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A Plausible Solution to the Radiation Problem of Massive Star Formation
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Abstract Using Larson (1982)’s empirical law as a solid foundational basis for our cen-

tral thesis – for a plausible solution to the radiation problem of massive star formation, we

argue in favour of a spatially varying dust-and-gas opacity. This spatially varying dust-

and-gas opacity allows us to present – what appears to us, as – a perdurable solution to

the long-standing riddle of massive star formation and the radiation barrier problem. In

the proposed solution, massive stars form in the gravitationally bound dense dust-and-gas

centres of massive molecular clouds via monolithic core accretion where the radiation

problem is non-existent. Influenced by the radial mass profile, the opacity increases sys-

tematically from the stellar right up to the molecular cloud (core) surface. The opacity at

the stellar surface is unbelievably ultra-low (∼ 10−12 kg−1m2) so much that, the radia-

tion field should not be an impediment to accretion of any form – be it via direct radial

in-fall of matter onto the nascent star or accretion through the disk. Ultimately, this model

favours massive star formation via a scaled-up version of low mass star formation.
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1 INTRODUCTION

In the present reading, we embark on a result that – may be – difficult to accept at a prima facie level.

However, given that – this result – is deduced from an application of binary logic on a solid and well

accepted observational fact [Larson (1982)’s Fourth Empirical Law], it leaves one in a quandary insofar

as accepting it [result] is concerned. This result involves two ideas: (1) the idea of a spatially varying

stellar opacity where this spatial variation is seen to come about as a result and consequence of the

influence of the obtaining (cf., Shimajiri et al., 2015; Kauffmann et al., 2010; Roman-Duval et al., 2010)

radial Mass Distribution Profiles/Functions (MDPs/MDFs) in Molecular Clouds (MCs), and (2) that the

nucleus of the Hydrogen and Helium atoms making up the gas of MCs plays a major and dominate

role in the scattering process. This work is part and parcel of our effort to a solution to the massive star

formation riddle of how do these stars accumulate mass beyond 10.00M⊙?

Our present and on-going quest for a solution to the long-standing radiation problem of massive

stars began some seven years ago in the present journal [with the reading, Nyambuya 2010, hereafter

Paper (I)], where we argued – that – in defining the radiation barrier as is done in the wider literature

(see e.g., Rosen et al., 2016; Zinnecker & Yorke, 2007; Larson, 2004; Yorke, 2002; Yorke & Sonnhalter,

2002; Bonnell et al., 1998; Yorke et al., 1995; Wolfire & Cassinelli, 1986, 1987; Yorke & Krügel,

1977; Larson & Starrfield, 1971, amongst many others), if one where to consider the circumstellar

material surrounding a nascent massive star, they would reach the seemingly slanderous conclusion that

⋆ E-mail: gadzirai@gmail.com
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the radiation field emanating from the nascent massive star – against what is widely believed – this

radiation should not be able to suddenly sweep away the in-falling envelope if its luminosity is less than

a critical luminosity which is determined by the mass of the natal MC. As demonstrated in the preceding

reading Nyambuya (2017) [hereafter1 Paper (II)], a balance in the gravitational force due to the star and

the surrounding circumstellar material and the radiation force emanating from the nascent star leads to

an equation capable of explain the Larson (1982)’s law. The achievement of Paper (II) is significant in

that it provides a foundational origin of Larson (1982)’s law.

For completeness purposes, we shall give a recap of this achievement of Paper (II). As usually

presented in the wider literature on this issue of the radiation problem of mass star (e.g., Rosen et al.,

2016; Zinnecker & Yorke, 2007; Larson, 2004; Yorke, 2002; Yorke & Sonnhalter, 2002; Bonnell et al.,

1998; Yorke et al., 1995; Wolfire & Cassinelli, 1986, 1987; Yorke & Krügel, 1977; Larson & Starrfield,

1971), it is said (assumed or believed) that for a star of mass Mmax(t), and luminosity Lmax(t), in the

immersion of molecular gas-and-dust whose effective opacity is κeff , in-order for accretion to proceed

without impediment form the radiation force emanating from the photons emitted by the nascent star,

the following condition must be met:

GMmax(t)

r2
≥

κeffLmax(t)

4πcr2
, (1)

where G is Newton’s gravitational constant, c is the speed of light in vacuo and r is the radial distance

from the centre of mass of the nascent star. Because – for a given composition, density and temperature,

the value of the opacity κeff is fixed – and, given the dependence of the luminosity Lmax(t) of a star on

its mass [see equation (7)] – the inequality (1) sets a limit to the maximum possible mass of the star that

can be accumulated before the radiation is powerful enough to reverse the radially in-falling gas, i.e.:

Mmax(t)

M⊙

≤

(
aLMstarκeffL⊙

4πGM⊙c

)
1

1− αLM
star , (2)

where the terms aLMstar, α
LM
star and L⊙ are defined at the instance of equation (7). The generally agreed

mass of the star when this occurs is ∼ 10.00M⊙. This leads to the question of how do stars with

mass greater than 10.00M⊙ form? Consequently, in-order to explain the existence of stars whose mass

exceeds 10.00M⊙, various models have been proposed to try and overcome this 10.00M⊙ barrier. These

models fall into two main categories i.e., the Coalescent and Competitive Accretion Model (CCAM)

and the Accelerated Core Accretion Model (ACAM):

1. Coalescent and Competitive Accretion Model: Holds that star-forming clumps undergo global – typically
free-fall – collapse, and the dynamical global accretion determined by this free-fall is the characteristic
accretion rate in the entire forming cluster. The distribution of stellar masses in this model is assumed to result
solely from the dynamics of the parent proto-cluster. The individual proto-stellar seeds have large proper
motions with respect to the mean cloud velocity. They accrete cloud material competitively while orbiting
in the gravitational potential well of a collapsing proto-cluster and most certainly collide with one another
(Bonnell et al., 2001a,b, 1998). Competitive accretion and dynamical interactions between individual cluster
members play a dominant role (e.g., Bate et al., 2003; Klessen & Burkert, 2000; Klessen et al., 1998). In the
dense central region of the collapsing proto-cluster, the probability of collisional encounters becomes high
enough that massive stars can form by the coalescence of intermediate-mass proto-stars (e.g., Bonnell, 2002;
Bonnell et al., 1998). Through competitive accretion, the formed stars acquire the requisite mass to shape the
IMF (Bonnell, 2002; Bonnell et al., 2001a,b).

2. Accelerated Core Accretion Model: The principal assumption of models falling in this category is that, the
initial conditions for intermediate and massive star formation are gravitationally bound cores which are
scaled-up in mass when compared to those cores in which lower mass stars are known to form. That is to
say, at the commencement of star formation, very briefly – self-gravitating condensations – each containing

1 For a copy viist: https://www.researchgate.net/publication/313846767_Plausible_Dynamical_

Origins_of_Larson_1982\%27s_Empirical_Law
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about one local Jeans mass – form as turbulence-generated density fluctuations (e.g., Padoan & Nordlund,
2002), then decouple from their turbulent environment (e.g., Myers, 1998), and eventually collapse with little
interaction with their surroundings. The distribution of stellar masses is primarily determined by turbulent
fragmentation. In this scenario, high-mass stars are built-up by a scaled-up version of the accretion process
believed to be at work in low-mass proto-stars (Shu et al., 1987; Shu, 1977; Terebey et al., 1984): a high

accretion rate (> 10−3
M⊙yr

−1), generated by the high pressure of the turbulent environment McKee & Tan
(2003) and/or the influence of an external trigger (e.g., Hennebelle et al., 2003), is sufficient to overcome the
radiation pressure that would normally halt the collapse soon after ∼ 10.00M⊙ (Stahler et al., 2000).

Determining which of these two pictures dominates in actual cluster-forming clouds – hence mas-

sive star formation – this is a major issue that is still an open question that we wish to address in this

reading. To that end, we noted upon a closer examination there-in Paper (I), that – the inequality (1)

which forms the basis and crass of the definition of the radiation problem of massive stars – this in-

equality has improperly been evaluated because at the left-hand-side of this inequality, the mass of the

circumstellar material is not included as is required in the application of Newton’s Law of Gravitation

in stellar interiors. The correct would be to have this inequality written as:

GMcl(r, t)

r2
≥

κeffLmax(t)

4πcr2
, (3)

where Mcl(r, t) is the total mass enclosed inside radius r at any given time t. This inequality (3 need

hold not only at the stellar surface [r = Rstar(t)], but throughout [Rstar(t) ≤ r ≤ Rcore(t)] the interior

of the gravitationally bound core. This mass Mcl(r, t) includes the mass of the star and as-well as that

found inside the circumstellar envelop. An analysis of the radiation problem using the inequality (3)

instead of (1) [see Paper (I) & (II)], leads to a different result, namely:

Mmax(t)

M⊙

≤

(
4πGM⊙c

aLMstarκeffL⊙

)
1

αLM
star

(
Mcl

M⊙

)
1

αLM
star . (4)

When we take the equality condition in the inequality (4), the resulting equation seductively mirrors

Larson (1982)’s law so much that we did not hesitate but proceeded – in Paper (I) & (II) – to suggest

this as the origins of Larson (1982)’s law. As pointed out there-in Paper (I), this proposal regarding the

radiation problem of massive star suffers at least one major setback, namely – that once the nascent star

reaches the critical 10.00M⊙-limit where its radiation field is expected to begin to take its toll on the in-

falling matter, any further in-fall of matter is stymied forthwith. That is to say, the in-falling envelope is

not suddenly pushed away by the radiation field of the nascent star as is assumed in the wider literature;

it [envelope] stays frozen with no further circumstellar material reaching the surface of the nascent star

via direct radial in-fall if there is no channel – such as an accretion disk – via which the star can feed.

In the present reading i.e. in Section (3.1), a solution to this stymie-fication problem is offered via the

adoption of a more realistic MDF.

We should state that – in this solution to the stymie-fication problem, we get more than we bargain

for – i.e., we find out that Larson (1982)’s law points to a spatially varying opacity that render the opacity

at the stellar surface so small so much that the radiation problem should seize to be a problem. That is

to say, we herein take this same law i.e., Larson (1982)’s Fourth Empirical Law – and use it as a solid

foundational basis for our central thesis, where we argue in favour of a spatially varying dust-and-gas

opacity. This spatially varying dust-and-gas opacity allows one to present – what strongly appears to

us, as – a perdurable solution to the long-standing riddle of massive star formation and the radiation

barrier problem. In the proposed solution, massive stars should form in the dense dust-and-gas centres

of massive molecular clouds via monolithic core accretion where the radiation problem is non-existent

because of the ultra-low opacities obtaining in the central region of the cloud. This radiation problem is

taken care of by the spatially varying dust-and-gas opacity of the molecular cloud where it is seen that

in the centre of the MC, the opacity is ultra-low.
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2 STELLAR SCALING RELATIONS

Observational astrophysics is littered with “curious” empirical relationships pertaining the global prop-

erties of stars and MCs. Of the menagerie of these scaling relations – for the present work, we shall

require the scaling relation pertaining the mass and radius of star and as-well the mass and luminosity

of a star. We present these two scaling relations in the following subsection [(2.1) and (2.2)]:

2.1 Mass-Radius Relation of Stars

The mass and radius of stars obeys the following scaling relations:

Rstar

R⊙

= aRM
star

(
Mstar

M⊙

)α
RM
star

, (5)

where, according to Lombardi et al. (2010) and Demircan & Kahraman (1991), for ZAMS, aR and αR

are such that:

(
αRM
star, a

RM
star

)
=







(0.95, 1.06) , for (0.08M⊙ . Mstar . 1.66M⊙)

(0.56, 1.33) , for (1.66M⊙ . Mstar . 150M⊙)
. (6)

The quantity R⊙ is the standard Solar radius.

2.2 Mass-Luminosity Relation of Stars

Main Sequence (MS) stars follow a well behaved piecewise mass-luminosity relation, that is, by peice-

wise we mean there exists well defined segments of equations giving the relationship between a star’s

mass, Mstar and its luminosity, Lstar for a given mass range, i.e.:

Lstar

L⊙

= aLMstar

(
Mstar

M⊙

)α
LM
star

, (7)

where for given mass ranges, the values of αLM
star and aLMstar are given in Table (I). In the present work, we

shall concentrate on stars in the domain [10.00M⊙ . Mstar . 50.00M⊙].

Table (I) Indices Table for the Mass-Luminosity Relation of Stars

αLM
star a

LM
star Mass Range Ref.

2.30 ± 0.20 0.23 0.08M⊙ . Mstar . 0.43M⊙ [1-3]
3.99 ± 0.03 1.00 0.43M⊙ . Mstar . 2.00M⊙ [1-5]
3.50 1.50 2.00M⊙ . Mstar . 10.00M⊙ [6]
2.76 ± 0.02 19.00 ± 2.00 10.00M⊙ . Mstar . 50.00M⊙ [7]
1.00 3200.00 50.00M⊙ . Mstar . 150.00M⊙ [8]

Refs:[1]Kuiper (1938). [2] Smith (1983). [3] Popper (1980). [4] Heintz (1978).
[5] Harris et al. (1963). [6] Harwit (1988). [7] Vitrichenko et al. (2007). [8] Maurizio & Cassisi (2005)
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3 NEW PROPOSAL

We will begin here by highlighting the problem facing the proposed partial solution to the radiation

problem presented in Paper (I). There-in Paper (I), after some arguments, the following MDF is arrived

at:

Mcl(r, t) =

Mcsl(r,t)
︷ ︸︸ ︷

Mcsl(t)

[

r3−α̺ −R
3−α̺

cl

R
3−α̺

cl (t)−R
3−α̺

star

]

+Mstar(t) for r ≥ Rstar(t), (8)

where Mcsl(t) the total mass of the circumstellar material at any given time t. From this MDF (8), the

gravitational field intensity g(r, t), at any given time t and at any given point r inside the molecular

cloud (core) from the surface of the star, will be given by:

g(r, t) =

Circumstellar Gravitation
︷ ︸︸ ︷

−
GMcsl(t)

r2

(

r3−α̺ −R
3−α̺

star (t)

R
3−α̺
core (t)−R

3−α̺

star (t)

)

r̂

Star’s Gravitation
︷ ︸︸ ︷

−
GMstar(t)

r2
r̂ . (9)

This equation (9) separates the gravitation due to the star from that due to the circumstellar material.

From this gravitational field intensity, it follows that the for the gravitational field to exceed the radiation

force, we must have:

GMcsl(t)

r2

(

r3−α̺ −R
3−α̺

star (t)

R
3−α̺
core (t)−R

3−α̺

star (t)

)

+
GMstar(t)

r2
≥

κeffLstar(t)

4πr2c
. (10)

As one can verify for themselves – if the mass of the nascent star is to increase beyond the 10.00M⊙

limit and by some mechanism the nascent star can still accrete via the accretion disk – then, direct radial

in-fall is halted – everywhere except along the equatorial disk; and empty space is created between the

surface of the star and the circumstellar material leading to stymie-fication of direct radial in-fall. This

disk of material laying along the spin-equator of the nascent star forms during the direct radial in-fall

phase when the radiation pressure has not began to take its toll – the formation of this disk continues

even when direct radial in-fall onto the nascent star is halted. In such a case, it was suggested there-in

Paper (I) that the MDF must now be given by:

Mcl(r, t) = Mcsl(t)

[

r3−α̺ −R
3−α̺
cav

R
3−α̺

core (t)−R
3−α̺

cav

]

+Mstar(t) +Mdisk(Rcav, t) for r ≥ Rcav(t),

(11)

where Mdisk(Rcav, t) is the total amount of mass in the disk found in the region [Rstar(t) ≤ r ≤
Rcav(t)]; Rcav(t) is the radius of the cavity created by the radiation . With a mass distribution (11), the

condition (9) becomes:

GMcsl(t)

r2

(

r3−α̺ −R
3−α̺

star (t)

R
3−α̺

cl (t)−R
3−α̺

star (t)

)

+
G [Mstar(t) +Mdisk(Rcav, t)]

r2
≥

κeffLstar(t)

4πr2c
, (12)

The inequality (12) gives us the condition that must be met before the radiation field is powerful enough

that it push away (all) the circumstellar material inside the shell of radius r = Rcav(t). This shell is

steadily created by the radiation field as it gradually gets stronger and stronger from the mass growth

taking place via the disk. Beyond this radius Rcav(t), the radiation field is not powerful enough to

overcome the gravitational field. To deduce Rcav(t) from (12), it follows that when r = Rcav(t), we

will have:
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GMcsl(t)

R2
cav(t)

(

R
3−α̺
cav (t)−R

3−α̺

star (t)

R
3−α̺

cl (t)−R
3−α̺

star (t)

)

+
G [Mstar(t) +Mdisk(Rcav, t)]

R2
cav(t)

=
κeffLstar(t)

4πcR2
cav(t)

, (13)

and by making Rcav(t) the subject of the formula, we arrive at:

Rcav(t)

Rstar(t)
=

[

1 +
κeffLstar(t)/4πcG−Mstar(t)−Mdisk(Rcav, t)

Mcsl(t)

(

R
3−α̺(t)
cl (t)

R
3−α̺(t)
star (t)

− 1

)] 1
3−α̺(t)

.

(14)

If this where the case, it would mean that massive stars form via direct radiation in-fall before their

mass is greater than 10M⊙ and thereafter they accrete via the disk. The disk here overcomes the stymie-

fication problem.

After some pondering on the stymie-fication problem, it came to light that this problem can be over-

come by adopting a better and more realistic MDF which assumes a continuity between the star and the

circumstellar material at the surface of the star. This MDF is presented in Section (3.1) and is supported

by observations. Further, having adopted in Section (3.1) a more realistic MDF – in-order for a solution,

in Section (5), we argue that the opacity inside gravitationally bound molecular cores must exhibit –

just as happens with the density and temperature profiles; a well behaved radial dependent profile. In

addition to the spatial variation of the opacity, we add a new opacity generating mechanism that solves

the radiation problem – i.e., we propose the Compton scattering of the photon by the nucleus. These

three new proposals (assumptions/hypothesis) lead to a generally acceptable solution to the 10M⊙-limit

radiation barrier problem of massive star formation.

3.1 Mass Distribution Function

We believe that the problem of stymie-fication comes about because we have – clandestinely and sub-

liminally – separated in our MDF, the circumstellar material from the nascent star. Our MDF (8) is such

that at [r = Rstar(t)], the only mass in the region [r ≤ Rstar(t)] is that which makes up the star. The

mass of the star and that of the circumstellar material are joined by addition in such a way that there is

discontinuity at the stellar surface. If material is falling onto the nascent star, clearly, we must have a

part of the circumstellar material right on the surface of the star in such a way the MDF must have clear

continuity at the stellar surface. This continuity must be the case even well before the radiation field

begins to present a challenge to the accretion process. To solve this, we adopt the more realistic MDF:

Mcl(r, t) ∝ rα
cl
mass(t) (cf., Shimajiri et al., 2015; Kauffmann et al., 2010; Roman-Duval et al., 2010).

3.1.1 Cloud Model

We shall assume that MC are virialised and this assumptions is justified from observations (e.g., Scoville

et al., 1987; Solomon et al., 1987; Dame et al., 1986) where a number of GMCs point to this fact

that indeed, MCs are virial equilibrium. Scoville et al. (1987), Solomon et al. (1987) and Dame et al.

(1986)’s studies have been corroborated by a number of subsequent studies (e.g., Garcı́a et al., 2014; Oka

et al., 2001; Sodroski, 1991). This assumption – of virial equilibrium – is necessary in-order that all the

material is bound together as a gravitational system which acts as unit conglomerate. For example, this

assumption of gravitational boundedness will require continuity between the star and the circumstellar

material at the surface of the star.

What shall distinguish our MDF from that of the usual MDF used in the literature (e.g., Shimajiri

et al., 2015; Kauffmann et al., 2010; Roman-Duval et al., 2010) where the boundary conditions to the

relationship Mcl(r, t) ∝ rα
cl
mass(t); usually holds no special meaning. First: in tandem with observations

(e.g., Maud et al., 2015; Tsitali et al., 2015; Sánchez-Monge et al., 2013; Heithauen et al., 2002), we

assume that the innermost core – i.e., the core in which the most massive star forms; is gravitationally
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bound. Second: we assume the boundary conditions for the MC are that it [MC] is gravitationally bound

such that its MDF is given by:

Mcl(r, t)

M⊙

=
M∗

icore(t)

M⊙

(
r

Ricore

)α
cl
mass(t)

for r ≥ Ricore, (15)

where M∗
icore(t) is the total mass of the innermost core at any given time time t; Ricore is the radius of

the innermost core and this is assumed to be a constant of time. The MDF (15) can also be written as:

Mcl(r, t)

M⊙

=
Mcl

M⊙

(
r

Rcl(t)

)α
cl
mass(t)

for r ≥ Ricore. (16)

where Rcl(t) is the radius of the MC. Now, from (15) and (16), for these two expression to give the

same numerical value, we must have:

Mcl

M⊙

=
M∗

icore(t)

M⊙

(
Rcl(t)

Ricore

)α
cl
mass(t)

, (17)

hence:

αcl
mass(t) =

ln [Mcl/M
∗
icore(t)]

ln [Rcl(t)/Ricore]
. (18)

What (18) implies is that the mass-index αmass (and hence the density index αcl
̺ ) are influenced the

central core’s mass and radius and as-well the MC’s (or core’s) mass and radius.

3.1.2 Core Model

If we use the boundary conditions of the surface of the gravitationally bound MC or core i.e.,

[M(Ricore, t) = M∗
icore(t)], then, we will have:

Micore(r, t)

M⊙

=
Mstar(t)

M⊙

(
r

Rstar(t)

)α
mass
icore

for r ≥ Rstar(t). (19)

Equally, we can use the boundary conditions of the surface of the nascent star which is inside the

gravitationally bound MC or core i.e. [Micore(Rstar, t) = Mstar], so doing, one we will have:

Micore(r, t)

M⊙

=
M∗

icore(t)

M⊙

(
r

Ricore

)α
mass
icore

for r ≥ Rstar(t). (20)

Just as we have assumed that MCs are virialised, shall also assume the molecular cores as also virialised

and this is supported by e.g. the studies of Garcı́a et al. (2014); Oka et al. (2001); Sodroski (1991);

Solomon et al. (1987); Scoville et al. (1987); Solomon et al. (1987); Dame et al. (1986). Just as MCS,

this assumption of the virialiasation of the core is necessary so that all the material is bound together as

a gravitational system which acts as unit conglomerate. For example, this assumption of gravitational

boundedness will require continuity between the star and the circumstellar material at the surface of the

star.

Now, from (15) and (16), for these two expression to give the same numerical value, we must have:

M∗
icore(t)

M⊙

=
Mstar(t)

M⊙

(
Ricore

Rstar(t)

)α
mass
icore

, (21)

hence:
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αmass
icore =

ln [M∗
icore(t)/Mstar(t)]

ln [Ricore/Rstar(t)]
. (22)

What (18) implies is that the mass-index αmass (and hence the density index αcl
̺ ) are influenced the

central core’s mass and radius and as-well the MC’s (or core’s) mass and radius.

Mstar(t)

M⊙

= a
RM

icore

(

M
∗
icore(t)

M⊙

)α
RM
icore

(23)

where:

α
RM

icore =
1

1− αmass

icore
αaRM

star

and a
RM

icore =

(

Ricore

R⊙

)−α
mass
icoreα

RM
icore

. (24)

The above described are the MC and Core models that we shall adopt herein. In the next section, we set

the foundations for our envisaged spatially varying opacity model.

4 INTERSTELLAR OPACITY

The opacity, κ, of the ISM depends of two factors (cf., Cruddace et al., 1974):

1. The absorption cross-sectional area2, σ, per atom of each species present in the medium.

2. The total number of atoms in the line of sight or the photon.

By definition, κ:

κ =
σ

µmH
=

Absoprtion Cross− SectionalArea

Mean Molecular Mass Inside Absoprtion Cross− Sectional Area
. (25)

Opacity is not only a most fundamental physical quantity in the theory of radiative transfer but very

important because without knowledge of opacity, one can not proceed to make any meaningful radiative

transfer calculations. Opacities is a measure of the ability of a given material to absorb radiation (cf.,

Basu, 2016; Mendoza et al., 2007; Badnell et al., 2005). Once a given molecule absorbs a photon, it

acquires this photon’s momentum and energy. Accurate and detailed analysis of the opacity requires

the understanding of various microscopic processes such as – bound-bound (κbb
ν ), bound-free (κbf

ν ),
free-free (κff

ν ) and electron scattering (κes
ν ): where the κν’s are the corresponding frequency dependent

opacities related to these processes. We will discuss these processes in brief in Section (8). These are

processes that are assumed to absorb or emit photons in MCs. Macroscopically, opacity is a quantity

that takes into account the combined effect of these microscopic processes – so that:

κν = κff
ν + κbf

ν + κbb
ν + κes

ν . (26)

Of these four processes, the most dominant is interaction of the photon with molecular gas via electron

scattering, i.e. (κν ∼ κes
ν ).

Given equation (26), then, from a physical and mathematical logic standpoint, if the opacity is to be

modified in-order to solve the radiation problem of massive stars by way of addition of a new process

2 While in general the term ACSA maintains its general meaning of it being a measure of the probability of a photon being

absorbed, it has different meanings in different fields of human endeavour e.g., in the context of Nuclear Engineering, it refers

to the probability of a particle (usually a neutron) being absorbed by a nucleus. In much the same-way, in the context of the

radiation problem of massive star formation, it refers to the probability of a photon radiated by the nascent star being absorbed by

a molecule making up the cloud of core.
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that gives rise to a corresponding opacity κx
ν , then, insofar as opacity is concerned – this process can not

be addictive i.e., we can not add its opacity to the already existing for processes:

κres
ν = κff

ν + κbf
ν + κbb

ν + κes
ν + κx

ν . (27)

The reason for this is that the resultant opacity κres
ν , is required to be much smaller than the already

assumed processes i.e., (κres
ν ≪ κff

ν + κbf
ν + κbb

ν + κes
ν ), from equation (27) and the afore-stated

condition (κres
ν ≪ κff

ν +κbf
ν +κbb

ν +κes
ν ), this implies that: (κx

ν ≪ 0). To have (κx
ν ≪ 0), is physically

meaningless as this implies the opacity must be negative. If anything – physical and mathematical logic

dictates that this new process must be multiplicative to all the four process as follows:

κres
ν =

κx
ν

(
κff
ν + κbf

ν + κbb
ν + κes

ν

)

κ0
= Qx

(
κff
ν + κbf

ν + κbb
ν + κes

ν

)
. (28)

where (Qx = κx
ν/κ0) and κ0 is some normalization constant with the same units as that of opacity and

this constant is has been inserted for dimensional consistency. For now, we will leave this issue of a

modified opacity – we will come back to it in Section (7) and (8).

Now – aside from attempts at a modified opacity, κres
ν . If ℓν is the mean free path of a photon (of

frequency ν) in a given medium – then – quantitatively, opacity is related to ℓν by the following formula:

ℓν =
1

κν̺loc(r, t)
, (29)

where the subscript ν denotes the implicit dependence of opacity on frequency and ̺loc(r, t) is the

mean local density of the material at the point (i.e., at the radial distance r at time t) of interest within

one mean free path ℓν of a photon. The dependence of opacity on the frequency is complicated for

many real physical systems and situations so much that, solving realistic radiative transfer equations in

which opacity enters non-linearity becomes a difficult endeavour (cf., Badescu, 2008; Ferguson et al.,

2007). The approach usually preferred for solving such problems is the so-called grey approximation.

In this approximation, a frequency weighted mean opacity is defined that most accurately represents

correctly the total transport of radiation. There are three such weight mean opacities approaches that

are widely used – these are: (a) the flux weighted mean (b) the Planck mean, and (c) the Rosseland

mean. Quantitatively, these approaches differ only in the in the process of averaging, i.e.:

1. The Flux Weighted Mean Opacity: The flux weighted mean has the simplest form and is defined as flux
weighted average, i.e.:

κ
FW

eff =

∫

∞

0
κνFνdν

∫

∞

0
Fνdν

, (30)

where F =
∫

∞

0
Fνdν, is the flux integrated over the complete frequency spectrum.

2. The Planck Mean Opacity: The Planck mean opacity is applicable to stellar atmospheres of relatively low
optical depth (τ ≪ 1) such as planetary atmospheres and molecular clouds. Quantitatively, it has the same
form as equation (30) of the flux weighted mean, but using the Planck radiation function, Bν(T ), as weights
and it [Planck mean opacity] is defined, as:

κ
PM

eff =

∫

∞

0
κνBν(T )dν

∫

∞

0
Bν(T )dν

. (31)

Here Bν(T ) is the standard Planck black body radiation function for a black body at temperature and
frequency T and ν respectively.

3. The Rosseland Mean Opacity: Named after the Norwegian theoretical astrophysicist – Svein Rosseland
(1894− 1985), the Rosseland mean opacity is defined as follows (see e.g., Carson, 1976):
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κ
RM

eff =

∫

∞

0

(

dBν(T )

dT

)

dν

∫

∞

0

1

κν

(

dBν(T )

dT

)

dν

. (32)

The Rosseland mean opacity is widely used in the study of optically thick stellar interiors. This equation
(32) is derived under the assumptions valid for stellar interiors and these assumptions are: isotropic radiation
field and thermodynamic equilibrium. That is to say, this equation (32) is valid whenever the radiation
field is isotropic over distances comparable to – or less than the photon’s mean free path, such as in Local
Thermodynamic Equilibrium (LTE). The Rosseland mean opacities are not of interest to us here, as we are not
dealing with stellar interiors (where LTE conditions hold) but stellar atmospheres.

The major advantage of defining mean opacities as down above is that they can be expressed as functions

of material quantities such as the density (̺) and temperature (T ). Such a simplification can be used as

an advantage to solve the equations of radiation hydrodynamics. The various mean opacities have their

regions of validity and utility, but none can fullfil the promise of reducing the non-grey problem to that

of a grey problem. However, they greatly reduce the complexity of the problem of radiative transport

and thus are of critical importance for all practical purposes.

Opacities are calculated for different physical conditions – such as, density, temperature, composi-

tion, grain-size etc; and the values have to be looked up from some look-up tables (e.g., Badescu, 2008;

Ferguson et al., 2007; Mayer & Duschl, 2005; Preibisch et al., 1993) and in some cases, there is readily

available a computer code (e.g., Ossenkopf & Henning, 1994) from which one can input these physical

condition and obtain there-from the required value of opacity. In all cases, one obtains a single value for

a given molecular cloud/core – for the given physical conditions under probe. In these models leading

to the values of opacity (Badescu, 2008; Ferguson et al., 2007; Mayer & Duschl, 2005; Ossenkopf &

Henning, 1994), it is the photon’s free mean path that is important. Out of curiosity, we find ourself

wondering if the spacing between the molecules has a role in opacity. This is the idea that we wish to

pursue in the next section. That is to say, the idea that we wish to put forward is that the geometric mean

intermolecular spacing may have a role to play in drastically altering the opacity. We shall not only make

a suggestion to this effect, but demonstrate in section (6), that this idea finds solid support from Larson

(1982)’s Fourth Empirical Law.

Now – before leaving this section, in-order for us to be on the same pedestal of understanding of

what opacity really is, we shall give the reader a pedestrian exposition of opacity. To that end – for a

minute – imagine a beam of particles (photons in this case) being shot through a target. For simplicity,

let this target be an infinitesimally thin slab of gas with a square surface whose sides are of length L and

thickness dr. Because the slab is infinitesimally thin – for all practical and intent purposes, the density

throughout the slab is a constant – let n(r) be the number density of particles at position r i.e., the

number of particles per unit volume at position r. The atoms (or particles making up the slab) that might

stop the incoming beam [whose intensity is I(r)] have a cross-sectional are σ. The area of the face of

the slab is L2 and given that its (slab) thickness is dr, it follows that the volume of this slab is L2dr. The

typical number of stopping atoms in the slab is equal to the concentration n(r) times the volume of the

slab, i.e., n(r)L2dr. Surely, at position r, the probability dP (r), that a particle making up the incoming

beam will be stopped in that slab of gas, is equal to the net area [Ap = σn(r)L2dr] of the stopping

atoms divided by the total area of the face of the slab (As = L2), i.e.:

dP (r) =
Ap

As
=

σn(r)L2dr

L2
= σndr =

σ̺loc(r)dr

µmmH
, (33)

where [̺loc(r) = µmmHn(r)] is the local density of material at position r. The drop in beam intensity

“ − dI(r)” equals the incoming beam intensity I(r), multiplied by the probability [dP (r) = nσdr]
of the particle being stopped within the slab, i.e.: dI(r) = −I(r)nσdr. Consequently, this differential

equation can be solved to give:
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Fig. (1) A slab of thickness dr receives some incident radiation intensity I(r). Some of this radiation
intensity is absorbed by the material resident in the slab resulting in the transmitted radiation intensity
I(r + dr) being less than the incident i.e. [I(r) > I(r + dr)]. The slab contains a nearly uniform
density of particles each of mass µmmH, with an effective cross-sectional area σBCSA.

I(r) = I0e
−r/ℓν (34)

where as defined in equation (29), (ℓν = 1/nσ) is the frequency dependent mean free path of the photon

and I0 is the radiation intensity at the stellar surface.

5 SPATIALLY VARYING OPACITY

In statistical mechanics – it is well known that for a system in equilibrium, thermal fluctuations are

random deviations of the system from its most probable (average) state. Further, it is well known that

these thermal fluctuations become larger and more frequent as the temperature increases, and likewise

they decrease as temperature approaches absolute zero – where at zero temperature, these fluctuation

are expected seize. Clearly, if (λ, τ) are the spatial and temporal size of the thermal fluctuation for a

system at temperature T , the fact that, “. . . thermal fluctuations become larger and more frequent as the

temperature increases, and that these fluctuations decrease as temperature approaches absolute zero

and are zero at zero temperature . . . ”, mathematically speaking, this can be represented by the relation:

T = T0

(
λ

λ0

)αλ0
(

τ

τ0

)−ατ0

, (35)

where (λ0, τ0) and T0 are normalization constants with dimensions of length, time and temperature

respectively and (αλ0 > 0,ατ0 > 0) is a dimensionless constant. Given that thermal energy ET for a

molecular with 7 degrees of freedom is given by (ET = 7kBT /2) where kB is the Boltzmann constant

and further that this thermal energy is equal to the thermal kinetic energy (EK = µmmHv
2/2) i.e.

(7kBT /2 = µmmHv
2/2) where v is the thermal speed of the molecule and – if as is the case – this

thermal speed is to be taken as (v = λ/τ), it follows that (αλ0 = ατ0 = 2), that is to say, equation (35)

can – in this case, be written as:

T = T0

(
λ

λ0

)2(
τ

τ0

)−2

. (36)
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Thermal fluctuations are a most fundamental and basic manifestation of the temperature of systems:

a system at non-zero temperature does not stay in its equilibrium microscopic state, but instead ran-

domly samples all possible states, with probabilities given by the Boltzmann probability. They [thermal

fluctuations] generally affect all the degrees of freedom of a system: there can either be random vibra-

tions (phonons), random rotations (rotons), random electronic excitations, etc. Thermal fluctuations are

a source of noise.

Now, apart from density profiles (̺ ∝ r−α̺ , cf., Pirogov, 2009; Preibisch et al., 1995; Shu et al.,

1991; Loren et al., 1983), MCs and Cores are also known to exhibit well behaved temperature profiles

(T ∝ r−αT , cf., Malafeev & Zinchenko, 2006; Osorio et al., 1999; Siebenmorgen, 1993) that vary with

the radial distance r, from the centre of mass of these systems, and when normalised relative to the

central star, this temperature profile is given by:

T (r, t) = Tstar(t)

(
Rstar(t)

r

)αT (t)

, (37)

Injecting – on the basis of equation (37); a time and radial variation into equation (36), we will have:

T (r, t) = T0(t)

(
λ(r, t)

λ0(t)

)2(
τ(r, t)

τ0(t)

)−2

. (38)

Comparison of (37) and (38) invariably leads to the suggestion that τ(r, t) and λ(r, t) must be given by:

τ(r, t) = τ0(t)

(
Rstar(t)

r

)ατ(t)

, (39)

λ(r, t) = λ0(t)

(
Rstar(t)

r

)αλ(t)

, (40)

where αλ(t) and ατ(t) are dimensionless parameters that have an implicit variation with time and for

posteriori justified reasons, αλ(t) and ατ(t) are such that:

αλ(t) 6= ατ(t). (41)

Inserting (39) and (40) into (38), we will have:

T (r, t) = T0(t)

(
Rstar(t)

r

)2[αλ(t)−ατ (t)]

. (42)

A comparison of (42) with (37), one obtains:

Tstar(t) = T0(t) and αT (t) = 2 [αλ(t)− ατ (t)] . (43)

From (43), it is clear that if [αλ(t) = ατ(t)], then [αT (t) = 0], the meaning of which that – this

condition [αλ(t) = ατ(t)]; represents the special case of a constant temperature profile. In the general

case, clearly, we must have [αλ(t) 6= ατ(t)], thus justifying our initial assertion (41).

In classical scattering – the scattering cross-sectional area is very nearly equal to the effective geo-

metrical cross-sectional area, σBCSA, of the blocking atoms/molecules. However, in quantum scattering

involving photons and atoms, the effective geometrical cross-sectional area of the blocking atoms is not

a good representation of the scattering cross-sectional area as one will have to take into account the

quantum phenomenon such as – free-free, bound-free, bound-bound and electron scattering processes

including diffraction; this leads to the effective scattering cross-sectional area, σeff , being very differ-

ent from the effective geometrical cross-sectional area of the blocking atoms. It is a very reasonable

assumption to assume that the effective scattering cross-sectional area, σeff , will be proportional to the

effective geometrical cross-sectional area, σBCSA, of the blocking atoms/molecules i.e.:
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σeff = fQ
ν σBCSA (44)

where fQ
ν is factor including all the quantum phenomenon affecting the photon of frequency ν. Because

λ(r, t) affects the geometrical cross-sectional area – logic compels us to the following relation:

σBCSA ∝ λ2(r, t). (45)

The quantum mechanical processes can safely be assumed to scale in proportion with τ(r, t) so that:

fQ
ν ∝ [τ(r, t)]

αQ , (46)

where αQ is some dimensionless index. From equations (46), (45), (44), (39) and (40), it follows from

this, that:

σres(r, t) = σeff

(
Rstar(t)

r

)−[ατ (t)αQ−2αλ(t)]

. (47)

We shall write equation (47), as:

σres(r, t) = σeff

(
Rstar(t)

r

)−ασ(t)

, (48)

where:

ασ(t) = ατ(t)αQ − 2αλ(t) > 0, (49)

therefore:

κres(r, t) = κstar
eff (t)

(
Rstar(t)

r

)−ασ(t)

, (50)

hence:

κres(r, t) = κstar
eff (t)

(
Mcl(r, t)

Mstar(t)

)ακ(t)

= κcl
eff(t)

(
Mcl(r, t)

Mcl

)ακ(t)

, (51)

where:

ακ(t) =
ασ(t)

αcl
mass(t)

≥ 0, (52)

and

κcl
eff(t) = κstar

eff (t)

(
Mcl

Mstar(t)

)ακ(t)

, (53)

is the opacity at the surface of the MC and likewise, κstar
eff is the opacity at the stellar surface. Because

[ακ(t) ≥ 0], it follows from this condition that the opacity will be smallest at the stellar surface and will

increase outward with increasing distance in-accordance with the MDF.

Now, in support of a spatially varying stellar opacity as given in equation (51) – in the next sec-

tion, we will argue (demonstrate or show) that Larson (1982)’s Forth Empirical Law implies a spatially

varying opacity as proposed in equation (51). To pre-empty: in this said exercise of the next section, the

index ακ(t) emerges as: [ακ(t) = 1]. Because Larson (1982)’s Forth Empirical Law is derived from

observations and is supported by subsequent observations, the derivation of equation (51) finds credible

justification.
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6 OBSERVATIONAL JUSTIFICATION OF A SPATIALLY VARYING STELLAR OPACITY

We are now going to justify the – unexpected and surprising – if not difficult to accept – idea of the

previous section – i.e., the idea of a spatially varying opacity and this justification will – as has already

been said – make use of the observational fact of Larson (1982)’s Fourth Empirical Law. To that end, let

us start by bring this law close by writing it down here, i.e.:

Mmax(t)

M⊙

= aL4

cl (t)

(
Mcl

M⊙

)α
L4
cl

. (54)

Let us on both-sides of this law (54) rise the terms thereof to the power of αLM
star and thereafter multiply

the resulting equation by aLMstarL⊙: so doing, one obtains:

aLMstarL⊙

(
Mmax(t)

M⊙

)α
LM
star

= aLMstar

(

aL4

cl (t)
)αLM

star

L⊙

(
Mcl

M⊙

)α
L4
cl

α
LM
star

. (55)

The left hand-side of equation (55) is actually the luminosity Lmax(t), of the central and most massive

star of the MC. So, we can write equation (55) as follows:

Lmax(t) = a
LM
star

(

aL4

cl (t)
)αLM

star

L⊙

(
Mcl

M⊙

)α
L4
cl

α
LM
star

. (56)

Now, let us multiply equation (56) throughout by µmmHκres and divide throughout the resulting equa-

tion by 4πcr2, so doing, one obtains:

µmmHκresLmax(t)

4πcr2
=

aLMstar

(

aL4

cl (t)
)αLM

star

L⊙

4πc

(
Mcl

M⊙

)α
L4
cl

α
LM
star µmmH

r2
. (57)

The left hand-side of equation (57) is actually the radiation force, Frad(r, t), emergent from the central

and most massive star exerted on a molecule situated a distant r from it. So, we can write equation (57)

as follows:

Frad(r, t) =
aLMstar

(

aL4

cl (t)
)αLM

star

L⊙

4πc

(
Mcl

M⊙

)α
L4
cl

α
LM
star µmmH

r2
. (58)

Now, to the right-hand-side of equation (58), we shall introduce the term GMcl(r, t) by multiplying the

term “µmmH/r
2” by “GMcl(r, t)” and to keep the balance, we have to divide the terms to the left of

“µmmH/r
2” by this same term “GMcl(r, t)”. So doing, the resulting equation will be:

Frad(r, t) =







κresa
LM
star

(

aL4

cl (t)
)αLM

star

L⊙

4πGM(r, t)c

(
Mcl

M⊙

)α
L4
cl

α
LM
star







µmGMcl(r, t)mH

r2
. (59)

Now, one must realise that the term µmGMcl(r, t)mH/r
2 on the right-side of equation (59) is actually

the gravitationally force [Fg(r, t) = µmGMcl(r, t)mH/r
2], exerted by the central massive star on a

molecule which is a distant r from it. So, we can write equation (59) as follows:

Frad(r, t) =







κresa
LM
star

(

aL4

cl (t)
)αLM

star

L⊙

4πGM⊙c

(
Mcl(r, t)

M⊙

)−1(
Mcl

M⊙

)α
L4
cl

α
LM
star






Fg(r, t). (60)
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For clarity, we can write equation (60) as:

Frad(r, t) = ζFg(r, t), (61)

where the factor ζ is such that:

ζ =
κresa

LM
star

(

aL4

cl (t)
)αLM

star

L⊙

4πGM⊙c

(
Mcl(r, t)

M⊙

)−1(
Mcl

M⊙

)α
L4
cl

α
LM
star

. (62)

Now, one needs to take some time to ponder a little deeper than meets the eye by asking what the

expression (60) is telling or suggesting to us. To ourself, this equation (60) is suggesting very strongly

that Larson (1982)’s law is a result of the balance between the gravitational [Fg(r)] and radiative force

[Frad(r)], that is:

Frad(r, t) = Fg(r, t). (63)

This equation (63) is suggested by the global equation of motion that we used in Paper (II) to suggest a

dynamical origin of Larson (1982)’s law. If equation (63), is correct, then, (ζ = 1), i.e.:

κresa
LM
star

(

aL4

cl (t)
)αLM

star

κ⊙

(
Mcl(r, t)

M⊙

)−1(
Mcl

M⊙

)α
L4
cl

α
LM
star

= 1. (64)

Clearly – for this equation (64) to hold, the resultant opacity κres, must be a function of the radial

distance r, i.e. [κres = κres(r, t)], hence:

κres(r, t) = κ⊙






1

aLMstar

(

aL4

cl (t)
)αLM

star

(
Mcl(r, t)

M⊙

)(
Mcl

M⊙

)−α
L4
cl

α
LM
star




 . (65)

Using the fact that3 (αL4

cl α
LM
star = 1), equation (65) will reduce to:

κres(r, t) = κ⊙






1

aLMstar

(

aL4

cl (t)
)αLM

star

(
Mcl(r, t)

M⊙

)(
Mcl

M⊙

)−1




 . (66)

Clearly – we can rearrange and write (66) as follows:

κres(r, t) =
κ⊙

aLMstar

(

aL4

cl (t)
)αLM

star

Mcl(r, t)

Mcl
=

(
Mcl(r, t)

Mcl

)

κcl
res(t), (67)

where:

κcl
res(t) =

κ⊙

aLMstar

(

aL4

cl (t)
)αLM

star

= 270± 30m2kg−1. (68)

This quantity κcl
res(t), is the resultant opacity at the surface of the MC i.e., at (r = Rcl): interestingly,

what this implies is that – this value is nearly about the same for all the massive star forming MCs! That

is to say – the opacity at the surface of massive star forming MCs must be ∼ 270± 30m2kg−1: at least,

this must be true for Larson (1982)’s sample of MCs – that is – the sample out of which Larson (1982)’s

Law is deduced. This is an inescapable observational corollary which – in our view – is hard to assail.

3 See equation (10) of Paper (I).



16 G. G. Nyambuya

What this essentially means is that massive star forming MCs must – on the average – have a constant

surface opacity whose value is about 270m2kg−1 and – with variations lying in the range given by the

error margin – that is, in the range ±30m2kg−1. As suggested in Paper (I), this ±30m2kg−1 variation

in opacity is what is supposed to give rise to the observed scatter in the graph out of which Larson

(1982)’s Law is deduced.

Now, in the context of the opacity model developed in the previous section, an opacity which varies

in proportion to M(r) will require that [σκ(t) = 1], and this imples:

αcl
mass(t) +

1

2
αT (t) = [αQ(t)− 1]ατ (t) ≥ 0. (69)

Since [ατ (t) ≥ 0], it follows that [αQ(t) ≥ 1].

7 SOLUTION TO THE RADIATION PROBLEM

Now – armed with a new model of the MDF and the opacity which has been laid down in the previous

section, we revisit the radiation problem. We establish new conditions for the radiation barrier and with

this new result of the radiation barrier, we deduce Larson’s Law relating the maximum stellar mass and

the mass of host natal molecular cloud.

Now, in the place of κeff in the inequality (3), we now proceed to substitute κres(r, t) [as given in

(67)], so that one will have:

GMcl(r, t)

r2
≥

κres(r, t)Lmax(t)

4πcr2
. (70)

Having done this, we now have to evaluate the inequality (70) at the surface of the star i.e., at [r =
Rstar(t)]

GMmax(t)

R2
star(t)

≥
κstar
res (t)Lmax(t)

4πcR2
star(t)

, (71)

where κstar
res (t) is the opacity at the stellar surface and this has been defined in equation (53).

Mmax(t)

M⊙

≤

(
1

aLMstar

κ⊙

κcl
res(t)

)
1

αLM
star

(
Mcl

M⊙

)
1

αLM
star , (72)

The equality condition in (72) is Larson (1982)’s Law relating the maximum stellar mass to its parent

MC. So, effectively, (72) is not only saying that Larson (1982)’s Law determines the maximum stellar

mass, but that such as star would form without any severe problems with the radiation field.

The radiation field will pause no problem to the radially in-falling material because in the central

parts of the cloud, the opacity is extremely low and to see this, let us re-write κstar
res (t) as given in (53),

in-terms of the radii of the star and the cloud, i.e.:

κstar
res (t) =

(
Rstar(t)

Rcl(t)

)α
cl
mass

κcl
res(t). (73)

Now, substituting the radii of the star in-terms of the star’s mass as given in (5) and the cloud radius

in-terms of the clouds mass as given by the Larson (1982)’s fourth empirical law, one is led to:

κstar
res (t) = aL4

cl

(
aRM
starR⊙

aRM
cl Rpc

) 1

αRM
cl

(
Mmax(t)

M⊙

)α
L4
cl

−α
RM
cl

αRM
cl

α
L4
cl κcl

res(t). (74)

Putting in the numbers, we will have:
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κstar
res (t)

10−12 kg−1m2
= (10.00± 10.00)

(
Mmax(t)

M⊙

)−0.80±0.10

, (75)

For massive stars in the mass range [10.00M⊙ . Mmax . 50.00M⊙], we will have:

κstar
res (t) ∼ (0.40− 1.60)× 10−12 kg−1m2. (76)

Compared to the opacities normally assigned in defining the radiation problem of massive stars, such

opacities (76) are not only small, they are extremely small, so small – so much that – in all probity, if this

where correct, then, a massive star’s radiation field should – surely – not disrupt the in-fall of matter at

all, i.e.: disruption either of direct radial in-fall or, accretion via the accretion disk lying along the star’s

equator. Such small opacities render the radiation problem non-existent. Under such ultra-low opacity

conditions, star formation activity in massive star forming regions should proceed as a scale-up version

of what is obtaining in low mass star formation.

8 SOURCE OF THE ULTRA-LOW AND SPATIALLY VARYING OPACITIES

What – if any – could be the source of the ultra-low opacities? As already stated in section (4), there are

four main sources of opacities that are usually considered in the calculation of opacities and these are

the – bound-bound transitions, bound-free absorption, free-free absorption, electron scattering process.

First, we shall discuss these processes before we delve into asking “What – if any – could be the source

of the ultra-low opacities and as-well the spatial variation of these opacities?” The four main sources of

opacity are:

1. Bound-Bound Transitions (BBT) Processes: These transitions are the familiar transitions between different

energy levels which cause absorption (or emission) lines at discrete wavelengths. Thus κbb
ν is small or zero

at all wavelengths except those which correspond to the energy difference between two atomic levels: κbb
ν

is the opacity due to these bound-bound transition. It is of interest to consider what happens to the photon
after it is absorbed. If the electron spontaneously returns to the same energy level from which the upward
transition took place, a photon with the same energy is re-emitted but in a random direction. So, the net effect
is one of scattering. On the other hand, if the electron returns to its original state via two or more transitions to
intermediate energy levels, then the net effect is to degrade the average energy of the photons in the radiation
field in which process the photon is emitted in a random direction, thus the photon is scattered.

2. Bound-Free Absorption (BFA) Processes : Bound-free absorption is the familiar process of photo-ionisation
which will occur for all photon energies for which (hν > φn), where φn is the ionisation potential of a given
atomic energy level. The energy difference (∆E = hν − φn), is the kinetic energy of the free (scattered)

electron. Thus, κbf
ν is one source of continuum opacity (as opposed to opacity at discrete wavelengths as is

the case for κbb
ν ). It is expected that continuum opacity should contribute significantly to the resulting opacity

since the star emits at various wavelength.

3. Free-Free Absorption (FFA) Processes: Free-free absorption is the inverse process of free-free emission
(bremsstrahlung) in which a free electron is decelerated by the electric potential of an ion and, as a result, it
emits radiation. Therefore, in free-free absorption, a photon is absorbed by a free electron and an ion which

share the photon’s momentum and energy. Thus, κff
ν also contributes to the continuum opacity.

4. Electron Scattering (ES) Processes: This is the scattering of photons by free electrons with minimal changes
in the photon’s energy (Thompson scattering). The cross-section for Thompson scattering is independent of
wavelength, so that the electron scattering opacity κes

ν is also a source of continuum opacity. The value of the

cross-section of the process is very small (σT = 6.70 × 10−25 cm2), this is some seven orders of magnitude
smaller than e.g., the cross-section for photo-ionisation of neutral hydrogen from the ground state which is

(σ0 = 6.30 × 10−18 cm2). Thus, Thomson scattering is important only when the density of free electrons is
very high, that is – when, the gas is fully ionised (or nearly so), as is the case in the atmospheres of massive
star forming regions and this being a results of their very strong ionizing radiation.
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Now, notice that all these four main sources of opacity involve the interaction of the photon with the

electron and never with the nucleus – of the dominant material making up the MC i.e., hydrogen (∼
75%) and helium (∼ 24%). The usual opacity is defined in-terms of the photon’s scattering free mean

path lν . The photon’s scattering free mean path lν is related to the temperature of the photon and not that

of the interstellar gas-and-dust. Because of the preponderance of gas over dust (100− to− 1), the mean

intermolecular spacing lmms is effectively related to the temperature of molecular gas (i.e., hydrogen

and helium). So, our modification of involving lmms can viewed as in-cooperating the temperature of

the molecular gas (hydrogen and helium). In-terms of the photon’s interaction, this can be viewed as the

photon’s interaction with the nucleus of the molecular hydrogen and helium making up the MC.

Because of the large number of electron’s that the photon must interact with before meeting with

the nucleus of dust particles, we expect a very weak interaction of the photon with the nuclei of dust

particles but a stronger interaction with the hydrogen and helium nuclei and this may be understood on

the basis that these atoms each have one and two electrons respectively; actually, hydrogen and helium

have one shell where their electrons reside, thus one barrier to cross before they can possibly meet with

the nuclei of the respective atoms. So, once the above processes – i.e., BBT, BFA, FFA and ES-processes

take place with a photon, this photon may very well travel past the electron shell where it may meet the

nucleus which will scatter it further. This scattering is akin to the Compton scattering where in this case,

the photon collides not with the electron – but – with the nucleus: let us call this the Compton Nucleus

Scattering (CNS) process. The change in wavelength ∆λ, of a Compton scattered photon is:

∆λ =

(
~

mc

)

(1− cos θ) , (77)

where m is the mass of the particle with which the photon collides and θ is the scattering angle relative

to the direction of propagation of the incident photon.

According to equation (77), because of its large mass (which is at least 1840 times that of the

electron), the nucleus is expected to weekly scatter the photon. In the case of e.g., the hydrogen nucleus –

in comparison with electron-Compton scattering, for every 1.00 ηm wavelength change upon scattering,

the hydrogen nucleus will scatter the photon with a wavelength change of 1/1840 times the wavelength

change expected upon scattering in an electron-Compton scattering process i.e., the wavelength change

is ∼ 5.43 × 10−4 ηm; the loss is half this in the case of helium. That is to say, for each collision with

the nucleus, the photon is scattered with nearly all of its incident energy. Therefore, in this way, the

photon would travel from the centre of the MC and reach the outer most reaches with minimal energy

losses – that is, with minimal transfer of its energy to the MC’s gas-and-dust. In this way, reversal of

the in-fall is halted as the photon is able to travel through the MC without significantly pushing this in-

falling material. Effectively, this means that the cross-section for this interaction will be small – hence

an ultra-low opacity. From the foregoing arguments, we can hypothetically say that:

The ultra-low and radially varying opacities here implied by Larson (1982)’s law – these, may very well
be due to CNS processes which are not considered in the typical calculations of stellar opacities.

If in the CNS process, the nucleus where to absorb a tiny faction of the photon’s energy, then, the photons

will be scattered almost in the same initial direction which they where travelling before meeting with

the nucleus – consequently – this would mean that – predominately, the scattering angle of the photons

is such that (θ ∼ 0), hence (∆λ ∼ 0 :⇒ ∆Eγ ∼ 0). In this way, the photon can travel from the

very depth of the densest reaches of the MC, right up to its surface suffering the most minimal energy

losses, hence with its momentum still as nearly about the same value as when it left the stellar surface

of the nascent star. In this way, the momentum is not transferred to the gas-and-dust particles leading to

reversal of direct in-fall but this momentum is carried away-and-out of the MC by the CNS processes,

thus rendering obsolete and non-existent, the radiation problem of massive as it is currently understood,

namely that – at ∼ 10M⊙ (and beyond), the radiation becomes power enough to reverse direct radial

in-fall of matter onto the nascent star’s surface.

From equation (33), for a given scattering process – the probability dP of a no-transmission when

a photon interacts with matter is proportional to the corresponding opacity κ of the given scattering
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process i.e. (dP ∝ κ). Now, if in (28) we are to identify κx
ν with the CNS process, then from this fact

that (dP ∝ κ) – we must have:

dP res
ν = dP ns

ν

(
dPff

ν + dP bf
ν + dP bb

ν + dP es
ν

)
, (78)

where dP ns
ν is the probability of a no-transmission for the CNS process and like wise dPff

ν , dP bf
ν , dP bb

ν

and dP es
ν are the probability of a no-transmission for the ff , bf , bb and es-processes respectively.

From a probability calculus viewpoint, what equation (78) means is that – while the four processes: i.e.,

the ff , bf , bb and es-process, are mutually exclusive events, all these four events occur jointly with

the nuclear scattering process i.e., each time the scattering occurs, the nucleus also takes part as-well

making all the four scattering process dependent on the CNS process. Because the CNS process has

a smaller scattering cross-section, it will dominate the scattering process altogether. In this way, low

ultra-low opacities are attained.

Perhaps – in-closing this section, we must perform a quick back-of-the-envelope calculation. If –

from a classical physics standpoint; we considered the photon and the nucleus interacting as two billiard

balls, then, the cross-section of the scattering suffered by the photon is very nearly the cross-sectional

area of the Proton. Given the just said and the Proton radius of ∼ (0.88± 0.01)× 10−15m (Pohl et al.,

2016, 2010) and taking the radius of the Hydrogen atom to be given by the the Bohr radius, and if

dPatom and dPnucleus are the probabilities of a no-transmission due to the scatter by the Hydrogen atom

and nucleus respectively, then:

[

dPatom

dPnucleus
=

(
Ratom

Rnucleus

)2

∼

(
10−10 m

10−16 m

)2

= 1012

]

⇒

(
κatom

κnucleus
= 1012

)

, (79)

where (Ratom, Rnucleus) and (κatom, κnucleus) are the corresponding radii and opacities of the Hydrogen

atom and nucleus respectively. From this back-of-the-envelope calculation, it becomes intuitively clearly

that if the nucleus is to scatter the photon, it will do so one a decreased scale of the order of magnitude

of roughly ∼ 12 compare the scattering by the atom. In this way, low ultra-low opacities are intuitively

justified. Obliviously, classical scattering of the photon by the nucleus is very different from Compton

scattering of the photon by the nucleus. The quantum mechanical wave-particle duality nature of matter

and energy comes into play. This calculation serves as a “feeler” to persuade the reader to this idea that

CNS should lead to ultra-low opacities.

9 GENERAL DISCUSSION

Here at the outset of our brief discussion, we surely must hasten to say that, we do not at any rate,

claim that what we have presented herein is “the solution to the radiation problem”, but merely a strong

suggestion or a contribution to the debate on this paramount issue of the ‘radiation problem of massive

stars’. If anything, our result to the solution of the ‘radiation problem of massive stars’ flows from

an subtle operation of binary logic on the obtaining observational facts (mainly observational results

from, Larson, 1982, 1981) – thus – making it difficult to willy-wally dismiss this result. Compared to

all attempts on this problem (e.g., Krumholz, 2012; Krumholz et al., 2009; Bonnell, 2002; Bonnell

et al., 1998; Yorke, 2002; Yorke & Sonnhalter, 2002) of the ‘radiation problem of massive stars’, our

suggested solution is certainly and surely of a most-naive and most-simplistic nature, so much that, one

would hardly ‘accept’ this solution at a prima facie level.

Our solution is a three-step solution where in the first step i.e., in Paper (I), we noted that the

circumstellar material has been neglected in the defining analysis leading to the pronouncement of the

radiation problem. Therein Paper (I), we demonstrated that inclusion – as is required by Newton’s Law

of Gravitation for interiors – of the circumstellar material in this defining analysis leads one to invariably

conclude that, at 10.00M⊙, the star is not expected to sweep away all the circumstellar envelop as is

universally assumed in the literature – the gravitation from the circumstellar material will play a role in

opposing this full-swap reversal. Yes, reversal will occur, but at a later stage of the massive star’s life
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past the 10.00M⊙-barrier when its luminosity reaches a critical luminosity determined by the total mass

of the gravitationally bound MC in which the central massive star is forming.

In the second part of our solution, i.e. in Paper (II), we demonstrated that this inclusion of the

circumstellar material that has been done in Paper (I) leads one to a scenario where they are able to infer

the origins of Larson (1982)’s law from a result of the balance obtaining between the gravitational and

radiation force in the defining problem of the radiation problem. Here in Paper (III), using this same law

of Larson (1982) and the result from Paper (II) suggesting that Larson (1982)’s law may be a result of

balance obtaining between the gravitational and radiation force, we deduced the unexpected result that

that the resultant opacity of a MC may very well exhibit a systematic radial variation that stems from

the MDF. This opacity spatial variation leads to ultra-low opacity in the central regions of the MC hence

making massive star formation possible. The opacity therein the central region is so low so much that,

the radiation problem is rendered obsolete.

From the foregoing, this means massive stars will form in the central regions where the opacity is

very low. This result is obviously in conformity with observations: massive stars have been observed

to form in the heavy enshroudment of dense gas-and-dust central regions of MCs (e.g., Lada & Lada,

2003; Zinnecker & Yorke, 2007; Hillenbrand, 1997; Hillenbrand & Hartmann, 1998). If the radiation

problem is no longer a problem, the only problem that now remains is that of the accretion rate. Because

of their significantly large luminosity, massive stars live much shorter lives, so they should accrete all

their material during their short life span that they have. This would mean, their accretion rates must

be much higher (& 10−3M⊙yr
−1) than those typically observed in lower mass star forming cores

(∼ 10−6M⊙yr
−1). The accretion rates are expected to be very high (∼ 10−6M⊙yr

−1) in the central

region because of the high stellar densities. Therefore, the present work points to the ACAM as the

mode via which massive stars should form.

Just as their lower mass counter parts – according to the foregoing, massive stars should – albeit, at

with much higher accretion rates (& 10−3M⊙yr
−1); be able to form via direct radial in-fall of matter

with no hindrance from the radiation field. Observations of massive star forming regions (e.g., Peretto

et al., 2013; Liu et al., 2011; Barnes et al., 2010; Klaassen & Wilson, 2007) have revealed such higher

direct radial in-fall accretion rates (& 10−3M⊙yr
−1) suggesting that the radially in-falling gas may

very well be oblivious to the radiation pressure as one would expect if they assumed high opacity rate

of ∼ 5.00− 30.00 kg−1m2. With such higher accretion rates, massive stars may form very quickly thus

allowing them to co-habit with lower mass stars as is the case in with observations (e.g., Pang et al.,

2013; Rivilla et al., 2013; Drissen, 1999) of some massive star forming regions.

10 CONCLUSION

Assuming the correctness or the acceptability of the ideas presented herein, we hereby make the follow-

ing conclusion:

1. The average opacity of massive star forming molecular clouds is nearly constant with a value of ∼ 270m2kg−1

with variations lying in the range ±30m2kg−1 and these variations is what should give rise to the observed
scatter in Larson (1982)’s Empirical Law.

2. The opacity inside of massive star forming molecular clouds varies with the radial distance in proportion to
the amount of mass enclosed in the spherical of radius. This behaviour or property is expected to filter down
to any gravitationally bound star forming core implying that just as is he case with the maximum stellar mass,
the opacity at the stellar surface inside a gravitationally bound core must be much lower than the average
opacity of the molecular core.

3. The ultra-low and radially varying opacities here implied by Larson (1982)’s law – these, may very well be due
to photon-nucleus scattering processes which are not considered in the typical calculations of stellar opacities.
The photon-nucleus scattering processes are expected to take place with the hydrogen and helium nuclei which
have just one shell of electrons hence one barrier for the photon to overcome before it collides with their nuclei.

4. Just as observations reveal, massive stars form in the heavy enshroudment of gas and dust in the centres of
molecular clouds. Therefore, isolated massive stars must be rare.
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5. Massive stars most likely accrete the bulk of their mass via direct radial in-fall at very high accretion rates
deep inside the centres of their natal molecular clouds in a scaled-up version of what is found obtaining in
LMSs.
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