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Heavy-neutringlor neutraling stars are studied using the general relativistic equations of hydrostatic equi-
librium and the relativistic equation of state for degenerate fermionic matter. The Tolman-Oppenheimer-
Volkoff equations are then generalized to include a system of degenerate neutrino and neutralino matter that is
gravitationally coupled. The properties and implications of such an interacting astrophysical system are dis-
cussed in detail.S0556-282(198)05124-3
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I. INTRODUCTION Liquid Scintillation Neutrino DetectofLSND) Collaboration
which claims to have detected,— v, flavor oscillations
18] is confirmed, and the quadratic seesaw mechanism in-
volving up, charm, and top quar49,2( is the correct

. o . o . mechanism for neutrino mass generation, themass ma
the diffuse emission of x rays in elliptical galaxies and clus- 9 1h y

ters of galaxies, as well as from cluster dynamics. PrimordiaPe betwec_—zn 6 and .32 kedfl [21], W.h'Ch is well within the
cosmologically forbidden range. It is well known that such a

nucleosynthesis entails that most of baryonic matter in this . . .
universe is nonlumin nd h an amount of dark matt uasistable neutrino would lead to an early neutrino-matter-
oniminous, and stich an amount of ca Al ominated phase, which may have started as early as 3

Lo "Wweeks after the big bang. Thus, a critical universe that re-
curves. However, although a significant component of dark,jineq neutrino-matter dominated all the time would have

matter in galactic halos is presumably baryof8g the bulk  reached the current microwave background temperature in
part of dark matter in this universe is believed to be nonbaryiess than 1 Gyr, i.e., much too early to accommodate the
onic. Many candidates have been propoféf both bary-  ogldest stars in globular clusters, nuclear cosmochronometry,
onic as well as nonbaryonic, to explain the dark matter paraand the Hubble expansion age.
digm, but the issue of the nature of dark matter is still far |t is well accepted22], however, that the cosmological
from being resolved. bounds on neutrino mass can be bypassedibyeheating,
One of the most conservative candidates for nonbaryoni¢i) decay of the neutrinos and/diii) annihilation of the
dark matter is, of course, the massive neutrino. In this papeaneutrinos and antineutrinos. Reheating of the plasma would
we are particularly interested in neutrinos with masses behave to take place between nucleosynthesis (@@dombi-
tween 10 and 25 ke\¢?, as these could form supermassive nation. The temperature can only increase by a factor of 2 or
degenerate neutrino stars, which may explain, without invok3 at most during reheating, because otherwise it would,
ing the black-hole hypothesis, some of the features observetirough a baryon to photon ratio which differs from that after
around supermassive compact dark objects with massesmin, also reduce the number of baryons below the number
ranging from 16°M, to 1M, . These have been re- that is observed in the stars of our universe. Therefore, re-
ported to exist at the center of a number of galax®s§] heating alone is certainly not sufficient to bypass the cosmo-
including our own[9-15 and quasistellar objects. It is in- logical bounds on neutrino mass. If the decay involves pho-
teresting to note that neutrinos in this mass range can aldons, it should happen at temperatures that are not too
cluster around ordinary stars, and thus these neutrinos coutfifferent from the energy of the decay photons, so that they
account for at least part of galactic dark matter. A furtherhave enough time to thermalize and do not distort the micro-
motivation for studying the collapsed structures of heavywave background. Regardless of whether photons are in-
neutrino matter is the recent increased interest in fermionizolved in the decay or not, this would obviously involve
cold dark matter model§16] in which massive neutrinos nonstandard particle physics. Annihilation via tE& can
play an important role in structure formation in the earlyonly be effective in gravitationally condensed objects. In
universe. fact, it has been showfil6] that a scenario with moderate
A 10-25 keVE? neutrino is in conflict neither with par- reheating and annihilation of neutrinos in supermassive neu-
ticle and nuclear physics experiments nor with astrophysicairino stars exists in which the cosmological bounds can be
observationg17]. On the contrary, if the conclusion of the bypassed.

One of the most tantalizing puzzles of the universe is th
issue of dark matter, the presence of which is inferred fro
the observed flat rotation curves in spiral galafig2] and
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It is thus conceivable that, in the presence of such heavy-23 Gevk? (C.L.=95%) neutralino or to a m;,
neutrinos, the early universe might have evolved quite dif->15 GeVk? (C.L.=90%) photino which are the experi-
ferently than described in the homogeneous standard modeiental and observational limif&7]. This would only reduce
of cosmology. Neutrino stars may have emerged in locathe Oppenheimer-Volkoff limit by a factor of a few hundred
condensation processes during a gravitational phase transithout invalidating the main substance of our paper. How-
tion, after the neutrino-matter-dominated epoch began. Thever, in most models of low-energy supersymmetry in which
latent heat produced in such a first-order phase transitiorflimension-3 supersymmetry breaking operators are highly
corresponding to an average binding energy of a few percersuppressefi28], photinos and gluinos are very light. In this
of the neutrino rest mass, might have reheated the radiatiofuite attractive supersymmetry breaking scenario, the light-
background apart from reheating the gaseous phase. AnnihgstR-odd particle may be a color-singlet state containing a
lation of heavy neutrinos into light neutrinos via t#  gluino, theR®, with massmgo in the 1-2 GeV rangé29].
would take place in the interior of neutrino stdi23,17]. Moreover, it has been recently pointed ¢860], within this
Both these processes would decrease the number of heafigmework, that a photing slightly lighter than theR®, in
neutrinos, as perceived today, and also increase the tintbe mass range of 100 MeV to 1.4 GeV, would survive as the
which photons need to cool down to the present microwaveéelic R-odd species and it might be an attractive dark matter
background temperature. Thus a quasistable neutrino in thgandidate. Indeed, a light photino with a mass in the range
mass range between 10 and 25 kei/is presumably not in  1.2<mgo/m;<2.2 is cosmologically acceptable and in the
contradiction with cosmological and astrophysical observarange 1.6smgo/nm;<2.2 even an excellent dark matter can-
tions[17]. didate.

In fact, it has recently been showWh3,21,24 that degen- Furthermore, the chosen neutralino mass offers the possi-
erate neutrino star§17,23,25,26 may indeed have been bility of replacing the neutralino with a neutron, as the
formed during a gravitational phase transition in the earlystrong-interaction effects of the neutron in neutron star mat-
universe. As the universe cools, heavy neutrino matter wilter can be simulated by an effective mass. Of course, this
start dominating the universe and, at a certain temperatursubstitution makes sense only as long as the binding energy
undergo a first-order phase transition in which supermassivef the neutron is larger than th@ value for the neutron
neutrino stars are formed. This conclusion is robust andlecay, so that the neutron can be considered stable in neutron
based on the well-accepted Thomas-Fermi model at finitstar matter.
temperaturg24]. Of course, we cannot claim thail the It is interesting to note that a variety of similar scenarios
neutrinos will end up in such neutrino stars. However, as thean be treated within the same framework: Apart from a
formation process is a genuine phase transition, most of theeutrino halo around a neutron star, one could also study a
matter, if not all, will be in the condensed phase below theneutrino halo around a white dwarf or around an ordinary
critical temperature. It is, therefore, reasonable to assumstar[25], since all these baryonic stars can be approximated
that less than 0.1-1% of the neutrinos will be left out in theusing similar polytropic equations of state which eventually
form of nondegenerate gas, thus rendering the annihilatioresult in the same nonlinear differential equations of the
process effective. Moreover, the latent heat associated withaneEmden type. Moreover, by varying the polytropic in-
this first-order phase transition will be released and thelex of the equation of state, one can also investigate the
plasma will be moderately reheated. properties of a cold neutrino star immersed in a hot radiation

Whereas the existence of this first-order phase transitiofield, or in a hot baryonic background, or in a vacuum with
is firmly established, the microscopic mechanism throughmonzero energy density, which all may have played a role in
which the latent heat is released during the phase transitiothe formation process of primordial neutrino stars. Thus the
and dissipated into observable and perhaps unobservabdéudy of this simple interacting neutrino-neutralino system
matter or radiation remains to be identified. At this stageallows us to learn a great deal about the properties of gravi-
however, it is still not clear whether an efficient dissipationtationally clustered baryonic and nonbaryonic matter.
mechanism can be found within the minimal extension of the This paper is organized as follows: In Sec. Il in a general
standard model of particle physics or whether new physics igelativistic framework, we discuss the properties and impli-
required in the right-handed neutrino sector. We thereforeations of degenerate neutritend neutralinpstars and their
have to assume in the following that such an efficient dissiNewtonian and ultrarelativistic limits. In Sec. Ill we gener-
pation mechanism exists, in order to make sure that fermionglize the Tolman-Oppenheimer-VolkofTOV) equations to
can actually settle in the state of lowest energy in a timenclude gravitationally clustered, degenerate nonbaryonic
much shorter than the age of the universe. matter, consisting of neutrinos and neutralinos. Our results

In this paper, we focus primarily on gravitationally clus- are summarized in Sec. IV.
tered, degenerate nonbaryonic matter consisting of two spe-

cigs of weakly interacting stable or quasistable fermions: one Il. DEGENERATE NEUTRINO STARS
with a mass around 15 ke®v?, which we subsequently call
“neutrino,” and the other with a mass around 1 Ge¥%/ A spherically symmetric cloud of degenerate neutrino

which we henceforth call “neutralino.” As to the neutralino matter can be characterized by its mass densjty), pres-
mass, the general consensus is that neutralinos should hasereP,(r), and the metric in the Schwarzschild fofi3]
masses of tens of GeV. Of course, there is nothing that pre-

vents us from applying our formalism to a standarglo ds?=e’c?dt?—e\dr’—r?(d#?+sir? 6d¢p?). (1)
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The pressure and the density satisfy the general relativistic

TOV equations of hydrostatic equilibriuf32,33:
dpP,

B 1 2. p dv 5
W——E(PVC+ V)m, 2

2Gm)\ 1!
e=|1- Czr) ) 3
dpP, (p,+P,Ic®)(m+4mr3P,/c?) A
dr r(r—2Gm/c?) ’ “)
dm_4 ) 5
W_ il pv(r)1 ()

where m(r) is the mass enclosed within a radius The
relevant boundary conditions are(0)=0, P,(R)=0, and

p.,(R)=0, as the pressure and the density vanish at the ra-

diusR of the star. Outside the star, the functianand\ are
determined by the usual Schwarzschild solution

e'=e N, =(1-2GM/c?r)}, (6)

szR4rrp,,(r)r2dr. (7)
0

PHYSICAL REVIEW D 59 024003

T [Mp 2
aV:2 g_ m LPl

=2.8823% 10109;1’2(

7 [Mp)\?
=2 g (e

17.2 ke 2k 12
Tmez ) o 12

b,=2

17.2 keW?
:1.95197><1010M@g;1’2<T2v). (13

whereMp;=(%.¢/G)Y? andLp= (4 G/c®)'? denote Planck’s
mass and length, respectively, the TOV equati@gh&nd(5)
can be written as

dX 1+ X?
dx  X(xZ—2ux)
2
X4t x® X(1+X2)1’2(§X2—1)

+|og[x+(1+x2)1’2]“, (14)

du =X X(1+X2)¥2(2X2+ 1) — log[ X+ (1+ X2) 2]},

We now introduce the equation of state, neglecting possible ax
(15

effects of the dissipation mechanism. Of course, in the for-
mation process, which we are not discussing in this paper,
such a dissipation mechamsm is very important. Ho_wever, agubject to the boundary condition&0)=X, and x2(0)=0.
soon as the degenerate star is formed, the dissipation mecl]a— . . ;
) S . n addition to Eqgs.(14) and (15), there is also an equation
nism is irrelevant and does not affect the equation of state. . . L ;
overning the number of neutrinas within a radiusr

Thus, the equation of state may be approximated by that of e\

degenerate relativistic Fermi gg®4], parametrized as

P,=K +logl X+ (1+X2)17] |,

)

2
X(1+X2)1’2(§X2—1

p,= g{X(lJr XA VA 2X2+ 1) —logl X+ (1+X3) 2]},
©)

8K X3
2.

n:

"= 3mc (10

Here,n, denotes the neutrino-number density, &dnd X
are given by

< g,msc® P 11
167243 7 myc’ (1)

A

dn
— =x2X3(1—2ulx) "2,

dx (16

wherefi=n/N, is the rescaled neutrino-number density sub-
ject to the boundary condition(0)= 0, with

17.2keV|3
- Cz\/) gV 1/2. (17)

14

14

3m,

No= =3.3765x 1072(

Equations(14)—(16) may be solved numerically. Picking
up a valueX, for the Fermi momentum at the centar units
of m,c), one obtains the total mass of the stdr, the radius
R, and the total number of particlel, by integrating out-
ward until X vanishes. The results are summarized in Figs. 1
and 2. In Fig. 1 the total mass is plotted against the radius of
the neutrino star. The curve has a maximum, namely, the
Oppenheimer-Volkov(OV) limit [33], at woy=0.15329,

wherep, stands for the local Fermi momentum of the neu-which corresponds to a neutrino star mass of

trinos of massm,,, andg, is the spin degeneracy factor of
neutrinos and antineutrinos, i.eg,=2 for Majorana and
g,=4 for Dirac neutrinos and antineutrinos. Using E(®.
and (9), and introducing dimensionless variables-r/a,
and u=m/b, with the scales

Moy=0.1532%,=0.54198/3m, %g, *?

17.2 ke .,
W g, .

=2.9924x 10°M (18
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FIG. 1. The total masM of a neutrino star in units db, as a
function of its radiusR in units ofa,. The maximum corresponds
to the OV limit. The curve left from the maximum represents un-
stable configurations curling up around the point of infinite central
density.
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Owing to their large mass, neutrino stars could serve as Radius (pc)
candidates for supermassive compact dark objects observed

) FIG. 3. The circular velocity as a function of the distance from
in the mass range

Sgr A* for the black hole and neutrino-star scenarios. The data are
taken from Ref[11] assuming that the projected velocity and dis-
tance from Sgr A are equal to the true velocity and distance,

. . respectively.
at the centers of a number of galaxies. Assuming that the

most massive and violent objects are neutrino stars at the Oyead has a radius ofRE,,. A neutrino star of massl
limit with Moy=(3.2+0.9)x10°M,, such as the super- y v ov

— H — 0
massive compact dark object at the center of NI8Y the =3x10°Mo would have a radiuRoy=3.9396< 10" km

. ) . L or 1.52 light-days.
neutrino mass required for this scenario is Of course, neutrino stars that are well below the OV limit

12.4 keVk2<m, <165 keVL? for g,=2 will have a size much larger than black holes of the same
v v mass, although they will still be dark and much more com-

pact than any known baryonic object of the same mass. As

the gravitational potential of such an extended neutrino star
is much shallower, significantly less energy will be dissi-

: . _ s pated through accreting matter than in the case of a black

The radius of such a neutrino star Roy=4.44665y, hole of the same mass. In fact, there is compact dark matter

S __ 2 H H
whereRg,=2GMgy/C is the Schwarzschild radius _of the__at the center of our galaxy with (2.45.40)x 1PM o, con-
massMoy . Thus, at a distance of a few Schwarzschild radiiconrated within a radius smaller than 0.0254 pc or 30.3

away from the supermassive object, there is little differe”?efight-days[9—11], determined from the motion of stars in the

betvyeen a neutrino star at the OV.I|m|t and a black hole, i icinity of Sgr A*. Interpreting this supermassive compact

particular since the last stable orbit around a black hole alaark object in terms of a degenerate neutrino star of 2.5
X 10°M o, the upper limit for the size of the object provides

us with a lower limit for the neutrino mass: i.e.,

2.5X10°M =M =3x10°M (19

10.4 keVk?<m,<13.9 keVvk? for g,=4.
(20

0.16

0.14

0.12 m,=>14.3 keVk? for g,=2,
0.1}
S8 0.08

0.06

m,=>12.0 keVk? for g,=4. (21)

In Figs. 3, 4 we show the escape and circular velocities as
functions of the distance from Sgr*A for both black-hole
. and neutrino-star scenarios. In these graphs, we have also
0 0.01 0.02 0.03 0.04 0.05 0.06 included the data of Ghd4 1] with error bars, assuming that
the velocity component and distance from Sdr i the line
of sight are both zero, i.ey,=0 andz=0. We therefore

FIG. 2. The total masM of a neutrino star in units df, as a  must allow for a shift of the data upwards and to the right by
function of its total number of particled\, in units of Ny. The an unknown amount, becausg has not been and cannot
configurations represented by the upper part of the curve are endpe measured. Taking a reasonable shift of the data into ac-
getically less favorable and hence unstable. count, we can say with some confidence that the nearest and

0.04

0.02

N
No
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(22
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FIG. 4. The escape velocity as a function of the distance fromeventually becomes negative, as seen in Fig. 5. ThusA for
Sgr A* for the black-hole and neutrino-star scenarios. The data are<0, the system can gain energy by disintegrating. The maxi-
taken from Ref[11] assuming that the projected velocity and dis- mal relative mass defect, or the strongest binding, is obtained
tance from Sgr A are equal to the true velocity and distance, gt the OV limit with Aoy=3.5807 10”2,
respectively. For completeness, we note that in the Newtonian limit

Xo<1, the TOV equation$14) and(15) reduce to
fast moving star S110] or S0-1[11], moving at the pro-

jected velocity \/u 2+ vy2=(1400t 100) km/s, is consistent dX  u 23
with the local escape velocity at the projected distance dx  x2X’ (23
WZ+y? of SO-1 from Sgr A. The data of Ghez imply a

lower bound for the neutrino mass of,=15.9 keVk? for du 8 , .

g,=2, yielding an upper bound for the radius of the neutrino ax §X X7, (24)

star of R<22.4 light-days for a mass dfl =2.6x 1(°M, .
Using m,=15.9 keVk? and v, and v, without error bars which, using the substitutio® =X? and ¢=4x/v3, can be
and assuming,=z=0, the star SO-1 is bound on an elon- cast into the nonlinear Lareémden differential equation
gated orbit with maximal and minimal distances from Sgrwith the polytropic index 3/236]:
A* of 42 and 4 light-days, respectively. Thus there seems to
be no contradiction between the data of Ghez and the neu- 1d
trino star scenario witm,=15.9 keVk?. £2dé

In this context, it is important to note that if SgrfAs a i
matter-accreting neutrino stft3—15, one can, in a natural Owing to the scaling property of the Laiamden equation,
way, explain the so-called “blackness problem” of Sgf A the mass and radius of a nonrelativistic neutrino star scale as
i.e., the fact that Sgr A does not seem to emit detectable x [17]
rays of a few tens of keV, which would be emitted by bary- 6 )
onic matter falling towards a black hole. As this unmistak- MR3_91.869§ (E) (26)

> R § =—0=—3 .
able black-hole signature is missing, the concept of a “black G°m; \g,
hole on starvation” has been created in order to save the
black-hole idea. However, the neutrino-star model also fitdn the limit Xy<1, Eqgs.(8) and(9) yield the equation of state
the infrared and part of the enigmatic radio emission specef a nonrelativistic degenerate Fermi gas, i.e.,
trum of Sgr A much better than the “black hole on starva-
( 6 )2/3 ,n.4/3h2

=-0% (25)

%)
dé

tion” model [15]. P — 5/3 27)

The total mass of the neutrino sfdris plotted against the v Py 5m§;3 '
total number of particledN in Fig. 2. For masses much
smaller than the OV limit, the relation betwe&h andN is as expected.
unique. However, aM approaches the OV limitM be- For large central densitieXy>1, n oscillates around
comes a multivalued function ™. The part of the curve on  x..=0.09196, which corresponds to a neutrino star mass
the left side of the maximum in Fig. 1, which corresponds toM,,=1.795<10°M g, > for a neutrino mass m,
the upper part of the curve in Fig. 2, represents unstable=17.2 keVk2. For a gas of neutralinos of a mass precisely
configurationd 31,35 for which the relative mass defect equal to the neutron mass,=0.93955 GeV¢? and a de-

9,
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generacy factorg,=2, the infinite density limit isM., dP 1 dv

=0.416M, whereas the OV limit isMg,=0.709M o a=—§(pcz+ P)ar (32
and Rpy=9.1816 km[35]. Thus, owing to their compact-

ness, neutralino stars could mimic the properties of massivg, aqgition to the equation of state for neutrino matter, Egs.

compact halo objecttMACHOSs) which have been detected (g) and(9), we now have the equation of state for neutralino
in the line of sight towards the Large Magellanic Cloud 5tter:

(LMC) [37,3§. If these objects are located in our galactic

halo (rather than in the LM their masses seem to be about g, (m,\* 2

0.4M . Thus we are faced with the dilemma that, on the one P,=K=— (m—> [Y(1+Y2)1’Z(§Y2— 1)

hand, they are 5 times too heavy for brown dwarfs and, on v

the other hand, they cannot be luminous stars, because they

would have been easily detected. Therefore, the baryonic +|09[Y+(1+Y2)1/2]}, (33

matter interpretation of these “MACHOs” is disfavored
[38]. If one wants to interpret these objects as neutralino

4
stars, the mass of the neutralinm, is restricted to pn= 52 9n (ﬁ) (Y(1+Y2)V22Y2+1)
4.22 MeVIc><m,<1.251 GeVimc?, for a degeneracy fac- ¢ g,\m,
tor of g,=2. The lower limit is obtained restricting the size —Iog[Y+(1+Y2)1’2]} (34)

of the dark object; i.e., we have somewhat arbitrarily con-
strained the radius of the "MACHO” t®<0.25 AU which \hereq is the spin-degeneracy factor for neutralinos and

is much smaller than the average Einstein radius of abOUtgntineutralinos and is the local Fermi momentum of neu-
AU. As 0.25 AU is the distance a star would travel at a speeg;,jing matter(in units of m,c). Inserting Eqs(33) and (34)

of v =220 km/s in approximately 2 days, this would not ;o Eq. (31), after integration we arrive at
affect the light curve too much, since the average time scale

of the lensing events is about 88 days. The upper limit is Y=[(1+Y2)e"®-#n_1]12 (35)
obtained assuming th&t 5y~ 0.4M, is at the Oppenheimer- 0
Volkoff limit; i.e., it is almost a black hole. with Yo=Y(0). Using Egs.(8), (9), and the equation of

For largeX, the solutions of the TOV equatiori$4) and  pyqrostatic equilibrium Eq(2), a similar relation for the
(15 tend to Fermi momentum of neutrind$n units ofm,c) is obtained:

1/4
= % x and X= (238) x~12 (29) X=[(1+Xg)e" 0 -1]"2 (36)
. Combining Eqgs(35) and(36), the two local Fermi momenta
The pressure and the density thus become are related by
ct 1 3c¢? 1 (X2+1)Y2+X2-Y2
= - 2 0 0 0
P o5em 2 A P TEe @9 XK=z (37
yielding the equation of state of radiation The conditionX?=0 restricts the range of allowed values of
1 Y to
_ a2
PV 3 C Py, (30) Yg_xg
> 7 (38)
1+X3

as expected.

The total pressure and mass densities are given by
IIl. DEGENERATE NEUTRINO AND NEUTRALINO
MATTER P(Y)=P,(Y)+P,(X(Y)) (39

We now turn to the discussion of an astrophysical system 4
consisting of degenerate heavy-neutrino and neutralino mat-

t_er that is grayltatlonally Coupl_ed. As_ _ea_ch component satls- p(Y)=pn(Y)+ p,(X(Y)), (40)
fies the equation of hydrostatic equilibrium separately, i.e.,
Eqg. (2) and

respectively.
We now formulate the coupled differential equations de-
_ E(pn02+ P,) d_” (31) scribing a gravitationally interacting system of degenerate
2 dr heavy-neutrino and neutralino matter. We first keep the mass
of the neutrino halo constant while varying the mass of the
the total pressur®=P,+ P, and the total mass densify  neutralino star. Introducing the dimensionless variables
=pn+p, Will also obey the same equation =r/a, and u=m/b, with the scales

dP,
dr
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10° sponding to a constant density governed by the gravitational
10-1 potential of the surrounding supermassive neutrino halo.
10-2 F However, as the radius of the neutralino star approaches that
102 b of a “free” neutralino star, the gravitational potential of the
Lot __ neutralino star becomes dominant and the mass now scales
s SE as R;3 up to the OV limit. Thus there is always a maximal

10 radius of a neutralino star within a neutrino halo of a given
0 F mass. Substituting neutralinos by neutrons, we must take
107 F care of the fact thati) the neutron interacts strongly in the
10°% . nuclear mediumsimulated, e.g., by an effective masnd
o b—— e el sl nd (i) the neutron decays through weak interactions. Thus,

107! 10° 11)?1 107 10° stable neutron stars can exist only in the range fronM@,2

Ery to 2My [39], where the average binding energy is larger

than theQ value for the neutron decay.
It is instructive to study the properties of a degenerate gas
of neutralinos and neutrinos in the nonrelativistic approxima-
“tion. In the limitsX<1 andY<1, Egs.(42) and (43) sim-

FIG. 6. The total maséncluding neutralinos and neutrinos
enclosed within the radiu®, of the neutralino star for various
massedM , of the neutrino halo. The maximal radius of the neu
tralino star decreases with increasiig, .

plify to
2 | =3 d b 2 [mnicd 1) a4y u
an=— an =— \/—,
" m: Vg.cG " m: Vg,G* PR (44)
the relevant TOV equations can be written in the form .
d 8 ,(m,
dy 1+Y2 2 Ty (—) (Y2+X§—Y§)3’2}, (45)
= a3 Y1+ YD)V Sy2—1 dx 3 gn \my
dx  Y(X*—2ux) 3
+log[ Y+ (1+Y?)1?) with the boundary conditions
4
ST x<1+x2)1’2(zx2—1 1(0)=0, Y?=YG—X§, Y(0)=Y,. (46)
mn gn 3

This system of equations can be rewritten in the form of a
+|09[X+(1+X2)1/2]H : (42 LaneEmden-type equation by introducin®,=Y?, ©
=X?, and a new dimensionless radial variate 4x/v3:

14

d
d—’;=x2 Y(1+Y2)Y2(2Y2+ 1) —log[ Y+ (1+ Y2)12] 1 d ( sz)n) [®3/2 g,,(m,,)4
PR — - — +_ _—
& dé¢ dé Tognlmy
m,\“g,
+| = {X(1+XA)YA2X?+1)
Ml O X(0+0,0-0,0%, (47
—|og[x+(1+x2)1/2]}], (43) _
where®,, and® ,, are the central values of the neutralino

and neutrino densities, respectively. For very small neu-

whereX is related toY through Eq.(37). If the condition  tralino densities, i.e.Y<1 andY,<1, the mass equation
(38) is not satisfied, i.e., if the neutrino pressure and density45) can be integrated to give

have already vanished, the system is solved withvtherms
describing the neutralinos only.

In order to solve Eqgs(42) and (43) numerically, we fix
the Fermi momentum of neutrindg units of m,c) at the
center and vary the central values of the corresponding quan-
tity Y, for neutralinos. The total maggncluding neutrinos  which confirms the conclusion drawn in the context of Fig.
and neutralingsenclosed within the radiuR, of the neu- 6.
tralino star is shown in Fig. 6. Here, the neutrino mass and We now turn to the case of a neutralino star of constant
the degeneracy factor are taken torbg=17.2 keVk® and  mass surrounded by a neutrino halo of variable mass. The
g,=2, respectively, while for the neutralino mass we haveTOV equations written in terms of the functions and u
chosenm,=939.55 MeVt? and g,=2, with the scales, may be obtained from Eq¢42) and(43), in which we make
=6.8304 km and,=4.625M . For small neutralino-star the replacementX«Y, ¢,<d,, andm,~m,. Thus, we

masses, the total mass enclosedRipscales aR?, corre-  find

8
mX)=g

m,\*
F) X3x3, (48)

n
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W T T T T T T T ] =0.709M . At the turning pointB, the total mass en-
10-2 |- c - closed within the radiuRg=0.9912 pc of the neutrino halo
10-4 - . is Mg=3.3453M,. It is interesting to note that, also in this
10-5 |- J case, there is a maximal radiRg of the neutrino halo, for a
10-5 - ] given mass of the neutralino star.

=1y Lo |- A B 1 Replacing the neutralino star by a baryonic star, such as a

neutron star, a white dwarf, or an ordinary star, the only

o= ] thing that will change in Fig. 7 is the poim at which the

107 = 7] enclosed mass starts deviating from the constant value,
1071 |- ] which depends, of course, on the madsg of the central
10-° L= Py object. Thus, forM,=Mg, the halo will have a size of a
1073 107 1071 107% 107° 107% 107* 10° 107 10* few light-years and a mass of a few times that of the central
B baryonic or nonbaryonic star.

To investigate the consequences of this idea in more de-
tail, let us assume that the Sun is surrounded by a degenerate
neutrino halo. In spite of the non-negligible probability that,
during its lifetime, the solar system has been visited by an
intruder star passing as close as 5000 AU from the Sun, the
planetary system has and a possible neutrino halo within 40
AU would have survived such a disruption unharmed, be-
3 X(1+X2)1’2(EX2—1) cause Fhe_Fermi momentupy of the Qegenerate neutrino

3 matter is given bypr=m,v., , whereuv,, is the escape veloc-
ity. In the vicinity of the Sun, in the region of the size of the
planetary system, the neutrino density is governed by the

FIG. 7. The total mass of neutralinos and neutrivbsontained
within the radiusR, of the neutrino halo around a neutralino star.
The plateau between poings and B reflects the fact that the neu-
tralino part, which is saturated at poiAt dominates the total mass
up to the turning poinB. HereC represents the OV limit.

dX 14X (+
dx  X(x2—2ux) \# X

+log[ X+ (14 X?)12]

gn 1 2 gravitational potential of the Sun. In fact, the mass due to
+ m_ g Y(1+Y9) -1 neutrinos contained within a radiusis, in the vicinity of a
veEy baryonic or a nonbaryonic star of mabs,, given in the
nonrelativistic approximatiofil 7,25 by
+Iog[Y+(1+Y2)l’2]H), (49
M Mn 3/2 m..c 4 r 3/2
du v - Mo ™ 1089v(m—9) (—17.2 ke\/) (m) ’
ax X(1+X2)Y2(2X%+ 1) —log[ X+ (1+X?)13] (52)
2140, T where AU=1.496<10° km is the astronomical unit. This
lm, E{Y(l”LY )7A2Y+ 1) means that fom,c2=17.2 keV, g,=2, andM,=Mg,, the
mass of the neutrin@nd antineutrinphalo contamed within
Earth’s orbit would beM ,=2.68< 10 8M, .
_ 2\1/ v O]
log[ Y+ (1+Y%) 2]})’ (50) From the Pioneer 10 and 11 and the Voyager 1 and 2
ranging data[40] we know that the dark mass contained
with X andY subject to the condition within Jupiter’'s orbit isMy3=(0.12+0.027)X 10_6M@ and
within Neptune’s orbitM 4<3x 10 ®M . Of course, the Ju-
x2 Y2 piter data should be taken only as a lower limit, as Jupiter
X?= : (51)  tends to eject almost any matter within its of##0]. Never-

1+Y§ YO theless, taking the Jupiter data at face value, and interpreting

dark matter as degenerate neutrino matter, the neutrino mass

If this condition is not satisfied, i.e., if the pressure and den;
limits are

sity of neutralinos have already vanished, E4$) and(50)
are solved without theY terms, i.e., for neutrinos only.
Choosing the OV limit as the mass of the neutralino star, i.e.,
Mgy=0.709M, for m,=0.93955 GeV¢? andg,=2, and , ,
varying the central Fermi momentuMy, one can find the 10.6 keVk*<=m,<12.0 keve® for g,=

total masgincluding neutralinos and neutrinoas a function (53

of the radiusR, of the neutrino halo. This scenario is re-

flected in Fig. 7 where the length and mass scalesagre For dark matter within Neptune’s orbit, the neutrino mass
—2.0381x 101° km andb, = 1.3803< 101°M , , respectively. limits are

Here the neutrino mass and the degeneracy factor have been

12.6 keVk’<m,<14.2 kevk? for g,=2,

chosen asn,=17.2 keVk? andg,=2, respectively. At the m,<15.6 kevt® for g,=2,
turning pointA, the total mass enclosed within the radius
Ra=R3y=9.1816 km of the neutrino halo iM,=Mg, m,<13.1 keVk? for g,=4. (54)
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In summary, considering Eg&0), (21), and(54), a neutrino  at the center of our galaxy as a neutrino star, we obtain,
mass range from the upper limit of the size of this object, a lower bound
on the neutrino mass which overlaps with the range
mentioned above. In addition, our interpretation explains
the so-called “blackness problem” of Sgr*Ain a natural

14.3 keVk?<m,<15.6 kevk? for g,=2,

12.0 keVk?<m,<13.1 kevk? for g,=4,

(55 W&y _ -
By studying a two-component system consisting of neu-
seems to be consistent with all reliable data. tralinos in the GeV mass range and neutrinos in the keV
mass range, we have found that there is always a maximal
V. CONCLUSIONS mass and radius of a neutralino star within a neutrino halo of

a given mass. Owing to their compactness, neutralino stars

We have studied degenerate fermion stars, consisting Qfould mimic the properties of “MACHOs” for neutralino
massive neutrinos or neutralinos, or both. We have showpasses between 4.22 MeV and 1.25 GeV.

that the existence of such objects may have important astro-
physical implications.

For neutrino masses in the range of several keV, neutrino
stars are natural candidates for the supermassive dark objects
at the centers of galaxies. Assuming that the most massive This research was supported by the Foundation for Fun-
object, such as the compact dark object at the center of M8damental ReseardrFR). F.M. gratefully acknowledges fi-
iS a neutrino star at the OV limit, the neutrino mass requirechancial support by the Deutscher Akademischer Austaus-
for this scenario should be between 10 ke¥/and chdienst. The work of N.B. was supported by the Ministry of
16 keV/c?, depending on the degeneracy faaior. Science and Technology of the Republic of Croatia under

Furthermore, interpreting the supermassive dark objec€ontract No. 00980102.
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