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Supermassive boson star at the galactic center?
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We explore whether supermassive nonbaryonic stars~in particular boson, miniboson, and nontopological
soliton stars! might be at the center of some galaxies, with special attention to the Milky Way. We analyze,
from a dynamical point of view, what current observational data show, concluding that they are compatible
with a single supermassive object without requiring it to be a black hole. Particularly, we show that scalar stars
fit very well into these dynamical requirements. The parameters of different models of scalar stars necessary to
reproduce the inferred central mass are derived, and the possible existence of boson particles with the adequate
range of masses is commented upon. Accretion to boson stars is also briefly analyzed, and a comparison with
another nonbaryonic candidate, a massive neutrino ball, which is also claimed as an alternative to the central
black hole, is given. Both models are capable of explaining the nature of the object in Sgr A* without invoking
the presence of a singularity. One difficult issue is why the accreted materials will not finally produce, in a
sufficiently long time, a black hole. We provide an answer based on stellar disruption in the case of boson stars,
and comment on several suggestions for its possible solution in neutrino ball scenarios. Finally, we discuss the
prospects for the observational detection of these supermassive scalar objects, using the new generation of
x-ray and radio interferometry satellites.

PACS number~s!: 04.40.Dg, 98.35.Jk
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I. INTRODUCTION

During recent years, ideas concerning the possible e
tence of a single large mass in the Galactic Center have b
favored. This was a direct consequence of tightening the
per bound on its size, and the study of stability criter
which ruled out complex clusters. Although it is common
believed that this central mass is a supermassive black h
it is not yet established, as we discuss below, on a firm
servational basis.

The aim of this paper is to present an alternative mo
for the supermassive dark object in the center of our Gala
formed by self-gravitating nonbaryonic matter composed
bosons. These kinds of objects, so-called boson stars
well known to physicists, but up to now, observational ast
physical consequences have hardly been explored. The
characteristics of this model are~1! it is highly relativistic,
with a size comparable to~but slightly larger than! the
Schwarzschild radius of a black hole of equal mass,~2! it has
neither an event horizon nor a singularity, and after a ph
cal radius is reached, the mass distribution exponentially
creases, and~3! the particles that form the object intera
between each other only gravitationally, in such a way t
there is no solid surface to which falling particles can collid

It is the purpose of this work to show that these featu
are able to produce a Galactic Center model which can
confronted with known observational constraints, and
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point to some of the ways in which such a center could
differentiated from a usual supermassive black hole.

Why scalar fields?Interesting models for dark matter us
weakly interacting bosons~see, for instance, Refs.@1,2#!.1

Primordial nucleosynthesis shows that most of the mas
the universe should be nonbaryonic ifV;1. Most models of
inflation make use of scalar fields. Scalar-tensor gravitat
is the most interesting alternative to general relativity. R
cent results from supernovae, which in principle we
thought of to favor a cosmological constant@3#, can be sup-
ported by a variety of models as well, some of them w
scalar fields too@4#. Particle physicists expect to detect th
scalar Higgs particle in the next generation of accelerat
Scalar dilatons appear in low-energy unified theories, wh
the tensor fieldgmn of gravity is accompanied by one o
several scalar fields, and in string effective supergravity. T
axion is a scalar with a long history as a dark matter can
date, and Goldstone bosons also have already infe
masses. Symmetry arguments, which once led to the con
of neutron stars, may force to ask whether there could
stellar structures made up of bosons instead of fermions

In recent works, Schunck and Liddle@5#, Schunck and
Torres@6#, and Capozziello, Lambiase, and Torres@7# ana-

1In particular, the results of Ref.@1#, which were obtained with a
real scalar field, could equally well work with a complex scal
such as the one that will be used here to introduce the boson
system. In this way, it is not discarded that the same scalar fi
could provide several solutions at the same price: for halos of
axies, for the dark matter problem, and for the centers of so
galaxies, as this work proposes.
©2000 The American Physical Society12-1
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lyzed some of the observational properties of boson stars
particular, the Cˇ erenkov effect, the gravitational redshift o
the radiation emitted within a boson star potential, and
rotational curves of accreted particles were studied to as
possible boson star detection. These works extend prev
ideas put forward by Tkachev@8#. The interest in observa
tional properties of boson stars also led to the investiga
of them as sources ofg-ray bursts@9# and as a possible len
in a gravitational lensing configuration@10#. Recent studies
are analyzing the gravitational lensing phenomenon in str
field regimes@11–13#. This would be the case for boso
stars, which are genuine relativistic objects.

This work is organized as follows. Section II is a bri
summary of the main observational results concerning
A* , and the main hypotheses in order to explain it are o
lined there. Section III analyzes what dynamical obser
tional data show, and what kind of models can support th
Section IV gives the basic ingredients to theoretically co
struct scalar stars, shows mass and radius estimates,
studies effective potentials and orbits of particles. In Sec
we study the center of the Galaxy, show which are the sta
scalar star models able to fit such a huge mass, and com
on the possible existence of boson particles with the requ
features. We also provide there an assessment of the dis
tion processes in boson star scenarios. Discussion and
clusions are given in Secs. VI and VII.

II. THE GALACTIC CENTER

A. Main observational facts

The Galactic Center is a very active region toward
Sagittarius constellation where, at least, six very energ
radio sources are present~Sgr A, A* , B1, B2, C, and D!.
There are several supernova remnants, filaments, and
rich star clusters. Several observational campaigns@14# have
identified the exact center with the supermassive comp
dark object in Sgr A* , an extremely loud radio source. Th
mass and the size of the object has been established
(2.6160.76)3106M ( concentrated within a radius of 0.01
pc ~about 30 lds! @15,16#.

More precisely, Ghezet al. @15# have made extremely ac
curate velocity measurements in the central square arcs
From this bulk of data, it is possible to state that a superm
sive compact dark object is present at the Galactic Cente
is revealed by the motion of stars moving within project
distances around 0.01 pc from the radio source Sgr A* , at
projected velocities around 1000 km s21. In other words, a
high increase in the velocity dispersion of the stars tow
the dynamical center is revealed. Furthermore, a large
coherent counter-rotation, especially of the early-type st
is shown, supporting their origin in a well-defined epoch
star formation. Observations of stellar winds nearby Sgr*
give a mass accretion rate ofdM/dt5631026M ( yr21

@16#. Hence, the dark mass must have a den
;109M ( pc23 or greater, and a mass-to-luminosity ratio
at least 100M ( /L( . The bottom line is that the central dar
mass seems to be a single object, and that it is statistic
very significant (;628s).
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B. Domain of the black hole?

Such a large density contrast excludes that the dark m
could be a cluster of almost 23106 neutron stars or white
dwarfs. Detailed calculations of evaporation and collisi
mechanisms give maximal lifetimes of the order of 18

years, much shorter than the estimated age of the Ga
@17,18#.

As a first conclusion, several authors state that in the
lactic Center there is either a single supermassive black
or a very compact cluster of stellar size black holes@16#. We
shall come back to this paradigm through the rest of
paper~particularly in Sec. III!.

Dynamical evidence for central dark objects has be
published for 17 galaxies, such as M87@19,20#, or NGC4258
@21#, but proofs that they really are black holes requires
measurement of relativistic velocities near the Schwarzsc
radius, r s.2M d /(108 M () a.u. @22#. Because of the
abovementioned mass accretion rate, if Sgr A* is a super-
massive black hole, its luminosity should be more th
1040 erg s21, provided the radiative efficiency is about 10%
On the contrary, observations give a bolometric luminos
less than 1037 erg s21, already taking into account the lum
nosity extinction due to interstellar gas and dust. This d
crepancy is the so-called ‘‘blackness problem’’ which h
led to the notion of a ‘‘black hole on starvation.’’ Standa
dynamics of the spherical accretion onto a black hole m
be modified in order to obtain successful models~see, for
instance, Ref.@23#!. Recent observations, we recall, prob
the gravitational potential at a radius larger than 43104

Schwarzschild radii of a black hole of mass 2.63106M (

@15#.

C. Domain of the massive neutrino?

An alternative model for the supermassive compact ob
in the center of our Galaxy has been recently proposed
Tsiklauri and Viollier @24#. The main ingredient of the pro
posal is that the dark matter at the center of the galaxy
nonbaryonic~but in any case fermions, e.g., massive neu
nos or gravitinos!, interacting gravitationally to form super
massive balls in which the degeneracy pressure bala
their self-gravity. Such neutrino balls could have formed
early epochs, during a first-order gravitational phase tra
tion, and their dynamics could be reconciled, with some
justments, to the standard model of cosmology.

Several experiments are today running to search for n
trino oscillations. In order to explain the characteristics
Sgr A* , it would be necessary to have neutrinos with mas
between 10 and 25 keV which, cosmologically, fall into t
category of warm dark matter. It is interesting to note th
the existence of gravitinos in this mass range allows for
formation of supermassive objects from 106M ( to 109M ( .

One appealing characteristic of this model is that suc
neutrino condensate could act as a spherical thick len~a
magnifying glass! for the stars behind it, so that their appa
ent velocities will be larger than in reality. In other word
depending on the line of sight, it should be possible to c
rect the projected velocities by a gravitational lensing con
bution, so trying to explain the bimodal distribution~early
2-2
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SUPERMASSIVE BOSON STAR AT THE GALACTIC CENTER? PHYSICAL REVIEW D62 104012
and late type stars! actually observed@15,16#. A detailed
model and comparison with the data was presented by s
of us @25#.

III. OBSERVATIONAL STATUS

A. Brief review on dynamical data
and what are they implying

An important information on the central objects of gala
ies ~particularly in active galactic nuclei! is the short time
scale of variability. This has the significance of putting
upper bound—known as the causality constraint—on the
of the emitting region: If a system of sizeL suddenly in-
creases its emissivity at all points, the temporal width w
which we receive it isL/c and thus, a source cannot fluctua
in a way that involves its entire volume in time scales sho
than this ~unlessc is not a limiting velocity!. This finally
yields a corresponding maximum length scale, typically
tween 1024 to 10 pc @26#. Autocorrelation in the emission
argue against the existence of a cluster of objects~unless
only one member dominates the emissivity!, and the small
region in which the cluster should be allows two body e
counters to be very common and produces the lost of
stability of complex clusters. These facts can be used to c
clude that a single massive object must be in the cente
most galaxies. What observations show in this case is
the size of the emitting regions are very small. This does
directly implicate black holes as such.

The way in which we expect to detect the influence o
very massive object is through its gravity. The ‘‘sphere
influence’’ of a large mass is defined by the distance
which its potential significantly affects the orbital motions
stars and gas, and is given by

R* 5GM/s
*
2 ;4M7s

* ,100
22 pc, ~1!

where the central mass is normalized to 107M ( ands* ,100 is
a r.m.s. orbital speed in units of 100 km s21. Thus, even
very large masses have a small sphere of influence. Wi
this sphere, the expected response to a large nuclear
can be divided in two groups. First, the response of inters
lar gas can hardly be anything different from an isotro
motion in the center of mass frame. Random speeds are o
thought to be much smaller than this overall speed, which
from the sphere of influence is just given by (GM/r )1/2. If
the energy produced by random motions is radiated aw
the gas behaves as a whole and tends to flatten itself,
serving the angular momentum. Observations of the ro
tional velocity of gas as a function of the radius can th
provide a measure of the total mass at the center. Then,
observation searches is the existence of a Keplerian pote
signature in the flattened gas velocity distribution. Examp
of this are the radio galaxies M87@19#, NGC 4258@27#, and
many others. Then, any massive object producing a velo
distribution with a Keplerian decrease would be allowed
observation.

Secondly, we consider the response of the stars. In
case, peculiar velocities are larger or comparable to the b
streaming and it is harder to actually differentiate the ste
10401
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response to a nuclear mass from the observable properti
a pure stellar potential. However, stellar motions, contrary
that of gas, are not affected by other forces~such as those
produced by magnetic fields!, and are better tracers of mas
distributions. What observations show in this case are
stellar density and the velocity distribution. Use of the co
sionless Boltzmann equation allows one to get the Jea
relation @28,26#

GM~r !

r
5Vrot

2 2s r
2Fd ln n~r !

d ln r
2

d ln s r
2

d ln r
122

s t
2

s r
2G . ~2!

Here,n(r ) is the spherically symmetric distribution of star
Vrot is the mean rotational speed,s r ,u,f are velocity disper-
sions, ands t

25su
21sf

2 . Measurements ofV and random
velocities determine thatM (r ) decline inwards until a criti-
cal radius, where—as long as the resolution is available—M
becomes constant. What really happens, however, is
even if this region is not scrutinized, the mass to light ra
becomes sufficiently large to suggest the presence of a l
dark mass. A combination of this with other measureme
strongly suggest that this dark mass is a single object.
black hole scenario has become our paradigm. But sug
tions that the dark objects are black holes are based onl
indirect astrophysical arguments, and surprises are pos
on the way to the center@22#.

B. The galaxy

We follow Genzelet al. @16# and parametrize the stella
density distribution as

n~r !5
S0

R0

1

11~R/R0!a
. ~3!

Note that R0 is related to the core radius throughRcore
5b(a)R0. Genzelet al. found that the best fit parameters fo
the observed stellar cluster are a central density of
3106M ( pc23, a core radius of 0.38 pc, and a valuea
51.8 @b(a)52.19#. With this distribution, they found that a
dark mass of about 2.53106M ( was needed to fit the ob
servational data.

The cluster distribution, and the cluster plus a black h
constant mass is shown in Fig. 1. Black boxes represent G
zel et al. ~Table 10! and Eckart and Genzel~Fig. 5! data. A
dashed line stands for the stellar cluster contribution, whil
dot-dashed line represents an enclosed pointlike black
mass. The solid line in the right half of the figure stands
the mass distribution both for a black hole and a boson
plus the stellar cluster. The mass dependence we are plo
for the boson star is obtained in Sec. IV, and represents
mass distribution of a miniboson star (L50, m@GeV#
52.81310226) with dimensionless central densitys(0)
equal to 0.1. Other boson star configurations, with an app
priate choice of the boson field massm, yield the same re-
sults. Note the break of more than three orders of magnit
in the x axis. This is caused because the boson star distr
tion, further out of the equivalent Schwarzschild radius, d
namically behaves as a black hole. It begins to differ fro
2-3
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the black hole case at radius more than three orders of m
nitude smaller than at that we have the innermost data po
From the mass distribution, a boson star in the center of
galaxy is virtually indistinguishable from a black hole.

Tsiklauri and Viollier @24# have shown that the same o
servational data can also be fitted using an extended neu
ball. In that case, differences begin to be noticed just aro
the innermost data point. It is then hard to determine whe
the central object is a black hole, a neutrino ball, or a bo
star basedonly on dynamical data now at hand, and oth
problems concerning the accretion disk have to conside
~see below!. Even harder is the situation for deciding—usin
only this kind of data—if the supermassive object is a bos
star instead of a black hole: as a boson star is a relativ
object, the decay of the enclosed mass curve happens
to the center. This, however, will provide an equivalent p
ture than a black hole for disruption and accretion proces
we shall comment on it in the next sections.

To apply Eq. ~2! to the observational data we have
convert intrinsic velocity dispersions@s r(r )# and volume
densities@n(r )# to projected ones@28#, these are the ones w
observe. We shall also consider thatd512su

2/s r
2 , the an-

isotropy parameter, is equal to 0, and we are assuming
plicitly that su5sf . We take into account the following
Abel integrals:

S~p!52E
p

` n~r !r

Ar 22p2
dr, ~4!

FIG. 1. Enclosed mass in the center of the galaxy together w
observational data points. See discussion in the main text.
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S~p!s r~p!52E
p

`n~r !s r~r !2r

Ar 22p2
dr. ~5!

S(p) denotes surface density,s r(p) is the projected velocity
dispersion, andp is the projected distance. We adopt th
Genzelet al. @16# parametrization fors r(r ),

s r~r !5s~`!21s~29!2S R

29
D 22b

. ~6!

What one usually does is to numerically integrate Eqs.~4!,
~5! and fit the observational data@s r(p) vs p#. To do so one
also has to assume a density dependence for the cluster@as in
Eq. ~3!#, and the dark mass. With a pointlike dark mass
2.53106M ( , the parameters of the fit result to bes(`)
555 km s21, s(29)5350 km s21, andb50.95.

If one now changes the central black hole for a boson s
one has to consider its particular density dependence. In
way, n(r )5nstellar cluster(r )1ndark mass(r ). We obtained
nboson star(r ) as M (r )/(4/3pr 3), where M (r ) is the fitted
mass dependence of the boson star as explained in the
section. It is now useful to consider that the fitting ofs r(p)
is made taking into account observational data points in
gions where the boson star generated space-time is pr
cally indistinguishable from a black hole. Then, we may e
pect that the actual parameterss(`), s(29), and b for
s r(r ), will be very close to those obtained for the black ho
For our purposes, it is enough to take the sames r(r ) as in
the black hole case, and computes r boson star(p) using Eqs.
~4!,~5!, with the adequate totaln(r ).

In Fig. 2 we show the observational data of Eckart a
Genzel~filled black boxes! and Genzelet al. ~hollow circles!
superimposed with the curve fors r(p) that we obtain with a
miniboson star@L50, s(0)50.1, m@GeV#52.81310226#
in the galactic center. Other boson star configurations, w
appropriate choice of the boson field massm, yield to the
same results. For this configuration, we used, as will be
plained in Sec. IV, a mass distribution given b
a Boltzmann-like equation with A252.53106M ( ,
A1520.2373106M ( , R051.1921026 pc, and DR
54.1631026 pc. In the range plotted, and in which data
available, the differences between boson and black hole
oretical curves is undetectable. They only begin to devi
from each other atp;1024 pc. Even the deviation in such
region is as slight as 1 km s21, and it only becomes more
pronounced whenp values are closer to the center. Howev
we should recall that it has no sense to go to such extre
values ofp: the stars will be disrupted by tidal forces~see the
discussion in Sec. VI! in those regions. Now we shall wor
out in detail the boson star model that we use.

IV. BOSON STARS

A. Basic concepts and configurations

Let us study the Lagrangian density of a massive comp
self-gravitating scalar field~taking \5c51),

th
2-4
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L5
1

2
AuguFmPl

2

8p
R1]mc* ]mc2U~ ucu2!G , ~7!

whereR is the scalar of curvature,ugu the modulus of the
determinant of the metricgmn , and c is a complex scalar
field with potentialU. Using this Lagrangian as the matt
sector of the theory, we get the standard field equations

Rmn2
1

2
gmnR52

8p

mPl
2

Tmn~c!, ~8!

hc1
dU

ducu2
c50, ~9!

where the stress energy tensor is given by

Tmn5 1
2 @~]mc* !~]nc!1~]mc!~]nc* !#

2 1
2 gmn@gab~]ac* !~]bc!2U~ ucu2!# ~10!

and

h5]m@Augugmn]n#/Augu ~11!

is the covariant d’Alembertian. Because of the fact that
potential is a function of the square of the modulus of
field, we obtain a globalU(1) symmetry. This symmetry, a
we shall later discuss, is related with the conserved num
of particles. The particular form of the potential is wh

FIG. 2. Projected velocity dispersions: observational data an
using a boson star model. See discussion in the main text.
10401
e
e

er

makes the difference between miniboson, boson, and so
stars. Conventionally, when the potential is given by

U5m2ucu21
l

2
ucu4, ~12!

wherem is the scalar mass andl a dimensionless constan
measuring the self-interaction strength, miniboson stars
those spherically symmetric equilibrium configurations w
l50. Boson stars, on the contrary, have a non-null value
l. The previous potential withlÞ0 was introduced by Colp
et al. @29#, who numerically found that the masses and rad
of the configurations were deeply enlarged in comparison
the miniboson case.

Soliton ~also called nontopological soliton! stars are dif-
ferent in the sense that, apart from the requirement that
Lagrangian must be invariant under a globalU(1) transfor-
mation, it is required that—in the absence of gravity—t
theory must have nontopological solutions; i.e., solutio
with a finite mass, confined to a finite region of space, a
nondispersive. An example of this kind of potentials is t
one introduced by Lee and his co-workers@30#

U5m2ucu2S 12
ucu2

F0
2 D 2

, ~13!

whereF0 is a constant. In general, boson stars accomp
the requirement of invariance under aU(1) global transfor-
mation but not thesolitonic second requirement. To satisf
it, it is necessary that the potential contains attractive ter
This is why the coefficient of (c* c)2 of the Lee form has a
negative sign. Finally, whenucu→`, U must be positive,
which leads, minimally, to a sixth order function ofc for the
self-interaction. It is usually assumed, because of the ra
of masses and radius for soliton stars in equilibrium, t
they are huge and heavy objects, although this finally
pends on the choice of the different parameters.

We shall now briefly explain how these configuratio
can be obtained@31–33#. We adopt a spherically symmetri
line element

ds25en(r )dt22em(r )dr22r 2~dq21sin2qdw2!, ~14!

with a scalar field time-dependence ansatz consistent
this metric:

c~r ,t !5s~r !e2 ivt ~15!

where v is the ~eigen!frequency. This form of the field—
when it has no nodes—ensures us to be working in the c
figurations of minimal energy@30#.

The nonvanishing components of the energy-momen
tensor are

T0
05r5 1

2 @v2s2~r !e2n1s82~r !e2m1U#, ~16!

T1
15pr5

1
2 @v2s2~r !e2n1s82~r !e2m2U#,

~17!

T2
25T3

35p'52 1
2 @v2s2~r !e2n2s82~r !e2m2U#,

~18!

fit
2-5
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where 85d/dr. The nonvanishing independent compone
of the Einstein equation are

n81m85
8p

mPl
2 ~r1pr !re

m, ~19!

m85
8p

mPl
2

rrem2
1

r
~em21!. ~20!

Finally, the scalar field equation is

s91S n82m8

2
1

2

r Ds81em2nv2s2em
dU

ds2
s50.

~21!

To do numerical computations and order of magnitude e
mates, it is useful to have a new set of dimensionless v
ables. We adopt here

x5mr, ~22!

for the radial distance, we redefine the radial part of
boson field as

s5A4ps/mPl ~23!

and introduce

L5lmPl
2 /4pm2, V5

v

m
. ~24!

In order to obtain solutions which are regular at the orig
we must impose the following boundary conditionss8(0)
50 and m(0)50. These solutions have two fundamen
parameters: the self-interaction and the central density~rep-
resented by the value of the scalar field at the center of
star!. The mass of the scalar field fixes the scale of the pr
lem. Boundary conditions representing asymptotic flatn
must be applied upon the metric potentials, the
determine—which is actually accomplished via a numeri
shooting method—the initial value ofn5n(0). Then, having
defined the value of the self-interaction, or alternatively,
form of the soliton potential, the equilibrium configuration
are parametrized by the central value of the boson field.
this central value increases, so does the mass and radi
the star. This happens until a maximum value is reache
which the star loses its stability and disperses away. Up
this value ofs0, catastrophe theory can be used to show t
these equilibrium configurations are stable@34#. As an ex-
ample of boson star configurations, we show in Fig. 3,
mass and number of particles~see below! for a L510 Colpi
et al. potential, and in Fig. 4, the stability analysis.

When L@1, we must follow an alternative adimensio
alization @29#. For largeL, we shift to the following set of
variables:

s* 5sL1/2, ~25!

x* 5xL21/2, ~26!
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M* 5ML21/2. ~27!

Here,M* is defined by

em5S 122
M*
x*

D 21

, ~28!

which corresponds to the Schwarzschild mass~see below!.
Ignoring termsO(L21), the scalar wave equation is solve
algebraically to yield

s* 5~V2e2n21!1/2, ~29!

and up to the same accuracy, the field equations are

dM*
dx*

5
1

4
x
*
2 ~3V2e2n11!~V2e2n21!, ~30!

dn

dx*

e2m

x*
2

12

x* ~12e2m!5
1

2
~V2e2n21!2. ~31!

The system now depends only on one free param
V2e2n(0). Numerical solutions show that the maximum ma
corresponding to a stable star is given byMmax

;0.22L1/2mPl
2 /m.

B. Masses estimates

The invariance of the Lagrangian density under a glo
phase transformationc→ce2 iq of the complex scalar field
gives~via the Noether’s theorem! a locally conserved curren
]m j m50, and a conserved charge~number of particles!. We
need to study the number of particles because it is esse
to determine whether the configurations are stable or no

FIG. 3. Mass and number of particles, in dimensionless un
for a L510 boson star~Colpi et al. @29#! potential.
2-6
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necessary requirement towards the stability of the config
tions is a negative binding energy (BE5M2mN), i.e., the
star must be energetically more favorable than a group
unbound particles of equal mass. From the Noether theo
the currentj m is given by

j m5
i

2
Augugmn@c* ]nc2c]nc* # ~32!

and the number of particles is

NªE j 0 d3x. ~33!

For the total gravitational mass of localized solutions,
may use Tolman’s expression@35#, or equivalently, the
Schwarzschild mass

M5E ~2T0
02Tm

m!Augud3x. ~34!

In Fig. 5, we show the mass of a boson star withL50 as a
function of x. We have fitted this curve with a Boltzmann
like function

M fit~x!5A21
A12A2

11e(x2x0)/Dx
, ~35!

which is reliable except in regions very near the cen
whereM fit(x) becomes slightly negative. Thex2 parameter
of the fitting is around 1025, and values forA1 , A2 , andDx

FIG. 4. Stability analysis forL510 configurations. Catastroph
theory ensures that the first branch, which includes the~0,0! point,
is the only stable one.
10401
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are given in the figure. It is this formula that we have used
Fig. 2 to analytically get thes r(p) dependence of the boso
star~in the range we use the approximation, the actual m
and the fitting differ negligibly!. Note also what the fitting is
physically telling us: it represents a black hole of massA1
plus an inner exponentially decreasing correction. As far
we are aware, this is the first time that such a Boltzmann-
fitting has been done, and we think it could be usefully a
plied in other analytical computations. Models with differe
L ands can be equally well fitted.

Since boson stars are prevented from gravitational c
lapse by the Heisenberg uncertainty principle, we may m
some straightforward mass estimates@33#: For a boson to be
confined within the star of radiusR0, the Compton wave-
length has to satisfylc5(2p\/mc)<2R0. In addition, the
star radius must be of the order of the last stable Kepler o
3RS around a black hole of Schwarzschild radiusRS
ª2GM. In the case of a miniboson star of effective radi
R0>(p/2)2RS close to its Schwarzschild radius one obtai
the estimate

M crit>~2/p!mPl
2 /m>0.633MPl

2 /m. ~36!

The exact value in the second expression was found o
numerically.

For a mass ofm530 GeV, one can estimate the tot
mass of this miniboson star to beM.1010 kg and its radius
R0.10217 m, amounting a density 1048 times that of a neu-
tron star. In the case of a boson star (lÞ0), since ucu
;mPl /A8p inside the boson star@29#, the energy density is

FIG. 5. Boson star mass as a function ofx, for a L50, s(0)
50.1 model. We show a Boltzmann-like fitting, see text~dotted
curve, but almost everywhere on the solid curve! and its residue
~solid lower line!.
2-7
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r.m2mPl
2 ~11L/8!. ~37!

Equivalently, we may think that this corresponds to a s
formed from noninteracting bosons with rescaled massm
→m/A11L/8 and consequently, the maximal mass sca
with the coupling constantL as

M crit.
2

p
A11L/8

mPl
2

m
. ~38!

There is a large range of values of mass and radius that
be covered by a boson star, for different values ofL ands0.
For instance, ifm is of the order of the proton mass andl
.1, this is in the range of the Chandrasekhar limiting m
MChªMPl

3 /m2.1.5M ( .
Larger than these estimates is the range of masses t

nontopological soliton star produces, this is because
power law dependence on the Planck mass is even hig
;1022(mPl

4 /mF0
2). These configurations are static and sta

with respect to radial perturbations. It is by no means tr
however, that these are the only stable equilibrium confi
rations that one can form with scalar fields. Many extensi
of this formalism can be found. It is even possible to see t
boson stars are a useful setting to study gravitation theor
itself @36#. Most importantly for our hypothesis is that rota
ing stable relativistic boson stars can also be found w
masses and radii comparable in magnitude to their st
counterparts@37#. In astrophysical settings it is usual to e
pect some induced rotation of stellar objects, and it is imp
tant that these rotations may not destabilize the struct
Another interesting generalization is that of electrica
charged boson stars@38#. Although it is usually assumed tha
selective accretion will quickly discharge any astrophysi
object, some recent results by Punsly suggest this may
always be the case@39#.

C. Effective potentials

The motion of test particles can be obtained from
Euler-Lagrange equations taking into account the conse
canonical momenta@40#. In a general spherically symmetri
potential, the invariant magnitude squared of the four vel
ity (u2[gmnẋmẋn), which is 1 for particles with nonzero res
mass and 0 for massless particles, yields

ṙ 25
1

grr
FE`

2

gtt
2u22

l 2

gff
G , ~39!

where l and E` are constants of motion given by
2gff sin2 uḟ and gtt ṫ ~angular momentum and energy
infinity, both per unit mass!, respectively, and an overdo
stands for derivation with respect to an affine parameter. T
equation can be transformed to

1
2 ṙ 21Veff5

1
2 E`

2 e2m2n, ~40!

whereVeff is an effective potential. This name comes fro
the fact that in the Schwarzschild solutione2m2n[1 and
thus, the previous equation can be understood as a clas
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trajectory of a particle of energyE`
2 /2 moving in a central

potential. This is not so in a more general spherically sy
metric case, such as these nonbaryonic stars. In the b
star case, for instance, typical metric potentials are show
Fig. 6; note that for theme2m2nÞ1. We can see, however
that e2m2n,e2m(0)2n(0)5C, where C is a constant, and
then, usual classical trajectories can be looked at, in the s
that we may construct an equation of the formṙ 2/21Veff

,1/2E`
2 e2m(0)2n(0), and it will always be satisfied.

The effective potential that massive or massless parti
feel must be very different from the black hole case. In t
case of a massless particle, the effective potential is given

Veff5e2m
l 2

2r 2
, ~41!

while for a massive test particle it is

Veff5
1

2
e2mS 11

l 2

r 2D . ~42!

We show both boson~for the case ofL50) and black hole
potentials in Figs. 7 and 8. The mass of the central objec
fixed to be the same in both cases~see captions! and the
curves represent a fourth order Runge-Kutta numerical in
gration of the equations we previously derived withL50
ands(0)50.1. In the case of massive test particles we u
l 2/M250, 12, and 15; thus explicitly showing the change
the behavior ofVeff for the black hole case. Asl increases,

FIG. 6. Boson star metric potentialsgrr 5em ~dashed! and gtt

5en ~solid!. Boson star parameters areL50, s(0)50.1, but the
behavior is generic.
2-8
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this shape changes from a monotonous rising curve to
that has a maximum and a minimum before reaching
asymptotic limit. These extrema disappear forl 2/M2,12. In
the case of boson stars, however, iflÞ0 we have a diver-
gence in the center atr 50 and only one extremum—
minimum—which occurs at rising values ofr /M as l grows.
The curveVeff for l 50—radially moving objects—is no
divergent, and we can see that the particles may reach
center of the star with a non-null velocity, given by 1/2ṙ 2

51/2E`
2 e2m(0)2n(0)2Veff(0).0, and will then traverse the

star unaffected.
For massless particles, the differences are also notori

a black hole produces a negative divergence and a boson
a positive one. Radial motion of massless particles is ins
sitive to Veff , being this equal to zero, as in the Schwar
child case. In both cases, for massive and massless part
outside the boson star the potential mimics the Schwa
child one.

D. Particle orbits

In the case of a black hole, orbits can be of three types
the energy is bigger than the effective potential at all poin
particles are captured. If the energy is such that the ene
equals the effective potential just once, particles describe
unbound orbit, and the point of equality is known as turni
point. If there are two such points, orbits are bound arou
the black hole. Orbits in which the energy equals the pot
tial in a minimum of the latter are circular and stableṙ
50, Veff9 ,0).

FIG. 7. Boson~solid! and Schwarzschild~dashed! effective po-
tentials for massless particlesb5 l 2/E`

2 . The mass for both, the
black hole and the boson star, was taken asM50.62089mPl

2 /m. The
maximum in the black hole case happens, independently ofl, for
r /M53.
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We cannot, because of the different relationship betw
the metric potentials we commented above, do the sa
analysis usingVeff for the boson star. We can, however, no
that in most cases the total equation for the derivative or
will be modified in a trivial way: If we look at the case
where the effective potential has a divergence at the ce
~and because the metric coefficients do not diverge!, there is
no other possibility for the particles more than to find a tu
ing point. Orbits can then be bound or unbound depend
on the energy, but we can always find a place whereṙ 50
and then it has to reverse its sign. In the particular case
which the equality happens at the minimum of the poten
we have again stable circular orbits. Only in the case wh
l 50 particles can traverse the scalar star unaffected. Fom
Þ0 there is still the possibility of finding a turning point,
the energy is low enough. However, if the particle is free
falling from infinity, with E`51, all energy is purely res
mass, it will radially traverse the star, as would do a phot

We conclude that all orbits are not of the capture typ
They can be circular, or unbound, and they all have at le
one turning point. This helps to explain why a nonbaryon
object will not develop a singularity while still being a rela
tivistic object@comparable effective potentials, equivalent
comparable relativisticity coefficientGM(r )/r #.

V. GALACTIC PARAMETERS AND MASS

One interesting fact, which seems to be not referred
fore, is the point that for all these scalar stars, their radiu
always related with the mass in the same way:R*MmPl

22 .

FIG. 8. Boson~solid! and Schwarzschild~dashed! effective po-
tentials in the case of massive particles. The mass of the ce
object is as in the previous figure. The three curves correspon
l 2/M250, 12, and 15~from bottom to top!.
2-9
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DIEGO F. TORRES, S. CAPOZZIELLO, AND G. LAMBIASE PHYSICAL REVIEW D62 104012
This is indeed the statement—contrary to what it is usua
assumed—that not all interesting astrophysical ranges
mass and radius can be modeled with scalar fields. In
scalar star models, from the given central mass, the radiu
obtain for the star is comparable to that of the horizonR
;mPl

2232.613106M (;3.931011 cm.
The question now is for which values of the paramet

we can obtain a scalar object of such a huge mass. Fo
case of miniboson star we need an extremely light boso

m@GeV#51.33310225
M ~`!

MBH
. ~43!

Given a central densitys(0), M (`) stands for the dimen
sionless value of the boson star mass as seen by an obs
at infinity. MBH is the value of the black hole mass~in mil-
lions of solar masses!, obtained by fitting observational dat
Then, we are requiring that the total mass of the boson
equals that of the black hole. For instance, in Fig. 1, we h
taken the data of Eckart and Genzel@41# and Genzelet al.
@16#, and fit them with a miniboson star withs(0)50.1,
which yields to a boson mass given bym@GeV#52.81
310226; the total mass of the star~without the cluster con-
tribution! is 2.5 3106 M( .

In the case of boson stars, and using the critical m
dependence,}AlmPl

3 /m2, the requirement of a 2.5 million
mass star yields to the following constraint:

m@GeV#57.931024S l

4p D 1/4

. ~44!

It is possible to fulfill the previous relationship, for instanc
with a more heavy boson of about 1 MeV andl;1. A plot
of this relation—for some values ofl—is shown in Fig. 9.
Note that in this case, the value of the dimensionless par
eter L is huge, and special numerical procedures, as
plained above, must be used to obtain solutions. The cha
teristics of these solutions have proven to be totally sim
to those withL50 which were used in Fig. 1, just the ad
mensionalization differs.

Finally, in the case of a nontopological soliton we obta
the following constraint,

m@GeV#5
7.631012

F0
2@GeV#2

. ~45!

For the usually assumed case, in which the order param
F0 is of equal value than the boson mass, we need v
heavy bosons of unit massm51.23104 GeV. Other pos-
sible pairs are shown in Fig. 10.

Boson candidates?Based on the constraints imposed
the mass-radius relationship valid for the scalar stars a
lyzed, we may conclude that~1! if the boson mass is com
parable to the expected Higgs mass~hundreds of GeV!, then
the center of the galaxy could be a nontopological soli
star,~2! an intermediate mass boson could produce a su
heavy object in the form of a boson star, and~3! for minibo-
son stars to be used as central objects for galaxies the
tence of an ultralight boson is needed. These conclus
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should be considered just as order of magnitude estimati
First, we are just considering~classical approach! static and
uncharged stars, this is just a model~the simplest!, but more
complicated ones can exist. Secondly, we do not know
exact form of the self-interaction, or in the case of nontop
logical stars, the value ofF0. For instance, consider th
Higgs boson mass. In the electroweak theory a Higgs bo

doublet (F1,F0) and its antidoublet (F2,F̄0) are necessary
ingredients in order to generate masses for theW6 and Z0

gauge vector bosons. Calculations of two-loop electrow
effects have led to an indirect determination of the Hig
boson mass@42#. For a top quark mass ofM t5173.8
65 GeV, the Higgs boson mass ismh5104249

193 GeV. How-
ever, experimental constraints are weak. The Fermilab Te
tron @43# has a mass range of 135,mh,186 GeV, and to-
gether with the Large Hadron Collider~LHC! at CERN, they
could decide if these Higgs particles~in the given range!
exist in nature. Finally, a particle physics approach should
used in deciding if the needed self-interaction for each mo
is not in disagreement with renormalization properties.

We should also mention the possible dilatons appearin
low-energy unified theories, where the tensor fieldgmn of
gravity is accompanied by one or several scalar fields.
string effective supergravity@44#, for instance, the mass o
the dilaton can be related to the supersymmetry break
scale mSUSY by mw.1023(mSUSY/ TeV)2 eV. Finally, a
scalar with a long history as a dark matter candidate is
axion, which has an expected light massms57.4
3(107 GeV/f s) eV.10211 eV with decay constantf s

FIG. 9. Constraint in the boson star fundamental parame
which gives rise to an object of two million solar masses with
approximately ten solar radius, consistent with the mass of the
tral object in our galaxy.
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SUPERMASSIVE BOSON STAR AT THE GALACTIC CENTER? PHYSICAL REVIEW D62 104012
close to the inverse Planck time. Goldstone bosons have
inferred mass in the range of eV and less,mg,0.06
20.3 eV @45#.

If boson stars really exist, they could be the remnants
first-order gravitational phase transitions and their m
should be ruled by the epoch when bosons decoupled f
the cosmological background. The Higgs particle could b
natural candidate as constituent of a boson condensatio
the phase transition occurred in early epochs. A boson c
densation should be considered as a sort of topological de
relic. In this case, as we have seen, Sgr A* could be a soliton
star. If soft phase-transitions took place during cosmolog
evolution~e.g., soft inflationary events!, the leading particles
could have been intermediate mass bosons and so our s
massive objects should be genuine boson stars. If the p
transitions are very recent, the ultralight bosons could bel
to the Goldstone sector giving rise to miniboson stars.
the formation processes of boson stars the reader is refe
to Refs. @33# and references therein. It is apparent that
every possible boson mass in the particle spectrum there
boson star model able to fit the galactic center constraint
least in order of magnitude.

VI. ACCRETION AND LUMINOSITY

A. Relativistic rotational velocities

For the static spherically symmetric metric consider
here circular orbit geodesics obey

FIG. 10. Constraint in the nontopological soliton fundamen
parameters which gives rise to an object consistent with the ma
the central object in our galaxy. It is specially marked for the us
case in whichF5m.
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2
1

8p
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2
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2

em1n

2

.
M ~r !

r
1

8p

mPl
2

prr
2

em1n

2
. ~46!

These curves increase up to a maximum followed by
Keplerian decrease. Schunck and Liddle@5# found that the
possible rotation velocities circulating within the gravit
tional boson star potential are quite remarkable: their ma
mum reaches more than one-third of the velocity of light@5#.
Schunck and Torres@6# proved that these high velocities a
quite independent of the particular form of the se
interaction and are usually found in general models of bo
stars. For instance, forL50,300 of the choice of Colpi
et al. @29#, Ucosh5am2@cosh(bAucu2)21#, and Uexp
5am2@exp(b2ucu2)21#, the maximal velocities are 122 99
km/s atx520.1 for L5300, 102 073 km/s atx54.1 for L
50, 104 685 km/s atx54.2 for Uexp, and 102 459 km/s a
x55.9 for Ucosh @6#.

With such high velocities, the matter possesses an imp
sive kinetic energy, of about 6% of the rest mass; i.e.,
obtain the required luminosity we would need that abo
1028 to 1027 solar masses per year be transformed into
diation. Note that the required matter-radiation transfer is
least two orders of magnitude smaller than the accretion
towards Sgr A* .

The maximum rotational speed is attained well outside
physical radius of the star, as can be seen by computing
dimensionlessx value for the star radius~e.g., it happens
betweenx;5 and 15 forL going from 0 to 300!. It is
interesting to note also that the dependence of the maxim
velocity onL is not very critical, and the same process c
be operative with miniboson stars. The rotational velocity
dependent on the central density, increasing with a hig
value ofs0. To obtain large rotational velocities, it is neede
that the central density of the star be highly relativistic, f
Newtonian solutions velocities are low and quite const
over a larger interval. This is consistent with the dens
constraint of the dark object in Sgr A* .

B. The „baryonic… black hole danger

How can one justify that the accretion onto the cent
object—a neutrino ball or a boson star—will not create
black hole in its center anyway. Interstellar gas and st
while spiraling down towards the center of the object, w
collide with each other, and may glue together at the cen
what could be the seed for a very massive black hole. Eve
black hole of small mass can spiral inwards, and if it rema
at the center, that black hole itself could be the seed. On
other hand, stellar formation of massive stars would yie
after evolution, to a black hole. Then, we need to consi
whether there is a mechanism that prevents the formatio
a very massive baryonic object—leading inevitably to
black hole—in the center of the galaxy.

The key aspect to consider is disruption. A star interact
with a massive object cannot be treated as a point mass w

l
of
l
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DIEGO F. TORRES, S. CAPOZZIELLO, AND G. LAMBIASE PHYSICAL REVIEW D62 104012
it is close enough to the object such that it becomes vuln
able to tidal forces. Such effects become important when
pericentrer min is comparable to the tidal radius@46#

r t5531012M6
1/3S R*

R(
D S M*

M (
D 21/3

cm. ~47!

Here, R* ,( stands for the radius of the star and the s
respectively, whileM* ,( for the masses.M6 is the mass of
the central object in millions of solar masses.r t is the dis-
tance from the center object at whichM /r 3 equals the mean
internal energy of the passing star. Only for black holes w
masses smaller than 108M ( and for certain low density
stars—red giants—we can expect that the disruption happ
outside the event horizon. This is the reason why supply
the material at lower densities, with the black hole grav
dominating the situation, can generate more power. R
@46# has also given an estimate of how frequently a s
enters this zone. When star velocities are isotropic, the
quency with which a solarlike star passes within a dista
r min is

;1024M6
4/3S N*

105 pc23D S s

100 km s21D S r min

r t
D yr21,

~48!

whereN* is the star density ands the velocity distribution.
Disruptions are rare events that happen once in about 10
yrs.

Because of the similar metric potentials, far from the ce
ter of the nonbaryonic star, the accretion mechanism will
the same as that operative in the Schwarzschild case.
boson star is in the center of the galaxy, the characteristic
the tidal radius and the time scale of disruption occurre
will be similar to those of a black hole of equal mass. Ho
ever, stars falling inwards willall be disrupted after they
approach a minimum radius. Contrary to black holes of
masses, which can swallow stars as a whole and disrupt t
behind their event horizons, boson stars will disrupt
stars—most stars outside and a few inside the Schwarzs
radius of a black hole of equal mass—at everyone’s sigh

In the case of black holes, the most recent simulati
@47# show that up to 75% of the mass that once formed
disrupted star become unbound. For boson stars, we a
that once the star is disrupted to test particles~with masses
absolutely negligible to that of the central object!, and be-
cause there are no capture orbits~see Figs. 7 and 8!, all
particles follow unbound trajectories. All material is diverte
from the center and the formation of a black hole is avoid

It would be worthwhile to perform numerical simulation
changing the central object from a black hole to a boson s
to see the aftermath and the fate of the debris in an ac
boson-star-generated disruption. This, however, could w
not be an easy task: In black hole simulations, the minim
radius is maintained still far from the center (;10 Schwar-
zschild radius!, where Newtonian or Post-Newtonian a
proximations are valid. To actually see the difference
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tween a black hole and a boson star it could be necessa
attain inner values of radii, where the behavior is complet
relativistic.

One case could merit further attention: the possible s
raling of a black hole of stellar size. This case may comp
cate the situation since a black hole cannot be disrup
However, differences in masses are so large that it will
have as a test particle for the boson central potential, and
will be diverted from the center. Moreover, being of stell
size, it will be appreciably influenced by other intrudin
stars, also making it be left in a static position at the bos
star center.

C. Any nonbaryonic danger?

One may as well ask if a continuous inflow of nonbar
onic particles may affect the central object. Let us supp
that the inflow of bosons has the same accretion rate as
mal matter. This may indeed be seen as an upper bo
since a large inflow of nonbaryonic mass would affect t
accretion disk gravitationally. In the lifetime of the univers
the accreted nonbaryonic mass would be at least two or
of magnitude smaller than the mass of the boson star its
Then, if we consider that this process makes the sta
evolve in an adiabatical series of equilibrium states, o
boson stars with central density extremely close to the c
cal value could be affected by the evolution. Since we m
construct models in a large range of central densities,
appears to present no problem for the object to survive.

A detailed analysis of the evolution of boson stars subj
to continuos inflow of nonbaryonic particles was carried o
by Seidel and Suen@48#. Their results showed that unde
finite ~noninfinitesimal! perturbations, with possible change
in the mass and the number of boson present in the confi
ration, such as the accretion phenomenon, the configurat
on the stable branch, when perturbed, will oscillate, e
scalar field radiation and settle down into a new configu
tion with less mass and a larger radius. Then, the accretio
nonbaryonic matter~possibly entering into the condensa
through gravity forces and scattering from the outer pa
of the halo! seems not to present an issue for these kinds
models.

D. Comments on neutrino balls

If the center of the galaxy is a neutrino ball, one also h
to obtain a mechanism that prevents the formation of a v
massive baryonic object. However, caused by the fact th
neutrino ball is an extended object and that the gravitatio
potential is shallower, we have to expect very crucial diffe
ences with a boson star case. The first thing to note is thar t
is well within the neutrino ball, and then, stars will traver
the exterior parts of the ball without being disrupted. In d
ing so, however, the central mass that they see at the ce
will be less than the total mass of the ball, and at a dista
r 5r t the mass enclosed is negligible. Disruption cannot p
ceed. We note then that the observation of a disruption in
center of a galaxy is then indicative that a neutrino ball is
there.
2-12



a

te
e

n

m
t

as
a

he
n-

on
r

os

th
th
n

t—
th
a

*
th

ob
r

al
on
lar
1
ii,
th

B
th
a

A
p-

an
-
re
in
d

f

ace
le
cts,

-

lcke
at

-

lack
ion
ose

geo-
still
nal
ller
ide
the
ved
b-

hey
nt

ho-
is

ible
m

tion
ra-

in-
o-
ill
that
and
is
ter
ful

e
es-
ble

ing
be

ace

her
nts
to
om-
vi-

SUPERMASSIVE BOSON STAR AT THE GALACTIC CENTER? PHYSICAL REVIEW D62 104012
When the mass enclosed by the neutrino ball is sm
enough @say, O(103)M (#, the accretion disk will be un-
stable. This happens about 0.1 – 1 light yr from the cen
There, stars which could actually form at a rate of 1 p
hundred thousand years~the actual number will depend o
the mass of the star! will be probably kicked off by intruding
stars @49,50#. The absence of the disruption mechanis
makes this problem worse, since given an enough amoun
time, it is hard to think of compelling reasons by which g
and stars are expelled from the center. To us, it is yet
unclear issue in the neutrino ball scenario.

VII. DISCUSSION: HOW TO DIFFERENTIATE
BETWEEN A SUPERMASSIVE BLACK HOLE

AND A BOSON STAR?

One of the easiest things one may think of is to follow t
trajectory of a particular star. The trajectory of S1, for i
stance, a fast moving star near Sgr A* , offers the possibility
of distinguishing between a black hole and a neutrino c
densate, since Newtonian orbits deviate from each othe
several degrees in a period of some years@51#. However, as
soon as the central object is not so extended, as in the b
star case, this technique is useless~in every case in which the
pericenter is further than the tidal radius!, and other forms of
detecting their possible presence have to be devised.

The second possibility is to make an in-depth study of
properties of the accretion disk. This gets complicated by
fact that the metric of boson stars is not analytically know
However, preliminary studies in the case of the simples
black body behaving—accretion disk have shown that
spectrum of the radiation emitted is modified, especially
high energies@52#. To directly compare with data on Sgr A
we would need to develop more advanced models of
accretion disk.

It has been already noted that x-ray astronomy can pr
regions very close to the Schwarzschild radius. Recent
sults from the Japanese-U.S. ASCA mission have reve
broadened iron lines, a feature that comes from regi
which are under strong gravitational influence. In particu
Iwasawaet al. claimed that ASCA observations to Seyfert
galaxy MCG-6-30-15 got data from 1.5 gravitational rad
and conclude that the peculiar line profile suggests that
line-emitting region is very close to a central spinning~Kerr!
black hole where enormous gravitational effects operate.
the way, this is stating that a neutrino ball cannot be
center of that galaxy, since its gravitational potential is sh
low. However, as was already noted@5#, a boson star could
well be a possible alternative, and x rays could be used
map out in detail the form of the potential well. The NAS
Constellation-X @53# mission, to be launched in 2008, is o
timized to study the ironK line feature discovered by ASCA
and, if they are there, will determine the black hole mass
spin for a large number of systems. Still, ConstellationX
will provide an indirect measure of the properties of the
gion within a few event horizon radii. A definite answer
this sense will probably be given by NASA-planne
MAXIM mission @54#, a m-arcsecX-ray imaging mission,
that would be able to take directX-ray pictures of regions o
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the size of a black hole event horizon. Both of these sp
missions will have the ability to give us proofs of black ho
existence, or to provide evidence for more strange obje
such as boson stars.

Very recently, Falckeet al. @55# have noted that observa
tions of very large baseline interferometry~VLBI ! could give
the signature to discriminate among these models. Fa
et al. assumed that the overall specific intensity observed
infinity is an integration of the emissivity~taken as indepen
dent of the frequency or falling asr 22) times the path length
along geodesics. Defining the apparent boundary of a b
hole as the curve on the sky plane which divides a reg
where geodesics intersects the horizon from a region wh
geodesics miss the horizon, they noted that photons on
desics located within the apparent boundary that can
escape to the observer will experience strong gravitatio
redshift and a shorter total path length, leading to a sma
integrated emissivity. On the contrary, photons just outs
the apparent boundary could orbit the black hole near
circular photon radius several times, adding to the obser
intensity. This is what produces a marked deficit of the o
served intensity inside the apparent boundary, which t
refer to as the ‘‘shadow’’ of the black hole. The appare
boundary of the black hole is a circle of radius 27Rg in the
Schwarzschild case, which is much larger than the event
rizon due to strong bending of light by the black hole. Th
size is enough to consider the imaging of it as a feas
experiment for the next generation of mm and sub-m
VLBI. While the observation of this shadow would confirm
the presence of a single relativistic object, a nondetec
would be a major problem for the current black hole pa
digm.

In the case of a boson star, we might expect some dim
ishing of the intensity right in the center, this would be pr
vided by the effect on relativistic orbits, however, this w
not be as pronounced as if a black hole is present: for
case, many photons are really gone through the horizon
this deficit also shows up in the middle. If a boson star
there, some photons will traverse it radially, and the cen
region will not be as dark as in the black hole case. A care
analysis of Falckeet al.’s shadow behavior replacing th
central black hole with a boson star model would be nec
sary to get any further detail, and eventually an observa
prediction.

We also mention that the project ARISE~Advanced Ra-
dio Interferometry between Space and Earth! is going to use
the technique of Space VLBI to increase our understand
of black holes and their environments. The mission, to
launched in 2008, will be based on a 25-m inflatable sp
radio telescope working between 8 and 86 GHz@56#. It will
study gravitational lenses at resolutions of tens ofm arcsecs,
yielding information on the possible existence~and signa-
tures! of compact objects with masses between 103M ( and
106M ( .

Another technique for detecting boson stars from ot
relativistic objects will be gravitational wave measureme
@57#. If a particle with stellar mass is observed to spiral in
a spinning object with a much larger mass and a radius c
parable to its Schwarzschild length, from the emitted gra
2-13
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tational waves, one could obtain the lowest multipole m
ments. The black hole no-hair~or two-hair! theorem
establishes that all moments are determined by its low
two, the mass and angular momentum~assuming that the
charge equals zero!, for instance, the mass quadrupole m
ment would giveM252L2/M . Should this not be so, th
central object would not be a black hole, and as far as
know, the only remaining viable candidate would be a bos
star. In this case, Ryan@57# have proven a sort of three-ha
theorem~in general relativity! such that all multipole mo-
ments are determined by the boson stars lowest three. E
more, he has shown that given these lowest three mom
we shall be able to determine the free parameters in the
grangian ~the mass of the boson particle and the se
interaction!. If these parameters provide an object of the s
and mass of a galactic center, then the case for nonbary
objects at the nuclei of galaxies would be proven. In
years time, a combination of gravitational wave measu
ments, better determination of stellar motions, and mm
sub-mm VLBI techniques could give us a definite picture
the single object at the center of our Milky Way, as well
the center of other galaxies.

VIII. CONCLUSIONS

We have shown that boson and soliton stars provide~for a
large range of boson masses and self-interactions! the basic
necessary ingredients to fit dynamical data and observed
minosity of the center of the Galaxy. They appear to con
tute viable alternatives for the central supermassive obj
producing a theoretical curve for the projected stellar vel
ity dispersion consistent with Keplerian motion, relativis
rotational velocities, and having an extremely small size. T
fact that boson stars do not have a solid surface avoids
emission of big amounts of x rays—generated
collisions—something which is in agreement with obser
tions. Much work has yet to be done to analyze in detail
physics of the accretion disk around a supermassive bo
star, but we have commented that we are already on
verge of having the right tools to discriminate the presen
or the absence, of horizons in galactic nuclei.

Other singularity-free models were considered as w
such as, e.g., neutrino or gravitino condensations. In
case, the object is sustained by its Fermi energy, while in
boson star case, it is the Heisenberg’s Uncertainty Princ
which prevents the system from collapsing to a singular
Due to this fact, boson stars are genuine relativistic obje
where a strong gravitational field regime holds. The diff
ence in the relativistic status of both objects is not trivi
While fermion neutrino balls are extended objects, bos
-

10401
-

st

-

e
n

en
nts
a-
-
e
nic
n
-
d
f
t

lu-
i-
t,
-

e
he

-
e
on
he
e,

l,
is
e
le
.
ts
-
.
n

stars mimic a black hole. Disruption processes cannot h
pen in a fermion condensation, and it has the unpleas
consequence of not providing with a straightforward mec
nism by which stars could be diverted from the center, a
through which finally avoid the formation of a massive bla
hole inside the condensate.

The formation of boson stars and black holes can be c
petitive processes. Then, it might well be that even if
discover that a black hole is in the center of the gala
others galaxies could harbor nonbaryonic centers. In the c
of boson stars, only after the discovery of the boson m
spectrum we shall be in position to determinea priori which
galaxies could be modeled by such a center. Observation
galactic centers could then suggest the existence of bo
scalars much earlier than their discovery in particle phy
cists labs.
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APPENDIX

For the reader’s convenience, we quote here the dim
sional conversion for the radius and the mass of a boson
Using the value of 1 GeV in cm21, and taking into accoun
the dimensionless parameterx5mr, we get

r @pc#5
x

m@GeV#
6.38310233. ~A1!

For the mass, recalling thatM5M (x)mPl
2 /m, we get

M @106M (#5
M ~x!

m@GeV#
1.33310225. ~A2!

In the case whereL@1, both right hand sides of the prev
ous formulas get multiplied byL1/2.
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