) Open Journal of
°°° Mathematical Sciences

PSR Press

Article
Annular structures in perturbed low mass disc-shaped
gaseous nebulae: general, standard and polytropic models

Vladimir Pletser!2*

Institut d’Astronomie et de Geophysique G.Lemaitre, Catholic University of Louvain, Louvain-la-Neuve, Belgium

2 Blue Abyss, Newquay, Cornwall, United Kingdom

*  Correspondence: pletservladimir@gmail.com

Communicated By: Waqas Nazeer
Received: 6 April 2023; Accepted: 22 July 2024; Published: 28 July 2024.

Abstract: We study analytical solutions of a bi-dimensional low-mass gaseous disc slowly rotating around a
central mass and submitted to small radial periodic perturbations. Hydrodynamics equations are solved for
the equilibrium and perturbed configurations. A wave-like equation for the gas-perturbed specific mass
is deduced and solved analytically for several cases of exponents of the power law distributions of the
unperturbed specific mass and sound speed. It is found that, first, the gas perturbed specific mass displays
exponentially spaced maxima, corresponding to zeros of the radial perturbed velocity; second, the distance
ratio of successive maxima of the perturbed specific mass is a constant depending on disc characteristics and,
following the model, also on the perturbation’s frequency; and, third, inward and outward gas flows are
induced from zones of minima toward zones of maxima of perturbed specific mass, leading eventually to the
possible formation of gaseous annular structures in the disc. The results presented may be applied in various
astrophysical contexts to slowly rotating thin gaseous discs of negligible relative mass, submitted to small
radial periodic perturbations.
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1. Introduction

iscs play an important role in astrophysics (see e.g., [1]). Protostellar discs are found around certain
D categories of young stars. Dynamical accretion discs intervene in the feeding process of massive
stars by less massive ones in some binary systems. Galaxies have often the shape of a disc surrounding a
central bulge. Planetary rings form discs around giant planets. Furthermore, it is generally believed that
the planetary system and the regular satellite systems originate from disc-shaped nebulae surrounding the

proto-Sun and the giant proto-planets. The disc stage is thus an important step in some systems” evolution.
Depending on disc and central mass characteristics and on their mutual relative importance, different kind
of structures may appear in discs: bars, spiral arms, and rings. Theories of disc dynamical evolution in an
astrophysical context may be applied to other situations, for example, the theory of spiral density waves of
galactic arms was successfully applied to models of planetary rings (see e.g., [2]). Characteristics of a disc
that may influence its evolution are self-gravity, thermal pressure, interaction with magnetic fields, rotation
and viscosity. In this paper, we show that annular rings may appear under certain circumstances in slowly
rotating thin low mass gaseous discs submitted to small radial perturbations, where self-gravitation, viscous,
magneto-hydrodynamics effects and azimuthal perturbations can be neglected. We study the behaviour of
a nebular disc taken away from equilibrium by small radial periodic perturbations, extending the classical
Jeans’ model of an uncompressible isothermal stationary nebula submitted to perturbations. Although initially
intended for protoplanetary discs, the results of the investigations presented here can be applied to any thin
gaseous disc that can be described by the model considered. Hypotheses on the model are discussed in section
2. We consider in section 3 a differentially rotating thin gaseous axisymmetric nebula undergoing polytropic
transformations of index 7 and departing from equilibrium because of small radial periodic perturbations.
Physical characteristics of the nebular disc are supposed continuous and have power law dependencies on the
radial distance 7, in particular for the specific mass p ~ ¥ and sound speed ¢ ~ r3. Equations describing the
hydrodynamic model are solved for the equilibrium and perturbed configurations, where the perturbations
are assumed small enough for the equations to be linearized. A wave-like equation is deduced for the nebula
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perturbed gas specific mass and expressions of the gas radial velocity and specific mass flux momentum
are found in function of the gas specific mass. Looking for solutions yielding annular gaseous structures
to appear in the disc, these equations are solved analytically in Section 4 for two particular models (d = 0 and
d < 2(2y—1); s = 2) and for three general cases, the first with d = (s —2); s < 2 for small frequencies, and
a particular case with s = —1 and d = —3, called the "standard model"; the second with d = (s —2)/2; and
the third for d = s/(y — 1), called the "polytropic model", with a complete solution for the particular values
v =3/2,d = —3and s = —1. For each case, expressions of the distance ratios  of the maxima of the perturbed
gas specific mass are also deduced. Profiles of the perturbed specific mass and velocity are presented in Section
5 and the possible formation of annular structures are discussed. We are not aware of previous similar general
analytical resolutions, although particular cases were treated in [3]. This paper is a reworked excerpt of [4].

2. Hypotheses on the disc model

The mass of a primeval nebula is a key factor in deciding on its later evolution: either the nebula mass
is large, typically greater than or close to the central mass, and sub-regions of the nebula of large specific
mass may undergo local collapse, or the primeval nebula mass is low, typically a few percents of the central
mass and gravitational instabilities may never develop in this case [5]. In some theories of protoplanetary
nebula formation (see e.g., [6]), viscous friction plays an important role in inducing an inward flow of accretion
material onto the central primary and causing the conversion of kinetic into thermal energy to be the dominant
heat source ([7]). However, the epoch at which the viscous friction becomes the predominant effect is critical
in a nebula history. After an initial collapse phase, a low mass rotating nebula can achieve a stationary
equilibrium without considering turbulent friction ([8]). On the other hand, an axisymmetric equilibrium
configuration was shown to be unstable against non-axisymmetric perturbations, the result being a binary
system ([9,10]). Furthermore, friction processes are not always able to produce a central object surrounded by
a disc-shaped nebula ([7]). Therefore, it is reasonable to assume, within the low mass nebula hypothesis, that
there was a period in a nebula history during which the viscous friction may not have been the predominant
process governing the disc evolution, independently of further evolution where the viscous effects may have
become predominant. The problem of transfer of angular momentum from the central mass to outer parts of
the disc is not addressed here, as it depends on viscous processes (see e.g., [11]).

We consider the model of a disc-shaped gaseous nebular disc of mass M, in a slow rotation around a
central mass M*, supposed spherical. The disc mass is negligible in front of the central mass M; << M*
and the disc thickness is small compared to its radius. The nebula is assumed to be composed of gas only,
the presence of nebular dust being neglected. Self-gravitation, magneto-hydrodynamics and viscous effects in
the disc are not considered (although, the viscous force is included in the general equations of section 3, but
neglected further in section 4).

The effects of small periodic radial perturbations on the disc are studied, without any coupling to
non-radial perturbations. This last hypothesis is somehow controversial as there is a large body of work
(see e.g, [12-15] and references therein) that consider coupling between radial and azimuthal perturbations,
typically through the Coriolis force. However, for slowly rotating discs, i.e., for which the angular frequency of
rotation () is smaller than the perturbation periodic angular frequency w, with () << w, the error committed
by ignoring the azimuthal perturbations would be small. Although this approximation is strictly speaking
incorrect, as we will be interested further in the radial distributions of the perturbed variables, the small
azimuthal effects are ignored in a first approach in this study. Nevertheless, the nebula model equations
are deduced for the radial, azimuthal and vertical components, and we show that azimuthal perturbations are
negligible for a slowly rotating disc and vertical perturbations are non-existent for an inviscid disc.

3. Disc hydrodynamic model

The motion of the gas of specific mass p is described in spatial Eulerian coordinates by the vectorial
Navier-Stokes equation, which relates for an unit volume of gas, the inertia force (sum of the time derivative,
denoted by an upper dot, of the vectorial velocity v and the advection term), the gradients of the pressure p
and the gravitational potential V, and the viscous forces

po+p(v-V)v+Vp+pVV = prAv (1)



Open J. Math. Sci. 2024, 8, 55-82 57

where v is the kinematic viscosity, V and A the gradient and vectorial Laplacian operators. This equation is
complemented by the continuity and Poisson equations

p+ V- (pv) =0 @)

AV =4nGp 3)

where V- and A are the divergence and scalar Laplacian operators and G the gravitational constant. The disc
gravitational potential is neglected in front of the central mass gravitational potential and the viscosity v is
assumed constant in the disc.

At dynamic equilibrium, the stationary model is described by

[ (U() . V) vo + Vpo + poV Vo = povAvg 4)
V- (povo) =0 (5)
AVy = 47tGpy (6)

where the index 0 denotes the equilibrium characteristics. Allowing for small radial periodic perturbations
to take the model away from equilibrium, the linearized perturbed equations read, after simplification by the
equilibrium equations (4) to (6),

pov1 + po (w1 V) vo + (vo - V) v1) +p1 (v0- V) 0o

+ Vp1 + 01V Vo = povAvy + p1vAvg 7)
o1+ V- (p1v0) + V- (pov1) =0 8)
AV = 47TGp1 (9)

where indexes 1 denote the perturbed characteristics. As the model is plane and axisymmetric, these equations
are solved in a cylindrical polar reference frame. Considering that the equilibrium characteristics depend only
on the radial distance r and that the perturbed characteristics depend on r and on the time ¢, the equilibrium
and perturbed gas vectorial velocities are written respectively

vo = (0,99 (r),0)
v1 = (v1 (1, t),uy (r,t),wy (1, t))

At dynamical equilibrium, the radial and azimuthal components of the Navier-Stokes equation (4) and the
Poisson equation (6) read, with the prime sign ' denoting 0 /dr,

2
D,
PO ph— poVg = 0 (10)
/
pov (06’ + % Z’g) =0 (11)
r r
Vl
Vél + 70 = 41Gpo (12)

The Navier-Stokes equations (7) for the perturbed radial component reads

.7

PoU1 — 70 (190 + 2p0u1) + P +poVi +p1Vg
/

_ n o, 01 01

= pov (Ul +— - r2> (13)

The second and third terms of (13) can be simplified aspjvy >> 2ppu; (see Appendix A), yielding

. U% / / / " 0/1 01
o1 — 1"+ p1+poVi o1V =pov{op+ - 5 (14)
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The Navier-Stokes equations (7) for the perturbed azimuthal and vertical components become

: ;L Y0 _ y % _ %
i (1+2) o 4+ 3)
/
n o, W W
— — — 15
+pov(u1+ ' 72) (15)
w!

PoW1 = PoV <w§’ + 7‘1> (16)

The continuity and Poisson equations (8) and (9) read

0001

pr+==+ pov1 + povh =0 17)

!

V.
vy + 71 = 47Gpy (18)

This set of equations is completed by a gas state equation. The nebula gas is approximated by a perfect gas
undergoing polytropic transformations of index vy, assumed to be constant throughout the disc. Denoting the
local sound speed by c, the pressure at equilibrium reads

_ o (19)

Po y

Using the gas polytropic relation, p /p7 = constant, the linearized perturbed pressure reads

C2 coC
pr="0 42200 = oy (20)

i

Expressions of the gas circular velocity at equilibrium are found from the radial and azimuthal components of
the Navier-Stokes equation (10) and (11) and are given in Appendix B.
Solving for the gas perturbed specific mass p; and perturbed radial velocity v, the equation (14), with

(10), (19) and (20), reads
2 2\/ /
oS Y- 1) GO /
v+ - | py + — ) - ) |+
1 00 (Pl P1 (( 2 c% 00 1
/
_y (vg s 4 ;’;) @1

Taking the time derivative of (17) and introducing (18) and (21) yield
i} 2y — 1) (@) oy 1
2 " / 0 0
—¢ + =) oo
P1—Co <P1 P1 (( ’Y 2 yoo |7
—1\ ()" (}) —1\1 g
+or <’Y )(02) +(()2) <(7 )_Po)
Y €0 o Y r YPo

10 ?Jll 01
=ppVi — PEw (fPOV (0/1/ + - r2>) (22)

The specific mass flux radial momentum @ is defined as

D = rpovy
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and its behaviour is given by the continuity equation (17)

/

10 .
P1+;§(7P001):P1+7:0 (23)
4. Solutions for homogeneous equations

4.1. Time and space dependent separated equations

It seems hopeless to try to find an analytical solution to the third order differential equation (22) in vy
and p;. However, a wave-like equation in p; with a mass term can be found if one neglects the right side of
(22): the gas is assumed of low viscosity such as the viscous friction can be neglected in front of the pressure
gradient and of the central mass gravitational gradient and secondly, the product of the radial derivatives of
the unperturbed specific mass py and of the perturbed gravitational potential V; is shown to be small (see
Appendix C) and can be neglected p, V| ~ 0. Using notations of [3], the equilibrium characteristics are written
with power law dependencies on the radial distance r. With the dimensionless variable R, one defines

r
R=—po= pcR? ;¢ = c2R° (24)

c
where 7. is a reference distance corresponding to the disc inner radius, p. and c. are the nebula reference

specific mass and sound speed at the disc inner edge. The exponents d and s depend on the nebula physical
models and are addressed further. The homogeneous equation (22) becomes

. Ry d+s\ P
Pl_Az<P1+<ZS+1— ’)/ )R
_ d+s 0
2 pd+2 1) _
+<BR S+s<s— Y >)R2)—0 (25)
with, from now on, the prime sign ' denoting d /dR and where
P g AnGp?
cz’ c?
c c
are constants. Posing
p1(R,t) =D (R)O (t) (26)
v1 (R, t) =U(R)E(t) (27)
D (R,t) =P (R) Y (t) (28)
and choosing —w? as separating constant (w real), for periodic perturbations that do not grow exponentially
with time, (25) yields
O +w?O(t) =0 (29)
/
D" + <25+1— d+s> by
R
BZR¥275 4 (W2 AR>S +5 (s — ats)\ D (30)
v R

The perturbed continuity equation (17) yields, with « as a separating constant

O)—xE(t)=0;¥Y(t)=E(t) (31)
_ _ Tep—@d+)
U(R) =~ E R /D(R)RdR (32)
® (R) = repeRIU (R) = —mf/D (R) RdR (33)

showing that ® (R) is strongly dependent on the behaviour of the radial perturbed velocity.
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The solutions of (26) and (30) for the time-dependent part of p; and v; are
O (t) = Csin (wt + ¢) (34)

Et)=Y() = %w cos (wt + @) (35)

with C and ¢ constants to be determined by initial conditions.

The solutions (34) show that the time dependent parts of the gas perturbed specific mass © (t) and velocity
Z (t) have the same frequency and the same initial phase but they are out of phase by 71/2, for x positive,
while the time dependent part of the specific mass flux radial momentum ¥ (t) is identical to the one of the
gas perturbed velocity = (t). The type of solution of equation (30) and hence the radial behaviour of pj, v;
and @ depend on the exponents d and s of the py and ¢y radial distributions. Searching in the next sections for
analytical solutions of the equation (30) for annular structures to appear in the disc, we solve these equations
(30), (32) and (33) for certain values of d and s.

Two boundary conditions are given: first, at the disc inner edge, for R = 1, the nebula perturbed specific
mass must equal a parameter p’; (t) independent of disc physical characteristics, but that can depend on the
time t, and second, for increasing R, the nebula perturbed specific mass must decrease and vanish far away
from the central mass, for R >> 1, for all time ¢.

The solutions for the perturbed azimuthal and vertical velocity components are given in Appendix D.

4.2. Solutions ford=0and s =2

We consider first the unrealistic case of an uncompressible nebula (d = 0) with a sound speed increasing
linearly with the distance (s = 2). This first case is purely theoretical, as for a nebula with constant specific
mass undergoing polytropic transformations, the sound speed should be constant. The equation (30) becomes
then a simple Euler type equation

5y—2\ D’
D/l -
+( v ) R (36)
2, 242 y—1 D
(s (1)) 2o ”

Under the condition .
B2 + w?A2 44 (t) >1

yielding

w? >

2
¢ 4737

—4nG 38
V%( v ) e (38)

and with the first boundary condition and posing

3y—1

y= \/ B? + w?A? +
the solution of (36) reads
D = % cos (yIn(R)) 39)

where In is the Napier logarithm function. The radial terms of the perturbed velocity and of the specific mass
flux radial momentum are found from (32) and (33)

u= _%1 yzri -Reos (yIn (R) — arctan (y)) 40
2
P = —piy 73 R cos (yIn (R) —arctan (y) “D

The extrema (maxima and minima) of D are found from

R2 cos (yIn (R) —arctan (y)) =0 (42)
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The zeros of D (39), U(40), @ (41) and D’ (42) are given by

R = (B)" (43)

_ 7T/2+§01> QL (”) 44
ap = exp (y ; B1 =exp ” (44)

and n non-negative integers, ¢1 = 0 for D and ¢; = arctan (y) for U, ® and D’. The initial spatial phase
between D and U is arctan (y) = 71/2, provided that y is large enough within the condition (38), while there is
no initial phase between U (or ®) and D’. The distance ratio of two successive maxima of D, for D" < 0, is

27T

2 —
ot ancac e (57)

Br=(B))" = exp (45)

which, from (38), is a real constant depending on the nebula characteristics 7., ¢, p¢, v and on the perturbations
circular frequency w. Note that the condition (38) is equivalent to the dispersion relation in the classical Jeans
problem (see e.g., [16]) with, for w? = 0, critical wave number and wavelength

4—3y
/4G \V T
kerip = Pe = ! s Agrip = 27T1¢ 7 (46)

Ce re 4 — 3y

The relation (38) ensures that the perturbations do not grow exponentially with time.

4.3. Solutions fors =2and d <2(2y—1),d #0

In this second case, the sound speed increases linearly with the radial distance and the specific mass
depends on the radial distance, with the conditions that d must be non-null and smaller than 2(2y — 1). The
equation (30) becomes

D’ + (57_(d+2)> 2/
07 R

+ (B2Rd +w?A% 42 (27_(7‘”2)» % =0 (47)
which is a Bessel type equation, whose general solution reads
D = K R(@+2)/27)=27 () (48)
where Z, (z) is the Bessel function of first kind with z the argument and v, from now on, the order

_2ppan2. 2 d+2 2_ 242
Z_dBR ,v—d\/( 27 w*A (49)

and Kj is a constant determined by the first boundary condition

P
Ky =
Zy (3B)
For circular frequencies w such that
d+2 [(d+2) c
i (%)% o

the order v is a pure imaginary, v = jy with j = v/—1 and, from now on,

2 d+2\2
—— 2/A2 (2 =
Y d\/WA (27)
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The function Z, (z) takes complex values and reads generally [17]

_ 2 -1* (5™
Zy(z) = (2) Zm (51)

where I' is the Legendre Gamma function. Writing

[ (k+1+jy) = heexp (jix)

h=kT] + (52)
=0 y
! (k+14n)?
ne=y¥ (k+ 1)

* Z ( . )aman((k+}1/+n)))

where ¥ is the digamma function, the Bessel function of imaginary order reads

9= L0 (5) e (i(n (5) ) 53)

with L
_ (1)
Clk = exp (q> k! hk
where g = 0if d > 0 and g = —ny if d < 0 and where, from now on, z has to be replaced by its absolute value
2
|z| = = BRY?2
d|

Taking the real part of (53), the relation (48) reads

D = K R(@2)/27)2 3 |:C1k (E)z"
k=0 2

cos (y In (Z) nk)] (54)

The second boundary condition, decreasing D for increasing R, restricts the exponent of R, giving the initial
conditionond, d < 2(2y —1),d # 0.

The radial terms of the perturbed velocity and of the specific mass flux momentum become, from (32) and
(33),

) 2%
U= _KKlgR((d+2)/27)7(d+l) k;) [Czk (E)

2
sin (yln (%) — Nk + Tkﬂ (55)
® = —KKyr2R2)/27 Iio {CZ,{ (E)Zk
sin (yln (Z> —;7k+'rk>} (56)
with
Cox 2Cui

a2y (2)
T = arctan (yzd <kd — d;f))
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The extrema of D are solutions of

D' = —K;R((@+2)/27)- i[ E)z"
k=0 2

sm(yln( )—;7,(+ )} 0 (57)
z 520 Car (3)™ sin (1 — o)
tan (yln (2)) ¥ o Car (%) % s (e — 10) (58)

with

d+2 d\?
c3k:c1k\/<z kd—h> +<y2)
2 d+2
yk—arctan(yd (2 kd_m))

The zeros of U and & are found like in (58) with Cz; and py replaced by Cy and 7. It seems that there are no
simple analytical solutions to (58). However, for small arguments (z/2) << 1,i.e.,

47tGpcr?

EEReRd (59)
dc 2

one finds similar solutions for D (54), U (55), ® (56) and D’ (57), in the form

tan (yln (%)) ~ tan (k)

with x constant, as the first term for k = 0 in the series of (58) predominates, yielding x = 7, for D, x = (0 — Tp)
for U and ®, and « = (19 — po) for D'.
The zeros of D (54), U (55), ® (56) and D’ (57) are then given by

R =1 (8y)" (60

2/d
w = (Z') exp (2 (”Od; "’2)> ; By = exp (f{;) 61)

n being non-negative integers and ¢, = 71/2 for D, ¢ = —1p for U and @, and ¢ = —p for D’. Provided that
y is large enough within the condition (50), one has 1) << 1 and uy << 1. The initial phase between D and U
is (71/2) — 19 &~ (70/2), while the initial phase between U (or ®) and D’ is (yp — 19) ~ 0. The distance ratio of
two successive maxima of D is

B2 = (By)" = exp ¢ (62)

w2 7'5 _ é <d+2)2
2 2/)/
which, from (50), is a real constant depending on nebula reference characteristics and on w.

4.4. Solutions ford =s —2withd > (2y—1)/(1—1),d #0

The third case is more general and considers the two exponents linked by the relation d = s — 2 with the
restrictions d # 0 (s # 2) and d > (2 — 1)/ (1 — 7). The equation (30) becomes

/
D" + <2d+5—2(d+1)) by
0% R

242
<32+WR‘: +(d+2)(d+22(d;1)>)1’32:o (63)
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which is another Bessel type differential equation, whose solutions are
D = KR/ =(d+2) 7 (z) (64)

where the argument z and the order v are now

2
z= iwAR‘d‘/z ;v = 2 <d+1) — B2 (65)
] d| g
with Kj a constant determined by the first boundary condition
KZ — pCl
z, ()
Under the condition )
B> (d + 1)
Y
yielding
2 1 2
47TGZpCrC N (d + > 66)
ce i

the order v is a pure imaginary, v = jy, with from now on

2 d+1)\?
(5
YTl 7
Writing the Bessel functions of imaginary order as in (53), with g = 0 in Cy, the solution (64) becomes

D= K2R((d+l)/’)‘)*(d+2) i |:C1k (E)Zk
k=0 2

cos (yin () — 1) )

The second boundary condition is fulfilled by the restriction on the exponent of R (with y > 1).
The radial parts of the perturbed velocity and of the specific mass flux momentum read, from (32) and
(33),

°° 2k
U— _KKZ;;R(MH)M)—(MH) 5 [Qlk (2)

k=0 2
sin (yln ( ) — 1k + Bk)} (68)
D = —KK21’2R( (d+1)/7)~d i {Cllk ( ) %
k=0
sin (yln (Z) —ﬂk+9k)} (69)

Like in the previous section, the extrema of D are solutions of

D — KR(dH/'y d+3]§:[ ()k

sin (y In ( ) — 1k + Uk>:| (70)
z Yi2o Csk (5)* sin (i — o)
o (yln <§)) 21]: (())C5k (; * cos (¢ — ) 7y
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with

d+1 2 d\?
C5k=C1k\/<d+2—:;_—k|d|) +<]/2>

0} = arctan (2 (d—i—Z— at1 —k|d|>>
yld| g

The zeros of U and @ are found like in (71) with C4 and 6 replacing Cs; and oy.
For small arguments (z/2) << 1,1i.e.,

w << |d| %R*‘d‘” (72)
Cc

one finds similar solutions for D (67), U (68), ® (69) and D’ (70) like in the previous case, as (71) is equal to a
constant, tan (x), with ¥ = 1 for D, x = (179 — 6p) for U and @, and x = (19 — 0p) forD’.
The zeros of D (67), U (68), ® (69) and D’ read

R = a3 (B3)" (73)

. <Jik)2/deXp <2(1%F;¢3)) ;B = exp (2;?) 74)

with n non-negative integers, ¢3 = 71/2 for D, ¢3 = —6) for U and @, and ¢3 = —0p for D'. Provided that y is
large enough within the condition (66), one has 6y << 1 and ¢y << 1. The initial phase between D and U (or
®) is 71/2 — 0y ~ 71/2, while the initial phase between U (or ®) and D’ is (0 — 6p) ~ 0.

The distance ratio of two successive maxima of D is

By = (B5)" = exp U 75)
imcod - (%)

v

which, from (66), is a real constant depending on the reference characteristics but independent of w. The period
of the small perturbations must be larger than a minimum value

27T 1

= e (Rax) 9172 (76)

Py,
deduced from the condition (72) applied to the whole range of radial distances of a nebula (R, is the ratio of
the disc outer to inner radii).

4.5. Standard model

We mention an interesting particular case, called the "standard model", of the general case d = (s — 2)
above. One writes the gravitational potential in the unperturbed disc as a power law distribution in R (=r/r.)

Vo = V.RY (77)

where V. is the gravitational potential of the central mass M* (the gravitational potential of the disc is neglected
as M; << M*) and v is an exponent to be defined by physical models. Replacing in the Poisson equation at
equilibrium (12) with (24) yields successively

V2V,
2

. R""2 = 471Gp.R? (78)
c

_ 4nGpr?  3GM,

\V4 =
¢ v? v2r,

(79)

for d = v — 2 and with M, = (471/3) rp,, the mass of the homogeneous sphere of specific mass p, and radius
Te.
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We make the hypothesis for the "standard model" that the reference distance r. of the disc inner edge can
be approximated by the central body unperturbed external radius r}

re AT (80)

(superscript * denotes central body characteristics). Noting the central body mean specific mass by p*,
identifying V. in (79) with the gravitational potential of the central mass M* yields

Pc= 7P (81)

In the simplest case, the gravitational potential of a spherical body is given by (77), with v = —1. The condition
(79) yields then d = —3 and, from (81), the nebula reference specific mass p. is one third of the mean specific
mass of the central body.

On the other hand, within the perfect gas approximation, the sound speed distribution (24) follows the
gas temperature radial distribution in the disc, which can be represented by a power law relation of exponent

4
RS = ”;RTCRC (82)

with R the perfect gas constant, y the gas molecular mass and T; a reference temperature at the disc inner edge,
that can be approximated for example by the central body effective temperature. The radial behaviour of the
temperature in a nebula is model dependent. Considering only the central body luminosity as the dominant
source of energy heating the nebula (the gas viscosity is neglected), the temperature gradient is adiabatic with
¢ = —1 for an optically thick nebula [18], yielding s = —1.

We define then the "standard model" of a disc as the case withv = —1,d = —3 and s = —1, and it can
be solved with these values by the general case d = (s — 2) above. The distance ratio of maxima of the gas
perturbed specific mass distribution writes then, from (75),

27c
:Bst.mod. = exp —C (83)

. 2

w- (%)
The condition (66) ensures that this ratio is a real constant.

This simple "standard model" can be useful as a first approximation model, provided that the disc mass
M, calculated with the value (81) of p, fulfills the initial condition M; << M?*. Let’s note also that in the above
approximation, the value p}; (¢) that the nebula perturbed specific mass has to match at the disc inner edge
(first boundary condition) can be approximated by the perturbed specific mass of the central body at its outer
edge, forr = r; = r. or R = 1, at the epoch t. (Strictly speaking, one should consider the central body external
perturbed radius r; = 1} + ¢ (r7,t), where ¢ (r%, t) is the radial displacement of the central body outer edge at
r = r¢ due to small perturbations at the epoch ¢, yielding Ry = r%; /i = 1+ /r%; but if the displacements are
small in front of the central body unperturbed radius (¢ << r}), one has Ry = R, = 1).

4.6. Solutions for d = (s - 2)/2

We consider a fourth case where the exponents d and s are linked by the relation d = (s —2)/2. The
equation (30) reads

R
12(d+1) <z(d+1)—<3d;r2>>>1?2:0 (84)

Substituting the variable R for
z=7j <§wARd>

!
D" + <4d +5— 3d7+2> LA (szzR’Zd + B2R
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with j = v/—1, yields a confluent hypergeometric equation
*D 1 3d+2\\ _oD [z?
27~ _ (2= =
s d<3d+4 ( 0% ))Zaz (4Jr
. B? d+1)\° 3d +2
J2dwA® < d ) < 27(d+1)> 0 ®5
With d # —2/ (3 + i) for all integers i, (85) has a complex solution ([17,19,20])
D¢ = Ri%(3d+47(3d7+2>) exp <_ZZ>
(Klz%(l—’_(%))(pl + Kzﬁ(“(%))q)z) (86)
with K7 and K, constants and where ¢1 = ¢ (a1,b1,z) and ¢ = ¢ (ap,by,z) are Kummer confluent

hypergeometric function of arguments

1 3d+2 . 3d+2
ay 2<1+M>+]y1b1—1+d’y
1 3d+2 3d+2
”‘z(“wy)+w,m T

where

' oA (342 — (3d+4))

For by and b; non null and different from negative integers, the Kummer function ¢ expands for both sets of

arguments as [21]

¢ (a,bz) =T (v) (Z)_” exp (5)

ad (—1)k (2v), (b — 2a) z
)y by e (3)

2

where I' is the Legendre Gamma function, (x); are Pochhammer polynomials,
k-1
(ke =T1(x+a); (x)o=1

q=0

and I, is the complex valued hyperbolic Bessel function of order (v + k), with v either of

( 1) 3d +2
V1 = bl—al—f =

2 20y VY
1 3d +2
n=\bk-n-7 =50

Developing the complex coefficients Hy of I, in (87) as in Appendix A, D¢ (86) becomes

2(d+1)+(%£2) z o

2y <K1C1 k;) (H1k1v1+k (%))
e £ (1 (2)))

k=0

Dc = CR™

87)

(88)
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Table 1. Terms of solution D (93) for respective values of d and

| [d> 1 ] <1 |
2(7—1
v <3 d< 2%722 Both parts Ky, =0
d > 3127 Kl =0 I
v = % all values of d || Both parts Ky, =0
21
<
v % d 2% % _ No decrease
d> 550 7 Both parts Ky, =0

where

are complex constants. Simple analytical expressions of zeros and extrema of the real part of D¢ (88) were not
found. However, for small arguments z, (|z| /2) << 1, i.e. for small frequencies

w << |d| %R“‘” 89)
[

where vertical bars denote the absolute value, the terms other than the first in the convergent series of (87) can
be neglected. By the multiplication theorem [22], the hyperbolic Bessel function reduces then to

Iv(g) ( )_ Z:: Z“m'n'l" v—ln)1+n+l)

n=0

0On=
B (4) vr((?) (90)

where terms of second order were neglected in front of unity and where G(v) is a complex function developed
in Appendix F. The relation (87) reads now

plabz) = () P e () o

1%

The complex solution (88), written for the variable R, becomes

De = (KlAR A5 4 K MR- <d+1))

exp (ij In <|d wAR™ )) (92)

where A = |[Alexp (jA) and M = |M|exp (ju) are complex constants depending on y, v and G(v) (see
Appendix F). The real part of (92) reads as the sum of two terms

Dr = K; |A| R2@FDHGE o <2yln (WWAR )

+A) + Ky |[M|R™ d“)cos(zwn('d'wAR >+;¢) (93)

Due to the second boundary condition (decrease of D for increasing R), either the first or the second or both
terms of (93) should be considered for the general solution, depending on the respective values of 4 and v as
indicated in Table 1.

Without loss of generality in the resolution, we consider from now on only the case s < 0 and d < —1,
yielding K, = 0 in (93), the other constant K; being fully determined by the first boundary condition.
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The perturbed radial velocity U and the specific mass flux momentum @ read, from (32) and (33),

U = —kK Cy L R~ G+ 352
Qe
sin <2yln<|d|wAR > +/\+§> (94)
P = —KKng,rzR*z‘HadT+2
sin <2yln<|d|wAR ) —l—/\—I—C) 95)
with
Al

Cs =

\/(W;Z —2d)2+ (—2dy)?

3d+2 _ oy
_ v
= arctan( “2dy >

The extrema (minima and maxima) of Dy are found from
D) = —K1C4R’2(d+3)+3d7+2
sin (2y1n<|d|wAR ) +/\+§> =0 (96)

with

3d +2 2
C4—|A\/ i—z d+1)> + (2dy)?

3d+2 d+ 1)
¢ = arctan (Zﬂly)

The zeros of Dg (93), U (94), ® (95) and D}, (96) read in this fourth case

R=uay(By)" (97)

1
B i d A+ g o 7T
"‘“(dﬁ‘““) e""(zmw) 'ﬁ4_ex1°(z|d|y> )

n being non-negative integers and ¢4 = (71/2) forDg, ¢4 = { for U and @, and ¢4 = ¢ for D}. Provided that
wA is small enough, within the condition (89), one has y >> 1, yielding { << 1 and { << 1. The initial phase
between D and U is (71/2) — { ~ (71/2), while the initial phase between U (or @) and D’ is (¢ — {) ~ 0.

The distances ratio of two successive maxima of D is

3d+4— 3482 e,
m-(@)z—exp(( M )wc> (99)

4Gpcre

which is a real constant depending on the perturbations angular frequency w and the disc reference
characteristics. The period of the perturbations must be larger than a minimum value

_ 27T pa (100)

P
m |d| Ce max

deduced from the condition (89) applied to the whole range of radial distances of the disc (R;sx is the ratio of
the outer and inner radii of the disc).
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4.7. Solution for the polytropic case

4.7.1. General formulation

In the previous section, we considered the exponents d and s taking particular values or linked by
non-causal relations. However, a relation between d and s can be found if one considers that the specific
mass and sound speed are fully governed by polytropic processes in the disc. Considering the two polytropic
relations between the pressure p, the specific mass p and the sound speed ¢

5 ; pp~ 7 = constant (101)

p

one has successively, with the power law radial distributions pg = p.R? and 3 = c2RS,

2™ = 2pt TRST(1-7) = constant (102)
s+d(l—v9)=0 or'yzl—o—g (103)
Replacing v for s and d in the equation (30) yields
Dl
D"+ (2s+1—4d) <
D
(BZRd+2_S +WPAZRZS 45 (s — d)) 5 =0 (104)
which becomes a differential Schrodinger type equation by posing
D Y
~ VREd
yielding
1" 2pd—s 2 27105 d> -1 -2
Y" 4+ ( B°R° + w*A"R™° — 1 R™]Y=0 (105)

An approximate solution to this equation can be found by the Wentzel-Kramers-Brillouin (WKB) theory [23].
Considering the case of small frequencies such as

WA << B? or w << 4nGPLe (106)

Cc

one poses € = wAB~2 with € << 1. The equation (105) reads then
€2YN
2 42, 2p—s d—s 2 4> -1 -2
= | —w A% €"R™° —wAeR" " +¢€ 1 R Y
=Q(R)Y (107)

Let us consider the three following functions of R

R

S0(R) = [ Qs s, () = -2 QED, (108)
R 1" 2

S, (R) = / (W) dx (109)

where the first two functions (108) are referred to respectively as the eikonal function and the transport function
and where Q' = dQ(x) /dx.
If Q(R) # 0 in the range of interest of R (i.e., 1 < R < Ry4y) and under the conditions

€Sy (R) << 5 (R) << 50 <R)

; €52 (R) << 1 (110)
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the leading orders in the WKB physical optics approximation to the exact solutions in Y and D reads generally

Y (R) = Kz exp (S()(i'l{) + 51 (R))

SO (1/ R)
€

+ Ky exp <— + 5 (R)) (111)

D (R) = R~(>+1-4)/2 <K3 exp <S°(2R) +S1 (R)>
+Kyexp (S(’(iR) +5 (R))) (112)

with K3 and K4 constants determined by the boundary conditions and where Sy (1, R) is the eikonal function
on the interval [1, R]. Strictly speaking, the above equality sign should be replaced by an asymptotic equality
sign. The eikonal function Sy (1, R) reads

R

So (1,R) = / Q (x)dx

R
1 a2 -1
— —s d—s _ -2
]a)Ae/\/x +wAe (4w2A2>x dx
1
R
T
— jwAe / x(x)dx (113)
1
with )
1 ds—1
_ 2-5 2+d—s
T(x)=x"°+ oA <4w2A2> (114)

The integral (113) has to be evaluated for specific values of d and s. This evaluation involves most of the time
elliptic integrals, which makes it uneasy.

4.7.2. Solution for y =3/2,d = —2and s = —1

In most nebula models, the gas specific mass and sound speed are decreasing outward from the central
body, with the exponents d and s taking negative values and s usually in the order of or close to —1. We
consider here the particular polytropic case with s = —1 and d = —2, yielding v = 3/2. Cases for other values
of d, s and <y can be solved similarly. The integral (113) reads

. [ wAe 2 3e
So (L R) =j ( 3 L+ 512 - 4cuAIS> (115)
with
R R
3x2 + Lo dx
I :/7M€dx I :/ (116)
/ VT (x) / T (x)
Tod
I :/ i (117)
/) x T (x)

The cubic trinomial T (x) (114) has a single real root and, neglecting terms in €2 and of higher order, it becomes

_ 3e 5 3e 1
T (x) = (x 4wA> (x + 4wa+ wAe) (118)

Posing

=z 5 (o)
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one substitutes (x — 42)—€A) for Csz in integral I and for Csz% in integral I3 in (116). The integrals in (116) are
evaluated under the two following conditions

A
%;R<<1;WR>>Z (119)

in the range 1 < R < Ry4x, showing also that the real root of the trinomial T (x) (118) is outside the range
of interest of R, fulfilling the condition Q(R) # 0. The other conditions (110) to apply the WKB theory are
verified in Appendix C.

Under the above two conditions, I, and I3 become [24]

b= (Flp(R), 0~ F(p(1),b) (120)
b = ——— ((F (@ (R),K) ~ 2E (¢ (R) k)
(C2)
~(Fl@(1),0) ~2E (p (1), 1))
2( 1 Jm+ﬁm+ﬁe

G \R-g5+C R— 7

3 1
_ 1 1+ 4w€A + wAe
1 3e 1 3e (121)
~q0a TC2 ~ TwA

where F and E are the incomplete elliptic integrals of the first and second kinds of argument and modulus

1 3¢
@ (R) = 2arctan <C2 R— 4wA>

wA

~ 2 arctan ( BR> (122)

1 9¢ 1
k== —— ~ — 123
2 16wA+Cy 2 (123)

where the conditions (119) were used, yielding also C; = %. Replacing in (121), (122) and in (116), (115)
yields eventually

So (1, R) = je (sor — So1) (124)
with
2 B3 3 JwA
R = (3v wA 1 B3> Fle(®).K)
3 /wA
+ 3 ?E (¢ (R), k)

(125)

and a similar relation for sy; with R = 1.
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The incomplete elliptic integrals F and E are evaluated after an ascending Landen transformation,
yielding the new argument and modulus and the transformed expressions of F and E to be

Q= % (@ + arcsin (ksing))
1 . 1 wA
a arcsin (2 <1 + \/§> BR> (126)
2k o 2i
k= —— ~ —— ~ (0.9852 127
T 14k 1++2 (127)
2
Flp(R) k) = 7 F (@t (R) k) (128)

E(@(R),k) = (14k)E (@t (R) ki)
(1=K F gt (R) k)
(1+k)tang
a n seC(p(l-‘rkiz)m (129)

cos@+,/ k% —sin? [

As k; is close to unity, one can use the expansions [24]

F (@t (R) ki) = %K' In (tan (

(ST

T
7))
. 2 2 2
—sing, sec" g, | ap — 3m tan“ g, + ... (130)

“ln 0 - 26 (on (% + )

N

2
+ sing, sec” @, (bo - gbl tan” @, + ) (131)

K'=K\/1-k? ; EE =E\/1—k
are the complete integrals of the first and second kinds and ay, a1, ..., by, by, ... are decreasing coefficients,

functions of k;. Ask; ~ 0.9852, K’ ~ E’ ~ /2 within7.5 x 1073, 29 ~ 7.5 x 1073, a7 ~ 1074, by ~ —7.5x 1073,
etc ..., yielding

where

F (@t (R), ki) = E (¢t (R) ki)

~In <; (1 + \2) \/%> (132)

Replacing in (128), (129) and (125) and using conditions (119) to neglect small terms, it yields

sor = Win (; (1 + \2) \/%)

2
+ 3\/ (wA)*R3 + B2R — Z (133)

and similarly for sg; for R = 1, with W = W(w, A, B)

8 1 B3 wA
W_3<1_\@> wa 3\ 2
8 1 B3
~3 () Via 1

under the conditions (119).
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The complex perturbed specific mass D¢ (35) and its real part read

B
D¢ =
V@AY (wA)? R+ B2R — 3
(K3 exp (j (sor — s01)) + Ky exp (—j (sor —s01))) (135)
Dp = K5B cos (sor — So1 — ¥) (136)
V@A (WA R + B2R - }
with K
Ks= /K2 +K2; k= SE
5 3+ ; K = arctan <K3 T K,
The extrema of Dy are solutions of
D%:_K5C6SII‘1(SOR—501—K—|—T) -0 (137)
/(A R+ B2R - 3
with
5
4 1\ B2
= — l _ — _—
co=3(1-73) ea
T = arctan 3 1+L %
N 8 V2 B3
where the conditions (119) were used to neglect small terms. The zeros and extrema of Dy are given by
2
e LY /9% o %\/(WA) R+ BR -3
2 2 ) VB TOP 3 W
. S01 + @5+« n
= exp (W ) exp ( W ) (138)
where 1 are non-negative integers and ¢5 = 71/2 for Dg and ¢5 = —7 for D%. The exponential term in the

above left hand side part reduces to

3 14

/R exp (; (1—&—\2) \/?R) (139)

under the conditions (119), and it can be neglected when multiplied by its argument, small by (119). The zeros
and extrema of Dy are then given in good approximation by

(2 V(@A RS + B2R — 2)
exp | =

R=us5(By)" (140)
s = 16 (2 _ ﬁ) wiAexp (W) (141)
Bs = exp <2vg> (142)

The perturbed radial velocity U and the specific mass flux radial momentum @ are found from (32) and (33),
with (136). However, their evaluation requires the resolution of a new elliptic integral. To avoid this and as
there are no zeros due to the transport function S1(R) (in the 4-th root of the trinomial term in R) in (136),
we evaluate U and @ by neglecting S1(R). This is the geometrical optics approximation, which gives the
most rapidly varying component (controlling factor) of the leading behaviour of the exact solution. In the
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geometrical optics (g.0.) approximation, the real part of the complex perturbed specific mass (136) reduces
then to

B
DRg.o. = Ks—== cos (sor — 501 — k) (143)

VwA

Under the conditions (119), the term syr (133) can be written approximately

sor & W <ln (; <1 + é) “’BAR> +% (1 + \2) @) (144)

as was already done in (139). The radial velocity U and the specific mass flux radial momentum & read then
in the geometrical optics approximation

Ugo = —KK5C7%R3 sin (sor — So1 — K + ) (145)
Do = —KK5C71’§R2 sin (sor — So1 — K + 0) (146)
with
= Joa (2v€2 T+ 16)
1 wA
o = arctan (3 (1 + ﬁ) B3>
showing that their zeros are given like the zeros and extrema of Dg with B} (140) and ¢5 = —c in a5 (140).

By the condition (106), one has ¢ << 1 and T << 1. The initial phase between D and U (or @) is
(1/2) — o =~ 11/2, while the initial phase between U (or ®) and D' is (T — o) = 0.

Let us note that, in the physical optics approximation, retaining the term S;(R) in Dg would change
the amplitudes of U and @ (by the addition of decreasing terms in R in front of the sin function) and it would
change the coefficient of v/wA /B3 and add negligible terms in the argument of the arctan of ¢. But the distance
ratio of two successive zeros of U (or @) is unaffected and is still given by % (140) in both WKB approximations.

The distances ratio of two successive maxima of D is given by

Bs = (B)’ (147)
with
Bs = exp u
57 2(v2-1)r, 3 c _3
A2 (4nGpe)t 43 /4 (4mGpe)
37 (ﬁ + 1) /@
R exp 3 (148)
V2rc (47tGpc) 4

where the approximated value of W (134) is used in (148). The distances ratio B5 is a constant, function
of the perturbations angular frequency w and of the disc reference characteristics. The period of the small
perturbations must be larger than a minimum value P,,, which is the greatest of the two values that can be
deduced from the two conditions (106) and (119) on w, applied to the whole range of radial distances up to

Rinax, yielding
o Ce _ T
Py, = 2Coor. or Py, =, /—Gpc Riax (149)

5. Formation of annular structures

For all the cases considered, the spatial part of the perturbed specific mass D has a sign opposite to
the signs of its radial derivative D’, of the radial perturbed velocity U and of the specific mass flux radial
momentum P. The functions U and ¢ have an initial phase difference of approximately 7r/2 with respect to
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Figure 1. Plots of gas perturbed specific mass D and radial velocity U vs radial distance R ("standard model",
d = =3,s = =1 withy = 3/2; D and U from (67) and (70) in text, first term only (k = 0) in the series). The
direction of the gas flow from minima toward maxima of D is indicated by arrows: left arrows for inward gas
flow with a negative velocity U, right arrows for outward gas flow with a positive velocity U; the middle line
represents the unperturbed gas specific mass pg for D and the unperturbed radial velocity (nil in this model) for
u.

the function D. The zeros of U correspond to the extrema of D and vice-versa. For increasing R, U and ®
are positive (respectively negative) between successive minima and maxima (respectively successive maxima
and minima) of D, as shown in Figure 1. This configuration yields radial outward flows of gas between
successive minima and maxima of D and radial inward flows of gas between successive maxima and minima.
The extrema amplitudes of D and D’ decrease for increasing R, while the extrema amplitudes of U and ®
increase for increasing R, although less for @ than for U in the case d = (s — 2). The nebular gas, flowing
outward (respectively inward) with a positive (respectively negative) radial velocity U, may accumulate in
annular rings centered on circular orbits with radii corresponding to the distances of the maxima of the gas
perturbed specific mass, depleting the zones of minima of perturbed specific mass.

In a rotating nebula containing "dust", the solid particles experience an inward drift due to the gas drag
caused by the difference of the gas circular velocity and the Keplerian orbital velocity, the former being
less than the latter [25]. Smaller particles are more affected by the gas drag than larger ones. Particles on
eccentric orbits encounter gas of variable density, causing circularization of their orbit. If a radial velocity is
superimposed onto the gas circular velocity, solid particles experience an additional radial drag causing the
orbit of smaller particles to decay more (respectively less) rapidly in the case of inward (respectively outward)
gas flow, larger particles being less affected. The nebular "dust" is dragged along with the gas, causing the
orbit’s eccentricity of particles to change, favouring collision and accretion (see e.g., [26]). This process would
eventually result in an accumulation of solid particles dragged along with the gas, near zones of maxima of gas
perturbed specific mass. A more detailed analysis of the dynamical gas/particle interactions would confirm
this but is outside the scope of this paper.

6. Conclusions

A wave-like equation of perturbed specific mass deduced for thin slowly rotating low mass gaseous discs
undergoing small radial periodic perturbations and disregarding non-radial perturbations has been solved for
several cases of exponents d and s of the equilibrium radial power law distributions of specific mass p ~ 4
and sound speed ¢ ~ r3, namely for two particular models (d = 0 and d < 2(2y —1); s = 2) and for three

general cases, the first for d = (s —2); s < 2 for small frequencies, and a particular case with s = —1 and
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d = —3, called the "standard model"; the second for d = (s — 2)/2; and the third for d = s/ (v — 1), called the
"polytropic model", with a complete solution for the particular values y =3/2,d = —3 and s = —1.

For all these cases, similar conclusions are reached concerning the spatial part functions of perturbed
specific mass D, of its derivative D’, of the perturbed radial velocity U and of the specific mass flux radial
momentum P, namely that, first, D has a sign opposite to the signs of D', U and @; second, the functions D/,
U and @ are in phase and have an initial phase difference of approximately 7r/2 with respect to the function
D; third, the zeros of U corresponds to the extrema of D and vice-versa; and finally, for increasing R, the
functions U and @ are positive (respectively negative) between successive minima and maxima (respectively
successive maxima and minima) of D. This situation yields radial outward flows of gas between successive
minima and maxima of D and radial inward flows of gas between successive maxima and minima of D, that
would eventually form annular structures of gas, with axial radii corresponding to the distances of maxima of
the gas perturbed specific mass. Furthermore, the maxima of the gas perturbed specific mass are found to be
exponentially spaced for all cases and their distances ratios are constants depending on disc characteristics
and on the angular frequency of the perturbations. These results can be applied to protoplanetary and
proto-satellite discs. A lower limit on orders of magnitudes of time scales can be deduced for the case
d = (s —2) from the condition (76) on the period of the perturbations. For the "standard model", minimum
periods depend on dimensions of the central mass and are in the order of several 10° years for protostellar
discs similar to what the protoplanetary disc around the proto-Sun may have been and in the order of several
10~! year for giant planets proto-satellite discs.
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Appendix A

The specific mass flux due to the radial periodic perturbation can be divided in two parts. The radial part
is due to the perturbed radial velocity v; and reads ppv; while the azimuthal part has two components, the
first one due to the azimuthal velocity at equilibrium vy multiplied by the perturbed specific mass p; and the
second one due to the perturbed azimuthal velocity 11 multiplied by the specific mass pg at equilibrium, that
is p1vg + pot1. We show here that the contribution of the second term ppu; to the azimuthal specific mass flux
is in fact much smaller than the first one p;vy and can be neglected.

We show first that #; is much smaller than vy. Under the hypothesis of purely axisymmetric radial
perturbations, all perturbed variables are functions of the radius r and time t. So, the perturbed azimuthal
velocity u; depends only on r and t and not on the azimuthal angle 8. Therefore, u1does not appear in the
continuity equation. However, we still can find a relation between 11 and vy.

The perturbed azimuthal velocity u; is related to the radial perturbed velocity v; by the Coriolis effect.
With Q) the norm of the nebula rotation angular velocity vector ) pointing upward, the Coriolis acceleration
vector has a norm —2Qv; and is in the azimuthal direction of vy if v; is directed radially inward and in the
opposite azimuthal direction of vy if v; is directed radially outward. As the perturbations are purely radial and
periodic, let w be the angular frequency and the perturbed radial position ; = esin (wt), with the amplitude ¢
much smaller than the radial position ¢ << r, then the perturbed radial velocity reads v; = ew cos (wt) < €w,
yielding a periodically changing Coriolis acceleration a,; = —2Qew cos (wt).

The perturbed azimuthal velocity u; is then in the order of u; ~ f agdt = —2Qesin (wt) < 2Qe. The
azimuthal velocity at equilibrium v is in the order of, or less than, Qr (see Appendix B). Then the ratio

u_ 20 2e

o= 1 1
% = Or r<< (150)

and the azimuthal velocity during perturbation is vy 4+ u; = vy (1 + Z—é) ~ Up.
Furthermore, as the perturbations are periodic, the second term of the azimuthal specific mass flux is
pou1 = —2poQesin (wt) and is varying relatively fast as w >> (), i.e., its azimuthal direction changes sense
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relatively quickly between opposite and along the unperturbed velocity vy. Its average contribution (pgu1)
over a period T = %T is therefore small in front of the larger contribution of the first term p;v9 and can be

neglected. That is p1vg + 2 {pou1) = p1v0 (1 + ZM) ~ p100.

P1%0

Appendix B

Solving for the gas velocity vy at equilibrium within the hypothesis that the kinematic viscosity is
negligible (v = 0), the azimuthal component of the Navier-Stokes equation (11) yields

vy v
e ) (151)
with the notation ”’” = 9 /dr and where f,(r) is an unspecified function of r, giving in general

1
vy = Cl; + Cor + Fy(i’) (152)

Rl = 5 [ ([ fotrar) v

and Cj and C; constants determined by boundary conditions. If the viscosity v is non-null, then obviously
fo(r) and Fy(r) have to be nil in (151) and (152). For r — oo, the gas circular velocity has to stay within finite
values, yielding theoretically C, = 0. Another expression of the gas circular velocity vy at equilibrium is found
from the radial component of the Navier-Stokes equation (10). Using (19) and (24), it yields

GM* 2 (s+d\ |
- - 1
o \/ . + s ( Y ) r (153)

where s and d are usually negative. For the gas circular velocity vy to be real, the Keplerian velocity has to be
greater than the velocity induced by the gas gradient pressure, which is usually the case in real nebulae ([25]).

with

The relations (152) and (153) are complementary in describing the radial profile of the circular gas velocity at
equilibrium. For v # 0 (F,(r) = 0) and noting generally vg (r) ~ ¥, the value p = +1 (C; = 0) gives the
rotation velocity of a solid, and approximately of a fluid with high viscosity, at a constant angular speed. A
value p = —1 (Cy = 0) describes the rotation of a perfect gas, and approximately of a fluid with low viscosity.
The value p = —1/2 corresponds to a Keplerian rotation. A value p = s/2 describes the rotation of a gas
dominated by thermal pressure. The gas circular velocity profile in a real nebula is at least a combination of
the three first cases, as observed in the galaxies’ rotation curves [27,28]: highly viscous fluid near the central
mass (v (r) ~ linear relation), lesser viscous fluid further from the centre (vg (r) ~ inverse linear relation) and,
after a transition region, approximate Keplerian rotation in the external regions (vy () ~ inverse root square
relation).

Appendix C

One can neglect p V] in (22) if small displacements occur due to small radial perturbations. Assuming
that a fluid element is displaced from vectorial positions x to x + ¢ (x), where ¢ (x) is a small displacement,
vectorial function of x, the perturbed specific mass at x reads

01 (x) = =V (0og) (154)

where the specific mass in the divergence operator is replaced by the unperturbed specific mass as it is
multiplied by the small quantity ¢ ([29,30]). Assuming that p; and ¢ depend only on r in a cylindrical polar
referential, = (¢ (r),0,0)), the relation (154) reads

1 () = ~220700E) (155)

and from (9) and (6), with the notation ”’” = 9 /9r,

V] = ? p1rdr = —4nGpo¢ (156)
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The product p, V] in (22) reads then, with (24),

04V = —4nGdp? R 1 <5) (157)

Te
showing that it can be neglected if the small displacement ¢ is small enough in comparison with the central
mass radius 7.
Appendix D

The perturbed azimuthal velocity is found from (15) and reads now

. 01 (4, 00\
ot (vh+ i) =0 (158)

yielding successively, with (26) and (34), x; as (negative) separating constant, and using u; = 0att =0
as initial condition,

e R
_KC 1, %
= (UO + R) U(R)/cos (wt) dt
_C % -
= (UO+ R) U (R) sin (wt) (159)

showing that the perturbed azimuthal velocity u; is periodic by nature.
The perturbed vertical velocity (16) reads now w; = 0, yielding with w; = O att = 0 as an initial condition,
that the perturbed vertical velocity is nil at all time, w; = 0.

Appendix E

The k-th complex coefficient of the hyperbolic Bessel functions in the series of (87) reads

Hy =

k
(-1) (2|V) (b—2a), (160)

k
k! (b))

where (x), are Pochhammer polynomials. This expression can be written Hy = Hpgy + jHjx by posing a =
ag + ja; and by developing the Pochhammer polynomials, yielding

Hgx = Ty (PreQri — P Qix) (161)
Hpe = Ty (PreQix — PrQrr) (162)
with
Ly k m—+ —2m >
Puo= Y [ 1 (=" (L, ) Si(q)ak "t (163)
m=0 \g=2m
Lgr
Qre = Y, (=1)" [Sk (2m)| a7™ (164)
m=0
Py =
L k m+q (9 q—(2m+1) 2m+1
Yl X 0" (fa) S @ak (165)
m=0 \g=2m+1
Ly
Qi =Y, (=1)" Sk @m+1)|aj"*! (166)

m=0
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(-1)*
T, = 167
Tk YKo |Sk (m)] b (167

where (gm are the binomial coefficients, |Sy (m)] is the absolute value of the Stirling numbers of the first kind

and Lg = Ly =k/2forkevenand Lg = (k—1) /2, L; = (k+1) /2 for k odd.
Appendix F
Writing v = vy + jvr, with

3d+2 —B?
2dy wAa (301%2) — (3d +4)

VR (168)

the term G (v) in (90) can be written G (v) = Gg + jG; with, for vy,

GlR_Zriil(ZOPn‘f' Y Z”) (169)

m=0 n=m+1 "

GuzZﬂi(ZQﬁ Y ?:) (170)

m=0 n=0 n=m-+1
LS e (g q-2p. 2p
Po=— 3 5 (=1 (4,) (Swon (@) vf ] (a71)
Cp=0g=2p
Qn =
1 Ly m—n B oyt .
ST L U (fn) G @) (172)
* p=0g=2p+1
T, =
L3 n—m )
Y X (UML) (S (@) (v + 1) (173)
p=0q=2p
o, m+p+q+1
Wo=3Y Y [0 (4 (Suen @)
p=04g=2p+1
(vr + 1)1 ] (174)
Co =t (T3 + W)
n=n! (T2 4+ W} (175)

withL; =Ly =—L3=—Ly=(m—n)/2for (m—n)evenand L1 = —Ly = (m—n—1) /2and L, = —L3 =
(m—n—+1)/2for (m—n) odd.

Similar relations are found for v, replacing vg by —vg.

The complex constants in (92) read A = |A|exp (jA) and M = |M|exp (ju) with

2(3d+2> 2 <773t)1d+2 |G|

A =27\ <M|wA) exp (—my) Il (176)
—3)d+2

A= g (W) —4yIn (2) + arg (G1) —arg (1) (177)

3d42 2 7(7+$L)1d+2 |G |
M| = 2_2(7> (wA> exp (—my) ﬁ (178)
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_ o (y+3)d+2
4 yd

where |G| and arg (G) are the modulus and the argument of the complex valued function G (v).

) —4ylIn (2) + arg (Gy) — arg (1) (179)

Appendix G

We verify the conditions (110) of application of the WKB physical optics approximation for the moduli

€52 (R)] << 11 (R)] << | 2B jesy (m)] << 1 (180)
with
So| _ 1 wA 2\/ 2 p3 p 3
wm(z(uﬁ) . R>+3 (wAP R+ B°R — (181)

\51|—i$n2+(ln((l(:;z)z((wA)2R3+BZR—Z>>>2 (182)

—2B%x + 3) ((cuA)2 x3 + B%x — %)

R
s = [ |2
T

X 5 ((wA)2x3 + Bzx)z +15 ((wA)sz - Bx 3) i (183)
x ((wA)2 x3 + B2x — %) ’

5
2

x ((a}A)2 x3 + B2x — %)

and W is given by (134). The first condition (180) reads

So (R)
€

'— 151 (R)| >>0 (184)

One easily verifies that the left hand side of the inequality tends towards positive infinity either when taking
the limit for R — +oco with € constant or when taking the limit for ¢ — 0 (or w — 0) with R constant. The
verification of the second and third conditions implies the solution of the uneasy elliptic integral (183). One
can get some insights into the verification of these two conditions without solving (183), although, strictly
speaking, this method is not exactly rigorous. Looking at the behaviour of the dominant terms, we take the
limit for € — 0 (or w — 0) under the integral sign, which yields

€5, ~ 1 (/R —2B%dx L3 /R dx
20~ = —_—— - —_———
8 3 4 3
V(B —3) xy/ (B2x = 3)

5 (R Bix
42 / 2 i (185)
BERUCEEH) )
which solves easily in
1[5 1 1
leSa] =~ |— | = +
O\ mr-gt ER-g
—Larctan _ (186)
2v/3 JARR -1
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The second condition, for € — 0 (or w — 0), is always satisfied, provided that BZR # 3/4 for all R, as
|S1| — +o0. The third condition is also satisfied provided that B?R >> 3/4 for all R, which is the condition
(119). Taking now the limit for R — +co in (186) yields that |eS;| — 0, which satisfies both the second and
third conditions (180).
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