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ABSTRACT
We study properties of the first generation of stars in the Galaxy, in a class of dark

matter models which predict the formation of compact nonbaryonic objects in the early
Universe. Those objects become cores of first stars formed in the Galaxy. Global param-
eters of stars which contain these anomalous cores are studied. Simple physical models
of nonbaryonic cores are used. The HR diagram of stars with nonbaryonic cores is con-
structed. Implications for determination of the age of globular clusters, which contain the
oldest stars, are considered.

1. Introduction

The problem of dark matter is one of central issues of modern cosmology [1]. There
exist a variety of propositions regarding the nature of the dark matter. In this paper
we study astrophysical consequences of a class of dark matter models which predict the
formation of compact nonbaryonic objects in the early Universe, prior to the hydrogen
recombination. This possibility is realized in models of the self-interacting nonbaryonic
dark matter, such as the mirror matter [2]. Also, the dark matter composed of a coherent
bosonic field is likely to form soliton stars [3] through the gravitational cooling mechanism
[4]-

The amount of nonbaryonic dark matter in the Universe is estimated to exceed con-
siderably the amount of baryon matter [5]. We assume that only a fraction of dark matter
is composed of compact objects and the remaining matter is in a more diffuse form. We
are interested here in the compact objects that have masses and sizes typical for ordinary
stars. In the epoch of galaxy formation, when the first stars are formed, these compact
objects most likely become trapped inside newly formed stars. The compact nonbaryonic
objects would be seeds of an efficient condensation of the primordial gas into stars. This
strongly suggests that one should not expect the bare objects of this kind to be observ-
able at present. These objects, if exist, form cores of first generation stars in the Galaxy.
The oldest stars in the Galaxy found in the globular clusters could contain nonbaryonic
compact cores.

In this paper we study properties of stars with nonbaryonic anomalous cores not con-
sidered in the standard model of stellar structure. Stellar cores are not directly observable.
The gravitational interaction of the nonbaryonic core with the baryon matter inside a star
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affects, however, the internal structure of the star changing its observable properties. We
assume here that nongravitational interactions of the nonbaryonic matter with the ordi-
nary matter are very weak and can be neglected. We calculate observational parameters
of stars with anomalous cores assuming simple models of the core.

In Sect.2 models of nonbaryonic cores that we use, are discussed. In Sect.3 the equa-
tions of stellar structure are solved and the HR diagram for stars with these cores is
constructed. In Sect.4 we discuss consequences of the presence of nonbaryonic cores for
the stellar lifetime. In particular we emphasize implications for the determination of age
of the oldest stars found in globular clusters.

2. Models of compact nonbaryonic cores

The fact that the nature of the nonbaryonic dark matter is unknown forces us to
perform a phenomenological analysis of stars with compact nonbaryonic cores. The analysis
takes into account only general properties of the dark matter rather than any specific
dynamics. The most important physical feature of the dark matter is the very weak
interaction with the ordinary baryon matter. We neglect this residual interaction and
assume for simplicity that the dark matter interacts with the baryon matter only through
gravity. Thus the nonbaryonic core couples only gravitationally to the host star.

The core is characterized by two global parameters, the mass, Mj, and the radius,
Rd- Unfortunately, specification of these two parameters is not sufficient, as the radius of
the dark matter distribution is invisible to baryons due to very weak interactions. The
baryons can penetrate the nonbaryonic core feeling only the gravitational potential of the
dark matter. For phenomenological analysis the important quantity is the gravitational
potential of the nonbaryonic core, 6(r). It is specified by the distribution of the mass
density of dark matter. /?j(r), through the Poisson equation.

V2<? = 47cGpd. (1)

The distribution of dark matter. Pd(r), is determined in principle by the dynamics
of nonbaryonic matter which is. however, unknown. In view of this fact we consider a
few simple mass distributions of dark matter particles or fields in order to estimate how
the shape of the gravitational potential generated by the nonbaryonic core influences the
structure of the star.

The simplest model of the nonbaryonic core is a sphere of uniform density. The core
of mass Md and radius Rj has the mass density

The gravitational potential is

-(-52 - 1 ) - 1 ] f°r r < Rd, (3)

and



MA
= _G— for r>Rd. (4)

r

As a second example we use a linear density distribution

The potential is

- 1) for r < Rd,

and is given in Eq.(4) for r > Rd.
The third distribution of dark matter we use is the isothermal sphere [6]. The mass

density, pd, for the isothermal sphere satisfies the equation

d 2dlnpd

where a2 is the velocity dispersion of the particles of nonbaxyonic matter in the compact
object. A simple solution of Eq.(7) has the form

Pd(r) = ~ . (8)

The distribution (8) has to be cut off at a distance Rd, which is the size of the nonbaryonic
object. The parameter A is fixed by demanding that the total mass M<* is enclosed within
the radius Rd,

/ d3rpd = Md. (9)
Jo

This formula gives

The gravitational potential for the isothermal sphere (8) is

^(ln^--l) for r < Rd, (11)
Kd tid

and for r > Rd is given in Eq.(4).
The isothermal sphere is supposed to describe qualitatively distribution for dissipa-

tionless dark matter. The particles of dark matter are assumed to interact only weakly
with one another.

The above density distributions and gravitational potentials are shown in Fig.l for
the same mass Md and radius Rd of the core. The three density distributions are rather
different. However, the gravitational potential for the uniform density sphere, Eq.(3),



and for the linear density distribution, Eq.(6), look rather similar. The potential for the
isothermal sphere, Eq.(ll), is quite different.

In the following we use the isothermal sphere and the uniform density distribution. We
consider them to represent a possible diversity of density distributions in the hypothetical
compact nonbaryonic objects. For comparison, a model of strictly mirror dark matter
distribution, with the dark matter density of exactly the same form as that of luminous
matter,

Pmirror(r) = Pium{r), (12)

is also used.

3. Properties of stars with the nonbaryonic core

Standard equations of the stellar structure should be modified in order to adopt the
nonbaryonic core. The equation of hydrostatic equilibrium becomes

dp r(M,um(r) + Md(r)) , . m .
— =-G - Ptum(r), (13)

where A//um(r) is the mass of ordinary luminous matter within the radius r,

Jo
/ d3r'plum(r'), (14)
o

and A/d(r) is the mass of nonbaryonic dark matter in the same volume,

Md(r) = f d\'pd{r'). (15)
Jo

Here pium{r) is the density of baryon matter in the star. The form of Eq.(13) reflects the
fact that both luminous and dark matter are sources of gravity, whereas the pressure is
only due to the luminous matter. The remaining equations of the stellar structure are
unchanged. They are given in the Appendix.

Our aim here is to calculate the main sequence for stars with nonbaryonic cores. We
thus assume the homogeneous chemical composition, with constant hydrogen and helium
fractions, A' = 0.749 and Y = 0.249, and with the metal fraction Z = 0.002 typical for
old stellar population. The numerical calculations are performed using a suitably modified
code from Ref.[7].

The nonbaryonic core is expected to most affect the stellar properties when its mass
and radius are comparable to the mass and radius of the luminous matter. If Rd as
Rlum any model of a star with the nonbaryonic core is specified by two independent
parameters, the mass of the baryon matter, A//um, and the mass of the nonbaryonic core,
Md- Equivalently, one can use the total gravitational mass, M = Af;um + Md, and the
fraction of dark matter, x = Mi/M. We report here calculations for a fixed fraction of the
dark matter, x — 1/2, and for a fixed amount of the luminous matter, A//um = 2M@, with
varying nonbaryonic core mass, M</.



Results of the calculations for the isothermal sphere model of the nonbaryonic core
are presented in Figs.2-5. In Fig.2 we show the Zero Age Main Sequence (ZAMS) for our
models and for normal stars. ZAMS for stars containing equal amount of luminous and
dark matter, x — 1/2, is very similar to that for normal stars, x = 0, except of small
deviations at low effective temperatures. ZAMS for fixed luminous mass, M/um = 2M©,
tends to lie below that for ordinary stars at Tejf > 30000A'.

An important conclusion from Fig.2 is that there exists such a dark matter distribu-
tion, the isothermal sphere, for which the main sequence for stars with compact nonbary-
onic cores is hardly distinguishable from that for ordinary stars.

In Fig.3 the luminosity is shown as a function of the total gravitational mass for the
same core models as in Fig.2, and for ordinary stars. The curves for all models are rather
similar. The luminosities of models with nonbaryonic cores occupy a narrow band around
the function for normal stars.

In Fig.4 the effective temperature is shown as a function of the total mass. The curve
for x = 1/2 is very similar to that for ordinary stars, x = 0. The curve for Mjum = 2M© is
different. The effective temperature for stars with total mass M > IMQ is higher in this
case than for ordinary stars.

Fig.5 shows the radius of the star as a function of the total mass. Ordinary stars and
models with x = 1/2 follow the same behaviour. Stars with a large amount of dark matter
and fixed luminous mass, M/um = 2MQ, have smaller radii than ordinary stars.

The dependence of stellar properties on models of nonbaryonic cores is studied in
Figs.6 and 7 where results for different models of the core are compared to one another. In
Figs.6 and 7, respectively, the luminosity and the radius are shown as functions of the total
mass. In addition to models from Fig.2-5 we show results for the uniform density core and
for the mirror matter core. For uniform density core we show results corresponding to the
equal amount of luminous and dark matter, x — 1/2, and to fixed density of dark matter,
Pd - PQ-

The luminosity in Fig.6 for uniform density cores is lower than for the isothermal
sphere core model. The mirror matter cores produce higher luminosities. Generally, all
models with 1 = 1/2 occupy a narrow band in the luminosity - mass diagram.

The radii in Fig.7 display a more diverse behaviour. Similarly as the models with
the fixed baryon mass, Mium = 2M@, in Fig.5 stars containing uniform density cores have
smaller radii than ordinary stars. The same occurs for the mirror matter cores. Our
calculations show that the opposite effect, an increase of the radius, is observed for stars
with very compact cores.

Calculations of stellar properties shown in Figs.6-8 are performed for the solar abun-
dance of metals, Z = 0.02.

4. Lifetime of stars with nonbaryonic cores and the age globular clusters

The results of our calculations shown in Fig.6 indicate that the luminosity of stars
with nonbaryonic cores depends mainly on the total mass. Stellar models with various
nonbaryonic cores follow quite a similar behaviour in Fig.6. This fact has an important
consequence for the lifetime of stars.



In order to see how the stellar lifetime depends on the nonbaryonic component let us
write the equation of hydrostatic equilibrium (13) in the form

dp

which shows that the interaction of baryon matter with the nonbaryonic core is determined
by the effective gravitational coupling

This formula becomes particularly simple for the mirror matter core, for which Md(r) =
Mlum{r):

Geff(r)=2G. (18)

The dependence of luminosity on the gravitational constant can be obtained, approx-
imately, from the single zone model. For stars of sufficiently high mass whose opacity is
dominated by the Thomson scattering the luminosity is

(19)

For lower masses the dependence on G is even stronger.
The lifetime of the star on the main sequence is

G4

Gtff
TO- (20)

where TQ is the lifetime of the ordinary star. We thus find that the presence of the mirror
matter core inside a heavy star reduces its main sequence lifetime by a factor ~ 16. For
lower mass stars this reduction is even more dramatic.

In Fig.8 we show the luminosity as a function of the luminous matter mass, A//um,
for various dark matter models. For all models the luminosity in presence of the non-
baryonic core is higher than the luminosity of the ordinary star. This conclusion reflects
simply the fact that any nonbaryonic core effectively increases the gravitational coupling.
Appropriately averaging G€ff{r) over the star we find

Geff>G, (21)

for any nonbaryonic core. Correspondingly, the stellar lifetime becomes shorter. For the
luminosity given in Eq.(19) the 20% increase of the effective gravitational coupling reduces
the main sequence lifetime by a factor of 2. For low mass stars even smaller increase of
Ge/f can result in such a lifetime reduction.

The above analysis has an important implications for the determination of the age of
the oldest globular clusters, which is estimated to be 12 — HGyr [8]. The problem with this
age is that it seems to exceed the age of the universe, derived from recent measurements
of the Hubble constant, which is ~ 10±2Gyr [9,10,11]. The presence of nonbaryonic cores



in the old stars of globular clusters could shorten their age, making it compatible with the
age of the Universe.

This research is partially supported by the Polish State Committee for Scientific Re-
search (KBN), grants 2 P03B 083 08 and 2 P03D 001 09.

5. Appendix

We summarize here the remaining equations of the stellar structure used in the cal-
culations. The production of energy in the star is described by the equation

— ~ =47rr2enucp /um(r), (22)
dr

where the nuclear energy generation rate is

tnuc = tpp + ZCNO (23)

Here we take into account both pp-chain and CNO-cycle contributions [7].
The radiative transport equation is

dT _ 3KPlum L{r)
dr ~ 4acT3 4nr2' K }

where K is the opacity. We use K parametrized according to Ref.[12]. In the convective
envelope (dT/dr)conv is calculated within the mixing length theory [7j.

The equation of state is

P = Pgas + Prad- (25)

where the pgas is the pressure of the perfect gas,

Pgas — kgT, (26)

fiirip

and

Prad = \aT4 (27)

is the pressure of the photon gas. The mean molecular weight, /j, in Eq.(26) is calculated
for partially ionized zones by using the Saha equation.

We adopt the photospheric conditions at the stellar surface. The the effective tem-
perature is

where R is the stellar radius.



REFERENCES

1. V. Trimble, Ann. Rev. Astron. Astrophys. 25, 425 (1987).
2. H. M. Hodges, Phys. Rev. D 47, 456 (1993).
3. T. D. Lee and Y. Pang, Phys. Rep. 221, 251 (1992).
4. E. Seidel and Wai-Mo Suen. Phys. Rev. Lett. 72, 2516 (1994).
5. A. Dekel. Ann. Rev. Astron. Astrophys. 32. 371 (1994).
6. J. Binney and S. Tremaine. "Galactic Dynamics'", Princeton University Press, 1987.
7. C. J. Hansen and S. D. Kawaler, "Introduction to Stellar Structure and Evolution".

Colorado University Press, 1990.
8. B. Chaboyer, P.J. Kernan. L.M. Krauss and P. Demarque, A Lower Limit on the Age

of the Universe, astro-ph/9509115.
9. W. Freedman et al., Nature 371, 757 (1994).
10. N.R. Tanvir, T. Shanks, H.C. Ferguson and D.R. Robinson, Nature 377, 27 (1995).
11. M. Bolte and C.J. Hogan. Nature 376, 399 (1995).
12. R.F. Stellingwerf, Astrophys. J. 195, 441 (1975); 199, 705 (1975).

FIGURE CAPTIONS
Fig.l
The density profile of the nonbaryonic core and corresponding gravitational potential.
Solid, long-dashed and short-dashed curves correspond, respectively, to the isothermal
sphere core, the uniform density core and the linear density core. The mean density refers
to the uniform density core. The gravitational potential is in units of GMd/Rd-

Fig.2
The luminosity as a function of the effective temperature (HR diagram). We show ZAMS
for the isothermal sphere core model for x — 1/2 and for fixed mass of the baryon matter
-M/um = 2.A/:. ZAMS for ordinary stars, x — 0, is shown for comparison

Fig.3
The luminosity as a function of the total mass for stellar models from Fig.2.

Fig.4
The effective temperature as a function of the total mass for stellar models from Fig.2

Fig.5
The radius as a function of the total mass for stellar models from Fig.2

Fig.6
Compared are luminosities as functions of the total mass for various models of the non-
baryonic core. Solid, long-dashed and short dashed curves correspond to the same models
as in Fig.2. Open stars correspond to the uniform density core and x = 1/2. Open squares
correspond to the uniform density core with fixed density pd = /?© = lAg/cm3. The filled
stars are for the mirror matter core. The metal abundance is Z = 0.02.

Fig.7
The radius as a function of the total mass for models from Fig.6
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Fig.8
The luminosity as a function of the luminous (baryon) mass for models from Fig.6. Note
that luminosities for all models are higher than for normal stars (long-dashed curve).
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