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A New Perspective to the Relation between Accretion
Luminosity and Mass Accretion Rate

Stefania Pezzuto

INAF-IAPS, via Fosso del Cavaliere, I-00133 Roma, Italy; stefania.pezzuto@inaf.it

Abstract: In this paper I show that, opposite to what is generally assumed, when a source accretes matter at the
so-called Eddington mass accretion rate Mg, the generated accretion luminosity Lacc is smaller than Leg, the
Eddington accretion luminosity that can stop accretion. I demonstrate my thesis using pieces of informations that,
one by one, are well known in the accretion theory but that, for some reason, they are not considered altogether.
Namely, I use the following facts: i) Lacc, in the ideal case, is equal to the rate at which kinetic energy is deposited
into the accreting source; ii) radiation pressure decreases the velocity of the infalling matter; iii) the generally
accepted formula Laoc = GMM /R is valid only if the matter is in free fall. To give a quantitative demonstration of
my thesis I use two accretion models: the first is the very simple spherical accretion of zero-temperature, fully
ionized hydrogen; then I use a model developed some years ago where the energy transfer between matter and
radiation is taken into account. The fact that Moq generates a Lacc < Leg can have consequences in all the cases in

which one would need to model accretion with M > M_q to reproduce the observations.

Keywords: accretion; star formation; supermassive black holes

1. Introduction

Accretion is an important phenomenon in astrophysics and can be the only source of luminosity
for those objects that do not have an internal energy production, like neutron stars or black holes. It is
also important during the formation of a star because in this case too the accreting source can irradiate
only the energy, or a fraction of it, due to the infalling matter that releases its kinetic energy when its
fall stops.

The amount of kinetic energy that can be radiated away depends strongly on how the motion is
stopped and on the efficiency of converting this energy in luminosity. In any case, energy conservations
requires that if all the kinetic energy is converted in accretion luminosity, Lacc in the following, we
have

o 1,

M being the mass accretion rate and vy the final velocity of the infalling matter at R, the radial position
where the energy conversion happens; (k) stands for kinetic because this definition of Lac. is based
on the velocity of the particles. Note that, throughout this paper, Lgé)c or Lacc alone, is the accretion
luminosity at R.

Equation (1) is seldom, if ever, found in papers on accretion because L, is, essentially always,

written in this way
GMM

Lacc - T (2)
with M mass and R radius, in the sense described above, of the central source. When matter is in
free fall, then v? = v = 2GM/R, with v final free-fall velocity, and the two above equations are
equivalent: the potential energy per unit mass, GM/R, is entirely converted in kinetic energy.

The accretion luminosity exerts a force [1] that alters the motion of the matter reducing its velocity.
The question arises whether the radiation pressure can ultimately halt accretion, and for which M this
happens. In analogy with what derived by Eddington [2] who found that the radiation pressure due to

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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thermonuclear reactions in the interior of a star can make the stellar atmosphere evaporate', the Lacc
that stops accretion is named L.q. For spherical accretion of ionized hydrogen, it is easy to derive [4]

4
Leg = ”Ucm .GM = 3.3 x 10* (ij\é) Lo 3)

where c is the velocity of light, m is the proton mass and ¢ is the Thomson cross section for electrons. If
we assume that Equation (2) holds for any M, we can define the Eddington mass accretion rate, Meg,

as

. 4tem
Meq = :

R=1.1x 10—3(R> Mg yrs™L, (4)
Ro

The fact that Ly can be reached with a finite value of M has important implications in astrophysics,
for instance in topics like high-mass star formation [e.g., 5], accretion onto compact objects or growth
of super massive black holes [e.g., 6]. In these cases, the observational results sometimes require to
model the accretion with high rates, such that M > M,q4. Indeed, many works have been developed to
overcome the limitation on M, see, e.g., Donnan et al. [7] and references therein.

Now, the aim of this paper is to show that Equation (2) is not valid when radiation pressure is
present. Clearly, GM /R measures the depth of the gravitational potential well but the effect of the
radiation pressure is to reduce the velocity of the matter. It would make no sense, otherwise, to look
for the value of M that stops accretion. Thus, v¢ < vg, or ||vg|| < v/2GM/R, while, as said, Equation (2)
holds only if vy = vg. In turn, this means that LY < Lace. The inequality might make the reader
think that energy is not conserved; on the contrary, in the next sections I will show that assuming
Equation (2) violates the energy conservation because it does not take into account that by decelerating
the matter, radiation makes a work. The force acting on each particle is not only the accelerating
gravitational force, but also the decelerating radiative force. The latter term is also due to gravitation
S0, in some sense, gravity is responsible of both forces.

The idea that gravitational force seems generated by a mass smaller than M, because of the
radiation pressure, is not new: for instance, it can be found in Taam et al. [8] who introduced an effective
mass, smaller than M, to take into account the radiative deceleration; however, they overlooked the
consequence of this force reduction. If M, and then the number of falling particles, increases more
work is necessary to slow down the matter. In turn, this means that more gravitational energy, in the
form of radiation, is used to decelerate the matter, and the fraction of this energy that is deposited at R
is reduced. It is then clear that the radiation pressure acts as a negative feedback, it eats kinetic energy
which can be seen as a reduction of gravitational potential energy. As a consequence, a complete
accretion stop can happen, if ever, only for M > Megq.

This paper is so organized: In Section 2 the two models I used are presented and discussed. In
Section 3 the results of the second model, more realistic than the first one, in terms of velocity of the
particles and accretion luminosity, are presented. Finally, in Section 4, the results are discussed and
conclusions are given.

2. Methods

To demonstrate my thesis, I will exploit two accretion models: the first is very simple and for this
reason analytical formulae can be derived, but at the price of being a bit unphysical. It is, however,
often used to give a quick demonstration that Lacc = Leqg when M = Mgq [4,9]. I will use it to show
easily the consequences of adopting Equation (1) instead of Equation (2). The second model is more
accurate because it takes into account the energy transfer between matter and radiation.

1 Onthe validity of this attribution, see Abramowicz [3].


https://doi.org/10.20944/preprints202407.1285.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 16 July 2024 d0i:10.20944/preprints202407.1285.v1

30f15

2.1. A Simple Spherical Accretion Model

This model is unphysical because it considers the interaction between matter and radiation but
only in dynamical terms, ignoring that the radiation is absorbed by the infalling matter. As written, its
utility comes from the fact that the equation of motion can be solved analytically.

A particle of mass m falling from a radius 7« experiences two forces: i) the gravitational force
—GMm /r* down to the surface radius R that we suppose much smaller than r«; and 2) the radiation
pressure due to Thomson scattering. In the classical treatment of radiation [1], the radiation momentum
is completely absorbed by matter at a rate Wo where W is the energy density of the electromagnetic
field and o is the Thomson cross section. Since o depends on the inverse of the square of the particle
mass, this force acts mainly on the electrons. On the contrary, the gravitational force is larger for
protons: as a consequence the flow should be treated as a two fluids plasma but assuming that we
have only fully ionized hydrogen, we can treat the problem as one single fluid. In fact, the electric field
arising from the interactions between protons and electrons keeps the two components coupled [10].
The force acting on each particle is then ¢I/c where I = cW is the intensity field and c is the light
speed.

Depending on how we define the accretion luminosity, the equation of motion can be written in
two different ways:

0Lace GMm oGMM GMm

E ol GMm | 4mc2 2 4meR A2 ©)
tot — —/— — 2 - (k) 24
¢ r 0Lace  GMm _ ovgM ~ GMm ©)
47rcr? 2 8mcr? r2

where m is the proton mass and, when ignoring absorption, we can set I(r) = Lacc/ 4772,

Equation (4) follows immediately from Equation (5) if the condition Fioy = 0 is imposed. However,
it should be noted that Fi,t = 0 means that the velocity is constant, not necessarily that v = 0
everywhere, so that we have to verify that v = 0 is indeed an allowed solution.

The problem is that if v = 0, clearly Lacc = 0 as well: the condition M = Mg, through Equation (2),
implies Lacc = Leq and, at same time, implies that Laec = 0. Thus, the combination of Equation (5) and
Equation (2) does not admit the solution v = 0. The inconsistency comes from what has been already
said: Equation (2) is valid only for matter in free fall and this is not the case. The only conclusion we
can draw from setting Fyot = 0 in Equation (5) is that v = const # 0.

If we adopt Equation (1) and solve Equation (6), it is immediate to derive

1 5, 1[1oM
Smut = |:247'L'C GMm] (7)
from which
2GM Rv%y
o(r) = | 2 - ®
with g = M/Meq. Thus
2GM 1 1
2 _ _ .2
TR 1+y_vff<1+y) ©)

where vy is the final velocity for matter in free-fall: as expected, vy = vg when u = 0. The solution
v = 0 is acceptable asymptotically, it is approached as y — co.
By combining Equation (1) with Equation (9), after some algebra one derives

(k) _ U
M) = 10
d<1+y) (10)

showing that Leq, like v = 0, is asymptotically reached for y — oo.
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(k)

In this way we can see that increasing M increases Ly, as well. But taking into account the
negative feedback of the radiation pressure, that is feeded by the gravitational potential well, the
increase in luminosity does not scale linearly with M.

2.1.1. The Case Ly, # 0

In Equation (6), the luminosity produced internally by the accreting source, named in the following
L., has been assumed to be zero. In case L, # 0, the equations change but the final result is,
qualitatively, not different from the previous case, provided that Ly, < Leg.

Equation (6) becomes

do? o, 20L, 2GM  Ruv? 2GM 2GM
R - = Ay — 11
dr ~ dmemr? 4rtemr? r2 2 + 2 r2 (11)
with A, = L/ Leq; Equation (8) is now
2 Rou 2
o(r) = —\/ oM Xeir 26M (12)
7 T r
and LA
2 2 (1= N
v = v —— |, 13
() o
so that

v(r) = —1/ 2€M1 / 11;[::. (14)

Thus, accretion is still possible with any M provided that A, < 1. When A, = 1, the radiation pressure
due to L, that clearly does not depend on M, stops accretion.
The accretion luminosity is easily derived:

1,.. 1-A
L8 = Jobwt = 1| MR (15)

with Laec = 0 for Ay = 1.

2.2. A More Realistic Accretion Model

In the previous section we have seen the consequences of defining the accretion luminosity
following Equation (1) or Equation (2), by using a simple model. This model is based on three
assumptions: i) zero-temperature flow, so that no interaction between particles is taken into account;
ii) no energy exchange between matter and radiation; iii) L(r) decreases with radius only by the
geometrical factor 47772, which implies a constant otpical depth T = 0 at all radii.

Now, assumption i) makes the model not too much realistic even if not unphysical. But assump-
tions ii) and iii) are not consistent with the fact that the interaction between radiation and matter must
happen in order to justify the equation of motion given either by Equation (5) or by Equation (6).

In this section, thus, I will employ a more realistic accretion model. In literature one can find
accurate accretion models that describe the physics of the accretion process, e.g., Fukue [11] or
Murakami et al. [12], just to make a few of examples. Adapting these models to my needs, however,
is not simple because in many cases the use of Equation (2) is not written explicitly, so that it is not
immediate to find out how to modify a given model to adopt Equation (1). And, as I am going to show,
it can happen that Equation (2) and Equation (1) are unintentionally adopted at the same time.

For these reasons, I use a model developed fifty years ago by Maraschi et al. [13, MTR in the
following], that while considering the exchange between matter and radiation, so assumption ii) above
is no longer present, it is still quite simple.

The set of equations used by MRT is:
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oE 10 /U , .
5 = (; 3 (3> (Euler’s equation), (16)
—47‘[1’2pv = M (continuity equation), (17)
%(47‘(1’21: ) = M aa—f (energy balance between radiation and gas), (18)
F = - % :) % (g) %UU (transfer equation for photons). (19)

where the multiplying 4/3 factor in front of Uv was added by Kafka and Mészéros [14]; note also that
I have assumed a negative velocity, so the sign in the continuity equation and in the term 4/3Uv is
opposite to MRT’s set.

Equation (18) gives

F

M M (E GM) (20)

4rr? (E+¢) 47r? R
where the constant ¢ is found assuming that particles’ energy goes to zero as ¥ — oo. Now, if we

analyze carefully Equation (20), we will see that it implies Equation (1) even if MTR assumed explicitly
that Equation (2) holds. In fact, Energy E is given by

2 GM

g e1)

1
E==Z
21)

while the accretion luminosity is L = 47tr2F; for r = R we have

Lacc = M|:E(R)+R:| :M(va — R+R> = Eva = Lgcl (22)
so that, in MTR’s model there is the hidden adoption of Equation (1). Of course, if one assumes that
v = vy, that is, that the final velocity is equal to the free-fall final velocity, the two formulations of Lacc
give the same result. But MRT derived for their model the velocity profile v(r), finding that for any
i # 0, it is always vy < vg, which is expected. Then we have

GMM

k) _ 1
R

. 1.
Lace = ZMU% < -Mvk =

5 (23)

which shows that MTR’s model was not internally consistent. Of course, my aim is not to show the
inconsistency of MTR’s work, I make these considerations only to explain why I adopt a simple model
instead of a complex and much more realistic, accretion model. Only in this way I can go deep in the
physics of the solution to read behind the lines what are all the assumptions, intentionally or not, of
the model.

Now, for r — oo we have

(1, GM GMM
o0 ~ I > —
L %M(zv +3 ) R (24)

where the equal sign holds when v — 0 for r — co. By comparing Equation (23) with Equation (24), we
have to conclude either that two equations are not consistent, or that L(r) increase with r, which looks
unphysical. The reason of the inconsistency comes from neglecting the absorption of the radiation, but
this problem becomes evident only if Equation (1) is assumed, because with Equation (2) it is clear that
Loo — CMM,

The set of Equations (17) — (19) cannot be solved under the assumption iii) (i.e., T(r) = 0Vr, see
the beginning of this section). We have to take into account the absorption of the radiation by writing

M (. GM\ _.
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with

1 oT cM 1
- _ —dr, === _—_ 2
m/ m47r R vr’z "o m 4 vr? (26)

(9t /9r will be used later on in this section).

By combining the different equations, it is possible to arrive to a second order differential equation
in v: all the steps are detailed in Appendix A where the general case L, # 0 is treated. Here I present
the final equation for the case L, = 0:

%V 1 1 . 1 pe (1 oV
azz+zz[”<4‘ze >_2V2_2V2 <z_1>]az+
L2 B _CH _3
z3V<z )+z3e (2UffZ+V 2v) "

K eT<— @___& —2)—0 27)

273V vgz2V vgzV

withz =7/R,V = v,/ ﬁ and, for typical neutron stars,

1
R 2/ M\
ug ~ 1840 ( 10km ) <M®) 28)

N—=

so that Equation (26) becomes

Nf—=

1

c z R M\2 1
T=— — dz/ 29
vff‘u/l vz’ <10k > <M®) /1 vz" )

with T > 0 because V < 0.
When y = 0 Equation (27) turns into
2

v 1 v 1 0

and it is easy to verify that the free-fall velocity V = —1/+/z is a solution.
Let’s now see if a solution V = cost, say Vy¢ (no force), is possible. Equation (27) becomes

2u _ cu 3 U cu cu
1 Ve T e 4 Vg — —— | — BT — - —-2) = 1
z + nfft€ <2UffZ * Vnt ZZan> 2e ( UffZZan UffZan 0 (3 )

A constant solution, by definition, must be valid for any z, in particular also for z = 1 where the
previous equation simplifies in

cu 3 cu
2” 1 nfp <20ff nf 2an> M ( Z)fanf 1> =0 (32)
from which
o 3u—2 cy _0 (33)
f 20g f 2u nf '

It is convenient to plot this cubic equation to look for the solutions: this is done in Figure 1 for
a set of values of . The case p = 0 is not shown because it corresponds to matter in free fall and
V cannot be constant; for = 0.01, a curve not shown in the figure, a solution for V¢ is not found
because the curve, in the range shown, never intersects the line y = 0. A value of V¢ that is solution of
the cubic equation starts appearing somewhere in the range 0.01 < u < 0.05. But for y < 2, the range
of values explored in the next section, Equation (27) admits only V(z) < 0Vz, so that Vs > 0 is not
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acceptable: as a consequence, Equation (27) does not admit a solution V' = const and, in turn, this
means that the total force acting on each particle can never be zero.

Vs

Figure 1. The intersections of the straight y = 0 (black line) with the set of curves, drawn with different
u, give the value Vj; that solve Equation (33). As explained in the text, an acceptable solution for our
problem requires that V¢ intersects the line y = 0 for negative values. For y > 2.0 this does not happen:
Equation (27) does not admit a solution V = const.

3. Results

Equation (27) has been solved using the solver Radau of the routine solve_ivp, part of the Python
package scipy [15], using an iterative approach”: first, Equation (8), that in adimensional variables

becomes
1
V=—|—0, 4
\/ z(1+u) (34)

is used in Equation (29) to derive a first estimate of the optical depth, namely

1
\[z - 1] . (35)

With the above 7(z), Equation (27) is solved with boundary conditions

T:2§Hy\/1+y

— 1
Vo= — Zoo (1+4)
v - 1 /1 1 (36)
9z ) 2\ T+uzld

where zo, = 100

Once V(z) and 0V /0z are derived, 7(z) is computed again but now directly from Equation (29).
The new curve 7(z) is used in Equation (27) and the procedure is iterated. Given two iterations, i and
i + 1, the iterations is stopped once &;, 1 = |(T(Zeo)it1 — T(Zeo)i)|/T(20)iy1 < 1075.

This approach works for y < 1. When p > 1, J; decreases until reaches a minimum, then it
oscillates between two values, one small and one large. In these cases, I stop the procedure once
di+1 > 6;, and the solution corresponding to iteration i is used as solution.

I have also tried another approach in which, given the new solution of V(z), Equation (27) is
solved starting from z = 1 and going to larger z. The optical depth is computed at runtime through

2 The routine code is available for download, see paragraph Data Availability Statement toward the end of the paper.


https://doi.org/10.20944/preprints202407.1285.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 16 July 2024 d0i:10.20944/preprints202407.1285.v1

8 of 15

T():O

(37)
T o= Tt g H (lellvil + z%lvi

)(Zi —zi1)/2

This approach failed because sometime the routine solve_ivp calls the integrating function twice with
the same® z, but the second time the first derivative of V jumps to high values and V (z) diverges.

Five values of u are chosen for this work: 0.1, i.e., one tenth of Mgy, 0.5, 1.0, 1.5 and 2.0. In
Table 1, for each y < 1, column Iteration gives how many iterations are necessary to reach convergence
(6i41 < 1073); for the other values of u, the two last iterations are reported, once ¢ starts oscillating
between two values. In these case, the iterations are stopped when J;;1 > ¢; and the adopted 7(z)
is the one corresponding at the smallest é: for instance, when p = 1 the last decreasing value is for
iteration 9, and the adopted 7w is 4.0739.

Table 1. Here I report, for each value of i, the number of iterations; T, , and 7w, the optical depth
at the largest distance from the accreting object, where i corresponds to the number of iterations; the
relative difference ;1 of the optical deptth at infinity, between two successive iterations.

U Iteration Too; 41 Too; (5,'_|_1
0.1 2 0.3518 0.3518 8.741-107°
0.5 4 1.9420 1.9419 9.982-10°
1.0 9 4.0648 4.0739 2.240-1073

10 4.0748 4.0648 2.446-1073

1.5 2 7.1799 6.1722 1.403-101

3 5.7619 7.1799 2.461-1071
2.0 1 16.175 11.471 29081071
2 7.6956 16.175 1.102

In Figure 2, the curves 7(z) are shown. Because of the lack of convergence of T, it is possible that
T is a bit overestimated for p > 1.

Optical depth

T(2)
®

0 20 40 60 80 100
2z (in units of r/R)

Figure 2. Optical depth T vs. normalized radial distance for different values of M in units of Meq.

The solutions V(z) are shown in the left panel of Figure 3: at large distances they are similar,
approaching the asymptotic law given by Equation (34). At short radii, z < 2, when y# ~ 1 a maximum
in | V| starts appearing, clearly visible in the right panel of Figure 3 where a zoom-in of the left panel
for small z is shown.

3 Itcanalso happen that z; < z;_1, but this case is handled easily.


https://doi.org/10.20944/preprints202407.1285.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 16 July 2024 d0i:10.20944/preprints202407.1285.v1

9of 15

Velocity Velocity

—— mu=0.5
— mu=1.0
— mu=15
— mu=2.0

0 20 40 60 80 100 0 1 2 3 4 5
Z (in units of r/R) Z (in units of r/R)

Figure 3. Left panel: velocity V, in units of free-fall velocity v/2GM/R vs. normalized radial distance
for different values of M in units of Meq. Right panel: zoom-in of the left figure to emphasize the
maximum in | V| at short radii.

This means that infalling particles are accelerated up to very close to the surface of the accreting
object, and then, at z ~ 2, they are strongly decelerated. In a complete thermodynamical treatment, this
behaviour would be modelled with a schock, causing a strong increase in temperature. The presence of
a shock was already foreseen by Shapiro and Salpeter [16], and even at similar distances; it is, however,
surprising that the possibility of a shock is suggested even with a simple, zero-temperature approach
as in this case. Clearly, lacking a proper thermodynamical set of equations, we can only note that the
strong deceleration looks like a shock, but nothing more can be said.

Finally, in Figure 4 the luminosity A is shown, where

A(z) = y(vz - % - 1> e’ (38)

Luminosity Luminosity

0 20 40 60 80 100 0 1 2 3 4 5
Z (in units of r/R) Z (in units of r/R)

Figure 4. Left panel: luminosity A, in units of L.4, vs. normalized radial distance for different values
of M in units of Mqq. Right panel: zoom-in of the left figure at short radii.

As expected, A(z) follows the trend of V(z) modulated by the exponential of T. As said before,
however, it is likely that the optical depth is overestimated at large z, so that, especially for u > 1, the
luminosity might be underestimated.

Figure 4 gives a quantitative representation of what has been said at the end of the Introduction:
for high M, the work done by the radiation pressure to decelerate the infall matter makes the emerging
luminosity be more and more faint. This is because even if the number of particles increases with M,
the kinetic energy per particle is more and more reduced.

4. Discussion

We have seen that Equation (20) implies Equation (1), so it could seem that the aim of this paper, to
promote the use of LQ@L instead of the more common L, is not new: even if not explicitly written, we
can find that equation already in a fifty-years-old model. Moreover, Equation (2) is often not explicitly

written in modern accretion models, as if it were not used.
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However, Equation (2) is at the base of the following equivalence, used in pratically all the papers

on accretion: )

.ﬂ _ Lo =A. (39)
Meq Lea

No matter how L, is written, the above equivalence clearly states that when y = 1 then A =1, and
once Lacc = Log accretion is stopped.

On the contrary, if one follows Equation (1), then

K

M 1.&)
= —n > € = AW; (40)
Meq Leq

as a consequence, not only # = 1 does not imply that the accretion luminosity is equal to Leq, also, it is
to be demonstrated that L.yq can ever be reached with a finite M.

I'have derived Equation (40) first using a basic accretion model that has the only advantage to
give an analytical expression for the velocity law v(r).

Once v(r) is known, L% can be computed and one can see that L4 is an asymptotic value reached
only for M — co. In this model, when y = 1 we have A® = 0.5.

I'have then adopted a second accretion model developed by MTR. This model is more realistic
than the first one, but with a strong assumption: the falling particles do not interact each other during
the motion. This is equivalent to say that the flow is at zero-temperature. Such an assumption is, of
course, less than optimal and the results obtained are, with no doubt, of limited value. However, it
is important to stress that this model is not unphysical, no physical law is violated, it is only not too
much realistic. It can be seen as an ideal experiment of thermodynamics that cannot be executed in real
world but that can give indications on how a system evolves. The model used here can give insights
on what happens in the accretion flow when Equation (1) is used.

I understand that the reader can feel uncomfortable if someone claims that what has been assumed
in the last sixty years, Equation (2) or Equation (39), is not correct. But my conclusion is based on
Equation (1): first, it is based on energy conservation; second, it was already used in the past, as
shown before. Equation (2) violates the energy conservation because it does not take into account that
the radiation pressure makes work on the infalling matter, changing the equation of motion. As a
consequnce, also the energy balance must be adapted. It is clear that the depth of the gravitational
potential well remains GM/R, independent on M. On the other hand, the radiation pressure acts as a
counter-reaction whose amplitude is a fraction of GM/R, and one has to demostrate that this fraction
can indeed be 1.

All the accretion models show that the matter is not in free fall, being decelerated by the radiation
pressure, thus Equation (2) can no longer be valid and Equation (40) holds. For any developed
accretion model, it has to be demonstrated that radiation pressure can halt accretion with a finite M,
this assumption must be proved and, in general, for y = 1 L4 is not reached.
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Appendix A

In this section, the system of Equations (16)—(19) will be used to derive the second order differential
equation in V, Equation (27), in the more general case of L,, the internal luminosity of the accreting
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source, different from zero. By setting in the following L, = 0, all the equations given in Section 2.2
can be recovered.
First, Equation (25) becomes

M GM\ _ Ly _
— E T T Al
472 ( TR )e t it (A1)

with T given by Equation (26).
Then, I follow MTR’s procedure: first, combining Equation (A1) with Equation (19) we have

M GM\ _, L. . ~cmlo/U\ 4
47'cr2<E+R)e T T o parl3) T3 (A2)
and using Equation (16)
M GM\ . L. . cmdE 4
E+—2")e "™ T=—— 2 A
47'cr2< TR )e T o or —|—3UU (A3)

from which

(A4)

" 447r20 R 4 A7tr2v 400 or’

To eliminate U, Equation (A4) is derived with respect to r and Equation (16) is used again. But
before that, I write E as a function of v, differently from MTR who wrote v as a function of E,

1, GM 9E v GM
so that ] ) )
U _ L oF W oE_ o M oM "
or . Por T amvor  Canrior | Canreo 2
3N 0 (BT 3 M [190 1 oM v, GMdo
44maor\ r2v ) 44mnr? 20r  24mmr2 v ro? or
GM oM GM
— A7
rv 4dmmrlo rzv] (A7)
3GMM D (¢7\ _3MGMe [ oM 10 2 "
4 4R or\r2v ) 44w R 72v |4mmr2v vor r
3L.0 (¢7\ _3Le[ oM 100 2 "
44wor\r2v ) 44m 20 |dmmr2v var r
and
_3omd (19E\ _ _3cm[d’v GMdv 26M (A10)
4 o or\vor) 4o |2 r2020r o |
Thus
S M GM
42 9r T Amriv 12
3 M _[lov 1 oM v GMdw GM oM GM
T 4472 20r  24mmr2 v o2 or  rv dmwmrlo r2v
L3MGMeT[ oM 10 2
447 R r2v |4mmr’v vor r
3Le[ oM 190 2] 3em[Pv GMav 26M]
447 120 |4mtmr?o vor v 4 g |or2 1202 or 3o |’

d0i:10.20944/preprints202407.1285.v1
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and after expanding all the multiplications
Bemdo M % M GM _3cmGMdo 3cm2GM 3 N 1%
4 o or? 47r? or 4mr2y r? 4 0 r2029r 40 v 4 47rr? 2 9r
3 M ol oM 3 M o? 3 M e_Tcmal 3 M o7 GM oM
4 47r? 24mmr? - 4 47mr2? r 442 ro2 or  44mr? ro 4mwmro
3 M _,GM 3MGMe™ oM  3MGMe1dv 3MGMe 2
4 4772 r?v 44w R r2vd4mmr?v 44w R r2vvdr 44w R r2vr
-7 y —T —T
_3Lie " oM 8Lie"1dv 3Lie "2 . (A12)

447 120 drmr2v | 44m 2o v or | 44w 2o r

After simplifying the term 40 /3cm we get

v 4 M GMd o M . ldv o M .GMdv o MGMe1dv
or2  cmdnr?or  r20?29r  cm4mnr? 29r cm4rmr? ro2 or  cmd4rmr R r2v v or

cLie"ldv 40 M GM 2GM ¢ M _.1 oM c M v

—T
cm4nr r2vvor  cmdnrio r? r3v cm 47r? 24mmr? - cm 4rr? r
c M _.GM oM c M .. GM ¢ MGMe ™ oM
v e _ Y e _ o Mm c
cm 4rr? ro 4mmr?v  cm 4rr? r’v  cmdn R r%v 4rtmro

c MGMe ™2 ¢ L,e T oM c Lye T10v UL*e*TZZO (A13)

ecmd4rr R r2vr cocmdn r?vdmmr?o  cmdm r*vodr  cmdn 2o r

that can be cast in this form

0% 4cM  GM oM 1 oM _.GM oM GMe 1

-7

or2 dwem? 202 dmem2c 2 dmemr2c 12 | dmem R 200
o L,e T170v 4M GM 2GM oM 1 oM
cman 2o 0| or | dmemrZo 2 o3 Amemr®c 2 dwmr?
oM v oM __.GM oM oM . GM

T e To 4 e - e +
47remr? r  4rcmr? ro 4mmr?v  4remr? r2v

_ oM GMe™ oM | oM GMe T2 o Lie™ oM | o LieT2 o0,
4rtem R 120 dmomr2v - 4mem R r2v v cm 4 v20 dmmr?o - cmdmn 2o r

Now we use the relation

=Ry (A15)
so that

-1 Ry _.GM GMe™ ™1 oo L,e T1]ov

or2 72 o2 2 2 72 1o 2o v cmimnr2vol|or
4RpGM  2GM &e_fchy " @e_TE B @E_TGM@
v r? ord r2 2 12 72 r r2 o r2v
_RuyOM_ GMe "Rey | GMe ™2 ¢ Lie*Reu o Lie2 .0
72 r2v r’v  r2v r’v r cmdmnriv r2v  cmdm oy
and finally

Pv 1[Rp(, 1.\ GM_ GMe™(R |\ o lL.e o,
a2 r 2°¢ ro? = 2 \r cm 47 ro? | or

r
2 2R R 1R
_’_2(;]\4(#_1) +fe—T<_w+v_3GA/I)+
rev r r r 2 r v

Ry _.GM (Rey uc 2 o Lye ™ [ Rcu B
205 T (rzv+rv R cm 4 3o \ ro 2) =0 (Al7)
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It might be of some interest to note that the equation for E derived by MTR contains the term (dE/dr)?,
while in the above equation a quadratic term in dv/dr is not present.

At this point, the following dimensionless variables are introduced: z = r/R, V = v/ ﬁ,

obtaining
3%’_\/@15’2‘/. 1ov _ J2GM 119V (A18)
o2 R R209z2" ror R R2z oz

Ry l«\_H 1
; <4 Se >_ Z<4 e '), (A19)
GM 1
e A2
ro? 2zV2’ (A20)
GMe™" (R pe t /1
LR (r - 1) = o (z - 1)’ (A21)
c Lie ™ L, e T e "’
B, Sl =A A22
cm 471t 12 Leog 22V2 *22V2 (A22)
with A, = Ly /Leg
2 GM [ 2Ry 1 [2GM (2u
2 2T g = Y ey e | A2
r2v r < r ) R2z3VV R (z ’ (A23)
Ry _.( 1Rcu GM o ¢ [2GM [ cu 3
Sle—t( Z2H Ly 3200 = K ot /22T . A24
» ¢ ( 2 3 rv) R2:3° R 2'0ffZ+V 2zV (A24)
where
2GM

is the final free-fall velocity;

Ry _GM (Repy yuc 2 u 2GM _; cu cu
—e — | 5+ =-S5 | =—575\{ —— -2 A2
20 Ty < r2o + ro R 2R2z3V R ¢ vz2V  vgzV ’ (A26)

and, finally,

o L,e " (Rcu 2GM e " cu
_ 7 had ) | A - —2). A27
cm 4 3o < rv ) R "T2R2z8V \ zVug (A27)

All the terms can be collected and the common factor v/2GM/R x 1/R? can be cancelled out,
obtaining

%V 1 1 1 pe 7 [1 e 7)oV
S pld—ze ) — 5 — S 1) A | =
az2+22{”< 2¢ ) 2v2 . 2v2 <z )+ *ZVZ] FE
1 (2u U _of cu 3
— (ZE_1 LT V-
z3V< z ) + e (ZUffz + 22V>+

-7
__H e—T< e v Z)A € < H 2):0. (A28)

223V S 022V vgzVo 228V zVog

Equation (27) corresponds to Equation (A28) once A, is set to zero. The procedure to compute the
solution V(z) is the same outlined in Section 3: the initial 7(z)is derived assuming the velocity law
given by Equation (14) that, in the new variables, becomes

[1-A,
V=-— i (A29)
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Thus, Equation (35) is now

c 14 pu

'Uffy 14+ A

\/Z - 1] . (A30)

Equation (A28) has been resolved for two values of y, 0.1 and 1.0, and two values of A, 0.1
and 0.5. If A, > 1, V changes sign so that Equation (17) and Equation (19) must be changed as well.
However, the case of reverted motion is out of the scope of this paper and will not discussed.

In Figure A1 the solutions of V(Z) are reported for the four cases studied. The two panels are
quite similar to those in Figure 3. The main difference is that A, does not depend on y, nor on VJ%, S0
that, at the surface of the accreting object, the radiation pressure is higher than in the case of A, =0
causing a stronger deceleration.

Velocity Velocity

0.0 0.0 —— mu=0.1,Lambda=0.1

~— mu=0.1,Lambda = 0.5

—— mu=1.0,Lambda=0.1
—— mu=1.0,Lambda=0.5

—— mu=0.1,Lambda=0.1
~—— mu=0.1,Lambda = 0.5
—— mu=1.0,Lambda = 0.1
—— mu=1.0,Lambda=0.5

0 20 40 60 80 100 0 1 2 3 4 5
Z (in units of r/R) Z (in units of r/R)

Figure Al. Left panel: velocity V, in units of free-fall velocity +/2GM /R vs. normalized radial distance
for two values of M, in units of M,q, and two values of Ly, in units of L.q. Right panel: zoom-in of the
left figure to emphasize the maximum in | V| at short radii.

The luminosity profile, given by
A(z) = [y <V2 - % + 1) + A*] e (A31)

is shown in the two panels of Figure A2. For y = 1.0 and A, = 0.5, the optical depth increases so fast
that the luminosity goes to very small values just above the surface of the accreting object. However, as
written in Section 2.2, the procedure used to solve Equation (A28) causes a likely overestimated of 7(r):
a more rigorous treatment of accretion, without the zero-temperature assumption, would probably
give a more gentle transition in V when z approaches 1, and, consequently, a less severe attenuation of
A at high p. In any case, at least qualitatively, we can conclude that 4 = 1 does not stop accretion.

Luminosity Luminosity
0.6 0.6
—— mu=0.1,Lambda =0.1 —— mu=0.1,Lambda =0.1

—— mu=0.1,Lambda=0.5 —— mu=0.1,Lambda=0.5
05 —— mu=1.0,Lambda=0.1 05 —— mu=1.0,Lambda=0.1
—— mu=10,Lambda=0.5 —— mu=1.0,Lambda=0.5

0.4 0.4

Nz)

0.2 0.2

0.1 0.1

0.0 0.0

0 20 40 60 80 100 0 1 2 3 a4 5
z (in units of r/R) z (in units of r/R)

Figure A2. Left panel: luminosity A, in units of L4, vs. normalized radial distance for different values
of M in units of Mqq. Right panel: zoom-in of the left figure at short radii.
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