IOPSClence iopscience.iop.org

Home Search Collections Journals About Contactus My IOPscience

Group analysis of structure equations for stars in radiative and convective equilibrium

This article has been downloaded from IOPscience. Please scroll down to see the full text article.
2004 J. Phys. A: Math. Gen. 37 3501
(http://iopscience.iop.org/0305-4470/37/10/013)

View the table of contents for this issue, or go to the journal homepage for more

Download details:
IP Address: 171.66.16.90
The article was downloaded on 02/06/2010 at 17:49

Please note that terms and conditions apply.



http://iopscience.iop.org/page/terms
http://iopscience.iop.org/0305-4470/37/10
http://iopscience.iop.org/0305-4470
http://iopscience.iop.org/
http://iopscience.iop.org/search
http://iopscience.iop.org/collections
http://iopscience.iop.org/journals
http://iopscience.iop.org/page/aboutioppublishing
http://iopscience.iop.org/contact
http://iopscience.iop.org/myiopscience

INSTITUTE OF PHYSICS PUBLISHING JOURNAL OF PHYSICS A: MATHEMATICAL AND GENERAL

J. Phys. A: Math. Gen. 37 (2004) 3501-3513 PII: S0305-4470(04)68548-9

Group analysis of structure equations for stars in
radiative and convective equilibrium

Marek Szydlowski' and Andrzej J Maciejewski’

! Astronomical Observatory, Jagiellonian University, Orla 171, 30-244 Krakéw, Poland
2 Torun Centre for Astronomy, Nicolaus Copernicus University, Gagarina 11, 87-100 Torun,
Poland

Received 25 August 2003, in final form 22 January 2004
Published 24 February 2004
Online at stacks.iop.org/JPhysA/37/3501 (DOI: 10.1088/0305-4470/37/10/013)

Abstract

Itis proposed to use the Lie group theory of symmetries of differential equations
to investigate the system of equations describing a static star in a radiative and
convective equilibrium. It is shown that the action of an admissible group
induces a certain algebraic structure in the set of all solutions, which can
be used to find a family of new solutions. We have demonstrated that, in
the most general case, the equations admit an infinite parameter group of
quasi-homologous transformations. We have found invariants of the symmetry
groups which correspond to the fundamental relations describing a physical
characteristic of the stars such as the Hertzsprung—Russell diagram or the
mass—luminosity relation. In this way we can suggest that group invariants
have not only purely mathematical sense, but their forms are closely associated
with the basic empirical relations.

PACS numbers: 97.10.—q, 02.20.Sv

1. Introduction

A modern theory of star interiors and their evolution was founded on the works of Emden, Lane,
Ritter and Kelvin [1]. They studied equilibrium configurations of polytropic and isothermic
gaseous spheres. The important results were obtained by Rudzki [2] who introduced the
notion of homologous transformations. Eddington [3] described the effectiveness of radiation
transport of energy in a star and built the standard model of stellar structure. Chandrasekhar [1]
formulated the homologous theorem known as the Stromgren theorem. Schwarzschild [4]
described the thermonuclear processes as a source of energy of the stars. Some properties of
stellar structure can be expressed in terms of the Lie group theory of symmetries to obtain a
deeper insight into the structure of solution of equation for stars in radiative and connective
equilibrium [5, 6].

One of the main problems in the group analysis of differential equations is the investigation
of properties of the group admissible by the differential equations structure. In the set of all
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solutions the action of an admissible group induces a certain algebraic structure which can be
used to find a family of new solutions from the known ones [7—12].

In the present work, we apply the Lie group theory to investigate group properties of
the system of four structure equations describing Newtonian static stars in radiative and
convective equilibrium. Two of these equations, namely the hydrostatic equilibrium and the
mass continuity equation, were investigated by Collins from the point of view of group theory
[13].

As is well known from Stromgren’s theorem [14], new solutions, for such a system of
equations, can be obtained from the known ones through the homologous transformations.
The new solutions describe new configurations with different masses, radii and chemical
compositions (the so-called homologous stars). We generalize this result by introducing the
notion of quasi-homologous stars, i.e., stars whose equations of state admit quasi-homology
symmetries. The homologous stars are a special case of the quasi-homologous ones. At
the present stage of our investigation, this should be treated as a purely mathematical
result, although it cannot be excluded that the obtained dependences between luminosity
and temperature, mass and temperature and so on could be employed in a manner similar to
that done by Stromgren [14] to fully interpret the Hertzsprung—Russell (HR) diagram.

The energy of the star radiated away from its surface is generally replenished from
reservoirs situated in the very hot central region. The transport of energy is possible due
to the existence of a non-vanishing temperature gradient in the star. The transfer can occur
mainly via radiation, conduction and convection. In any case, photons, nuclei and electrons are
exchanged between hotter and cooler parts where the direction of the energy flow is determined
by the temperature gradient.

The problem of application of symmetry group in the context of equations coming from
astrophysics was considered in our previous papers [5, 6]. This paper is a continuation of
new quasi-homologous symmetries which are present in the structural equations for stars with
convective transport.

2. Mathematical background

In the present work we consider a differential equation system of the following form:

dui i 1 m .
a=f(x,u,.--,u) i=1,...,m. (1)

We consider point transformations generated by the infinitesimal operator

GRS 3
X:E(x,ul,...,u’”)a+Zn’(x,u1,...,u”’) 2)

qul

i=1

For the infinitesimal operator X there are m independent invariants which are solutions to the
following system (if we assume the analyticity of a field)

dx du! du™
—- = ) (3)

E(x,u', ..., um - (e, ut, .., um) R )

The point transformation generated by X is called homologous if £ = ax and n° = g'u’ where

a,g' (i =1,...,m)areconstants. Of course, if X = A* (1), then the finite transformation of
symmetry ¥ — i is given as a solution of equation diz°/dt = A*(u) with the initial conditions
w'(t =0)=u’,s =1,...,m. It can easily be seen that system (1) is similarity invariant in

this case (for a discussion, see [15]).
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A natural extension of this special case leads us to the notion of quasi-homologous
transformations £ = £(x),n' = n'(w'),i = 1,...,m. System (1) admits the infinitesimal
operator (2) if and only if the following condition is satisfied

it < (du’/ an'  du'du’ 9 du' 9
n+2<un_uu$ u' 0§

0x

dx ou/  dx dx ox  dx ax

)—X(f")=0- “4)

Condition (4) tells us whether the symmetry operator X is admitted by system (1) [7]. It is
easily seen that, in the case of a quasi-homologous transformation, equation (4) assumes the
form

dn'  d& ;
W A X(In f1). (5)
Now let us consider the space of independent variable x, dependent u® and its first
derivatives, say (u*)' (@ = 1, ..., m). The action of the Lie group G of the point transformation
in the space (x, u) can be extended to the space (x, u, u’). On the other hand an sth order
(ordinary or partial) differential equation F (x, u(x), u’(x), ..., u*(x)) = 0 defines a certain
manifold M in the space (x,u,u’,...,u*). We say that F is invariant with respect to the

group G, provided that the manifold M is a fixed point with respect to the sth extension of G,
ie., G*(M) = M. In terms of an infinitesimal operator it means that

X'Flp=0=0 (6)

where for the case of first-order differential equations

. N du®
X' =X+Ex,u,u) uj = —
ouy oxt
o o o j 0 018
%-i =Di(?7)—u,-Di(§‘) D; = -+ U; .
ox! ou®

The prolonged operators, which are generators of symmetry of equations in the space
(x, u), form the structure of the Lie algebra of a fundamental group.

The different method of construction of a partial solution of the system without knowledge
of the fundamental group is based on searching some subgroup which is called a similarity
group, for which the finite transformations are

i =a'u' X4 =a"x" i=1,...,n a=1,....,m

and the Lie algebra is determined by the operator
0 a
I _ L

Xi=u du! Xnta = X X
where all coefficients—dilatation coefficient—a’, . . ., a" are positive. It is easy to find such
a subgroup because all form

a’ = (@Y™ (@*m .. (abm j=k+1,...,N.
The invariants of this subgroup are given by

H — (ul)()tl (M2)oz2 . (MN_I)QN—I (MN)D[N
where o, ...y are determined from algebraic equations. There is strictly a connection

between the dimensional analysis of equations and in describing its fundamental group.
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3. Quasi-homologous transformations of structure equations with radiative transport

The structure of the equation for a Newtonian star is as follows [4]

d GM
&P __ 5 p hydrostatic equilibrium (7)
dr r
dm 5 .
- = Arrip mass continuity ®)
dL ) e
O =4dnre(p,T) thermal equilibrium ©))
-
either
dr 3 pL (0. T) diati Tibri (10)
— = ——«(p, radiative equilibrium
dr l6macr2 T3 q
or

dr I, —1Tdp Tdp N : I
— —— =I—— adiabatic convective equilibrium  (11)
dr r, padr p dr

where M is the mass within the sphere of radius r, p is the density, p is the pressure, L is
the luminosity at the surface of the sphere of radius r, T is the temperature, € is the energy
generation rate, « is the opacity, G is the gravitational constant, ¢ is the velocity of light and a
is the Stefan—Boltzmann constant.

First we consider the case of radiative equilibrium. The equation for energy transport
through the stellar material can be written as a condition for the temperature gradient necessary
for the required energy flow. It supplies the next basic equation for the stellar structure.
Assuming the equation of state in the form p = p(p, T) we can rewrite equation (7) in the
more convenient form

d ap\ " 3 L 9
L_ () (-om+ ey B (12)
dr op 167ac T3 9T ) r?

Now, we look for the symmetry transformations of equations (8)—(10) and (12) generated by
the operator

X =60 40 (0) 2O o (L) 49 (T) (13)
= ry)— —_— o o -_—.

ar TG T Gy T T ey
If we denote

3 L dp

il

16wrac T3 3T
equations (5) for quasi-homologous transformations take the form

f=—-GM+

dn'  d& 26 ! .0 ap n' 3 Lo ap Gn?
— ——=—"+——n —|In—= )+ — = )| - —
dp r dr p op ap f L 16wac T3 9p \ T f

3 3 d 4 a0 d 3L 0 d
+ 1 LN T2 (a2 (LN (14
f \l6mac T3 oT f oT op 16tac 0T \ T3 dT

5)

-t —F+——+—— (16)
dL  dr r p  pop € 03T
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d* d ) 1 Ly 3 3 19
o ds 2 m  mdk (L3 Lok (17)
dT  dr r p Kk dp L T «kdT

Since the right-hand side of equation (15) depends only on p, n' = a;p, where «;
is constant. It is easy to verify, by the same argument and by substitution into equations
(14)—(17), that also

n* = oM n’ = oL £=1(aa—ay)r

where ay, a3 are constant. By substituting these equations into system (14)—(17) one obtains

dt 2 4\ 9 92 9
(i——az——oq) » TP Lt fP (18)

+ =

ar ~ 3 T3 o T a0t T a1

2 1 ap 4. Op
——ay — =+ —In—+n"In—=0 19

302~ 3 TP nap o (19)
4 1 dn* d 3 1090
—Oll——()l2+0l3—i+()l1£—K+ —— ——K =0 (20)
3 3 dT K p T TaT
( ) de N 4 0€ 21
03 —0r)eE = e g

3 2 1,0an n 3T

Equations (20) and (21) imply that the opacity coefficient ¥ and the energy generation rate €
are determined by the property of quasi-homologous temperature transformation generated by
the component n*(T)3/dT. This gives us the following solutions:

" /T dr /'T dr (dn* 3n* . o 4oy 0 22)
exp |— — |, kex -+ = — - =
P €Xp (03] . 7]4 K €Xp 7 774 d ; 3 3 o3

w{ o <_a /T dr ) Ea]/(a3a2)}_0 (23)
PR L v ) ? =

where ¢, Y are arbitrary functions. Instead of form (22), equivalent and useful forms of
representation of solutions (22) and (23) can be used in the further analysis [16], namely

Tdr (dn* 30" a 4o 1 T dr
,T) = - +=-—- — — 24
o =oo| [ (G -5 5] Geela [15) e

(o3 —02) /g —(3—aa) /oy T dr
€(p,T)=p*™ gl ™ exp | (a3 —az) po (25)
To

where f and g are arbitrary functions.

It still remains to solve equations (18) and (19). Since we have some freedom in choosing
the equation n*(T), and the function p(p, T) is never precisely known, we look for those
equations of state p = p(p,T) that are enforced by the transformations generated by
operator (2). It is easy to check by using equations (18) and (19) that p = p(p, T') satisfies
the continuity condition 82 p/3dT dp which in fact is a consistency condition for (18) and (19).
Depending on the hyperbolic or parabolic character of equations (18) and (19) four cases can
be distinguished. Let us discuss the solutions for these cases.
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3.1. Casel

3 or ap oM oL AT’
The standard method of reduction to the canonical form, when applied to equation (19), gives

sz(x, T) B 4o1/3 +202/3 B_p

= 26
x0T n*(T) ax (26)
where
(], )
x =pexp|—« .
l 7, M)
In this case, the general solution of equation (26) assumes the form [16]
* T 40y /3 + 205 /3
p(x. T) =h(T)+f g(¢)dz exp (/ M) @7
X0 T() 77 (T)

where h(T) is of C? class and g(¢) is of C' class of differentiability.
By substituting the general solution (27) into equation (18) we obtain the additional
condition for h(T)
4 2 dn*
4 4 /
TYh' (T)+ | za1+ s — — | W'(T) = 0. 28
'7()()<30!1 3% dT>() (28)
The solution of this equation is

T T
h(T) = CI/ exp (/ (gal ¥ §a2> j—;) nf(’f) +C (29)

where C; and C, are constants.
This solution implies that in equation (27) there is still the freedom in choosing a function

g =g().

3.2. Case Il
Oy — ] ad ad ad 4 ad
= —+taooM— +o3L—+1n(T)—.
3 Tar TeMg et T Mgy
By proceeding in the same way as in the previous case we obtain
L f r 20[2 ’
p(p. T) = h(T) + / 2Py exp / 2% 1) dp (30)
3nt(0)
where
T 2 Todt d
h(T)=C1/ exp (—a2/ 4—> IR (31)
3 n*(t) ) n*(r)
where h, g satisfy differentiability conditions as in the previous case and C, C, are constants.
3.3. Case Ill
Oy — O 0 0 0 0
X = r—+ap—+aoM— +o3L—.
3 ar ap M aL
Similar calculations give
T
P Ty =hip+ [ o g a (32)
where
h(T) = Cyp***2@/ 4 C, (33)

where h, g satisfy the differentiability conditions as previously and C;, C, are constants.
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34. CaselV
a—a; 0 0 0
= r—+aM— +o3L—.
3 or oM oL
In this case we have the following solutions:
p=p.T) a =0. (34)

We can construct finite transformations and group invariants. In case I, for example, we
obtain four independent invariants L¢, My, ro and py

T dt T dr
Ly = Lexp <—a3/ 774(l)> My = M exp (—er/ 774([))
. o] — oy T dr . T 4
ro_rexp( 3 / 774(f)> 00 = p exp (—al/ 774(l‘)>'

By using these invariants, we can construct the new families of solutions, for instance

(1) if L(T) is the solution of (12), (8), (9) and (10), then also

ED) gy
L(E(T — —_—
(E( ))exp< . /E(To) 774(l)>

is the solution, where E(T) is a finite transformation of T, given from the solution
T = E(T) of equation dT /dt = n*(T) with the initial condition T(t = 0) = T.
(i1) if M (T) is the solution of (12), (8), (9) and (10), then also

EM gt
M(E(T - -
(E( ))eXP< a2/E<r0> n“(t))

is the solution.

4. Homologous symmetry transformations of structure equations with radiative
transport

It is well known that equations (12), (8), (9) and (10) admit similarity symmetries for the
equation of state of an ideal gas, p ~ pT. This fact induces a certain class of homologous
solutions to the system. Some classical results were obtained by Stromgren [14].

In order to investigate how general our results are, let us assume the rescaling symmetry
n4(T) = a4 T. Then, in case I, for instance, the following equation of state is enforced:

Cl T(4a1+2a2)/3a4 x T 1+(4a1+2a2) /30y
poe,T) = —r——— +/ g0 df ——. (36)
3 +§Ol2+014 X0 30 +§052+Ot4

One should note that equation (36) contains the following form of the equation of state:

p=ap +bT? +cpCTP.

The infinitesimal operator corresponding to the homologous transformations takes the
form
w—o 0 o) e v et 37)
3 or ap oM oL oT

The operator given by equation (37) has four independent invariants, for instance

Jy = pr30t|/(0!|—012) J = IoM—Oll/Otz Jy = LMY/ Jy = LT /e

X =
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By using these invariants we can arrive at various homology theorems, for example
the theorem associated with Ji: if p(r) is the solution of (12) and (8)-(10), then
pf{rexpl(o, — a1)/3]} exp(—c;) is also the solution.

From J; we obtain L ~ M*/* that corresponds to the well-known Eddington mass—
luminosity dependence. Infinitesimal operator (37) generates a Lie algebra spanned by the
basic operators

1 0 d 19 0 0 d
Xi=—sr—+p— Xo=-r—+M— X3 =L— X4 =T—. (38)
3 or ap 3 or oM aL oT

We now briefly present the basis operators for some particular cases that are important

from the physical point of view.
(i) Photon gas, p ~ T*

ra a T ra d T
. M —

Xi=——+p—+— Xo=-—+M—+—
30r dp 30T 30r oM 60T
5 (39)
X;3=L— X, =0.
3 oL 4
(ii) Ideal gas, p ~ pT
rad ad T o rad d TOo
Xi=—2—+p—+—— Xo=-—+M—+——
30r dp 30T 30r oM 60T 40)
ad
X3=L— X4 =0.
3 oL 4
(iii) Degenerate gas, p ~ p>/3
rad ad Mo d d
Xi=-22 4,2 v B0 x,—0 Xs=LZ  Xy=Mo—. @1
6or oo 2 om oL oM
(iv) Relativistic degenerate electron gas, p ~ p*/3
X, =2, 0 X, =12 Xs=0  Xi=M (42)
T T3 TP 2= 9L 3= LYV
(v) Ideal and photon gas
d ad T o d
X =2 4,2 22 X, =0  X;=L— X4 =0. 43)
3or  Pop 30T oL

It is interesting to note that the Eddington mass—luminosity dependence is not satisfied
any longer, as there are no non-trivial invariants associated with M.
(vi) Ideal and degenerate gas

ra 0 M 2T 9

3
—+p—Ft——+ —— X3 =L— X4 =
6or Pop T 2om T 3 aT 3 4

oL

|
o

X

5. Quasi-homologous stars with convective transport

We start the analysis of stars with convection from equations (7)—(9) and (11) which describe
the Newtonian static star with convective transport energy. The convective transport of energy
means an exchange of energy between hotter and cooler layers through the exchange of
macroscopic mass elements, the hotter of which move upwards while the cooler ones descend.
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By analogy with the previous analysis instead of equation (11), it would be useful to
operate the new equation that can be constructed if we assume the form of the equation of
state p = p(p, T). Then we obtain

do _ (ap\”" T ap\ GMp GM
v =(5) (rerenii) o= (ap> e W

We search for the symmetry operator in form (13) for system (7)—(9) and (11). After extension

of operator (13) on the first derivatives we obtain the equations admissible for this operator X’

in the form

dn! d 2 ! a d (M
n'(p)  dg(r) 1=_$(r)+n(p)_4_ln(17>+n( )

=Xl —
dp dr (In75) r P "aT ap M

0 9 ! T dp T T 32 I'T dp o
_na_ln<p)+nfp)( pol . p p p)
0

ap

pdT dp  paTdp p2? oT dp

2
f p OT OT pBT oT p 8T2
dn>(M) d 2 !
P _ED gy )2 EO , 2'0) )
3 1 1 4
L) _ED gy 2 EO 20 10t e s
dL dr P € dp € aT
4 2 1 1
d*(T)  d&(r) :X(lnf4):—2§(r)+n () ' n'ar
dT dr r M p T dp
1 4 4

pdp TaT T poT’

From equation (48) we obtain n3(L) = a3 L, where a3 is constant and equation (47) gives
us the linear relation n>(M) = a>M + B, and n'(p) = o1 p, where oy, a, B> are constant.
Then equation (48) determines the constraint equation in the form

d(r) | 26r)

=0 — (50)
dr r
which can be easily integrated and we obtain
— C
fry =224 = 51)
3 r

After substituting the above solution into equations (46) and (49) we finally obtain that constant
C in (51) must vanish.
Then from equation (48) we obtain
o€
am% 1 (T)— — (a3 —ap)e =0 (52)
which can be integrated by using the standard characteristic method. The invariants are
determined from the characteristic equation
dp _ dT _ de
arp nMT) (o3 —aa)e
where we assume that o3 — oy 7% O then

(3 —0a) /ey exp | (o3 — ap)
C, = ,07 C, = [ - f 4(T)] (53)
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It is well known that the general solution of equation (52) can be given in the form of any
function ¥ of its invariants, i.e.

(az—ax)/ar exp | (o3 — otp) fdr_
w(ﬁ [ 3™ /rﬁm] —0

(54)

’

€ €

Following Sundman there is the equivalent form of the general solution in which the production
energy function can be given in the exact form, namely

T_dr
exp [(a3 — o) [ 5]
_ lez—a)/a n*(T)
€=p 8 ( p(013—0£2)/011 ’ (55)

From (46) or (49) we obtain that
(M) = M + B,

and B, = 0.
Therefore all components of operator X except n*(T') are determined
a—o
§n="5—r a@=ap PO =M L=l (56)

In our further analysis we assume that I' = Iy = const. This assumption simplifies our
calculations but we must remember that in general I' = dIn 7' /d In p. (If the energy transport
is due to radiation and conduction then I' must be replaced by I'1,g = 3k Lp/16wracGm )
This property is destroyed if the material function, instead of being products of power p and T
contains additive terms as in the general case with the equation of state. The simplest example
is the addition of radiation to ideal gas such that p = RpT/u +aT*/3 = Dg + pr. No strict
homology (quasi-homology) relation is then possible. But one can try to make the enlarged
system of equations in which the equation for dg/dr is added (8 = p,/p). The corresponding

equation is

d d R pT d r

9 _pd (RPN Z gLy (P (57)
dr dr W p dr p(p,T)

Now g is not constant and in equation (57) the relations determining dp/dr, d7 /dr and
dp/dr should be substituted. As a result we obtain that the enlarged system admits the
homology relation.

Because we focus on the simplest possible case the problem with constant I" is considered.
For I' = I'y, equation (46) assumes the form

o) — o ad ap 40 ap aip (ToT 8*p T op dp
- = —ajp—h|—|-n"—=h— |+ — | —— - — ——— —
3 ap ap oT ap f p 0pdT p? dT dp
NT)y|Todp ToT (dp\> ToT 82
L@y Todp  Tol' (0p )" Tol 9°p | (58)
f p dT  p* \oT p dT?

Quite similarly we can write equation (49) in the constant I" and we have

dn*(T) o —a
dr 3

n'T) _ewpip
T p 0p

2
:—g(az—a1)+a1+a2+ (59

or

op 4. 0p
— + T)— =(—
amap n( )aT (

d_7]4+ 7}4 + 40[1 +20[2
dT T 3
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The solution of equation (59) can be given in the form of an arbitrary function ¥ of its
invariants, namely

v (p " ex /Taldt 1 ex /Tdt dnt ot e t2))) (60)
,0 p 7]4 7p p 774 dt t 3 -

or

T 4 dn*  n*  doy + 2w 1 L

After substituting the corresponding terms into (59) from the exact formula for p(p, T),
the following condition must be fulfilled

d d 4oy + 2 1d
ﬂ_ﬁ_rT(_ﬂ+ﬁ+u> dns

a7 T a7 ' T 3 na dT
0 dng 14 4o +20\ 1
—ToTp— | [~ + =+ L 22) | =0. 62
T [( ar frt T3 )774] ©

The above relation reduces to the simpler form

d? 1-Tyl /d
The solution of the above equation for any Iy can be obtained if we substitute n4 ~ T*. Then
Iy
X1=1 )CQZFO_I (64)

and finally we have
na = C,T + CoT T~ V/To (65)

where C; and C, are constants.

Therefore, we find that for the general form of the equation of state, the quasi-homology
symmetry is admitted by the stellar structure, e.g. with convective transport, i.e., the operator
of this symmetry is

o —ap 0 0 d d (To—1)/T: d
X = r—+ap—+aeoM— +o3L— + C,T +C, TV 0—. (66)
3 or ap oM oL aT
As a special case for C;, = 0 we find that homologous symmetry is obvious and p =

T(4a172a2)/3a4g(T“1/0‘4 )

. .8 . . .
The non-trivial class of quasi-homologous (and homologous) relations can be obtained
from the invariants. For example, from the invariant J; such that

dL dr < T dr
— Ji = L(T)exp —a3/ ) . 67)

a3l C\T + C,TTo=D/To Cit + CprTo=D/To

It is possible to obtain a new class of solutions from the known ones which can be treated
as a better reconstruction of the main sequence in the HR diagram by using only theoretical
assumptions.

6. Quasi-homologous stars with convective transport

As the simplest example let us consider a star filled by radiation, i.e., p(p, T) = aT* T =
'y = %,g =1, then
o — oy 0

3 3 3 3
X="—"r—+aip—+a0rsM—— +a3L— +(C;T + C;T ) —. 68
3 o Ol1,08p oMoor +aslor (Cy 2 )BT (63)
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The important quasi-homologous theorem useful in the generation of a solution from
the known ones can be formulated in the following way. If L(T) is a solution of the stellar
structure equation in a convective equilibrium, then

T’ d
L(T") exp (—(x3/ ) = const (69)

Cit+ CQ‘L'_3

is also a solution, where T/ = E(T) is a finite transformation which is determined as a solution

of equation
fT/ dr
—— =7
ClT + C2T_3

andT'(t=0)=T.
After integration we obtain the exact form of the finite transformation

T' = E(T):Ci(TH*+ Cy = (C;T* + Cy) e*C17.,
This procedure can be repeated in the more general case of constant I'y. Then we obtain

T = E(T): Ci/(TH/ o+ Cy, = (C, TV + Cy) 17/ T,

7. Conclusion

We investigated symmetries for the equations of state of ideal gas, polytropic gas, photon gas,
degenerated gas, as well as some mixed cases, and found the most general form of quasi-
homologous transformation admitted by the system of equations describing Newtonian static
stars. In considering the invariants of the symmetry groups we noted that they correspond to
the relations describing physical characteristics of the stars, such as the Hertzsprung—Russell
diagram or the mass—luminosity relation. The group invariants make possible the construction
of quasi-homologous theorems analogous to the Chandrasekhar homologous theorems, which
provide a prescription for deriving new classes of solutions from the present known solutions.

We characterized, by computing infinitesimal operators, the structure of the group
admissible by a system of equations describing Newtonian static stars in radiative and
convective equilibrium. We have shown that, in the most general case, the equations admit
an infinite parameter group of quasi-homologous transformations. These symmetries enforce
appropriate equations of state. In the particular case of a five parameter homologous group
the Stromgren results are recovered.

The equations of state (36) and (61) and parametrization of energy production and capacity
are very general. They contain both physical and non-physical situations. Our results suggest
that group invariants do not always have purely mathematical sense, but that their existence is
closely associated with basic empirical facts such as the Hertzsprung—Russell diagram or the
Eddington mass—luminosity dependence. The fact that the main sequence in the Hertzsprung—
Russell diagram can be reconstructed from the invariants proved the effectiveness of the group
analysis of fundamental equations of astrophysics. We indicated this in two examples on the
main sequence models and radiative and convective transport. The main result is that except
for classical homology there is another type of quasi-homologous symmetry which can be
applied to certain red giants (see [17, section 32.2]).

Due to the existence of a new ‘similarity’ between different solutions, the quasi-homology
relation offers qualitative but helpful indication for interpreting or predicting the numerical
solutions.



Group analysis of structure equations for stars 3513

Acknowledgment

We are very grateful to Dr Krawiec for help in preparing the paper and stimulating discussion.

References

[1]
[2]
(3]
[4]
[3]
[6]
(7]
[8]
[9]

[10]
[11]
[12]

[13]
[14]
[15]
[16]
[17]

Chandrasekhar S 1957 An Introduction to the Study of Stellar Structure (New York: Dover)

Rudzki A 1902 Bull. Astrophys. 19 134

Eddington A S 1959 The Internal Constitution of the Stars (New York: Dover)

Schwarzschild M 1958 Structure and Evolution of the Stars (Princeton, NJ: Princeton University Press)

Biesiada M, Golda Z and Szydlowski M 1987 J. Phys. A: Math. Gen. 20 1313

Biesiada M and Szydlowski M 1988 J. Phys. A: Math. Gen. 21 3409

Ovsiannikov L V 1982 Group Analysis of Differential Equations (New York: Academic)

Bluman G W and Kumei S 1989 Symmetries and Differential Equations (New York: Springer)

Stefani H 1989 Differential Equations: Their Solutions Using Symmetries (New York: Cambridge University
Press)

Olver P J 1993 Applications of Lie Groups to Differential Equations 2nd edn (New York: Springer)

Olver P J 1995 Equivalence, Invariants and Symmetry (New York: Cambridge University Press)

Barenblatt G I 1996 Scaling, Self-Similarity and Intermediate Asymptotics (New York: Cambridge University
Press)

Collins C B 1977 J. Math. Phys. 18 1374

Stromgren B 1937 Ery. Exapt. Naturw. 16 465

Bluman G W and Cole J D 1974 Similarity Methods for Differential Equations (New York: Springer)

Sneddon I N 1957 Elements of Partial Differential Equations (New York: McGraw-Hill)

Kippenhahn R and Weigert A 1990 Stellar Structure and Evolution (Berlin: Springer)



