at a specific temperature.

dQ
dt

=
3
2

σ2
(

σ−2dσ2

dt
+

2
R

dR
dt

− 2σ−2

3NmH

dN
dt

)
(18)
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using q = 3
2 σ2

dQ
dt

= α

(
σ−2dσ2

dt
+

2Ṙ
R

− 2σ−2Ṅ
3NmH

)
(19)

implies

TdS
dt

= q
(

σ−2dσ2

dt
+

2Ṙ
R

− 2σ−2Ṅ
3NmH

)
(20)

Then I have
TdS =

3
2

dσ2 + 3σ2 dR
R

− dN
mH N

(21)

∫ S

So
TdS =

∫ 3
2

dσ2 +
∫ R

Ro
3σ2 dR

R
−

∫ N

No

dN
mH N

(22)

∫ S

So
TdS = 3

∫ σf

σ
σdσ + 3σ2

∫ R

Ro

dR
R

− 1
mH

∫ N

No

dN
N

(23)

where mH is mass of hydrogen atom, Ro is initial radius of the cloud, R is final radius of the cloud,
No initial total number of particles of the cloud, N is final total number of particles, σ initial turbulent
velocity dispersion and and σf is final turbulent velocity dispersion.

T(S − So) =
3σ2

2

∫ σf

σ
+ 3σ2ln(R)

∫ R

Ro
− 1

mH
ln(N)

∫ N

No
(24)

T(S − So) =
3
2

(
σ2

f − σ2
)
+ 3σ2ln

(
R
Ro

)
− 1

mH
ln
(

N
No

)
(25)

T(S − So) =
3σ2

2

[
σ−2

(
σ2

f − σ2
)
+

2
3

ln
(

R
Ro

)
− σ−2

mH
ln
(

N
No

)]
(26)

∆S =
3σ2

2T

[
σ−2

(
σ2

f − σ2
)
+

2
3

ln
(

R
Ro

)
− σ−2

mH
ln
(

N
No

)]
(27)

Applying the virial theorem for a cloud of mass M, contracting to a radius R, the temperature to
which the matter gets heated up is T = Tv = GMµmH

6KBR . Using this in Eqn.(27) I have:

∆S =
3σ2

2 GMµmH
6KBR

[
σ−2

(
σ2

f − σ2
)
+

2
3

ln
(

R
Ro

)
− σ−2

mH
ln
(

N
No

)]
(28)

where G is the gravitational constant, kB the Boltzmann constant, σSB Stefan-Boltzmann constant.
One can write M = NµmH then eqn. (28) becomes:

∆S =
3
2

σ2 6KBR
GMµmH

[
σ−2

(
σ2

f − σ2
)
+

2
3

ln
(

R
Ro

)
− σ−2

mH
ln
(

N
No

)]
(29)

Again eqn.(29) can be written as

∆S =
9KB

G(µmH)2
σ2R
N

[
σ−2

(
σ2

f − σ2
)
+

2
3

ln
(

R
Ro

)
− σ−2

mH
ln
(

N
No

)]
(30)

∆S =
9KB

G(µmH)2
R
No

[(
σ2

f − σ2
)
+

2σ2

3
ln
(

R
Ro

)
− 1

mH
ln
(

N
No

)]
(31)

As shown in Figure1, the entropy of the molecular cloud decreases with an increase in its radius.
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Figure 1. Ro(pc) versus log(∆ S). Ro = 0.001pc ; σ = 1000 − 2000; σf 0.1σ; n = 106 − 107.04; nr =
1014 − 1015.04. The decrease in entropy is observed as the radius of the molecular cloud increases.

Figures4 and 5 confirm the influence of the total number of particles in the initial cloud and
the final collapsed cloud. Eqn.(31) indicates the change in entropy of the collapsing molecular cloud
depend on the total number of particles the cloud contains. That is: the entropy of the baryonic matter
in the Universe is much lower now than it was in much earlier epochs. Namely, as matter contracted
and clumped, the clumping process caused it to emit heat (despite also increasing in temperature)
and that heat was emitted in the form of very-high-entropy radiation. Figure2 shows if the total
number of particles are increasing the change in entropy is reducing. Figure3 tells that the rising
velocity dispersion reduces change in entropy. The presence of turbulence leads to a rise in entropy as
it amplifies the disorderly movement of particles.

Figure 2. log(No) versus log(∆ S). Ro = 0.001pc, σ = 1000 − 2000, σf = 0.1σ, n = 106 − 107.04, nr =
1014 − 1015.04. The depicted illustration demonstrates that as the overall quantity of particles within
the molecular cloud increases its internal energy grows leading to the entropy of the cloud decreases.
This observation validates the notion that the cloud experiences a relative increase in its level of
organization.
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Figure 3. Turbulent velocity dispersion versus log(∆ S). Ro = 0.001pc ; σf = 0.1σ; n = 106 − 107.04; nr =
1014 − 1015.04. The relationship between the radius of the cloud, turbulence, and entropy is depicted by
this diagram. It illustrates that as the cloud’s size increases, entropy decreases, while an increase in
turbulence leads to an increase in entropy.

Figure 4. log(∆ S) in terms of parameters of the collapsing cloud N = No, σf = 0.2σ.The diagram
presented here showcases the relationship between entropy and various dynamic factors associated
with molecular clouds.
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Figure 5. log(∆ S) vs N of the cloud where N ̸= No. The relationship between the entropy of a collapsing
molecular cloud and the total number of particles it contains is illustrated in this figure.

4. Discussion

The concept of entropy is essential in distinguishing between the past and the future, and it also
provides a sense of direction to time. By examining the value of entropy, we can determine whether a
molecular cloud is actively forming a star or if it is in a state of tranquility. On a smaller scale, like
in the case of a collapsing molecular cloud, entropy tends to increase during the collapse time and
decrease after the free-fall time. However, it is worth noting that certain parts of the cloud gain energy
and expand, leading to a decrease in temperature and an increase in entropy. This phenomenon is
supported by Equation (27). The influence of gravity, the difference in dispersion velocity between the
initial and final states, the total number of particles, and the size of the cloud all contribute significantly
to changes in entropy during the process of star formation in a collapsing molecular cloud.

In addition, a thermally unstable molecular cloud experiences a decrease in entropy. The findings
suggest that there is a disparity in the magnitude of entropy change between small and large scales.
This discrepancy arises from the fact that the cloud does not continuously collapse over its entire
lifespan, but rather collapses within its free-fall time. Consequently, the alteration in entropy can
fluctuate depending on factors such as dispersion velocity, the gravitational energy released, and the
size of the cloud in relation to the total number of particles it encompasses.

When one formulates the change in entropy of the Universe with respect to the preliminary and
final size he/she obtains the increase entropy change if the final size of the Universe is larger than the
preliminary universe. Since, the size of the Universe is increasing due to expansion so that the early
Universe is smaller in size than the contemporary universe. Consider the early universe and the late
universe we can formulate the change in entropy which can be described in terms of size. The early
Universe is very small in size than the late Universe so that the change in entropy grows. For detail
study, it is necessary to consider different conditions: Condition one: if the universe is expanding
forever the change in entropy grows. This means, as the size of the Universe is increasing then the
objects in the universe can get enough space to disperse and lose order. Condition two: if the universe
is contracting the entropy reduces as the size decreases.In general, now days the Universe is expanding
its size is increasing then entropy is increasing.

The relationship between turbulence velocity dispersion and entropy is demonstrated by this
model. By observing Figure 1, it becomes evident that when a cloud with an initial radius R collapses
to a smaller final radius R, the corresponding change in entropy decreases. This indicates that as the
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cloud contracts further, the disparity between the final and initial entropy of the collapsing cloud
diminishes. However, the entropy continues to rise until the core achieves hydrostatic equilibrium.
The same logical pattern can be observed in Figures 2 and 3, similar to Figure 1. Additionally, Figure 4
illustrates how the parameters of the collapsing molecular cloud can either enhance or suppress its
entropy.

5. Conclusion

In this study, I examined the relationship between entropy and the radius of a turbulent-
gravitating system. The findings indicate that as a cloud with an initial radius of Ro collapses to
a much smaller radius R ≪ Ro, the change in entropy decreases. This is because the initial and
final entropy of the cloud become more similar. Interestingly, it was observed that when the cloud
collapses to its smallest possible size, the entropy of the core reaches its maximum point. However,
after reaching this maximum value, the entropy starts to decrease and eventually reaches a state
of hydrostatic equilibrium. It was demonstrated that the entropy of the cloud increases during the
collapsing phase and decreases once the protostar is formed. This suggests that entropy can be reduced
on a small scale for a certain period of time. Towards the end of the cloud collapse, the reduction in
gravitational entropy may have occurred during the era of protostar formation, leading to an increase
in thermodynamic entropy and a decrease in the overall change of entropy in the star-forming cloud.
The star formation time scale determines the duration required to achieve equilibrium. Once the
star formation process reaches its final stage, the cloud core attains a high density and maintains its
hydrostatic equilibrium even after the completion of star formation.

There are numerous unresolved issues in the field of star formation, including the entropy of
star-forming molecular clouds.In previous studies chemical potential is neglected when formulat-
ing entropy of molecular cloud. In my research, I have focused on investigating how turbulence,
size,chemical potential, and particle concentration influence the entropy of collapsing molecular clouds.
There are a lot of gaps to be studied in terms of other dynamic processes to have comprehensive
understanding of entropy from time to time. The findings reveal that the behavior of entropy is highly
intricate and influenced by various dynamic parameters of the cloud, including the time=scale of
star formation. Initially, as the collapse begins, the entropy is higher, but as a central core forms,
the molecules within the core become relatively more ordered compared to the collapse phase. This
concept provides valuable insights into the understanding of star formation theory. However, further
in-depth analysis is necessary to fully comprehend the role of entropy in both star formation and
evolution.

Additional research is required to explore the dynamic factors that influence entropy. Conse-
quently, I propose investigating the impact of entropy on the overall evolution of the universe, with a
specific focus on star formation.
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